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Abstract 

The nzts2-1 mutant of the fission yeast Schizosaccharomyces pombe (S.pombe) was 

isolated during a genetic screen to look for cells which were both resistant to the 

microtubule destabilising drug methylbenzyl-2-carbamylate (MBC) and temperature 

sensitive (ts) (Gordon et al., 1993). The product of the mts2 gene, Mts2p, is 

homologous to a growing family of ATPases, known as the AAA family. Mts2p was 

subsequently shown to be a component of a large multi-subunit complex known as the 

26S protease. This complex is responsible for the degradation of proteins which, with 

few exceptions, have been marked by the covalent addition of polyubiquitin adducts. 

The targets of this complex include misfolded or damaged proteins, and short-lived 

proteins such as cyclins and transcriptional regulators. In addition, in mammalian cells, 

the 20S catalytic core of this complex has been shown to be involved in the production 

of antigenic peptides which are then displayed on the surface of T-cells. 

The primary objective of this work was the isolation and characterisation of gene 

products which interacted with Mts2p. This was achieved by the use of the yeast '2-

hybrid' screen, and enabled isolation of a previously identified S.pombe gene let]', 

which is homologous to a gene from the budding yeast S.cerevisiae. The product of this 

homologue, SUGI, also a member of the AAA family, was thought to be in transcription 

or transcriptional regulation. Characterisation of the phenotype resulting from a 

disruption of let]' suggested that like mts2, it encoded a subunit of the 26S proteasome. 

In addition to let1, a novel S.pombe gene apsT' was isolated. Aps1 encodes the 

S.pombe homologue of the mouse MSSI gene, which was originally isolated as a 

suppressor of a mutation in a yeast gene encoding a protein kinase. In this laboratory, 

however, MSS I was isolated as a multicopy suppressor of the ts phenotype of mts2-1 

(Gordon et al., 1993). The interactions between Mts2p, Let ip and Apsip, the products of 

,nts2, let1 and aps1 respectively, were studied using the yeast 2-hybrid system. The 

regions of interaction between Letip and Mts2p were defined, and the results suggest 

V 



that, as is the case for two other ATPase subunits of the 26S proteasome, the N-terminus 

of each protein is important in mediating this interaction. 

In a separate screen to look for genes which were involved in the enhancement of 

position effect variegation at the centromere, 4 cold sensitive (cs) alleles of mts2 were 

isolated (J-P. Javerzat, pers. comm.). Mutation analysis was performed on these and on 

the three ts alleles of mts2, which had been isolated in the original drug resistance screen 

(Gordon etal., 1993). All of the mutations lie in a 230 amino acid region which is highly 

conserved between all members of the AAA protein family (Confalonieri and Duguet, 

1995). The phenotype of all of these mutants was studied with respect to morphology, 

DNA content and MBC resistance. The results indicate that the three ts alleles are more 

drug resistant and have a greater morphological deformation than the cs alleles. The 

implications of this are discussed. 
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Chapter 1 INTRODUCTION 

1.1 	Intracellular proteolysis 

The programmed removal of intracellular proteins in prokaryotes and eukaryotes is 

facilitated by a variety of proteolytic systems. A comparison of the CIp and Lon pro-

teases in eubacteria with the catalytic core of the more complex ubiquitin-dependent 

proteolytic system in eukaryotes (for reviews see Finley and Chau, 1991; Hershko 

and Ciechanover, 1992; Luca, 1993), illustrates the structural similarity between 

these proteolytic complexes in diverse organisms and suggests both a common func-

tion and a common origin. Other pathways of protein degradation, such as that which 

utilises the lysosome or vacuole, may have evolved to fulfil more specialised roles. 

The cytosolic degradation mediated by the proteasome is, in most cases, poly-

ubiquitin- and ATP-dependent. In the same way, a number of target proteins of the 

lysosomal degradation pathway, which reach this organelle by endocytosis or by 

autophagy, are also modified by covalent attachment of ubiquitin. Both lysosomal 

and non-lysosomal pathways are necessary for cell viability. Whereas regulatory 

molecules seem to be degraded by a non-lysosomal pathway, bulk protein turnover 

occurs irrespective of the activity of non-lysosomal pathways (Gronostajski et al., 

1985). 

1.1.1 Lysosomal protein degradation 

Lysosomal protein degradation in mammalian cells, and vacuolar protein degradation 

in yeast and plants, is a means for the cell to degrade proteins which have been inter-

nalised by a receptor-mediated or endocytic pathway. Lysosomes, as well as the 

ubiquitin pathway, are also responsible for the enhanced protein degradation that re-

sults from environmental stress, and that is required for cellular remodelling during 

differentiation and for removal of cellular components damaged by exposure to tox-

ins. In cultured mammalian cells, 10-30% of long-lived proteins, and thus the bulk of 

cellular proteins, were thought to be degraded by this pathway (Gronostaj ski et al., 



1985). However, recent work, using inhibitors of the peptidase activity of the 20S 

and 26S proteasome, has shown that this complex also plays a large part in the turn-

over of long-lived cellular proteins (Rock et at., 1994). By contrast, inhibition of the 

proteasome in yeast cells has no effect on the degradation of long-lived proteins by 

the vacuole, the yeast equivalent of the lysosome, such that the function of this or-

ganelle varies in different species (Lee and Goldberg, 1996) 

Although lysosomes, which contain enzymes such as acid hydrolases, carboxypepti-

dases and cathepsins, are the main site of degradation in the endocytic pathway, some 

degradation also takes place in the late endosomes (Tjelle et al., 1996). Thus, the ly-

sosomes may serve as storage bodies for enzymes which are required during phago-

cytosis. 

A distinct pathway for the lysosomal targeting of cellular proteins such as ribonucle-

ase A (Rnase A) and glyceral dehyde-3 -phosphate dehydrogenase (GAPDH) require 

the binding of a pentapeptide targeting sequence KFBRQ, within the protein by 

hsc73, a cytosolic chaperone and a member of the HSP70 family of heat shock pro-

teins (Terlecky and Dice, 1993). The presence of a portion of the hsc73 present 

within different populations of lysosomes increases the rate of degradation of intra-

cellular proteins degraded by this pathway (Cuervo et al., 1997). 

Lysosomes have been implicated in the proteolysis of amyloid beta precursor protein 

(APP) in Alzheimer's disease (Haass et al., 1992). Intracellular accumulation of this 

precursor stimulates its degradation by the lysosome. However, this degradation is 

facilitated by the attachment of ubiquitin to APP (Ali-Khan et at., 1992). The ubiq-

uitination may act as a targeting signal to prevent intracellular accumulation of ex-

cess APP. 

VA 



1.1.2 Organellar proteolysis 

1.1.2.1 Proteolysis associated with the endoplasmic reticulum 

Initial reports describing the degradation of subunits of the T-cell receptor (TCR), 

which failed to form into oligomeric complexes, suggested that the degradation took 

place in a pre-golgi compartment and more specifically in the lumen of the endo-

plasmic reticulum (ER) (Klausner and Sitia, 1990; Stafford and Bonifacino, 1991; 

Young et at., 1993). However, recent evidence now suggests that this ER associated 

degradation is mediated by the association of the ER with the 26S proteasome (Hiller 

et at., 1996; Hampton et at., 1996). 

Degradation of the vacuolar enzyme, carboxypeptidase Y (CBPY), requires the prod-

uct of the yeast UBC6 gene, which is associated with the cytoplasmic face of the ER 

membrane (Sommer and Jentsch, 1993; Hiller et at., 1996). Furthermore, the cystic 

fibrosis transmembrane conductance regulator (CFTR), which is subjected to exten-

sive post-translational degradation, was found to be degraded by a cytoplasmic ER 

associated pathway. Degradation of CFTR was prevented by inhibitors of the cytoso-

lic proteasome, demonstrating that the ER itself was not responsible for any proteoly-

sis (Ward et al., 1996; Jensen et al., 1995). Thus it seems that although it is possible 

that the ER lumen may contain some form of proteolytic system, this remains to be 

proven. 

1.1.2.2 Mitochondrial proteolysis 

Genes encoding 3 mitochondrial inner membrane proteases, members of the AAA 

family of proteins, were isolated in S.cerevisiae (Schnall et al., 1994). The proteins 

encoded by these genes, YTAJO, 11 and 12, perform different functions within the 

mitochondria. The products of YTA1O and YTA12 form a complex which, in addition 

to having proteolytic activity, also acts as a chaperone, and mediates formation of the 

ATP synthase complex (ArIt et al., 1996; Leonhard et at., 1996). All of these genes 

are homologous to the bacterial ftH gene, which itself encodes a product with prote-

olytic activity but no chaperone activity. 
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1.1.3 ATP-dependent cytoplasmic proteolysis 

Although most intracellular proteolysis was known to require ATP (simpson, 1952), 

identification of the major ATP-dependent proteolytic pathway did not take place 

until a rabbit reticulocyte lysate, which supported the ATP-dependent degradation of 

abnormal haemoglobin, was fractionated (Hershko et al., 1979). A small polypeptide, 

APF- 1, which formed covalent bonds with other proteins, was shown to be an essen-

tial component of this pathway. This polypeptide was subsequently identified as 

ubiquitin (Wilkinson et al., 1980). Direct support for the involvement of ubiquitin in 

ATP-dependent proteolysis was obtained by the identification of the ATP-dependent 

protease which degraded ubiquitin-lysozyme conjugates, but not free ubiquitin 

(Hough et al., 1986). 

Fractionation of the protease revealed two peaks of activity, one of which sedimented 

at 26S, and the other at 20S (Hough et al., 1987). Both fractions had protease activ-

ity, but only the larger 26S protease, whose activity was stimulated by ATP, was ca-

pable of degrading ubiquitin-protein conjugates. The smaller 20S protease, which 

was thought to comprise 8-10 subunits of a molecular weight between 21 -32kDa did 

not require ATP or ubiquitin for the degradation of protein or peptide substrates. De-

naturing gel electrophoresis and limited proteolytic digestion of this 20S complex 

produced a pattern identical to that produced when the same treatment was applied to 

the multicatalytic proteinase complex (MCP) (Wilk and Orlowski, 1983). The MCP, 

a large, multisubunit endopeptidase, was located in the nucleus and cytoplasm of eu-

karyotic cells, and was initially thought to regulate gene expression by repressing 

transcription of niRNA (Arrigo et al., 1988). The results of these experiments sug-

gested that the 20S complex was identical to the MCP. 

The 26S protease, hereafter referred to as the 26S proteasome is now known to be 

responsible for the degradation of a wide variety of cellular proteins (Hershko and 

Ciechanover, 1992). This complex is involved in a diverse set of intracellular proc-

esses including the control of the cell cycle, antigen presentation in mammalian cells 

and the control of gene expression. Since most degradation by this complex requires 
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the covalent addition of poly-ubiquitin to substrate proteins, this system of modifica-

tion will now be discussed. 

1.2 	The ubiquitin pathway for protein degradation 

As mentioned above, ubiquitin, an abundant and highly conserved 76 amino acid 

protein found in all eukaryotic cells, as well as in the archaebacterium The rmoplasma 

acidophilum (Wolf et at., 1993), is an essential component of the major non-

lysosomal eukaryotic proteolytic pathway. In S.cerevisiae, ubiquitin is expressed 

from 4 genes, UBIJ-UBI4. In three of these genes, UBI], UBI2 and UBI3, ubiquitin is 

synthesised as a fusion to ribosomal subunits (Oskaynak et at., 1987). UBII and 

UBJ2 encode identical polypeptides fused to the N-terminus of a ribosomal protein of 

the large complex, whereas UBI3 encodes a polypeptide fused to a ribosomal protein 

of the small complex (Finley et at., 1989). The expression of these ribosomal 

subunits as fusion proteins, from which the ubiquitin must be post-translationally 

cleaved by the action of a ubiquitin C-terminal hydrolase (see section 1.2.6), in-

creases their incorporation into ribosomes. 

By contrast, the UBI4 gene encodes polyubiquitin arranged as a tandem array of 

ubiquitin precursors. This is rapidly processed, by the action of C-terminal hydro-

lases, to monomers (Oskaynak et at., 1987). UBI4 is expressed in response to stresses 

such as heat shock, and forms a mechanism whereby proteins which have been dam-

aged by environmental stresses, can be rapidly removed and recycled from the intra-

cellular millieu. Although disruption of the UBI4 gene in yeast is not lethal, cells be-

come hypersensitive to a variety of stresses. This suggests that whereas the function 

of UBIJ-UBI3 expression is to maintain a cellular pool of ubiquitin, expression of 

UBI4 serves to rapidly increase the concentration of this cellular pool under condi-

tions of stress (Finley et at., 1987). 

Only substrate proteins which carry a poly-ubiquitin chain, linked by an isopeptide 

bond between the C-terminal glycine (G1y76) residue of the ubiquitin and a lysine 

residue in the substrate protein, are efficiently targeted for degradation. The produc- 
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tion of these chains occurs by the ligation of G1y76  to a lysine residue on another 

ubiquitin molecule. The lysine residue used for attachment varies, and polyubiquitin 

chains can be formed using lysine at positions 6, 11, 48 and 63 (Baboshina and Haas, 

1996). Since Lys48  is the major acceptor site for the formation of polyubiquitin chains 

(van Nocker and Vierstra, 1993), and mutations of Lys 48-Arg48  causes a large de-

crease in the level of intracellular proteolysis (Finley et al., 1994), formation of 

polyubiquitin chains through other lysine linkages may reflect the conditions under 

which the chains are formed, such as environmental stresses. Lys63  linkages are used 

in the formation of multi-ubiquitin chains for DNA repair, which is promoted by the 

Rad6p/ Radl8p complex (Spence et al., 1995). 

The covalent attachment of ubiquitin to proteins is a multi-step process involving the 

activity of three types of enzymes, designated El, E2 and E3 (see Figure 1.1 and be-

low). 

1.2.1 Ubiquitin activating enzymes (Els) 

Ubiquitin activating enzymes (El), catalyse the first step in the transfer of ubiquitin 

to a protein substrate by creating a high energy thiol ester bond between the free a-

carboxyl group of the C-terminal G1y76  of the ubiquitin moiety, and a conserved cys-

teine residue in the El, in an ATP-dependent step. Three El enzymes, encoded by 

UBA], UBA2 and UBA3 exist in budding yeast (McGrath et al., 1991; Dohmen et al., 

1995). All of these enzymes have a conserved cysteine residue which is essential for 

thiol-ester formation. Deletion of the El enzymes encoded by UBA] and UBA2 is 

lethal. However, despite the regions of similarity between the products of UBA] and 

UBA2 they cannot complement each other's essential functions indicating that these 

two Els are functionally distinct (Dohmen et al., 1995). No in vivo function has yet 

been assigned to the product of UBA3, and deletion of this gene is not lethal. 

In mammalian cells, El protein is located both in the nucleus and the cytoplasm. The 

change in localisation of the enzyme is thought to be dependent on the presence of a 
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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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nuclear localisation signal (NLS) (Kong and Chock, 1992; Grenfell et al., 1994; 

Handley-Gearhardt et at., 1994). The cytoplasmic pool of El is localised to the en-

dosome / lysosome system, the endoplasmic reticulum (ER) and the cytoskeleton. 

These differences in localisation suggest that ubiquitination may be important in the 

metabolism of damaged proteins by these organelles, and that it may also be involved 

in regulating assembly of some aspects of cytoskeleton formation. 

1.2.2 Ubiquitin conjugating enzymes (E2s) 

The E2 family of ubiquitin conjugating enzymes transfer activated ubiquitin from the 

El to other cellular proteins via formation of an E2-ubiquitin intermediate. All mem-

bers of this family are structurally related and with a highly conserved 161cDa E2 do-

main which contains a conserved cysteine residue (Jentsch et at., 1992). E2 enzymes 

are classified according to the presence or absence of N-terminal or C-terminal ex-

tensions of the E2 domain. Class I enzymes possess no extension, whereas Class H 

E2s have a C-terminal extension and Class ifi E2s have an N-terminal extension 

(Jentsch et at., 1990; Matuschewski et at., 1996). 

Following sequencing of the S.cerevisiae genome, 13 genes, UBCJ-13, which are 

predicted to encode E2s, have been identified (Hochstrasser, 1996 and see Table 1.1). 

Mutations in individual members of this family of enzymes can result in distinct phe-

notypes, suggesting that the specificity of the ubiquitination reaction may be imparted 

partly by the number of E2 enzymes. 

Overexpression of UBC] can partially rescue the phenotype of a ubc4ubc5 double 

mutant, despite the fact that the protein encoded by UBCJ belongs to a different class 

of enzyme than that of UBC4 and UBC5 (Seufert and Jentsch, 1990). This indicates 

an overlapping function between these enzymes. Ubc2p is identical to the product of 

the S.cerevisiae RAD6 gene, which, in complex with the product of the RAD18 gene 

is involved in DNA repair (Jentsch et at., 1987). 
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The protein encoded by UBC3, is identical to Cdc34p which itself is involved in the 

ubiquitination and degradation of budding yeast G1  cyclins, and the cyclin dependent 

kinase inhibitor, Sic ip. In addition to Ubc3p, several other E2 enzymes have been 

implicated in the ubiquitination of cyclin in S.cerevisiae and in other eukaryotes 

(Aristarkhov et al., 1996; Yu et al., 1996; Osaka et al., 1997; Townsley et al., 1997). 

In S.cerevisiae, the product of the UBC9 gene has been implicated in the ubiquitina-

tion of the Clb2 and C1b5 cyclins (Seufert et al., 1995). However the failure of the 

Xenopus homologue of this E2 to cofractionate with cyclin ubiquitinating activities 

in mitotic egg extracts, suggests that another E2 may be responsible for this activity 

in S.cerevisiae (Yu et al., 1996). 

In Xenopus laevis, two proteins containing mitotic cyclin ubiquitinating activities 

have been isolated. One of these is the homologue of the S.cerevisiae Ubc4 protein. 

The other E2, termed UBCx, shares a 65% identity at the amino acid level with E2-

C, an enzyme that supports mitotic cyclin ubiquitination in extracts of clam oocytes 

(Aristarkhov ci' al., 1996; Yu ci' al., 1996). Both UBCx and Ubc4 can independently 

catalyse cyclin ubiquitination. However, whereas UBCx converts cyclin into low 

molecular mass ubiquitin conjugates, UBC4 catalyses the formation of higher mass 

conjugates (Yu et al., 1996). This difference in 'processivity' may reflect distinct 

roles for the two enzymes in cylin B ubiquitination. 

E2 enzymes involved in mitotic cyclin ubiquitination have also been isolated from 

S.pombe (Osaka ci' al., 1997) and from human cells (Townsley et al., 1997). The hu-

man enzyme UBC-H10, is 61% identical to the clam E2-C enzyme, and can substi-

tute for E2-C in vitro. 

The multi-functionality of the E2 enzymes is demonstrated in part by the ubiquitina-

tion of the yeast Mata2 repressor. This protein is ubiquitinated by at least 2 different 

pathways, one of which involves the products of UBC4 and UBC5, and the other of 

which involves the products of UBC6 and UBC7 (Chen et al., 1993). These two latter 

E2 enzymes also have other cellular functions. The product of UBC6 is associated 

with the ER, and is involved in the degradation of the vacuolar enzyme carboxypep-

tidaseY (Hiller et al., 1996). By contrast, the product of UBC7, which is also 



homologous to UBC1,4 and 5, is required to mediate tolerance to heavy metals such 

as cadmium (Jungmann et al., 1993). 

The cellular role of a number of members of the E2 family has not yet been eluci-

dated (see Table 1.1). It is likely, however, that their function will partly overlap with 

that of other E2s. The combinatorial association of these enzymes, as demonstrated 

by the ubiquitination of Mata2, may be responsible for imparting a degree of sub-

strate specificity of ubiquitination. This is also facilitated by the association of E2 

enzymes with their cognate E3 ubiquitin protein ligases. 

The different phenotypes observed when different E2s are mutated or deleted, sug-

gests that a number of these enzymes have a non-overlapping function. Mutations in 

the S.cerevisiae RAD6 gene, encoding a ClassI E2 enzyme with neither a C-terminal 

nor N-terminal extension, result in UV sensitivity and defects in sporulation and 

DNA repair (Jentsch et al., 1987; Spence et al., 1995). By contrast, mutations in the 

C-terminal tail of Ubc2p (Cdc34p) result in a cell cycle arrest at the G1 -S transition 

(Goebl et al., 1988). Despite these functional differences, transplantation of the C-

terminal tail of Cdc34p onto the conserved region of Rad6p resulted in a chimeric 

protein which could complement both the cell cycle functions of Cdc34p and the 

DNA repair and sporulation functions of Rad6p (Kolman et al., 1992; Silver et al., 

1992). 

1.2.3 Ubiquitin protein ligases (E3s) 

E3 enzymes, the ubiquitin protein ligases, act in conjunction with E2s to promote the 

formation of ubiquitin adducts on target proteins. Although E3s are not always re-

quired in vitro or in vivo for attachment of ubiquitin, at least one member of this 

family, E6-AP, is known to forms a thiolester with ubiquitin, thereby acting as an 

intermediate in the transfer of ubiquitin from E2 to substrate (Scheffner et al., 1995). 
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Table 1.1 	The S.cerevisiae E2 ubiquitin-conjugating enzymes (adapted from 

Hochstrasser, 1996). 

Protein 	kDa 	 Function 

Ubc 1 	24 	Important for growth from spores and endocytosis of 
membrane proteins 

Ubc2 / Rad6 	20 DNA repair, induced mutagenesis, sporulation, N-end 
rule pathway 

Ubc3 / Cdc34 34 G1 -S cell cycle progression, degradation of p40 (Sic 1) 
Gcn4 and Clns 

Ubc4 / Ubc5 	16 92% identical. Degradation of Mata2 and ubiquitin 
fusion proteins, endocytosis of membrane proteins 

Ubc6 / Doa2 	28 Degradation of Matct2 and some membrane proteins 
Localises to ER envelope. 

Ubc7 	18 Resistance to cadmium. Degradation of Mata2 and 
certain membrane proteins. Interacts with Ubc6. 

Ubc8 	25 Not essential 

Ubc9 	18 

UbclO/Pas2 21 

Ubcll 	17 

Ubcl2 	21 

Essential for viability. Required for G2-M cell cycle 
progression, and degradation of C1b2 and ClbS cyclins. 

Peroxisome biogenesis 

Not determined 

Not determined 

Ubcl3 	18 
	

Not determined 

E2 enzymes involved in mitotic cvclin ubiuuitination 

UBCx, UBC4 X.laevis 

E2-C Spisula 

UBC-1-110 H.sapiens 

UbcP4 S.pombe 



E3 enzymes were originally identified by their ability to stimulate substrate ubiquiti-

nation, bind to an E2 and to bind to a substrate (Hershko and Ciechanover, 1992). 

However, E6-AP did not seem to fulfil all of these criteria. Moreover, prior to the 

discovery of E6-AP, sequence homology between E3s was limited to the region con-

taining the conserved cysteine residue. Now, however, members of the E3 family 

belong to one of 2 sub-families, based on a region of homology at the C-terminus of 

some members to that of E6-AP (Huibregtse et al., 1995) 

Two E3s, designated E3a and E313 were purified from rabbit reticulocytes (Gonda et 

al., 1989). One of these, E3a was found to be the functional homologue of the bud-

ding yeast Ubri protein (Bartel et al., 1990). Both Ubri and E3a are responsible for 

the ubiquitination of substrates of the N-end rule pathway (see section 1.2.5). By 

contrast, E313 recognises signals which involve residues downstream of the N-

terminus. 

Until recently, the only other E3 which had been isolated was the mammalian E6 as-

sociated protein (E6-AP). This protein, when associated with the human papilloma 

virus 16 (HPVI6) E6 protein, promoted the ubiquitination and subsequent degrada-

tion of the human p53 tumour suppressor gene (Huibregtse et al., 1991). 

A number of genes encoding potential E3 enzymes have been isolated on the basis of 

homology to the C-terminus of E6-AP. This hect (homologous to 6-AP carboxyl 

terminus)-domain contains an essential conserved cysteine residue which is utilised 

in the formation of a thiolester between the ubiquitin and the E3 protein. By contrast 

to this mode of action, it is thought that members of the second sub-family, com-

prising the Ubri-like enzymes, may act as docking proteins for target substrates and 

for the relevant E2, thereby facilitating the transfer of ubiquitin onto the substrate 

protein (Varshavsky, 1992). 

There are 5 different hect-domain proteins in the yeast genome (Hochstrasser 1996). 

One of these, RspS/ Nsi 1, is required for the ubiquitination of the yeast uracil per-

mease, an integral plasma membrane protein (Galan et al., 1994). This targeting of a 

membrane associated substrate may be facilitated by the presence of a Ca2  lipid 
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binding domain within the polypeptide, a motif shared between other hecz' E3s such 

as the homologues of Rsp5 in fission yeast, Pubip (Nefsky and Beach, 1996), and in 

mouse, Nedd4 (Huibregtse et at., 1997). 

Though proteins containing hect domains were isolated on the basis of sequence ho-

mology, the gene encoding Pubip was fortuitously isolated in a screen designed to 

detect novel protein tyrosine kinases in S.pombe (Nefsky and Beach, 1996). The ho-

mology of the catalytic domain to that of E6-AP, coupled with the isolation of a 

ubiquitin thiol-ester adduct of Pubip from fission yeast, showed that Publp pos-

sessed E3 activity (Nefsky and Beach, 1996). This protein is involved in the ubiquiti-

nation of the Cdc25p phosphatase, which itself is required for entry into mitosis. 

In addition to the Us described above, other individual proteins or protein 

complexes, function as E3s. Ubiquitination of mitotic cyclins in clam extracts 

requires the APC and an E2, E2-C (Aristarkhov et al., 1996). Though the entire APC 

has properties of an E3, none of the subunits bears homology to any identified E3 

protein The relevant E2 may also be one of the unidentified proteins within this 

complex. Several of the proteins in this complex, Cdcl6p, Cdc23p and Cdc27p are 

known to contain the tetra-tricopeptide (TPR) motif (Lamb et at., 1994), which is 

proposed to mediate protein-protein interactions (Hirano et al., 1988). This may act 

to bind both the cognate E2 and the ubiquitin moiety. 

Other candidates for acting as E3 enzymes include Rad l8p, which forms a complex 

with Rad6p, and is essential for tolerance to UV and ionising radiation in budding 

yeast (Bailly et at., 1994). Another potential E3 complex may comprise the products 

of the CDC4, CDC53 and SKPJ genes. Along with the product of CDC34, the prod-

ucts of these three genes interact genetically (Bai et al., 1996; Willems et al., 1996), 

and are involved in the targeting of the yeast cyclin-dependent kinase inhibitor p40s1 

for ubiquitin mediated proteolysis during the G1-S transition. Since Cdc53p associ-

ates with the phosphorylated form of the CLN2 G1  cyclin, but not with an unmodi-

fied form, it may be that the product of CDC53 acts as the substrate recognition com-

ponent of this complex (Deshaies, 1997). 

13 



1.2.4 Specificity of substrate ubiquitination 

1.2.4.1 Combinatorial specificity 

Since it seems likely that there are only three functional El enzymes in yeast, but a 

larger number of E2 and E3 enzymes, it is tempting to speculate that the combinato-

rial associations of different E2s with E3s is a major determinant of the specificity of 

substrate ubiquitination. Such combinatorial specificity has been demonstrated by 

looking at the interaction of hect E3s with different E2s (Huibregeste et al., 1995). 

This E3 family will accept ubiquitin from the Ubc8 enzyme, but not from Ubc 1. 

The C-terminal and N-terminal extensions present on the Class II and Class ifi E2 

enzymes respectively, can facilitate the E3-independent ubiquitination of certain sub-

strates such as histones (Kaiser et al., 1994). It is therefore likely that these N- or C-

terminal extensions obviate the requirement for an E3 and thus impart the ability of 

these E2s to interact directly with the substrate. 

1.2.5 Cis-acting sequences recognised by the ubiquitin pathway 

The addition of poly-ubiquitin adducts onto target proteins requires the recognition of 

the target protein by the enzymes and co-factors of the ubiquitin system. Without 

specific recognition, all proteins would be ubiquitinated, thereby targeting many for 

degradation by the ubiquitin dependent proteolytic system. What are the signals that 

are recognised by the ubiquitin system? Is it the conformation of a protein, or its 

phosphorylation state, or is it one or a number of motifs recognisable in the ternary 

structure of a polypeptide? Although the exact answer to these questions remains a 

mystery, a number of factors are thought to influence the susceptibility of a protein to 

ubiquitination. 

1.2.5.1 The N-degron 

The 'N-End rule' was proposed as a mechanism whereby proteins were targeted for 

ubiquitin mediated degradation (Varshavsky, 1992). This pathway has been shown to 

function in E.coli, yeast and mammalian cells, and relates the in vivo half-life of a 

protein to the identity of the N-terminal residue. The presence of this pathway, al- 
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though not a major contributor to proteolysis in eukaryotic cells (Varshavsky, 1996), 

enables the removal of proteins which have been synthesised without an N-terminal 

methionine, or which have been processed by an endopeptidase, thereby exposing a 

destabilising N-terminal residue. 

The N-Degron, formed by a combination of the destabilising N-terminal residue with 

the presence of a spatially important lysine residue, constitutes the recognition motif 

of the substrate protein (Scheffner et al., 1993). The N-terminal residue is recognised 

by the E3 Ubrlp, the yeast homologue of the mammalian E3a, which acts as a 

docking protein for substrate binding and presumably for binding of the cognate E2, 

Ubc2. 

1.2.5.2 The S.cerevisiae Mata2 repressor 

The yeast Mata2 repressor possesses 2 distinct degradation signals which are recog-

nised by different combinations of Ubc proteins, and which are required for its 

ubiquitin-dependent degradation. Deg], a transplantable N-terminal ubiquitin-

dependent degradation signal located within the first 67 amino acid residues of 

Mata2, is targeted by a complex of Ubc6 / Ubc7. By contrast, a complex of Ubc4 / 

Ubc5 recognises a different signal (Chen et al., 1993). Mata2 is stabilised in yeast 

strains deleted for the above UBC genes, though not in a strain deleted for the gene 

encoding the E3 component of the N-End rule pathway, UbrI, suggesting that this 

pathway is not involved in Mata2 ubiquitination and degradation (Chen et al., 1993). 

1.2.5.3 Destruction boxes 

1.2.5.3.1 Cyclin B 

The destruction of mitotic cyclins is required for exit from mitosis (Holloway et al., 

1993; Surana et al., 1993). In cyclin B from Xenopus, 2 regions within the first 90 

amino acid residues of the N-terminus have been shown to be required for cell-cycle 

15 



mediated activation and degradation. The first of these regions is the D-box, which is 

located within the first 53 residues of the protein (Glotzer et al., 1991). This 9 amino 

acid region contains two invariant residues, four highly conserved residues, and one 

residue that serves to differentiate between A and B type cyclins. Deletion of this re-

gion prevented cells from exiting mitosis, causing them to arrest at anaphase 

(Holloway et al., 1993; Surana et al., 1993). By contrast, the fusion of this N-

terminal region onto a foreign protein produces a hybrid protein which becomes sus-

ceptible to ubiquitination and proteolysis at mitosis (Glotzer et al., 1991). The second 

region, which lies between residues 54-90, is lysine rich, and has 4 lysine residues in 

close proximity to the destruction box. It is likely that following initial recognition of 

the cyclin molecule, via its D-box, this region may be required for the ubiquitination 

of the cyclin molecule or of any fusion protein carrying this N-terminal region. 

1.2.5.3.2 Cut2p 

Like cyclin B, the degradation of the fission yeast Cut2 protein occurs during mitosis 

and requires an N-terminal region which functions like a D-box (Funabiki et al., 

1996b). Unlike cyclin B, however, proteolytic degradation of Cut2p is essential for 

sister-chromatid separation (SCS), and requires the product of the cut9 gene, a 

subunit of the APC. Expression of a non-degradable form of Cut2p, which lacks its 

N-terminus, prevents SCS. This can be overcome by fusing the D-box from Cdcl3p, 

the fission yeast homologue of cyclin B onto the N-terminus of Cut2p (Funabiki et 

al., 1996). 

1.2.5.4 PEST sequences 

The PEST motif, containing stretches of amino acids enriched in proline (P), glu-

tamic acid (E), serine (S) and threonine (T) residues, was proposed as an important 

determinant for rapid degradation (Rogers et al., 1986). This sequence has been 

identified in a number of short-lived proteins such as yeast G1  cyclins Cln2p and 

Cln3p (Yaglom et al., 1995), the transcription factor Gcn4p, ornithine decarboxylase 

(ODC) (Murukami et al., 1992) and the p53 tumour suppressor protein (Chowdhary 



et al., 1994). All of these proteins are known to be degraded by the ubiquitin- de-

pendent proteasome pathway, although ODC does not require ubiquitination for its 

proteolytic degradation. 

Although the mechanism by which these motifs may confer susceptibility to degra-

dation is not fully understood, they may act as targets for serine / threonine protein 

kinases. Phosphorylation could act as a conditional signal for degradation by induc-

ing a conformational change, thereby exposing another region of the protein for 

ubiquitination. 

The PEST motif has been shown to function as a transplantable proteolytic signal. 

Transplantation of the PEST motif of Cln3p from S.cerevisiae onto 3-galactosidase 

resulted in the rapid ubiquitination and subsequent degradation of this fusion 

(Yaglom et al., 1995). By contrast, removal of PEST-containing regions from ODC 

or from NIMA, a cell cycle regulated protein kinase from Aspergillus nidulans, sta-

bilised these proteins (Ghoda et al., 1989; Pu and Osmani, 1995). 

1.2.6 Deubiquitination 

Following protein degradation by the 26S proteasome, cells have a requirement to 

recycle the polyubiquitin chains thereby producing monomeric ubiquitin. Failure to 

perform this essential function results in a depletion of the cytoplasmic ubiquitin 

pool. This potential hazard cannot be overcome by the expression of polyubiquitin 

genes, since UBI4 and its orthologues are only induced under conditions of stress. 

Deubiquitination of ubiquitin protein conjugates is performed by the action of ubiq-

uitin-specific proteases (UBP). In S.cerevisiae, there are 17 UBPs, classified by the 

presence of the 'Cys' and 'His'- boxes (Hochstrasser, 1996) (see Table 1.2). 

The UBP genes have only been characterised in detail in budding yeast, in which 

many other enzymes of the ubiquitin system have already been isolated. UBPJ, en-

coding a 90kDa enzyme, was isolated by its ability to cleave natural and engineered 

ubiquitin fusions (Tobias and Varshavsky, 1991). Two additional genes, UBP2 and 
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UBP3,were isolated using an E.coli based genetic screen. Whereas Ubp2p is capable 

of cleaving poly-ubiquitin when co-expressed with it in E.coli, Ubp3p is not (Baker 

et al., 1992). Although the enzymes encoded by UBP2 and UBP3 exhibit different 

properties, there is redundancy between members of this family. A yeast mutant car-

rying a deletion in the genes UBPI, UBP2, UBP3 and YUHI was viable (Baker et al., 

1992) indicating that other Ubp enzymes were capable of fulfilling the tasks per-

formed by these enzymes. Thus it is possible that the different Ubp enzymes may act 

on different substrates in vivo. 

Sequence alignment of the amino acid residues encoded by UBP]-3, revealed that the 

similarity exists in two small regions. One of these, the 'Cys-box' contains a con-

served cysteine residue, whereas the other region, the 'His-box' contains two his-

tidine residues. As UBPs are known to be cysteine proteases, these residues probably 

form part of the active site of the enzyme (Baker et al., 1992). 

An additional yeast Ubp has been functionally identified based on the presence of 

these conserved domains. This enzyme, Doa4 (Ubp4), was isolated as a yeast mutant 

that stabilised the Mata2 repressor protein. Mata2 is normally rapidly degraded by 

the ubiquitin pathway, thus implicating Doa4 (Ubp4) directly in proteolysis (Papa 

and Hochstrasser, 1993). 

UBP homologues have been identified in higher organisms. Two of these, the mouse 

Unp oncogene (Gupta et al., 1993) and the human tre-2 oncogene, a homologue of 

Doa4, (Heubner et al., 1988; Nakamura et al., 1992) were thought to have regulatory 

roles. However, both have also been shown to have Ubp activity. The Drosophila 

melanogaster fat facets gene encodes a UBP which is required for cell fate determi-

nation in the developing eye (Huang et al., 1995). 

By analogy to the ubiquitin conjugating enzymes, the large number of UBPs may re-

flect a variance in the substrate specificity and function of this family of enzymes. 

For example, isopeptidase-T, a human UBP homologous to the yeast Ubpl4p, is 
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Ubp5 	92 

Ubp6 	57 

Ubp7 	123 

Ubp8 54 

Ubp9 86 

UbplO/Str4 90 

Ubpll 83 

Ubpl2 143 

Table 1.2 	The S.cerevisiae deubiquitinating enzymes (taken from Hochstrasser 

1996). 

Protein kDa Function 

Ubp 1 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 

Ubp 13 

resistance to stress, degradation of ubiquitin system 
substrates and maintenance of ubiquitin pools 

Cleaves ubiquitin-protein fusions, not essential 

Not determined 

Cleaves ubiquitin-protein fusions 

Not determined, mutant has slight growth defect 

Cleaves ubiquitin-protein fusions 

Mutant is defective in chromatin-mediated silencing 

Not determined 

Not determined 

Not determined 

Ubp 14 
	

91 	Cleaves ubiquitin oligomers with free C-terminus in 

vivo and in vitro. Functional homologue of mammalian 

isopeptidase-T. Required for degradation of MATa2. 

Ubp 15 
	

143 	Mutant has slight growth defect 

Ubp 16 
	

57 	 Not determined 

Yuh 1 
	

26 	Cleaves ubiquitin from small peptide adducts 
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unable to degrade poly-ubiquitin which doesn't have a free C-terminus. This function 

may be performed by a Doa4 homologue, since a deletion of Doa4 results in the ac-

cumulation of small ubiquitinated peptides. By contrast, polyubiquitin with a free C-

terminus is efficiently degraded by isopeptidase-T (Wilkinson et at., 1995). 

An increase in the rate of processing of poly-ubiquitinated proteins, in the presence 

of the 26 S proteasome, suggested that there may be a deubiquitination activity asso-

ciated with this complex (Eytan et at., 1993; Papa and Hochstrasser, 1993). This has 

recently been confirmed since isopeptidase activity has been found to be associated 

with the bovine 26S complex (Lam et at., 1997). The molecular weight (37kDa) of 

this proteasomal enzyme is much less than that of Doa4 (lOOkDa) and Jsopeptidase-T 

(93kDa) suggesting that the activity is not due to a homologue of either of these en-

zymes. Also, the action of the enzyme removes ubiquitin from the distal end of Lys48  

linked polyubiquitin chains, an activity distinct from that of other UBPs. An isopep-

tidase of this type has also been isolated from erythrocytes which, in addition to pos-

sessing the above isopeptidase activity, possesses C-terminal hydrolase activity 

which liberates Ub when it is attached to the N-terminus of proteins (Moskovitz et 

al., 1994). 

Ubp enzymes have recently been implicated in the control of gene expression by si-

lencing in heterochromatin. The Ubp3 enzyme has been shown to interact directly 

with Sir4, one of a set of proteins required for the silencing of transcription at the 

mating type loci and telomeres in S.cerevisiae (Mozaed and Johnson, 1996). Deletion 

of the UBP3 gene results in markedly improved silencing at both the mating loci and 

at telomeres. Enhancement of silencing has also been shown to occur in Drosophila 

by inactivation of the D-Ubp-64E gene, which, while not being an orthologue of 

Ubp3, has a similar phenotype to a mutation in Ubp3 (Henchoz et at., 1996). 

1.2.6.1 Regulation of proteolysis by deubiquitination 

As discussed above, different Ubp enzymes act to recycle ubiquitin in different ways. 

The 26S-associated isopeptidase activity removes ubiquitin moieties from the distal 
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end of a poly-ubiquitin chain (Lam et al., 1997), whereas isopeptidase-T acts only on 

the free C-terminal glycine residue produced following cleavage of the bond between 

the ubiquitin and the protein substrate (Wilkinson etal., 1995). 

The presence of an activity which can disassemble poly-ubiquitin chains from their 

N-terminus provides a potential means of regulating protein turnover. This regulation 

would be advantageous in that degradation of proteins which were ubiquitinated with 

a small number of ubiquitin moieties, would be less likely to occur than those pro-

teins which were poly-ubiquitinated. In addition, this activity would not require any 

C-terminal hydrolase activity for removal of the protein substrate and exposure of a 

free Gly76  residue. 

1.2.7 Intracellular functions associated with ubiquitination 

Ubiquitination seems to be mainly associated with the degradation of proteins by the 

26S proteasome. However, there are several other functions for ubiquitination in-

cluding an involvement in other pathways of protein degradation. 

1.2.7.1 Endocytosis 

The use of S.cerevisiae as a model system for the study of the endosomal pathway 

has demonstrated that in response to ligand binding, ubiquitination of the cognate 

receptor molecule acts as a signal for the internalisation and subsequent degradation 

of at least one cell surface pheromone receptor, Ste2p. (Hicke and Riezman, 1996). 

Degradation of this protein requires the presence of active vacuolar proteases within 

the cell (Schandel and Jenness, 1994; Klionsky et al., 1990). In mutants lacking these 

active proteases, ligand induced internalisation of Ste2p resulted in an accumulation 

of ubiquitinated receptor (Hicke and Riezman, 1996). 

In contrast to the generalised view that ubiquitination serves to target proteins for 

degradation via the 26S proteasome, the above result demonstrates that this is not 

always the case. In normal mammalian cells for example, ubiquitin-protein conju- 
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gates are found in the primary lysosome granules (Laszlo et al., 1991). It therefore 

seems likely that in addition to the other targeting signals, ubiquitination can act as a 

signal for entry into this degradation pathway. Indeed, ubiquitin has been found to be 

associated with lysosomal-like organelles in certain neurodegenerative disorders 

(Laszlo et al., 1991). 

The use of specific inhibitors of lysosomal / vacuolar proteases has demonstrated that 

in different organisms, the degradation of long-lived proteins is facilitated by 

different pathways. In cultured mammalian cells, inhibition of the peptidase activities 

of the 26S proteasome stabilised both long-lived and short-lived proteins (Rock et 

al., 1994). In yeast, this treatment only stabilised the turnover of short-lived proteins 

(Lee and Goldberg, 1996). When yeast cells were treated with PMSF, an inhibitor of 

vacuolar proteases, however, the degradation of long-lived proteins but not short-

lived proteins was blocked. Therefore, separate pathways are used for the 

degradation of long-lived proteins in yeast and mammalian cells 

1.2.7.2 The UFD pathway for protein degradation 

In addition to the N-end rule, the UFD (ubiquitin fusion degradation) pathway in 

S.cerevisiae also plays a role in proteolysis (Johnson et al., 1995). Though no natural 

substrates of this pathway have yet been discovered, a screen to look for the stabili-

sation of artificial substrates has defined 5 genes whose products are involved. Of 

these 5 UFD genes only one, UFDJ, is essential. Two, UFD2 and UFD4, are in-

volved in promoting the polyubiquitination of different lysine residues internal to the 

ubiquitin molecule at positions 29 and 48 respectively. A mutation in UFD5 stabi-

lises substrates of both N-end rule and UFD pathways indicating that these two 

pathways have elements in common. 

Like the 'N'-end rule pathway, the Ufd pathway seems to play a minor role in protein 

turnover within the cell (Johnson et al., 1995). Yet the N-end rule pathway has been 

found to function in bacteria, yeast and mammalian cells. It is therefore possible that 

the UFD pathway exists in these organisms also. 
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1.3 	The 26S Proteasome 

Following polyubiquitination, substrates appear to be rapidly degraded in an ATP-

dependent reaction involving a large multiprotein complex. This complex was first 

isolated from rabbit reticulocytes and was discovered by its ability to degrade la-

belled Ub-lysozyme conjugates (Hough et al., 1986). Due to its sedimentation coeffi-

cient, this large 1500kDa complex has been termed the 26S proteasome and has so 

far been identified only in eukaryotic cells. 

This large 26S complex comprises two distinct smaller complexes, a 20S catalytic 

core and a 19S regulatory complex, which are required to be associated in order to 

degrade Ub-conjugated substrates (Coux et al., 1996; Hochstrasser, 1996; Hoffman 

and Rechsteiner, 1996). The latter complex is one of a number of complexes which 

have been found to alter the activity of the 20S proteasome. These complexes will be 

subsequently discussed. An electron density map, and an interpretation of this image 

(after Rubin et al., 1995), is shown in Figure 1.2 

The relationship between the 20S proteasome and the 26S complex became clear 

when it was demonstrated that the 20S proteasome was incorporated into a larger 

complex as one of 3 conjugate degrading factors (CF-1, 2 and 3) that were required 

for the assembly of the 26S complex in an ATP-dependent reaction (Ganoth et al., 

1988; Eytan et al., 1989; Driscoll and Goldberg, 1990). The 20S proteasome was 

equivalent to the factor CF-3), whereas CF-I and CF-2 were an activator (the 19S 

complex) and an inhibitor of the peptidase activity of the CF-3, respectively. 

CF-i is identical to the n-particle from Drosophila (Udvardy, 1993), a complex 

which has no ATPase activity per Se, but which is incorporated into the 26S protea-

some in an ATP-dependent reaction. By contrast, CF-2 has been identified as a com-

plex containing multiple copies of the enzyme 6-aminolevulinic acid dehydratase, an 

enzyme required for heme biosynthesis (Driscoll et a!, 1992). 
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Figure 1.2 	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 
subunits (blue) and peptidase active sites (yellow). Bottom right, schematic view of subunit arrangement 
in the 20S proteasome. 
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1.3.1 The 20S proteasome 

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

in bovine pituitaries as a high molecular weight protease (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 

Thermoplasma acidophilum (Dahlmann et at., 1989) and in the eubacterium Rhodo-

coccus (Tamura et al., 1995), comprises 0.5-1% of total protein in tissue homogen-

ates (Orlowski, 1990). 

Although having been isolated in many tissues, and having been assigned a variety of 

names including 'proteinase yscE' and 'macropain', the appearance of the MCP, 

from EM images, was that of a cylindrical structure of I 6nm in length, which sur-

rounded a pore with a diameter of 4nm. This structure was very similar to that of the 

'prosome', a complex thought to be associated with the regulation of mRNA tran-

scription (Arrigo et al., 1988). Both complexes have a similar size, shape, subunit 

composition and proteolytic activity. In addition, there is a similar immunological 

cross-reactivity between particles isolated from different species (Orlowski, 1990). 

1.3.1.1 Structure, biogenesis and enzymatic properties of the 20S proteasome 

The structure of the eukaryotic MCP was first elucidated by electron microscopy 

(EM) (Baumeister et at., 1988). These and subsequent analyses revealed that it is ar-

ranged as a hollow cylinder comprising 4 rings, each of which contains 7 subunits 

(see Figure 1.2). The inner 13  rings of this structure were found to be rotated ap-

proximately 25° with respect to the outer a rings (Baumeister et at., 1988). EM study 

of the proteasome from T.acidophilum confirmed that the subunit arrangement was 

very similar to that of the eukaryotic proteasome (Puhler et at., 1992). The positions 

of each of the 28 subunits in the complex has been determined by chemical 

crosslinking of neighbouring subunits (Kopp et al., 1997). 
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The crystal structure of the yeast 20S proteasome has also been solved (Groll et al., 

1997). This structure has highlighted that in contrast to the previously observed pore 

at either end of the 20S complex in the archaebacterial proteasome, no pore is present 

in the S.cerevisiae particle. Side chains from the a subunits at either end of the 20S 

complex interdigitate to prevent access to the catalytic chamber formed by the 

subunits 
3- 

subunits (Groll et al., 1997). 

Using 2-Dimensional PAGE, all of the subunits of the MCP have been shown to 

have a molecular weight of 20-35kDa. Sequence analysis of the subunits of the pro-

teasome from human, rat, budding yeast, and Drosophila, indicate that they are 20-

40% identical to each other. These deduced sequences have been classified as either 

a or 13 according to their similarity to the subunits from T.acidophilum (Puhier et al., 

1992). Subunits of the f3-type form the two inner rings, and contain the catalytic ac-

tivity, whereas the outer rings are formed by the a-subunits. 

The first step in assembly of the eukaryotic 20S proteasome is the formation of ring 

structures by the a subunits, which by doing so, provide docking sites for the differ-

ent 13 subunits (Schmidt et al., 1997). Docking of the 13 subunits leads to formation of 

a double ring structure representing a half proteasome. Two of these half protea-

somes associate to form a proteolytically inactive 20S precursor. Catalytic 0 subunit 

precursors are then processed leading to the mature, active 20S proteasome. 

The 20S proteasome is an N-terminal nucleophile hydrolase. This nucleophile is a 

threonine residue which is exposed following autocatalytic cleavage of a Gly-Thr 

bond in the propeptide precursors of the mature 13 subunits (Seemüller et al., 1996). 

All of the catalytic 13 subunits are synthesised as inactive precursors, and require the 

a subunits for processing and assembly (Chen and Hochstrasser, 1996; SeemUller et 

al., 1996). Processing of 3 of the 13 subunits 131/Pre3, 132/Pup 1 and J35/Pre2, exposes 

a threonine residue, which acts as an N-terminal nucleophile, the active site of the 

catalytic subunits (SeemUller et al., 1996). 

There are 5 proteolytic activities associated with the eukaryotic MCP in vitro which 

include trypsin-like (T-L), chymotrypsin-like (CT-L) peptidyl-glutamyl hydrolysing 
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activity (PGPH) and branched-chain amino acid preferring activity (BRAAP) (Rivett, 

1993). By contrast, the Thermophilus proteasome only has CT-L activity (Seemuller 

et al., 1995). The activities have been shown to be catalysed by different subunits 

within the complex since they respond differently to various activators and inhibitors. 

The -lactone derivative, lactacystin, inhibits all of the proteasomal enzymatic ac-

tivities, and as such has been used to determine the involvement of the proteasome in 

all forms of intracellular proteolysis (Fenteany etal., 1995). 

Deletion of subunits of the 20S proteasome in S.cerevisiae suggested that all but one 

of the subunits, Y13, an cc-type subunit, were essential (Emori et al., 1991; Heine-

meyer et al., 1994). However recent work in this laboratory has shown that a ts mu-

tation in the S.pombe homologue of this subunit is lethal at the restrictive temperature 

(0. Rooyackers, unpublished results). This latter result suggests that all of the 

subunits of the 20S proteasome are essential for full function of the complex. 

Although there are now known to be 14 distinct subunits which are incorporated into 

the 20S proteasome in yeast (Heinemeyer et al., 1994), the situation in mammalian 

cells is more complex. Upon stimulation with the regulatory cytokine interferon-'Y 

(IFN-y), 3 proteins LMP2, LMP7, and MECLI are incorporated into this complex in 

place of their human proteasomal homologues, subunits X() and Y(MB I) and Z re-

spectively (Goldberg and Rock, 1992, Akiyama etal., 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 counterparts, the IFN-'y induced subunits are not essential 

(FrUh et al., 1994) 

1.3.1.2 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 

me!anogaster (Kloetzel et al., 1987) and with the intermediate filament (IF) network 
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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 etal., 1992). 

A number of 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 found to be localised in 

the perichromosomal area during prophase (Amsterdam et al., 1993). In metaphase, 

these proteasomes were concentrated in the vicinity of spindle microtubules. This 

phenomenon also occurred during oogenesis in the newt, suggesting that rapid trans-

fer is an important facet in proper proteasome function (Gautier et al., 1988). The 

presence of a nuclear localisation signal (NLS) on at least 4 subunits, 2a-type and 

23-type (Rivett and Knecht, 1993; Heinemeyer etal., 1994), may be important in the 

re-localisation of proteasomes during the cell cycle. 

1.3.1.3 In vivo functions of the 20S proteasome 

1.3.1.3.1 	MCP and antigen presentation 

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

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

these antigen-presenting cells (APC) is now known to be facilitated by the production 

of antigenic peptides by the eukaryotic 20S proteasome in association with the PA28/ 

1 IS regulator (see section 1.3.2) (Mott et al., 1994; Hoffman and Rechsteiner, 1994). 

Antigenic peptides are transported into the ER by the MHC class II encoded TAP 

transporter proteins which are members of the ABC family of transmembrane trans-

porters (Deverson etal., 1988, Trowsdale etal., 1989). Here they are complexed with 

a major histocompatability complex (MHC) class I molecule. From the ER, they are 

translocated out of the ER, through the secretory pathway, to the cell surface, where 

they are presented on the surface of an APC. 
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Induction of proteasomal subunit expression in fibroblasts by interferon-y, resulted in 

the replacement of three subunits by two MHC-encoded proteins LMP2 and LMP7 

and a third non-MHC-encoded subunit MECLI (Goldberg and Rock, 1992; Yang et 

al., 1992). The newly induced subunits have a high (76%) homology to the replaced 

sub-units X (s), Y (MB 1) and Z. This induction affects the proteolytic function of the 

proteasome by enhancing the T-L, CT-L and BRAAP activity and decreasing the 

(PGPH) activity. The increase in this latter activity generates peptides which are 

more easily bound by MHC class I molecules in the ER, thereby increasing the effi-

ciency of the immune response. 

1.3.2 Regulators of the 20S proteasome 

Although the 20S proteasome possesses all of the known endo-peptidase activities 

associated with the 26S complex, its activity must be regulated. At least 3 regulators 

of the 20S proteasome are known. Two of these, the 11 S regulator (PA28) and the 

19S regulatory complex (PA700) are dependent only on the 20S proteasome for 

binding. Of these, only the 19S regulator requires ATP for its association with the 

20S proteasome. The other regulator, 'the modulator', is dependent on the binding of 

the 19S regulatory complex. As such, it will be discussed as a regulator of the 26S 

complex. 

1.3.2.1 The PA28/ uS regulator 

As mentioned in section 1.3.1.3.1, antigen presentation by the 20S proteasome is 

regulated by the association of this complex with the 11 S regulator complex, also 

known as PA28. This 180kDa complex was isolated from bovine red blood cells 

(Chu-Ping et al., 1992) and later from human red blood cells (Dubiel et al., 1992). 

The hexameric complex is made up of two closely related subunits PA28a and 

PA28, which form a ring structure and bind to the u ring of the proteasome (Gray et 

al., 1994). Like LMP2, LMP7 and MECLI, PA28a and PA28P are induced by IFN- 
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y. The binding of the complex, which occurs in the absence of ATP, changes the 

quality and quantity of peptides produced (Groettrup et al., 1994). 

A third member of the PA28 family, the Ki antigen (PA287), has also been found to 

co-immunoprecipitate and to associate reversibly with the 20S proteasome 

(Tanahashi et al., 1997). However, whereas treatment of cells with ]FN-y markedly 

induces the expression of PA28a and PA2813,  the level of PA287  protein drops dra-

matically upon IFN-y treatment (Ahn et al., 1995). The function of this protein is as 

yet unknown, but the reciprocal expression of PA28 family members upon IFN-7 

treatment suggests a distinct function for these proteins. 

Analysis of the PA28a subunit has revealed the presence of a C-terminal KEKE mo-

tif rich in lysine and glutamic acid residues (Groettrup et al., 1996). This motif is also 

present in two neighbouring a subunits of the 20S proteasome (Y13 / C9, and 

XAPC7) (Realini et al., 1994), and in S12 of the 19S regulatory complex (Dubiel et 

al., 1995). The significance of this motif is unknown, although the its presence on 

two neighbouring a subunits suggests that it may form a local centre for association 

of the 19S and PA28 regulatory complexes (Realini et al., 1994). Indeed, treatment 

of the PA28 complex with carboxypeptidase, which removes the C-terminal KEKE 

motif from PA28a, abolishes the interaction of PA28 with the 20S complex. 

Another proteasome a subunit, C2, is important in the binding of PA28 to the protea-

some (Kania et al., 1996). Pre-incubation of the proteasome with an antibody against 

the C2 subunit prevented association of PA28 with the proteasome, but not with the 

19S complex, indicating that these regulatory complexes utilised different binding 

sites on the 20S proteasome (Kania et al., 1996). It is not known whether a PA28 

complex binds to each end of the 20S proteasome at the same time, or whether it only 

binds to one end, allowing the other end to be occupied by another activator such as 

the 19S regulator (see below). However, maximal proteolytic stimulation occurs at a 

PA28:20S proteasome ratio of 1:1 (Kuehn and Dahlmann, 1996). 

Recent work has implicated the human immunodeficiency virus (HIV) Tat protein as 

an inhibitor of the interaction between the PA28 / 11 S regulator and the proteasome 

(Seeger et al., 1997). Proteolytic activity of the proteasome was inhibited by 
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incubation of the proteasome with Tat. The results suggested that Tat competed with 

PA28 for binding sites on the proteasome, thereby diminishing the potential immune 

response by HIV-infected cells. 

1.3.3 PA700, the 19S regulatory complex 

Although the 20S proteasome is essential for the degradation of ubiquitinated pro-

teins, it has no dependency on ATP for this degradation reaction. ATP is required for 

the association of the 19S regulatory complex with the 20S particle to produce the 

26S complex (Hough et at., 1987). When purified, this complex degrades polyubiq-

uitin-protein conjugates in an ATP-dependent manner. 

The identity of a number of subunits of the 19S cap complex has been obtained by 

peptide sequencing of purified subunits followed by cDNA cloning of the corre-

sponding genes (Dubiel et at., 1992; De Martino et at., 1994; Dubiel et al., 1995). 

This hetero-oligomeric complex has been found to comprise more than 16 subunits 

with a molecular weight between 35-1 lOkDa, originally designated S1-S15. Individ-

ual subunits of the cap complex are either ATPases, belonging to a multigene family 

present in prokaryotes and eukaryotes, or non-ATPases. The identity of all known 

subunits of the 19S regulatory complex is shown in Table 1.3. 

1.3.3.1 Non-ATPase subunits 

Many of the non-ATPase subunits of the 19S regulatory complex have now been 

identified (Dubiel et at., 1995; Richmond et al., 1997) (and see Table 1.3). Analysis 

of the genes encoding these subunits from both yeast and mammalian cells suggest 

that while the subunits are not as conserved in sequence as are the ATPases, (see 

Section 1.3.3.2) their functional conservation is strong (Dubiel et at., 1995). Despite 

this, the function of many of these subunits remains unknown. 

The largest subunit (S 1) of the 26S proteasome, is encoded by the yeast SEN3 gene 

(De Marini et at., 1995). The product of this essential gene has a molecular weight of 

11 2kDa. Although the only function ascribed to this subunit is its involvement with 
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tRNA splicing, a mutation in SEN3 shows synthetic lethality with a mutation in the 

NIN] gene, which encodes S 14 of the regulatory complex (Kominami et al., 1995; 

Gordon et at., 1996), thus indicating a functional interaction between these two 

subunits. A functional homologue of SEN3 has also been isolated from human cells 

(Yokota et at., 1996). 

S2 was isolated by its interaction with the tumour necrosis factor (TNF) receptor, and 

given the name TRAP2 (Tsurumi et at., 1996). Since then, homologues have been 

found in S.pombe (Mts4p) and S.cerevisiae (Naslp) (Tsurumi et at., 1996; Wilkinson 

et at., 1997; Hampton et at., 1996). Both of these yeast proteins are 45% identical at 

the amino acid level to the human homologue. Although the peptide sequences of 

these subunits have diverged significantly, human p97 can suppress the phenotype of 

budding yeast nasi deletion mutants, indicating a functional conservation of these 

subunits (Tsurumi et at., 1996). 

The interaction between S2 and the TNF receptor suggested an association between 

the 26S proteasome and intracellular membranes. This was verified by the discovery 

that this subunit is involved in the regulation of the mevalonate pathway in 

S.cerevisiae by ER associated degradation of the key enzyme 3-hydroxy 3-methyl 

glutaryl CoA reductase (HMG CoA reductase), an integral ER membrane protein 

(Hampton et at., 1996). 

The gene encoding the S.pombe homologue of S2, Mts4p, was isolated in the same 

screen as that for Mts2p. These proteins have been shown to interact by genetic, 

physical and in vitro analyses. The mts2-1 and mts4-1 mutants show synthetic lethal-

ity. This genetic interaction has been confirmed by the ability of an overexpression of 

mts2 to partially suppress the ts defect of the mts4-1 mutant (Wilkinson et at., 1997). 

Furthermore, physical interactions between these two proteins has been demonstrated 

by two-hybrid analysis and by in vitro binding studies. This is the first evidence of an 

in vivo interaction between ATPase and non-ATPase subunits of the 26S proteasome. 
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Table 1.3 	Subunits of the 19S regulatory complex 

Human kDa S.cerevisiae S.yombelOther References 

Si 112 Sen3 de Marini et al., 1995 
Yokota et al., 1996 

S2 97 NasI/Hrd2 Mts4 Tsurumi etal., 1996 
Hampton etal., 1996 
Wilkinson etal., 1997 

S3 58 Sun2 de Martino etal., 1994 
Kawamura etal., 1996 
Kominami etal., 1997 

*S4 56 Yta5 Mts2 Dubiel etal., 1992 
Gordon etal., 1993 
Schnall et al., 1994 

S5a 50 SunI Mcbl/Mbpl Deveraux etal., 1994 
van Nocker etal., 1996 
Kominami etal., 1997 

S5b 50 Deveraux etal., 1995 

*S6/ TBP7 47 Tbp7/ Yta2 Ohana etal., 1993 
Dubiel etal., 1994 
Schnall etal., 1994 

*S6' 46 Tbpl Nelbock etal., 1990 
Ohana etal., 1993 

*57/ MSS  1  47 CimS Apsi Irie etal., 1991 
Shibuya etal., 1992 
Dubiel etal., 1993 
Ghislain etal., 1993 

*S8/ p45/ Tripl 45 Cim3/Sugl Leti Swaffleid etal., 1992 
Ghislain etal., 1993 
Michael etal., 1994 
Akiyama etal., 1995 
Lee etal., 1995 

Centractin Richmond et al., 1997 

S9 46 Hoffman etal., 1997 

SlOa Richmond etal., 1997 

*SlOb 44-49 Sug2 Bauer etal., 1996 
Fujiwara etal., 1996 
Russell etal., 1996 

Sil 40 Dubiel etal., 1993 
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S12 	35-37 

S14 	 Nini 

S? 

Other proteasomal proteins 

Pad!! Mov34 

Mts3 

Mts! 

Dubiel et at., 1995 
Shimanuki et al., 1995 

Nisogi et at., 1992 
Kominami et at., 1995 
Gordon et at., 1996 

Dubiel et al., 1995 
C. Gordon, unpublished 

p37 	 Isopeptidase 
	

Lam et at., 1997 

= 19S subunit with ATPase domain 
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There is a low level of similarity between Si and S2 subunits, in a region of about 

400 amino acid residues which contains nine repeats of 35-40 residues (Lupas and 

Baumeister, 1997). The conserved part of this repeat is centred around an alternating 

pattern of large aliphatic residues. The alternating n-sheets and a-helices formed by 

these repeats are thought to form a structure which may act to recognise damaged or 

partially unfolded proteins. This configuration is also seen in BimE, a component of 

the anaphase promoting complex (APC), which ubiquitinates mitotic cyclin B and 

targets it for degradation by the 26S proteasome (King et al., 1996). 

Binding of ubiquitin-protein conjugates was thought to be carried out specifically by 

S5a (Deveraux et al., 1994). Surprisingly, however, disruption of the S.cerevisiae 

homologue, MCBJ, was not lethal, indicating that the function of this subunit was 

not essential and that another 19S subunit may be involved in the recognition and 

binding of polyubiquitinated substrates (van Nocker et al., 1996a). As yet, no other 

ubiquitin-binding subunits have been found, though the recent finding of ubiquitin 

isopeptidase activity associated with the 26S proteasome suggests that another 

subunit may carry out the ubiquitin-binding function (Lam et al., 1997). It may be 

that S5a is only capable of binding certain forms of ubiquitin conjugates such as 

those produced via Lys", Lys"or Lys63  linkages (Beal et al., 1996; van Nocker et al., 

1996b). 

The peptide sequence of the product of the S.po,nbe mts31  gene is very similar to that 

generated from digestion of the human S 14 (W. Dubiel, pers. comm.). The mts3-1 

mutant was isolated in the same screen as mts2-1, which carries a mutation in S4 of 

the 26S proteasome (Gordon et al., 1993; Gordon et al., 1996). The phenotype of a 

conditional mutation in mts3 is similar to that of the mts2-1 mutant at the restrictive 

temperature. However, unlike the mts2-1 at the restrictive temperature, the mts3-1 

mutant undergoes endoreplication, suggesting that the product of mts3 is involved in 

the control of DNA replication (Gordon et al., 1996). 

A functional homologue of Mts3p exists in S.cerevisiae. This protein, the product of 

the NIN] gene (Nisogi et al., 1992) bears a limited (36%) homology to Mts3p. How-

ever, overexpression of NIN] can rescue the ts defect of the mts3-1 mutant, as well as 
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a deletion of the mts3 ORF, thereby demonstrating that NIN1 is the functional 

homologue of the S.pombe mts3 gene (Gordon et al., 1996) 

Subunits S5b (Deveraux et al., 1995), S9 (Hoffman et al., 1997), SlI (Dubiel et al., 

1993) and S 1 (Dubiel et al., 1993), have no function assigned to them as yet. S5b, 

isolated from human erythrocytes, was found to be enriched in di-leucine repeats, 

though the significance of this motif is unknown. No homologue of this subunit has 

been found in either S.pombe or S.cerevisiae, suggesting that S5b may not be in the 

26S proteasome (W. Dubiel, pers. comm.). Another subunit has been identified as 

centractin, a component of the dynactin complex (Richmond et al., 1997). The 

presence of this subunit in reticulocyte 26S proteasome extracts may represent a 

means for the proteasome to interact with the cytoskeletal network. 

1.3.3.2 ATPase subunits 

Six ATPases have been identified as subunits of the 26S proteasome (see Table 1.3). 

They are all members of the S4 family of ATPases, which is a subset of a much 

larger family of ATPases, the AAA family (Confalonieri and Duguet, 1995). 

Members of the AAA family are characterised by the presence of one or two copies 

of a Walker 'A' box, containing the phosphate-binding 'P-loop' motif (Saraste, 1990) 

and the Walker 'B' box (Walker et al., 1982). All members of the proteasomal 

ATPases have one copy of this motif. Sequencing of the gene encoding the human 

S4 subunit, followed by database analysis of its peptide sequence, revealed a strong 

homology between this peptide and those encoded by TBP-1, TBP-7, MSS1 and 

SUG] (Dubiel et al., 1992). All of these proteins, as well as Sug2p (Fujiwara et al., 

1996; Russell et al., 1996), are now known to be present as subunits in the 26S pro-

teasome. 

The first member of this family, TBP- 1, was isolated on the basis of its interaction 

with the human immunodeficiency virus (HIV) Tat protein (Nelbock et al., 1990). 

TBP-7 was subsequently isolated in the same way (Ohana et al., 1993). Like TBP-1 

and TBP-7, the next two members, MSSI and Suglp were thought to function as 
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Figure 1.3 	Alignment of peptide sequences of yeast ATPases subunits of the 26S proteasome. 

Peptide sequences were fetched from the SWISSPROT database and aligned using the LINEUP and PILEUP and PRETTYBOX programs in the UWGCG 
suite. The plurality used was 3.1. Amino acid residues highlighted in red are identical. Those in orange are very similar in shape and charge, and those 
in yellow belong to the same family. The Sugi, Mts2 and MSSI sequences are from S.po,nbe, whereas Tbpl, Tbp7 and Sug2 are from S.cerevisiae. 
Accession numbers: SugI P46836, Sug2 P53549, Mts2 P36612, Tbp7 P33298, Tbpl P33297. 



transcriptional regulators. MSS 1, was found to be a positive modulator of HIV Tat-

mediated transactivation, and suppressed a mutation in a Cdc2 / Cdc28-like protein-

kinase (Shibuya et at., 1992). Suglp, however, was isolated as a suppressor of a C-

terminal deletion in the S.cerevisiae Ga14 transcription factor (Swaffield et al., 1992). 

More recently, a second suppressor of the Gal4p deletion, SUG2, was found. The 

product of this gene has been found to strongly resemble the archetypal S4 subunit of 

the 26S proteasome (Russell et at., 1996). All 6 of these ATPases are now known to 

be subunits of the 26S proteasome (Dubiel et at., 1992, 1993, 1994, 1995; Rubin et 

al., 1996; Richmond et at., 1997). 

The homology of these ATPases to each other is extensive. Each family member pos-

sesses a non-conserved N-terminal domain upstream of a very highly conserved 230 

amino acid domain. This conserved region has a functional nucleotide binding site 

comprising the Walker A and Walker B boxes (Walker et at., 1982). In addition, two 

other regions, known to be common to a family of RNA / DNA helicases, are also 

present (Gorbalenya et al., 1989).The family of proteasomal ATPases is shown in 

Figure 1.3. 

The N-terminus of all of the putative proteasomal ATPases possesses a potential am-

phipathic helix which is thought to be responsible for the formation of coiled-coil 

regions. In the case of TBP-1 and TBP-7, which form a heterodimer, these regions 

are required for this interaction (Ohana et at., 1993). The leucine zipper motif found 

in the N-termini of TBP-1 and TBP-7 is also found in MSS1 and Sugip. All four of 

these proteins were thought to be involved in transcriptional regulation, although 

more recent evidence suggest a primary role for all of these proteins as part of the 

19S regulatory complex (Rubin et al., 1996; Richmond et al., 1997). The leucine-

zipper may act to facilitate the capture of potential substrates for degradation. 

The use of the yeasts S.cerevisiae and S.pombe has allowed genetic analysis of the 

genes encoding these ATPase subunits. A conditional mutation in mts2, which en-

codes the fission yeast homologue of the human S4 subunit, caused cells carrying this 

mutation to arrest at the metaphase stage of mitosis when incubated at the restrictive 

temperature (Gordon et al., 1993). A similar phenotype was observed in S.cerevisiae 
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cells carrying ts mutations in two genes encoding the ATPase subunits Cim3p 

(Sugip) and Cim5p (MSS 1p) (Ghislain et al., 1993). 

The phenotype of a conditional mutation in Sug2p, the sixth ATPase subunit of the 

26S proteasome, is different to those described above. Cells carrying this mutation 

arrested at the G2  stage of the cell cycle, with replicated but unsegregated DNA 

(McDonald and Byers, 1997). Only one spindle pole body (SPB) was visible, sug-

gesting that Sug2p acted at a stage earlier than Sugip, Msslp and Mts2p. The phe-

notypes of conditional mutations in other proteasomal ATPase encoding genes, such 

as mts2, are identical to those of a disruption of the same gene, and result in a loss of 

function. As yet, however, the phenotype of a disruption of the gene encoding Sug2p 

has not been studied, but it might be predicted that this phenotype would resemble 

that of a disruption of the mts2 gene, in that a loss of function would result from this 

disruption 

1.3.3.3 Function of the 19S regulatory complex 

The assembly of the 19S complex with the 20S requires ATP (Hough et al., 1986). 

The absence of ATP, or the replacement of ATP by non-hydrolysable analogues pre-

vents complex formation and conjugate degradation., It seems likely, therefore, that 

one of the primary functions of the ATPases within the 19S complex is in the forma-

tion and maintenance of the 26S complex from the two sub-complexes. Moreover, 

each ATPase is essential and cannot be replaced by overexpression of another. Why 

then are there 6 ATPases? 

Although all of the putative ATPase subunits bear a close resemblance to each other, 

only one of these, the S4 subunit, has been shown to have ATPase activity (Lucero et 

al., 1995). Given the similarity of all of the ATPases to each other, it is likely that 

most, if not all, of them, have ATPase activity. The 26S proteasome also possesses 

GTPase, CTPase and UTPase activity (Hoffman and Rechsteiner, 1996). This sug-

gests that one or all of the remaining ATPases are capable of hydrolysing these nu-

cleotides. 



Studies of the archaebacterial 20S proteasome from T.acidophilum indicate that only 

fully unfolded proteins can enter the narrow (4nm) pore in either end of the 20S 

complex (Lowe et al., 1995). A further mechanism may therefore be required for the 

complete unfolding of misfolded proteins. The energy produced by nucleotide hy-

drolysis may therefore be used for the unfolding of potential ubiquitinated substrates. 

This phenomenon will be discussed with reference to the ATPase complex as a mo-

lecular chaperone. 

1.3.4 Cellular substrates of the 26S proteasome 

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

requirement for ATP hydrolysis and in most cases ubiquitination of substrates tar-

geted for 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 al., 1989) and the cyclin-dependent kinase inhibitor 

40SIC1 (Nugroho and Mendenhall, 1994). Also, the precursor of the NFiB transcrip-

tional activator (Palombella et al., 1994) and its inhibitor IiBa are degraded by this 

pathway. Degradation of IiBa occurs following phosphorylation on two serine resi-

dues (Chen et al., 1995). The tumour-suppressor protein, p53, is known to be de-

graded largely by this pathway in vivo (Chowdhary et al., 1994). In addition, a num-

ber of the cellular oncoproteins such as c-Mos (Ishida et al., 1993), c-Jun (Treier et 

al., 1994), c-Fos (Wang et al., 1996) and c-Erb (Mimnaugh et al., 1996) are also de-

graded by the ubiquitin proteasome pathway. 

1.3.5 Regulation of the 26S proteasome 

1.3.5.1 The 'modulator' 
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As suggested in section 1.3.2, there are at least two regulators of the activity of the 

26S proteasome which are dependent on association of the two sub-complexes. One 

of these is the 'modulator', a complex which stimulates the proteolytic activity of the 

20S proteasome 8-fold (de Martino et al., 1996). It was isolated in a screen to look 

for activators of proteasome activity. This complex comprises three proteins, of 

which two, p50-TBPI and p42-SUG2 are subunits of the 19S regulatory complex. 

The other protein component, p27, is not a subunit of the 19S complex. Unlike the 

19S complex, the 'modulator' has no ATPase activity (Fujiwara et al., 1996), al-

though it may prefer other nucleotides such as GTP or UTP. Hydrolysis of these 

other nucleotides has been demonstrated for the 26S complex (Hoffman and 

Rechsteiner, 1996). 

The mechanism by which the 'modulator' functions, is unknown. It may help to re-

cruit a 19S complex to either end of the 20S proteasome, or, alternatively, it may 

form a ternary complex with the 26S complex itself. In this regard, it is similar, but 

not identical to a second regulator of 26S proteasome activity. 

1.4 	The AAA family of ATPases 

Members of the AAA family (ATPases associated with a variety of cellular activi-

ties) represent a set of proteins, from a wide spectrum of organisms, which contain 

either one or two copies of a highly conserved 230 amino acid ATPase module 

(Confalonieri and Duguet, 1995). The diversity of function of these proteins suggest 

an essential but as yet unknown role in many aspects of cellular regulation. Although 

only a small number of these proteins have been found in prokaryotes, there are 17 in 

S.cerevisiae, belonging to distinct sub-families. 

1.4.1 Functions of AAA family members 

The FtsH protein of E.coli, represents one of the few eubacterial members of this 

family. This protein functions in the control of cell-division. Homologues of this 

protein are present as proteases in the inner membrane of mitochondria of 
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S.cerevisiae, providing further evidence of the prokaryotic origin of this eukaryotic 

organelle. 

The function of members of this family in eukaryotes is less clear. Although six of 

these ATPases are known to be incorporated into the 26S proteasome, the actual 

function of these subunits has yet to be elucidated. As mentioned above, three of 

these family members, YtalOp, Ytal I  and Ytal2p form proteolytic complexes in 

mitochondria. Other functions of eukaryotic AAA family members include secretion, 

vesicle fusion, peroxisome biogenesis and meiosis (Confalonieri and Duguet, 1995). 

1.4.2 Macromolecular assemblies of AAA proteins 

1.4.2.1 p97IVCP 

p97 is an abundant polypeptide found in the nuclear and cytoplasmic compartments 

of mammalian cells (Peters et al., 1992). As a member of the AAA family, it contains 

a duplicated ATPase domain. The peptide sequence of p97 is closely related to two 

other AAA proteins involved in secretion: N-ethyl maleimide sensitive factor (NSF), 

and its yeast equivalent Sec l8p. The primary function of p97 is in the formation of 

golgi stacks from golgi cisternae, produced after mitosis (Acharya et al., 1995; Ra-

bouille et al., 1995), and in the import of nuclear proteins via its association with the 

NLS receptor and RanBP1 (Chi et al., 1996; 1997). 

When studied by EM, this Mg 2, 	appeared as a two-layered hexagonal parti- 

cle, with a central channel (Harris, 1984). Unlike the eukaryotic 20S proteasome, 

which has 4 rings of seven subunits arranged around a central pore, this complex is a 

homo-hexamer, requiring 6 subunits for its ATPase activity (Peters et al., 1992). 
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1.4.4.2 The S.cerevisiae YTAJOI YTA12 proteolytic complex 

The YtalOp-Ytal2p complex forms a hetero-oligomer of approximately 850kDa 

(Ant et al., 1996). Like the 26S complex, the YtalOp-Ytal2p protease has both pro-

teolytic and chaperone activity, since a proteolytically inactive complex is still able to 

mediate assembly of the 170-171  ATP synthase complex (Arlt ci' al., 1996; Leonhard et 

al., 1996). In this respect, the proteins which form this complex are different from 

their bacterial homologue FtsH, which mediates the degradation of the bacterial pro-

teins 32  and SecY (Leonhard ci' al., 1996) and from Ytal I  an AAA protease of the 

mitochondrial inner membrane space, which, unlike YtalO-12, which has no chaper-

one activity. 

1.4.2.3 Proteasomal ATPases: a ring structure? 

EM data (Peters et al., 1992), have been interpreted to suggest that the 19S complex 

forms a cap on either end of the 20S proteasome. By analogy to the CIp ATPase 

complexes of prokaryotes, and to the p97 ring in eukaryotes, the ATPases within this 

19S complex are thought to adopt a ring conformation (Peters ci' al., 1992; Dubiel et 

al., 1993). The advantage of this conformation is obvious, in that it would allow pas-

sage of a protein through the regulatory complex into the catalytic chamber below. 

Observations confirming interactions between adjacent subunits lends weight to this 

hypothesis (Ohana et al., 1993; Russell et al., 1996; Richmond et al., 1997). The 

adoption of a ring-like conformation, both in prokaryotes and in eukaryotes, may be a 

common feature of both chaperone and proteolytic complexes. 

1.4.2.3.1 	Functions of ATPase assembly 

Although the proteasomal ATPases may function to promote 26S complex assembly, 

they may be also be involved in the unfolding of potential substrates for entry into the 

20S catalytic core. In this respect, the ATPases would have a function very similar to 
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that of the CIpA / C1pX ATP-dependent activators of the bacterial CIpAP and CIpXP 

proteases. In the absence of CIpP, these two complexes function as chaperones to as-

sist in the disassembly of the Mu transposase tetramer (Levchenko et al., 1995). The 

binding of these 'anti-chaperones' facilitates the proteolysis of the Mu protein. 

Normally, chaperones catalyse the refolding of proteins after stresses such as heat-

shock. When this refolding fails, due to the absence of other factors, or because it has 

taken too long, these chaperones are thought to assist protein degradation by pre-

venting refolding of the protein and targeting it to a proteolytic complex, such as the 

ClpP protease (Hayes and Dice, 1996). 

There is a strong structural similarity between the Op AP / XP complexes and that 

potentially formed between the 20S proteasome and the ATPases of the 19S regula-

tory complex. The Clp AP protease has 2 rings of 7 proteolytic subunits, with a ring 

of 6 ATPases at either end. In the same way, the 20S proteasome has 7 membered 

rings of a subunits at each end which may contact the proposed 6 membered ring of 

ATPases in the 19S complex (Hochstrasser, 1996). In this way, both complexes may 

fulfil the similar functions of chaperones and proteolytic complexes. 

1.5 	The mts2 gene 

The rnts2-1 mutant was isolated in a screen to look for yeast cells which were resis-

tant to the mitotic poison MI3C (Gordon et al., 1993). At the restrictive temperature, 

yeast cells carrying this mutation are defective at the metaphase to anaphase transi-

tion. In addition there is a concomitant increase in the intracellular level of high mo-

lecular weight ubiquitin conjugates. These results suggested that the protein encoded 

by mts2 was involved in both the control of mitosis and in the ubiquitin pathway for 

protein degradation. 

1.5.1 The product of mts2 is a component of the 26S proteasome 
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Sequence database analysis of the cDNA which rescued the mts2-1 mutant revealed a 

75% identity between its predicted amino acid sequence and that of S4, an ATPase 

subunit of the human 26S proteasome (Dubiel et al., 1992). Subsequently, it was 

shown that the human gene could also rescue the ts phenotype of the mts2-1 mutant, 

as well as a disruption of the mts2 gene, thereby indicating that S4 and the product 

of mts2 were functional homologues, and that Mts2p was likely to be a subunit of 

the 26S proteasome (Gordon etal., 1993). 

Confirmation of the presence of Mts2p in the S.pombe 26S proteasome was provided 

by western blotting of purified wild type 26S proteasome from S.pombe, with an an-

tibody raised against recombinant Mts2 protein (Seeger et al., 1996). Moreover, 

when purified 26S proteasome preparations from the mts2-1 mutant which had been 

grown at the restrictive temperature and blotted using the same antibody, the mutant 

protein was present (Seeger et al., 1996). This mutant proteasome was ts for ubiq-

uitin conjugate degradation activity. By contrast, the mutant Mts3 protein, was not 

integrated into the proteasome. Purified proteasome preparations from both mts2-1 

and mts3-1 mutants could still support the hydrolysis of small fluorogenic peptides, 

but not that of ubiquitin conjugates, indicating that both the Mts2 and Mts3 proteins 

were essential for ubiquitin-conjugate degradation 

Further evidence for the association of Mts2p with the 26S proteasome was obtained 

during a screen to look for murine multicopy suppressors of mts2- 1. One suppressor 

was identified as the murine homologue of the mammalian suppressor of sgvl, MSS 1 

(Gordon et al., 1993). Like mts2, MSS  encoded a subunit, S7, of the 26S protea-

some (Dubiel et al., 1993). Unlike S4, overexpression of mouse MSS 1 could not res-

cue the mts2 null allele. This result suggested that suppression by MSS I required the 

product of the mts2-1 allele. 

1.5.2 Involvement of Mts2p in the metaphase anaphase transition 

At mitosis, cells which have completely replicated their DNA, and which have satis-

fied all of the checkpoint criteria (Hartwell and Weinert, 1989), proceed to M-phase 
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Figure 1.4 	Cytology of £po;iibe cells during mitosis. (taken from Gordon et al 1996) 

Wild type cells were stained with the anti-tuhulin antibody TAT1 (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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of the cell cycle, where newly replicated chromosomes are equally partitioned into 

two daughter cells. The cytological events which take place in a wild type fission 

yeast cell during mitosis are shown in Figure 1.4. 

The metaphase defect of the mts2-1 mutant was the first in vivo evidence that Mts2p 

and the 26S proteasome, were involved in the control of this stage of mitosis 

(Gordon et al., 1993). A similar phenotype was observed in two S.cerevisiae mutants, 

cim3-1 and cim5-1 (Ghislain et al., 1993). Like Mts2p, the products of the CIM3 and 

CJM5 genes are both ATPase subunits of the 26S proteasome, and are homologous to 

S8 and S7 respectively (Dubiel et al., 1995). The common phenotype observed in 

these mutants suggested that the proteasome was responsible for two main functions 

during mitosis: degradation of cyclin B, which prevented exit from mitosis, and the 

degradation of a factor which held sister chromatids together until anaphase. 

1.5.2.1 Cyclin B destruction during mitosis 

It was established that cyclin B destruction was not required for sister chromatid seg-

regation (SCS) but for exit from mitosis, and that both processes required the same 

degradation machinery, which involved the ubiquitin pathway (Murray and Kirsch-

ner, 1989; Glotzer et al., 1991; Holloway et al., 1993; Surana et al., 1993). Frac-

tionation experiments using cyclin B from clams showed that cyclin ubiquitination 

required components present in 4 different fractions. Only one of these, a component 

which ligated the ubiquitin to the cyclin molecule, was cell cycle regulated (Hershko 

et al., 1994; Sudakin et al., 1995). This ubiquitin ligase activity was attributed to a 

multi-subunit particle called the cyclosome (Sudakin et al., 1995). 

Separate experiments to look for mutations which prevented degradation of cyclin B 

in budding yeast enabled the isolation of three genes CDC16, CDC23 and CDC27. 

Mutations in these genes resulted in a metaphase arrest indicating that in addition to 

preventing cyclin B destruction, they were also required at an earlier stage in mitosis. 

The products of these genes were subsequently shown to interact as part of a multi-

subunit complex which was required for the ligation of ubiquitin to cyclin (Lamb et 
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at., 1994; Tugendreich et al., 1995; Irniger et al., 1995; King et at., 1995). This ana-

phase promoting complex (APC), the yeast equivalent of the cyclosome, was specific 

for the degradation of mitotic cyclin B. Other cyclins such as the budding yeast C1b5 

protein are degraded in an APC-independent manner (King et al., 1995) 

Homologues of the components of this complex have been found in other organisms. 

In fission yeast, the nuc2 and cut9 genes are the homologues of CDC27 and 

CDC16 respectively (Hirano et al., 1988; Samejima and Yanagida, 1994; Peters et 

al., 1996). In Xenopus the APC has been shown to comprise at least 8 subunits, of 

which 4 have been microsequenced. Three were found to have a strong homology to 

the previously identified budding yeast genes, and a fourth, APC1, was homologous 

to the Aspergitlus nidulans BimE gene and the S.pombe cut4 gene (Peters et at., 

1996). 

1.5.2.2 Control of sister-chromatid separation 

The failure of mts2-1 cells to proceed through this metaphase arrest, coupled to the 

presence of Mts2p in the proteasome suggested that one function of the proteasome 

was to degrade some unknown protein factor to enable sister chromatid separation 

(SCS) to take place. Experiments using a non-degradable form of cyclin B demon-

strated that degradation of this molecule was not required for SCS, prompting 

speculation of a 'molecular glue' holding sister chromatids together until anaphase 

(Holloway et at., 1993; Surana et at., 1993). 

A number of candidates for this 'glue' have been proposed both in yeast and in Dro-

sophila. In fission yeast, the product of the cut21  gene (Funabiki et al., 1996b) was 

found to restore proper SCS. However, while overexpression of cut2 resulted in a 

metaphase arrest with unsegregated daughter nuclei (Funabiki et at., 1996b), a dele-

tion of cut2 resulted in the same phenotype. One interpretation of these results is 

that instead of being a molecular glue, the product of cut2 probably acts as a regula-

tor of SCS. 
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The product of the budding yeast PDSI gene was also proposed as a candidate for 

holding sister-chromatids together (Cohen-Fix et al., 1996). Despite being ubiquiti-

nated and degraded at anaphase in an APC- and D-box-dependent manner, deletion 

of PDSJ only resulted in 50% of the cells bypassing an anaphase block imposed by a 

mutation in a gene encoding a subunit of the APC. These experiments suggest that 

the product of PDSJ may be a regulator of APC activity rather than the 'glue' itself. 

Regulators of SCS have also been found in Drosophila melanogaster. Mutations in 

three genes fizzy (Sigrist et al., 1995; Philip and Glover, 1997), threerows and pim-

ples (Stratmann and Lehner, 1995). have been shown to result in defective SCS. In 

the case of fizzy, a homologue of the budding yeast CDC20 gene (Sigrist et al., 

1995), mutations also prevent the sequential degradation of cyclins A, B and B3 sug-

gesting that in some way, the product of this gene interacts with the APC. By con-

trast, mutations in the threerows and pimples genes do not block SCS, but prevent 

the degradation of cyclin B. 

As yet, the molecules which directly mediate sister-chromatid cohesion have not 

been isolated. Although it is possible that the degradation of only one gene product is 

required for SCS, it is likely that a number of gene products, such as Cutip and 

Cut2p, regulate this process. 

1.6 	Project aims 

1.6.1 The isolation of genes which interact with mts2 

One method for the isolation of interacting genes involves the isolation of multicopy 

suppressors of the conditional lethal mts2-1 mutation. Transformation of the mts2-1 

mutant with an S.pombe cDNA library which has been cloned into a vector under the 

control of a strong promoter, should facilitate the isolation of both the endogenous 

gene as well as other genes which can suppress this mutation. It might be expected 

that one multicopy suppressor of the mts2-1 mutant will be the S.pombe homologue 
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of the mouse MSS 1 gene. This screen may also enable isolation of genes encoding 

other subunits of the 26S proteasome. The vector of choice, in this case, is a deriva-

tive of pREP 1, which contains the thiamine repressible nmt] promoter. Genes cloned 

under the control of this promoter are expressed at a high level (see Table 2.1) in the 

absence of thiamine (Maundrell, 1990). 

A second and more classical genetic approach to the isolation of suppressors, is to 

look for revertants of the original conditional lethal mutation. Revertants can be gen-

erated either spontaneously, or by the use of mutagenic agents such as UV light. This 

method of suppression involves the alteration of an interacting protein, which com-

pensates for the alteration in the mutant Mts2 protein. 

Intragenic suppressors generated by these means could either occur as a result of a 

reversion of the original mutation, or by second site suppression within the mts2 

gene. Extragenic suppressors isolated by this method are almost always in genes 

whose products are known to interact physically with the original gene products 

(Jarvik and Botstein, 1975). Although this technique is more likely to generate cx-

tragenic suppressors of the mts2-1 mutation, it relies on the extragenic suppressor 

mutation also being conditional. In this way, the suppressor could be crossed away 

from the original mts2-1 mutation and characterised by standard molecular genetic 

techniques. 

The genetic isolation of suppressors has proved very useful for the isolation of 

proteins which interact in complexes. Spontaneous reversion (pseudoreversion 

analysis) of a mutation in the S.cerevisiae act] gene, encoding actin, led to the 

isolation of components of the cytoskeleton (Novick et al., 1989). In the same way, it 

is hoped that this type of analysis will lead to the isolation of genes encoding other 

subunits of the 26S proteasome. 

A more recent screen will also be used to look for proteins which interact with the 

product of the mts2 gene. The yeast 2-hybrid system provides a means to look for 

protein-protein interactions in vitro (Fields and Song, 1989). This system relies on 

the reconstitution of a functional transcriptional activator from the S.cerevisiae Gal4p 
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DNA-binding domain and activation domain, which are encoded on separate plas-

mids. The interaction of two gene products, encoded on these two plasmids, results in 

expression of the f3-galactosidase gene, which is under the control of the Ga14 pro-

moter, thereby providing a means of selecting for an interaction between two gene 

products. The use of an S.pombe cDNA library, cloned into the appropriate vector, in 

this system, may help to isolate interactions between the product of mts2 and other 

subunits of the 26S proteasome. 

1.6.2 Analysis of mutations in the mts2 gene 

The original MBCR  screen for mts mutants facilitated the isolation of three ts alleles 

of the mts2 gene (C.Gordon, unpublished results). A second independent screen, to 

look for enhancers of position effect variegation in S.pombe led to the isolation of 3 

cold-sensitive (cs) mutants in three genes cep1tcep3 (J-P. Javerzat, unpublished 

results). Over-expression of the mts2 cDNA rescued a disruption of the cep2 gene 

indicating that cep2 was mts2. Four alleles of the cep2 mutant were isolated. In to-

tal, then the two screens have enabled the isolation of 7 conditional mts2 alleles. 

The molecular characterisation and analysis of the phenotypic effect of these muta-

tions in the mts2 gene provides an opportunity to study the differences in phenotype 

resulting from independent mutations. This study may help to identify essential 

amino acid residues within Mts2p and, by comparison, in the other members of the 

proteasomal AAA family. 
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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 al., 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 1.5m1 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 1120 

and the p11 adjusted to the required value by the addition of HCI. 

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 (p117.5) 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 TB buffer. In order to retard oxi-

dation 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 (VIV) 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 

H20 added to a final concentration of 3M. 

Ethidium bromide 

Ethidium bromide (Sigma, E-875) was dissolved as a stock solution of 10mg ml-' in 

H20 and stored at 4°C in the dark. For use in agarose gels, 5jiI 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 

TAB was made up as a 20x stock solution and stored at room temperature: 

stock 

0.8M Tris base 	 96.4g 

HOAc 	 22.8m1 

0.5M EDTA 	 40m1 
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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 a extraction with chloroform. Extractions were carried out by adding a 

volume of phenol-chloroform equal to that of the nucleic acid solution. The two so-

lutions were mixed thoroughly by vortexing to form an emulsion and then separated 

by high speed centrifugation in a microfuge 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 centrifu-

gation for 15 minutes at 4°C. Following precipitation, salt was removed by washing 

the nucleic acid pellet in 100tl 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 
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to approximately 50jig ml' for double-stranded DNA, 40.tg m11  for RNA and 33ig 

ml' 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 0.5tg 	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 constitute a family of yeast shuttle vectors based on the thiamine repressible 

nmtl promoter from fission yeast (Maundrell, 1990). The promoter and polyadenyla-

tion signal of the nmtl gene are used to permit thiamine-mediated control of tran-

scription of cloned genes (Maundrell, 1993). These vectors contain the S.cerevisiae 

LEU2 gene and the S.pombe ars origin of replication (Figure 2.2). They are main-

tained extrachromosomally at a high copy number. The polylinker contains NdeI, 

SalT, BamHI 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 4iM thiamine, there is still some residual activity from this promoter (Maundrell, 

1993). The pREP4I 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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Figure 2.1 	General cloning vector pBLUESCRIFT (pSKII+) 
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Figure 2.2 	The S.pornbe expression vector pREP1 (41, 81) 
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Figure 2.3 	2-hybrid 'bait' plasmid pAS1-CYH2 

NdeI 
Xbal 

Amp 

2 p  on 

NdeI __I 
on 	

pACTII 
7550 bp 

pADH 

2 HindIII 	HA 

BglII t.6, tADH 
LEU2 

NdeI 4590 
NcoI 
Smal 
BamHI 
EcoRI 
Xhol 
BgIII 4520 

Figure 2.4 

Hindlil 

2-hybrid 'prey' plasmid pACTII 

Clal 

59 



EcoRV 

pADH 
-M Hindlil 

Ga14 

pGADGH 
Amp 	 7200 bp 

tADH 

Hindlil 

Spel 
BamH I 
Smal 
PstI 
EcoRl 
EcoRV 
Hindill 
Clal 
Hincli 
Sail 
AccI 
XhoI 
Apal 
KpnI 

on 	 LEU2 

lox 

Figure 2.5 	2-hybrid library 'prey' plasmid pGADGH 

BamHl Spel Smal Sad NcoI 

promoter 'N\ 

Amp 

pET6H 	
Lad 

5677 bp 

pBR322ori 

Figure 2.6 	pET6H, used for expressing fusion proteins in vitro 



gene and origin of replication and a polylinker inserted into the E.coli lacZ gene. 

Non-recombinant plasmids are able to synthesise the enzyme f3-galactosidase which 

breaks down the X-gal to release a blue pigmented derivative. In recombinant plas-

mids 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 pUC based plasmid and was used extensively throughout 

this project (see Figure 2.1). 

TABLE 2.1 (adapted from Basi et al., 1993) 

Characteristics of the pREP1, pREP41 and pREP81 vectors and their relative 

promoter strengths under inducing and repressing conditions 

Vector 	 TATA box 	Relative promoter activity' 

-thiamine 	+thiamine2  
pREP 1 	 ATATATAAA 	 80 

pREP41 	 ATAAA 	 12 	 0.06 

pREP8I 	 AT 	 1 	 0.004 

Relative promoter activity was measured as chloramphenicol acyl transferase 
(CAT) activity. 
2  Thiamine was prepared as a 20mM stock in 1120 and stored in the dark. It was 
added to a final concentration of 4iM. 

pASI-CYH (pAS2) 

This vector (Figure 2.3) was used extensively for work with the yeast 2-hybrid sys-

tem (Fields and Song, 1989). It contains the N-terminal (amino acids 1-147) DNA-

binding region of the S.cerevisiae GA-LA transcription factor fused to the haemaglut-

tinin (HA) epitope under the control of the ADH promoter. In addition it contains the 

TRP1 gene as an auxotrophic marker, and the CYH2 gene which confers susceptibil-

ity 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 de-

tected on western blots using the 12CA5 anti-HA antibody (Boehringer). 
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pACTII 

pACT11 was also used for the 2-hybrid system. This vector (Figure 2.4) contains the 

S.cerevisiae GAL4 activation domain (amino acids 768-881) expressed from the 

ADH promoter and fused to the HA epitope. Genes can be cloned in frame down-

stream of this epitope. Instead of the TRPJ gene, pACT11 contains the LEU2 marker. 

pGADGH 

An S.ponbe cDNA library, obtained from D. Beach, had been cloned into this vector 

(Figure 2.5). Like pACT11, it contains the sequences for the GAL4 activation domain 

(amino acids 768-881) and the LEU2 nutritional marker. However, there is no HA 

epitope fused downstream of the activation domain. It has an extensive multiple 

cloning site (MCS) with many unique restriction sites. Fusion proteins can be ex-

pressed at high levels from the constitutive ADH promoter. In addition, the fusion 

protein is targeted to the yeast nucleus by nuclear localisation sequences that have 

been added to the activation domain sequence. 

pET6H 

This vector (Figure 2.6) 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. This vector was used 

for the expression of recombinant yeast proteins (see Chapter 4). 

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 instruc-

tions. The Boehringer restriction enzyme buffer system was used. Routinely, 1 -5ig 

of DNA was incubated with 10 Units of restriction enzyme and the appropriate buffer 

in a final volume of 20.tl at 37°C for 1-15 hours. 
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2.3.2 Dephosphorylation of DNA 

In order to prevent the self-ligation of vectors, the 5' phosphate was removed by al-

kaline 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-lj.tg  DNA was 

ligated with lunit of ligase (]unit/pi) 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 I OObp to 20kb. The appropriate amount of agarose 

was dissolved in 1xTAE or TBE buffer. Once the gel had cooled sufficiently, ethid-

ium bromide was added to a final concentration of 0.5pg ml-1. The length of time for 

which the gel was run was dependent on the size of the DNA fragments to be sepa-

rated. 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, 56155A). 

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. 
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2.4 	Radiolabelling of DNA fragments 

Radio-labelled fragments of DNA were used as probes for Southern blotting (section 

2.5). 

2.4.1 Random prime labelling 

This is based on the method described by Feinberg and Vogeistein (1983), and uses 

random hexanucleotides which bind to the DNA fragment and act as primers for po-

lymerisation by the Kienow fragment of DNA polymerase I. This guarantees an equal 

degree of labelling along the entire length of the template DNA. The constituents of 

this reaction are commercially available as a kit which contains dNTPs, "reaction 

mixture," and Klenow enzyme (Boehringer). The DNA (20-50ng in 10tl H20) was 

denatured by boiling for 5 minutes, cooled rapidly on ice to prevent re-annealing and 

2tl reaction mix and I il of spermidine added. The following dNTPs were then 

added (all cold dNTPs at 0.5mM): 3jii [c 32P]dCTP +ljil each of dATP, dGTP, 

dTTP. After the addition of 1g] Kienow polymerase (2U4tl), the labelling reaction 

was incubated at 37°C for 1 hr. 

2.4.2 Estimation of label incorporation into radiolabelled probes 

The proportion of radiolabelled dNTPs incorporated into labelled DNA was meas-

ured by comparing the counts per minute (CPM) before and after removal of unin-

corporated label. 1 il labelled probe was spotted onto a Whatman GF1B glass-fibre 

filter disc, and the labelled DNA precipitated onto the disc by the passage of lOml 

5% TCA sucked through the disc under vacuum. 

2.4.3 Removal of unincorporated label 

Labelled probe was separated from unincorporated dNTPs by gravity elution through 

a sepharose column. A Sephadex GlO Nick column (Pharmacia) was equilibrated by 

addition of 6ml TE (pH7.5). To the labelled probe 400.d TE was added and this was 

loaded onto the column. Following elution of the first 400t1 from the column, the 
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subsequent two 400tl fractions were collected. The peak of radioactivity, containing 

the labelled probe, was found in the first of these fractions. 

2.5 	Southern blotting 

The hybridisation of radiolabelled nucleic acids to DNA immobilised on a nitro-

cellulose or nylon filter (Hybond N+, Amersham RPN 203B) is known as Southern 

blotting (Southern, 1975). 

2.5.1 Transfer 

DNA digested with the appropriate restriction enzymes was separated on an agarose 

gel. Once migration was judged by UV to have proceeded to the correct point, the 

DNA was denatured by immersion and agitation in 0.4M NaOH/1.5M NaCl for 30 

minutes followed by neutralisation in 0.5M Tris.HCI (pH7.5)/3M NaCl for 30 min-

utes. After rinsing the gel in 2xSSC the gel was transferred to a Southern blotting 

tank with 20xSSC in the reservoir and Whatman 3MM chromatography paper as a 

wick. After covering the rest of the exposed wick with clingfilm to reduce evapora-

tion, the gel was overlaid with a piece of membrane which had been soaked in the 

2xSSC. Air bubbles, which could prevent efficient transfer of the DNA onto the 

membrane, were removed by rolling a lOmI pipette firmly over the membrane. Fol-

lowing this, 4 pieces of 3MM paper which had been soaked in 2xSSC were placed on 

top of the membrane. On top of this was placed a stack of paper towels and a heavy 

weight. Blotting was allowed to proceed overnight. Following transfer, DNA was 

permanently attached to the membrane by exposure to 150 mJ of UV irradiation 

(254nm) using a BioRad GS gene linker. 

2.5.2 Hybridisation 

Filters were pre-hybridised in 40m1 of 'hybridisation solution*  in a Techne hybridi-

sation oven for 1-2hrs. The radiolabelled probe was then denatured by boiling for 10 

minutes, cooled rapidly on ice and added to the hybridisation solution. Hybridisations 
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were carried out at 65°C overnight. Filters were washed 0 in 0.2xSSC/0.1% SDS at 

65°C then sealed in clingfilm before autoradiography. 

1  Hybridisation solution 

stock 	/litre 

NaPPi ig 

SDS ig 

BSA 0.5g 

Ficoll 0.5g 

PVP 0.5g 

SSC 20X 	250m1 

H20 744m1 

* Prior to pre-hybridisation of filters, denatured salmon sperm DNA, diluted 

to 10mg ml-1  in H20, was added to a final concentration of 75jg ml'. In addition a 

further 0.8m1 of 10% SDS was added to 40m1 of pre-hybridisation solution. 

2.5.3 Autoradiography 

Autoradiography of 32P-labelled DNA was carried out using Kodak X-omat AR film 

at -700C in cassettes containing tungsten intensifying screens. For 35S autoradiogra-

phy, as used in sequencing gels, the cassettes were left at room temperature. Films 

were developed using a Fuji automatic processor. 

2.5.4 Phosphoimaging 

Use of a Molecular Dynamics phosphorimager enabled the visualisation of radiola-

belied bands by exposure of the hybridised filter in a phosphoimaging cassette fol-

lowed by laser scanning using Image Quant software. This method substantially re-

duces the time taken for development of weak signals. 
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2.5.5 Stripping 

Filters to be re-probed were stripped by placing them in a solution of boiling 0.5% 

SDS. The solution was removed from the heat and gently shaken at room temperature 

until the solution had cooled. 

2.6 	Polymerase Chain Reaction 

2.6.1 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 cy-

cles using I OOng of chromosomal DNA or 1-lOng of plasmid DNA with the Promega 

Taq polymerase and buffer system (M1861) in a Hybaid omnigene machine. Pro-

grammes were as follows: 

94°C 3 minutes (initial denaturation) 	1 cycle 

510C* 30 seconds (annealing) 

72°C 1-2 minutes (elongation) 	35 cycles 

92°C 30 seconds (denaturation) 

510C* 30 seconds (annealing) 	1 cycle 

72°C 5 minutes (final annealing) 

. 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-lOOng 

'Primer I 	 ltl of lOOng4tl 
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Primer 2 1tl of 1OOng/tl 

I Ox reaction buffer 5il 

MgC12  (25mM) 4tl 

dNTPs (10mM) 2pl 

Taq. polymerase 0.5j.tl 

H20 to 50p1 

Each reaction was overlaid with 50p1 of PCR grade mineral oil (Sigma, M-3516) to 

prevent evaporation. 

'Oligonucleotides 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). 

2.6.2 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. lOtl of the supernatant was then used in 

a 100pl PCR reaction. 

2.6.3 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, which more widely 

used methods failed to do. The colony or patch is touched with the tip of a disposable 

pipette and rinsed in 1O.0 of incubation solution: 1.2M sorbitol, 100mM NaPO4  

(pH7.4), 2.5mg/m1' Zymolyase. This is incubated at 37°C for 5 minutes after which 

50 of this mix is used in a lOOjil PCR reaction. 
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2.7 	DNA sequencing 

DNA sequencing was carried out using the chain termination method (Sanger et al., 

1977). Two methods were used for the sequencing of double stranded plasmid DNA 

and DNA amplified by PCR, and throughout this project, 2 different labels were 

used:- 

"S dATP 

2. 	Fluorescent dyes 

2.7.1 35S dATP sequencing 

This was performed on two types of template: 

Double-stranded plasmid DNA 

PCR-generated double-stranded DNA fragments 

2.7.1.1 Sequencing of double-stranded plasmid DNA 

This was carried out using the Sequenase version 2.0 kit (USB). 4tg of plasmid 

DNA in 2Opi of H20 was denatured by adding an equal volume of 0.2M 

NaOH/0.02M EDTA (p118.0) and incubating at 37°C for 5 minutes. The DNA was 

precipitated by the addition of 4il of 3M NaOAc (pH 5.2) and 80tl of ice cold ab-

solute 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 7jiJ H20. To this was added 2jil of 5x Sequenase buffer and 1t1 of primer 

(lOng4tl). After incubation at 37°C for 10 minutes, the following was added: 

0.1MDTT 	ljtl 

'[a-35S] dATP 	0.5jil 

labelling mix 	2p.l (USB kit stock diluted 1:8 in H20) 

T7 polymerase 	2il (diluted to 1 .5U/tl in dilution buffer) 

1  [a-35S] dATP: Amersham 37.0 Mbq 1.00mCi; 10pCi / pJ 
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The mixture was incubated at room temperature for 5 minutes. 3.5tl was then added 

to 2.5tl of each termination mix (pre-warmed at 37°C) and incubated at 37°C for 5 

minutes. 4R'  of formaldehyde stop mix was added and the samples left on ice until 

ready to run on the gel. 

2.7.1.2 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 6tl of H20. To the DNA was added lRl  DMSO, ljii primer (3.2pmol/jil) and 2pJ 

5x Sequenase buffer (200mM Tris.Cl pH7.5, 100mM M902,  250niM NaCL). The 

mixture was boiled for 3 minutes and snap-frozen in liquid N2. The 4 termination 

mixes were prepared by adding 0.5j.il DMSO to 2.tl of each ddNTP mix in separate 

eppendorf tubes. The labelling mix was prepared by the addition of 1pl O.IM DTT, 

2tl labelling mix (7.5jiM dCTP, dGTP and dTTP), 1tl c-[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 termi-

nation mixes. Following incubation of the termination mixes at 37°C for 5 minutes, 

4il of formamide 'Stop' solution was added and the reactions were left on ice or 

stored at -20°C until required. 

2.7.1.3 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% 

ethanol. One of the plates was treated with di-chloro 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. 
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The gel was made by measuring 100m1 sequencing acrylamide (40%: 0.8% 

mono:bis-acrylamide) (National Diagnostics, 13456) and adding 0.5m1 freshly made 

10% Ammonium persulphate (Sigma, A-9164) and 50j.tl of TEMED (N,N,N',N'- te-

tramethylethylenediamine (Sigma, T-8133) and mixed. The rapidly polymerising so-

lution 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. 

2.7.2 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 Bio-

systems automated sequencing machine 373A. The method was performed according 

to the manufacturer's instructions. Typically, bOng PCR-generated double-stranded 

DNA or ljtg of double-stranded DNA was labelled using an ABI Dyedeoxytermina-

tor 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 dide-

oxynucleotides was labelled with a different fluorescent dye and so the four chain 

termination reactions were carried out in the same tube and electrophoresed simulta-

neously. Once run, the data was analysed using Applied Biosystems 373A software. 

2.8 Protein manipulations 

2.8.1 SDS-PAGE analysis of proteins 

Discontinuous SDS-polyacrylamide gels (Laemmli, 1970) were used for the separa-

tion of proteins under denaturing conditions. Gels were poured using the Mini-

Protean II dual slab cell for miniature polyacrylamide gels (BioRad, 165-2940). The 
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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 H20 was removed and the stacking gel monomer solution  was imme-

diately 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 3pi pre-stained molecular weight 'Rainbow 

markers' (Amersham RPN796). The gel was run at 150-200 volts. The gel was re-

moved 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. 

Resolving gel monomer solutions 

7.5% 10% 12% 

distilled water 4.85m] 4.05m1 3.35m1 

1.5M Tris.Cl pH 8.8 2.5m1 2.5ml 2.5m1 

10% SDS 10OiJ l0Oil lOOpJ 

30/0.8% acrylamide 2.5ml 3.3m1 4.Oml 

10% APS 50il 50pi 50il 

TEMED 5p1 5pi 5j.tI 

Total lOmi lOmi lOmi 

2  Stacking gel monomer solution 

4% 

Distilled H2O 	6.1ml 

0.5M Tris.Cl pH6.8 	2.5m1 
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10% SDS lOOjil 

30%/0.8% acrylamide 1 .3m1 

10%APS 50jil 

TEMED lOpJ 

Total lOm! 

Tris glycine buffer, pH 8.3 

25mM Tris 

250mM glycine 

0.1% SDS 

' SDS-loading 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-mercaptoethanol imi 

10% 	glycerol 50% lOml 

0.1% 	bromophenol blue 1% 5m1 

1120 
	

17.75m] 

Coomassie brilliant blue dye solution 

0.1% (w/v) Coomassie blue dye 

50% methanol 

10% acetic acid 

6 Methanol  destain solution 

5% methanol 

7% acetic acid 

2.8.2 Western blot analysis 

Western blotting was carried out using the Millipore graphite electroblotter 

system-type H (MBBDGE002). 
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2.8.2.1 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 0.21.Im,  401396) which had been cut to the same size as the gel and 

soaked in cathode buffer. This was laid on top of three sheets of Whatman 3MM pa-

per, the bottom of which had been soaked in anode buffer No. 12  and the other two 

which had been 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 cath-

ode 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 trans-

ferred 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 

p1110.4 	20% methanol 

2.8.2.2 Blotting 

The filter from 2.8.2.1 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 over-

night 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 1/5000- 
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1/10000 dilution in TBST and the filter was incubated for 1 hour at room tempera-

ture. The filter was again washed three times for 10 minutes each time with TBST. 

The filter was developed using the ECL system (Amersham, RPN 190) according to 

manufacturer's instructions. 

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% 

2.8.3 In vitro translation 

This was carried out using the Promega TNT rabbit reticulocyte lysate system. The 

pET6H vector used in these assays carried a bacteriophage T7 promoter. 35S-

methionine 10tCi/jil (Amersham) was used as the label. During the labelling reac-

tion, the manufacturer's instructions were followed. In order to test incorporation of 

label, 5tl of a 50.t1 labelling reaction was run on a 12% SDS-PAGE gel. 

2.9 	E.coli manipulations 

2.9.1 Strains 

The following strains were used for plasmid and library propagation throughout this 

work: 

XL1-Blue: F :: TnlO proAB lad' /t(lacZ)M15/ recAl endAl gyrA96 thi 

hsdRl7 (rKmK) supE44AUl69 relAl lac 

JA226: 	recBC leuB6 trpE5 hsdR7W lacY600 
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DH5a: 	F-endAl hsdRl 7(r-k, mk) supE44 thi-1 X recAl gyrA96 

relAl A(argF-1acZYA)U169 (480d 1acZAM15) 

BNN132: 	endAl gyr96 hsdRl 7 relAl supE44 thiA(lac-proAB) 

[F' traD36 proAB 	Z AM 15] 2KC (kan-cre) 

JM109: 	recAl supE44 endAl hsdRl7 gyrA96 relAl thi A(lac- 

proAB) F' [traD36 proAB lact lacZM/115] 

BL21 DE3: pLysS: F ompT hsdSb(rbmb) 

2.9.2 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 I litre 

For solid media, 15g/litre Bacto agar (Difco, 0140-01) was added. Following elec-

trotransformation of bacterial cells (section 2.9.4.1), the cells were resuspended in 

lml of LB containing 10mM MgC12. 

Terrific Broth: Used for large scale preparation of plasmid DNA 

Bacto-tryptone 	12g 

Bacto yeast extract 24g 

Glycerol 	 4m1 

H20 	 to 1 litre 

After autoclaving lOOmI 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. 
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Ampicillin 

A x1000 stock solution of 50mgml' was dissolved in H20. 

Tetracycline 

A x500 stock of 5mgmF' 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 re-

vived from long term storage by removing a small scraping with a disposable inocu-

lating loop, streaking onto selective LB media and incubating at 37°C. 

2.9.3 Plasmid DNA extraction and preparation 

2.9.3.1 Small scale protocols 

Three approaches to small scale plasmid preparation were used. All of these yielded 

between 5-lOng 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 CsCl 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, sequenc-

ing and transformation. 

2.9.3.1.1 TELT mini-preps 
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A 5m1 overnight culture grown in terrific broth under antibiotic selection, was spun 

down, the supernatant removed and the pellet resuspended in 0.8m1 TELT buffer. To 

this was added 40tl of lOOmgmL' lysozyme. The tube was left for 2 minutes at room 

temperature, boiled for 2 minutes and cooled on ice for 10 minutes. Cell debris was 

spun out for 10 minutes at 4°C. The supernatant was removed to a fresh tube, 480jil 

of isopropanol was added and the tube was left on ice for 2 minutes. DNA was spun 

out at 14K for 20 minutes at 4°C. The pellet was washed in 70% ethanol, air dried 

and resuspended in 50il H20. 

TELT buffer 

50mM 	Tris.Cl pH7.5 

62.5mM 	EDTA pH8.0 

2.5M 	LiCl 

0.4% 	Triton X-100 

2.9.3.1.2 	'Quick' mini-preps 

5m1 of bacteria grown overnight at 37°C in LB or terrific broth was spun down and 

resuspended in 200pl of Solution I. Immediately, 200i1 of Solution II was added and 

the tube was inverted several times until the mixture had cleared. At this point 200tl 

of Solution ifi 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 50pJ of H20. 

Solution I: 50mM glucose 

25mM Tris.Cl pH 8.0 

10mM EDTA pH 8.0 

Solution II: 0.2M NaOH 
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1% SDS 

Solution III: 3M KOAc 

2M acetic acid 

2.9.3.1.3 	Small scale CsCI 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 (2.9.3.1.2) except that 

following removal of the supernatant (380tl), it was precipitated by the addition of 

720pl of isopropanol and centrifuged for 5 minutes at room temperature. Once the 

pellet was washed and dried it was redissolved in lOOjil TE. 100mg CsCI was added 

and dissolved then lOj.tl of ethidium bromide (lOmgml') 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 

50tl of isopropanol. Following this, 400il TE was added to the cleared solution. The 

DNA was precipitated by the adding 5Oji1 of NaOAc and 720p1 of isopropanol and 

centrifuging for 5 minutes at room temperature. The pellet was washed in 70% etha-

nol, air dried and resuspended in 20i.Ll of TEL H20- 

2.9.3.1.4 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. 

2.9.3.2 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 CsCI gradient 

centrifugation. This method of plasmid preparation is more suitable for the prepara- 
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tion of DNA libraries due to its high yield and purity. The second method involved 

the use of commercially available kits 

2.9.3.2.1 Caesium chloride plasmid preparation 

A 400ml 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 lOmgmI' lysozyme. 40ml of Solution II was added, 

mixed and the solution left on ice for 10 minutes. 30ml of cold solution ifi was 

added, the suspension 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 mus-

lin 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 CsC1 and 200p1 of ethidium bromide 

(lOmgml t ). 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 tem-

perature. The pellet was washed with 70% ethanol, air-dried and resuspended in 2ml 

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 (1 00il-500,il). The DNA concen-

tration was measured using a spectrophotometer. 

2.9.3.2.2 Large scale plasmid preparation using commercially available kits 

80 



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. 

2.9.4 Bacterial transformation 

2.9.4.1 Competent cell preparation 

I 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 H20, centrifuged as before, washed 

with 1/2 the volume of H20 and re-centrifuged. The cell pellets were pooled, resus-

pended in 20ml of 10% glycerol and centrifuged as before. The pellet was then re-

suspended in 3m1 of 10% glycerol such that the cell concentration was about 3x10'°  

cells/ml. This suspension was aliquoted into cryotubes (2001.11/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. 

2.9.4.2 Electrotransformation 

50111 of the cells to be transformed were placed in an eppendorf tube on ice. 1-21.11  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.iF, 200Q and 2.5kV and the cuvette containing the DNA and 

cells was placed in the chamber. Following pulsing, ImI of pre-warmed LB-M92  

was added and the cuvette incubated at 37°C for Ihr. The cells were then plated onto 

selective media, and incubated overnight at 37°C. 
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2.10 Fission yeast manipulations 

2.10.1 Fission yeast strains 

These were all derived from the strains 972 h' and 975 h (Leupold, 1958) 

2.10.2. Media and growth conditions 

Complete media 

Fission yeast strains were routinely grown in or on complete Yeast Extract (YE / 

YPD, Difco 0127-01-7) media at 25°C. This temperature is suitable for growth of 

both temperature-sensitive (ts) strains. Cold-sensitive (cs) 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 I 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) 

NH4C1 	 5g 

KH phthalate 3g 

Na2HPO4  1.8g 

(KOH 1M lml) 

salts 20m1 
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vitamins 	 imi 

	

minerals 	 I OOjil 

	

Salts (per litre):- 	NaSO4, 5g; CaC12, 750mg; MgCl2, 50g 

vitamins (per litre):- inositol, lOg; nicotinic acid, lOg; calcium pantothenate, ig; 

biotin, 10mg. 

minerals (per litre):- H3B03, 5g; MnSO4.4H20, 5.2g; ZnSO4.7H20, 4g; 

FeCI3.6H20, 2g; H2MoO4, 1.44g; CuSO4.5H20, 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 2-4pM. 

Malt extract (ME) media 

In order to induce sporulation and meiosis in diploid cultures, malt extract media was 

used. Liquid media contained 30gL' 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 

cells than haploid colonies, it can be used to distinguish haploid colonies from dip-

bid colonies. 

MBC 

The microtubule destabilising drug methyl benzimidazol-2-yl carbamylate (MBC) 

was used to check the drug-resistance of different alleles of mts2. The drug was dis-

solved in H20, filter sterilised and added to complete media at the required concen-

tration after autoclaving. 
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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 selec-

tive 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 

Fission yeast strains can be kept for up to 2 weeks in liquid media or for up to 4 

weeks on solid media, without phloxin 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. 

2.10.3 Genetic analysis 

2.10.3.1 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 zy-

gotic asci. Sporulation was confirmed both by microscopic examination and by expo-

sure of the crosses to iodine vapour which reacts with the starch in the ascus wall of 

sporulating diploid cells, and turns blue black. The progeny of the crosses were ex-

amined either by tetrad analysis or by random spore analysis. 

2.10.3.2 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 

84 



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. 

2.10.3.3 Random spore analysis 

A loopful of a three day old mating mix was resuspended in imI sterile distilled H20 

containing 5jiJ of -glucuronidase (Glusulase) and incubated at room temperature for 

12- 1 6hrs. 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. 

2.10.3.4 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. 

2.10.3.5 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 me-

dia 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 
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transformants were replica-plated to selective media, grown and then streaked to sin-

gle colonies on YE. The colonies were replica-plated to selective media. Transfor-

mants from which all colonies grew were considered to be stable. 

2.10.3.6 Generation of h/h90  diploid strains 

Following stable integration of the disrupted let] gene into the S.pombe genome, the 

isolation of sporulating diploids was prevented by a rearrangement at the mating type 

locus. Thus, instead of being heterozygous h/h at that locus, the cassettes at the 

mating type locus had recombined to become either h/h or h7h homozygotes. The 

non-sporulating diploids were mated with haploids of known mating-type to assess 

which rearrangement had taken place. Those diploids which had rearranged to be-

come h7h at the mating type locus were used to generate h/h9°  revertants which 

would then sporulate. Reversion was done by plating 105  cells on non-selective me-

dia, growing for 3 days at 25°C, then replica plating onto ME media to look for 

sporulating diploids. In this way, sporulating diploids carrying a disruption of the let] 

gene were isolated. 

2.10.3.7 Screen for cs revertants of mts2 
The mts2 mutant was streaked to single colonies on YE plates and incubated at 25°C 

for 3 days. From these plates, a total of 100 colonies was picked into separate eppen-

dorf tubes containing imi of YE liquid media and incubated for 2-3 days at 25°C. 

This resulted in a saturated lml culture containing approximately 109  cells. From 

each tube 0.3m1 (3x108  cells) was plated onto each of 100 YE plates, containing 

phioxin B, which were then incubated at 360C.After 4 days of incubation, between 2-

10 colonies had grown on each plate. Two colonies were picked from each plate and 

tested for growth at 18°C on complete media containing phioxin B 

2.10.4 Lithium acetate transformation of S.pombe 

The lithium acetate procedure (Moreno et al., 199 1) resulted in a transformation fre-

quency of iO3- 3x103  transformants/ig of pRS305 DNA. lOOmI of cells were grown 

overnight at 25°C to an 0D600  0.5-1.0 (l0- 2x107  cells/ml) in YE or EMM with sup-

plements. The cells were harvested, washed in 20m1 H20 then in 20m1 0. 1M LiOAc 
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pH 4.9, then resuspended in imi of 0.1M LiOAc. To 100tl of cells in an eppendorf 

tube was added 0.5tg- 1 .0tg of DNA, 50ig denatured salmon sperm DNA 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 I ml 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. 

2.10.5 Preparation of nucleic acids from fission yeast 

2.10.5.1 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 1 ml overnight culture is 

centrifuged and resuspended in 200jil of extraction buffer', or a loopful of cells from 

a 2-3 day old patch is resuspended in the same buffer. To this suspension was added 

0.2m1 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 pre-

cipitated and the DNA pellet was resuspended in 201.11 of H20. 5tl was then used to 

transform either JA226, the use of which prevents plasmid rearrangement due to the 

recBC genotype, or XL1-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 

87 



2.10.5.2 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' 

containing 2.5mgml' Zymolyase lOOT (ICN Biomedicals, 32093 1) and incubated for 

lhr at 37°C. The cells were then harvested (2 minutes at 2500rpm and resuspended in 

300tl of 5xTE. 35pi of 10% SDS(w/v) was added and the mixture was incubated at 

65°C for 5 minutes. Following addition of lOOj.tl of 5M potassium acetate (pH 5.6) 

the mixture was incubated on ice for 30 minutes. Cell debris was pelleted by centri-

fuging at high speed for 15 minutes at 4°C. The supernatant (-400tl) was removed 

and added to lml of ice cold ethanol. This was centrifuged for 10 minutes at 4°C. 

The pellet was washed in 70% ethanol, resuspended in 400il of 5xTE containing 100 

tg m1' 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, pre-

cipitated and washed with 70% ethanol. The pellets were air-dried and dissolved in 

lOOjil of TE. A lOmI culture yielded 50-1OOjtg of genomic DNA. 

1cPs 

50mM citrate-phosphate buffer pH 5.6 

1.2M sorbitol 

0.1 % (vlv) 3-mercaptoethano1 

2.10.6 Preparation of protein extracts from fission yeast 

This method produces total non-denatured fission yeast protein extracts which were 

used for western blots. It was also used to make protein extracts from S. cerevisiae. 

200m1 cultures in mid-exponential phase (0D600  0.5 - 1.0) were harvested in four 

tubes (2500rpm for 5 minutes). The supernatants were discarded and each cell pellet 

was resuspended in 100R1  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 me-

niscus of the liquid. Cells were broken by vigorous vortexing for 30 seconds fol-

lowed by 30 seconds on ice, over a 30 minute period. Cells were pelleted by centrifu-

gation at high speed for 5 minutes at 4°C. The supernatant was removed to another 
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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 SDS/PAGE gel, an equal volume of 2xSDS-sample buffer 

was added and the proteins boiled for 2 minutes then cooled rapidly on ice. 

'Lysis buffer stock 

50mM KC1 3M 17 

50mM Tris.Cl pH 7.9 1M 50.tl 

25% glycerol 50% 500jil 

2mM DTT (Sigma, D-0632) IM 2p1 

0.1% triton X- 100 1% 100111 

Chymostatin (Sigma,C7268) 5mgmi' 541 

Antipain (Sigma, A-6271) 5mgm1 1  5tl 

Leupeptin (Sigma, L-2884) 5mgm1 1  5il 

Pepstatin (Sigma, P-4265) 5mgml' 5tl 

PMSIF (Sigma, p7626)a 100mM 21tl 

apMSp was stored at 4°C and added to the buffer just before use. All other protease 

inhibitors were stored at -20°C, as was DTT. 

2.11 Budding yeast methods 

During the course of this work, S. cerevisiae was used extensively for protein inter-

action screening 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. 

2.11.1 Budding yeast strains 

Y187 MATa ga14 ga180 his3 trpl-901 ade2-101 ura3-52 leu2-3, -112 mel 

URA3: :GAL---lacZ 

89 



Y190 MATa ga14 ga180 his3 trpl-901 ade2-101 ura3-52 leu2-3, -112 + URA3:: 

GAL --- lacZ, LYS2: :GAL(UAS)---HIS3 cyhr 

2.11.2 Media and growth conditions 

Synthetic complete (SC) media 

The strains shown above were routinely grown on solid SC media, containing addi- 

tional 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 50mM. In this case, histidine was not added 

to the media. 

2.11.3 Transformation 

lOOmI 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 40ml of distilled 1120 and resuspended in 20m1 of LiAcTE'. The cells 

were pelleted and resuspended in lml LiAcTE. This step was repeated twice. To SOpI 

of cells was added 50pg of salmon sperm DNA, 0.5-1.0.tg of plasmid DNA and 

300pI 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 imi of SC-Leu, Trp 
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for 1-3 hrs at 30°C. 50 Iii of cells were plated onto solid selective media and incu-

bated at 30°C for 3-5 days. 

'LiAcTE 	100mM lithium acetate 

10mM Tris pH 8.0 

1mM EDTA 

2.11.4 X-GAL filter lift assay 

Colonies which grew on selective media were tested for the interaction of plasmid-

encoded proteins by assaying the 3-galactosidase 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 0.3m1/square inch of 

Z-buffer' containing 1mg/mi X-Gal. The filters were incubated at 30°C to allow col-

our to develop. 

'Z-Buffer per litre (pH. 7.0) 

Na2HPO4 	16.1g 

NaH2PO4 	5.5g 

KCI 	 0.75g 

MgSO4.71120 	0.25g 

2-mercaptoethanol 2.7m1 

2.11.5 -galactosidase liquid assay 

1 OmI of an exponentially growing culture (0D600  0.5-1.0) was spun down and resus-

pended in 0.3ml of cell lysis buffer' 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, 0.2m1 of ONPG (4mg/ml) and 80tl of X-Gal 
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(20mg/mi). 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 3-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 0D420 	 V= volume of cells (0.2ml) 

V x T x [protein] 	T = time taken for yellow 

colour to develop 

2.11.6 Mating of S.cerevisiae 

Patched colonies to be mated were replica-plated onto selective media and allowed to 

grow overnight. At the same time, a lawn of a yeast strain of the opposite mating type 

MATa was also grown up. The following morning, the plate carrying the patched 

colonies containing the library plasmid of interest and of mating type MATa were 

mixed with a loopful of the strain of the opposite mating type carrying the control 

plasmids and the resulting mixture of diploid MATa/a cells were patched onto solid 

YEPD plates and incubated overnight at 30°C. In the morning these patches were 

replica-plated onto SC -Leu, -Trp and allowed to grow. Colonies which formed were 

patched onto SC -Leu, -Trp and SC -His, +3AT and subsequently tested for their 13-

galactosidase activity. 

2.12 Cytological methods 

2.12.1 Staining of cells 

2.12.1.1 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. 5ml (or approximately 2x108  cells) of an exponentially 
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growing culture was centrifuged and the pellet resuspended in 1 ml 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 lml of 

50mM sodium citrate containing 25g1 10mg/mi RNAse A (Boehringer) and incu-

bated at 37°C for 2 hrs. A small sample of cells was taken and stained by addition of 

an equal volume of 2.5.tg/ml P1 (Sigma, P-2804) in sodium citrate. Complete degra-

dation of RNA was confirmed by visualisation of P1 staining using a Zeiss fluores-

cence microscope prior to analysing the DNA content. 

2.12.1.2 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/mi in PBS) for 10 minutes at room temperature. Staining was visu-

alised under a Zeiss Axioplan fluorescence microscope. 

2.12.1.3 DAPI staining of S.pombe cells 

4', 6'-diamidino-2-phenylindolole (DAPI) is used as a flourochrome to stain the nu-

clei 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 0.2ig4tI, was placed 

on top. 

2.12.1.4 Paraformaldehyde fixation and anti-tubulin staining of cells 

Dissolve 15.2g paraformaldehyde in 40m1 PEMS1  + lml of 5M NaOH at 

700C to make a 38% (w/v) solution. 

Cells to be stained are grown in YEPD (haploid cells, 25°C) or EMM+ 

supplements (spores at a concentration of 3x106/mi, 20°C) overnight. 

At the first time point lOml of cells are removed from the culture into a 50ml 

falcon tube. To this is added lOml of YEPD/EMM + 2.4M sorbitol and 2.2 ml 
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of 38% paraformaldehyde. 

Incubate sample at 36°C for 30 minutes. 

Spin down cells and wash in Sml of PEMS. 

Spin down cells and resuspend in lml PEMS. 

Spin down cells and resuspend in ImI PEMS + 0.5mg/mi zymoiyase 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 lml PEM2. Repeat 3 times. 

Resuspend cells in 0.5m1 PEMBAL3. 

Spin cells and resuspend in 0.25ml of PEMBAL. Incubate at room 

temperature for 30 minutes. 

Remove 50 tl of cells to a fresh eppendorf. Spin for 10 seconds, rotate tube 

180°C and repeat. 

Remove supernatant and add lOOj.tl of a 1/15 dilution of TAT1 o-tubulin 

antibody in PEMBAL. 

Rotate overnight at room temperature. 

Wash cells 0 in PEMBAL. 

Add 1000 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 150tl 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 
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I% (w/v)BSA 

0.1% (w/v) sodium azide 

0.IM lysine 

2.13 Analysis of stained cells 

2.13.1 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 sec-

onds to obviate any clumping which may have occurred, then analysed using Cellfit 

and Lysys software. Data was stored on floppy disk. Since the only parameter being 

measured was that of the P1 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. 

2.13.2 Image capture and analysis of stained cells 

Stained cells, on poly-lysine coated slides, were screened with a Zeiss Axioplan fluo-

rescence microscope equipped with a triple band-pass filter set (Chroma). This al-

lowed sequential visualisation of F1TC, Texas Red and DAPI images using a com-

puter-driven excitation filter wheel. As the polychroic filter and emission filter re-

mained in place while acquiring the images, image registration was perfect. Meta-

phase 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. 
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Chapter 3 Isolation of genes whose products interact with 

Mts2p 

3.1 Introduction 

Analysis of the original mts mutants has provided a wealth of information regarding 

subunit composition and subunit interactions of the 26S proteasome in fission yeast. 

This is because in many cases, the mutations have been shown to lie in genes encod-

ing subunits of the 26S complex (Gordon et al., 1993, 1996 and unpublished results: 

Wilkinson et al., 1997). In at least two cases, the crossing of two independent mts 

mutants, mts]-1 with mts3-1, or mts2-1 with mts4-1, results in an inviable double 

mutant at the permissive temperature (Wilkinson et al., 1997, C.Gordon, pers. 

comm.). This 'synthetic lethality' (Guarente, 1994) indicates a potential physical in-

teraction between the mutant gene products. 

As a means of finding genes whose products interacted with the product of the mts2 

gene (termed Mts2p), a number of strategies were used. These encompassed both 

classical and molecular genetics. Two of these approaches, pseudoreversion analysis 

and suppressor screening, were unsuccessful for reasons which will be discussed. 

However, a more recently developed strategy, which proved successful, was also 

used. This method, the 'yeast 2-hybrid system', provides a means of selecting for 

strong or weak physical interactions between two proteins. 

3.2 Isolation of spontaneous mts2 ts revertants by pseudo-

reversion 

Pseudo-reversion analysis was originally used as a means to find spontaneous ex-

tragenic suppressors, of conditionally lethal mutants, which themselves would have a 

conditional phenotype (Jarvik and Botstein, 1975). This type of screen was also used 
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to look for cs suppressors of a ts mutation in the S.cerevisiae act]-] mutant (Adams 

and Botstein, 1989; Novick et al., 1989). 

Since the mts2-1 mutant was ts, this technique could potentially be used to identify 

suppressors of the ts phenotype. When plated at a low restrictive temperature of 

18°C, it might be expected that cells carrying a cs suppressor of mts2-1 would either 

be inviable or would grow poorly. The rate of spontaneous mutation in S.pombe is 

approximately I xi 7  (Moreno and Nurse, 1991). Therefore, by plating a large num-

ber of cells, spontaneous mutations could be screened for their ability to suppress the 

ts defect of mts2-1. 

A screen was performed, in order to identify cs revertants of mts2-1 (described in 

Materials and Methods). Of 400 colonies which grew at the high temperature (360C), 

none showed any growth defect at the lower temperature (18°C), indicating that none 

of the suppressor mutations had a cs phenotype. Although this method could be used 

to find suppressors of the ts phenotype of mts2-1, these suppressor mutations did not 

have a cs phenotype. They could have been either intragenic revertants of the original 

mts2-1 mutation, or novel extragenic suppressors. 

The failure to isolate any cs suppressors of mts2-1 suggests that the generation of 

spontaneous cs mutations in other proteins that might interact with Mts2p is an event 

which occurs at a very low frequency. In the original experiments to detect suppres-

sors of the act]-] mutant (Novick et al., 1989), 5% of the revertants were cs. This 

may have been due to the structural role performed by the actin protein. Alterna-

tively, as mentioned earlier, a mutation in a gene encoding an interacting subunit 

may, in conjunction with mts2 -1 , result in a dominant synthetically enhanced lethality 

(Guarente, 1994). The inviable nature of the resulting mutant would preclude the 

isolation of any potential suppressors by this classical method. 

3.3 Isolation of suppressors of mts2-1 by screening eDNA and 

genomic DNA libraries 
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The production of yeast genomic libraries has been facilitated by the use of shuttle 

vectors such as pWH5 or pDB248 which, due to the presence of both bacterial and 

yeast origins of replication, are able to be propagated in both species (Beach et al., 

1982). These libraries represent a powerful molecular genetic tool for the isolation of 

genomic DNA fragments which, when transformed into the yeast mutant strain of 

interest, can suppress the deleterious phenotype caused by the mutation in question. 

One problem with this system is that the analysis of the cloned DNA by sequencing 

is often slow due to the large sizes of the DNA insert and the presence of introns. 

Also, the expression of any genes within the genomic fragment is not regulated. 

Therefore, although suppression of mutations may require a high level of expression 

of the cloned DNA fragment, for other mutations, the same overexpression may be 

deleterious. 

The production of yeast cDNA libraries has obviated many of the problems associ-

ated with the use of genomic DNA libraries. These are made by reverse transcribing 

the messenger RNA (mRNA) and directionally cloning it into a shuttle vector under 

the control of the strong thiamine repressible nmt (no message in thiamine) promoter 

(Maundrell, 1990; Maundrell et al., 1993). The directionally cloned cDNA can then 

be expressed at different levels by varying the concentration of thiamine in the me-

dia. A concentration of 4tM thiamine is sufficient to repress almost all expression 

from the nmt promoter. 

An S.pombe cDNA library (a gift from Chris Norbury) in the vector pREP3X 

(pMBS36LEU) had been used to clone the mts1 (unpublished result), mts2 (Gordon 

et at., 1993), mts3 (Gordon et at., 1996), mts4 (Wilkinson et al., 1997, in press) and 

pad] (Penney et al., 1997, unpublished) gene. By the use of a Mus musculus cDNA 

library, cloned into the same vector, an extragenic multi copy suppressor of mts2-1 

had been isolated. When analysed, this was shown to be MSS1, the murine homo-

logue of an ATPase subunit (S7) of the 26S proteasome (Gordon et at., 1993). This 

result suggested that screening the S.pombe cDNA library for multi copy suppressors 

of mts2-1 might also yield the S.pombe homologue of MSS I. 
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Figure 3.1 PCR of cDNA suppressors of the mts2-1 mutant. 

Plasmid DNA, from 32 yeast colonies which grew at 35°C on media lacking leucine, was 
transformed into the bacterial strain XL-] Blue. Colonies were then used in a PCR reaction using 
oligonucleotides C823 and D858, which were directed against the mts2+ gene. The PCR products 
were run on a 0.8% TAE gel. Lanes 1-16 were negative for the diagnostic 0.55kb PCR product. 
All other lanes, including the ,nts2+ cDNA positive control (shown), were positive for this product 
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Approximately 6x 105  transformants were screened for their ability to rescue the ts 

defect and leucine auxotrophy of mts2-I at 36°C. Thirty two colonies which grew at 

36°C were selected for analysis. Having tested the plasmid stability of these trans-

formants, the plasmid DNA was re-transformed into bacteria and subjected to the 

following analyses: 

3.3.1. PCR Analysis 

The plasmids, which had been transformed into bacteria, were screened by PCR to 

identify those that contained a copy of the mts2 gene. This PCR reaction was per-

formed using oligonucleotides C823 and D858 which were complementary to se-

quences within the rnts2 gene. Figure 3.1 shows the result of a PCR reaction carried 

out on DNA from plasmids which rescued the ts phenotype of mts2-1. The result 

shows that the diagnostic PCR product, from the mts2 gene, is present in 16 of the 

32 cDNA suppressors shown (unmarked lanes). 

3.3.2 Southern blot analysis 

Of the 32 cDNAs analysed, 16, that by PCR appeared not to contain the mts2 gene 

(Figure 3. 1, lanes 1-16), were digested to completion with Sail and BamHI to release 

the cDNA insert. Figure 3.2 (A) shows that 7 of the plasmids (lanes 3, 4, 6, 7, 9, 10 

and 15) contain an insert of a size very similar to that of the mts2 cDNA. Mts2p be-

longs to a family of ATPases, the AAA family (Confalonieri and Duguet, 1995), some 

of which have very similar molecular weights to Mts2p. It is possible that these 6 

plasmids might carry DNA inserts which encode other members of this AAA family. 

However, when the digested DNA was transferred to a nylon membrane and then hy-

bridised to a 32P-labelled probe complementary to a non-conserved region of the 

mts2 gene, all of the inserts that were the same size as mts2 gave a strong hybridi-

sation signal (Figure 3.2 (B) lanes 3, 4, 6, 7, 9, 10 and 15). In addition, I more (lane 

I) gave a weak signal of the same size as mts2, indicating that this probably also 

contained the mts2 cDNA insert. The inserts in lanes 2, 5, 8, 13, 14 and 16, which 

were of a different size to the mts2 cDNA, failed to hybridise to the mts2 probe, 
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Figure 3.2 	Restriction digest and Southern blot of plasmid DNA from cDNA 
suppressors of mts2-1 

Plasmid DNA from cDNA suppressors of mts2-1, which were negative for the PCR reaction shown 
in Figure 3.1, was digested to completion with Sail and BainHI and run on a 0.8% TAE gel (A). In 
addition, mts2 cDNA in pREP1 and let1 genomic DNA in pFL20 were also digested and used as 
controls. The gel from (A) was Southern blotted using a 32P-labelled PCR product from the mts2+ 
gene (B). The filters were washed twice in 0.1 x SSC / 0.1% SDS at 68°C. Lanes 1,3,4,6,7,9, 10 and 
15 give the same size of band (1.5kb) as the mts2 control.Lanes 2,5,8,14,16 have an insert of a 
different size from that of the mts2 control. Position of DNA markers (M) are shown. 
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indicating that they were unlikely to be related to mts2t No inserts were visible in 

lanes 11 and 12. 

3.3.3 Retransformation of potential suppressor cDNAs into mts2-1 

All of the cDNAs analysed by Southern blotting were used to retransform mts2-1 to 

leucine prototrophy. Once colonies had grown they were replica-plated onto selective 

media and incubated at 36°C. All of the colonies that grew at this restrictive tem-

perature contained the cDNAs that gave a positive signal when probed with labelled 

mts2. This result confirmed that the only suppressor plasmids which were able to res-

cue the mts2-1 mutation were those that carried the mts2 cDNA. The results of these 

experiments are summarised in Table 3.1 

3.3.4 Summary of approach 

In using this approach to look for cDNA suppressors of mts2-1, 32 cDNAs were 

analysed. Of these, the only cDNAs that were able to rescue the ts defect of mts2-1 at 

35°C were those which encoded the mts2 gene. Sequencing of these potential sup-

pressors confirmed that they contained the mts2 gene (data not shown). On one oc-

casion, mts2 was isolated as a fusion to a cDNA encoding the S.pombe cyclophilin 

gene (de Martin and Philipson, 1990). When sub-cloned, the gene encoding cyclo-

philin did not rescue the mts2-1 mutant (data not shown). On 3 occasions it was 

found as a fusion to cDNAs encoding different S.pombe ribosomal genes. Again, the 

ribosomal genes alone could not rescue the mts2-1 mutant. Although ribosomal genes 

occur naturally as fusions to ubiquitin, at least in S.cerevisiae (Bartel et al., 1989), 

this phenomenon has not been observed for other genes. Consequently, it is likely 

that the fusions to mts2 have occurred as artefacts during the construction of the 

cDNA library. 

The results shown above raise 2 questions: Firstly, why did this type of screen not 

facilitate isolation of the S.pombe homologue of MSS I as a cDNA that suppressed 

the ts defect of mts2-1, given that MSS  had been isolated in the same way? It may 
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be that there is no MSS 1 homologue present in S.pombe. This is clearly unlikely 

since dM3, the budding yeast homologue of this gene, has been identified (Ghislain 

et al., 1993; Schnall et al., 1994), and also because the murine MSS1 gene rescues 

the ts phenotype of the mts2-1 mutant (Gordon et al., 1993). A more likely reason is 

that the S.pombe homologue of MSS 1 is not present in this library. This may have 

occurred during initial library construction or during subsequent amplification. This 

TabIe3.1 	Results of mts2 cDNA suppressor analysis 

Suppressor 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 m 
+ 

Insert Size ? ? ? 
kb 

Li 1.5 1.5 1.5 1.5 1,5 1.5 0,9 0.8 1.3 0.6 1.5 0.6 1.5 

Southern + - + + - + + - + + - - - - + - + 
blot 

(+ve / -ye) 

Re-rescue + - + + - + + - + + - - - - + - + 
of 	mts2-1 

(+1-) 

Key to table ? - Unknown insert size 

idea is supported by the results of Southern blotting of library DNA with a labelled 

MSS 1 probe This experiment failed to produce any hybridisation signal even under 

conditions of low stringency, suggesting that the S.pombe MSS 1 homologue is not 

represented in this library (data not shown). 

Secondly, does this mean that there are no other genes that, when over-expressed, 

will rescue mts2-1? The failure to find any suppressors of mts2-1 may be due to the 

stringent conditions under which the screens have been performed. That is, the stabi-

lisation of a heat labile protein by the overexpression of an interacting protein may be 

very inefficient at such a restrictive temperature. 
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25° 
	

33° 

36° 

32° 

 

WT 

mts2-1 
+ pmts2 \ / 	

mts4-1 

mts2-1 / \ mts2-25 

mts2-16 

Figure 3.3 	Temperature sensitivity of mutant alleles mts2-1, mts2-16 and 
mts2-25 

mts2-1, mts2-16 and mts2-25 strains were streaked onto complete media and incubated at 25°C, 
30°C, 32°C, 33°C and 36°C until colonies had appeared. As controls, mts2-1 carrying the 
mts2+cDNA, and mts4-1 were used. 
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When a similar screen was used to look for suppressors of the mts4-1 mutant, at a 

lower temperature of 32°C, a number of extragenic cDNA suppressors were isolated. 

One of these was found to be mts2 (Wilkinson et al., 1997 and pers. comm.). Even 

at 32°C, mts4-1 fails to grow. Since mts2-1 grows well at this temperature (Figure 

3.3), this screen could be repeated at lower temperatures such as 34°C or at 33°C. 

Alternatively, other alleles of mts2 such as mts2-25 (see Figure 3.3 and Chapter 6) 

could be used. This allele is more ts than the mts2-1 mutant. 

3.4 	Isolation of interacting proteins by use of the yeast 2-hybrid 

system. 

The yeast 2-hybrid system (Fields and Song, 1989; Chien et al., 199 1) was developed 

as a means for identifying in vivo 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 domain is fused to a 'bait' protein, 

and the activation domain is fused to a library-encoded 'target' protein This system is 

shown schematically in Figure 3.4. Non-specific activation of the HIS3 reporter by 

either plasmid can be obviated by inclusion in the growth medium of the histidine 

anti-metabolite 3-aminotriazole (3-AT). 

The S.pombe 2-hybrid library used in these experiments was obtained from D. Beach. 

It contained S.pombe cDNAs cloned into the EcoRI-XhoI site and fused to the GALA 

activation domain in the 'prey' plasmid pGADGH (see Figure 2.5), which carries the 

LEU2 nutritional marker. The 'bait' plasmid contained the mts2 cDNA fused to the 

GAlA DNA-binding domain in the plasmid pAS1-CYH2 (Figure 2.3) to give the con-

struct pAS-mts2t As well as carrying the TRPJ gene as a selectable nutritional 

marker, pAS I -CYH2 also carries a copy of the CYH2 gene. Cells carrying this gene 

are sensitive to the protein synthesis inhibitor, cycloheximide. The S.cerevisiae host 

strain used in these experiments, Y190, carries a recessive mutation in the CYH2 gene 
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AIXH 
	

GAL4 BD 

GAL LAS PROMOTER 	hicZ REPORTER 

+ 
B 	 GAL4AD 

GAL UAS PROMOTER 	meL REPORTER 

C _________ 

TRANSCRIPTION 
1 	 I  

I 	 I 

GAL LAS PROMOTER 	IaeZ REPORTER 

GAL4 BD = Ga14 BINDING DOMAIN aa 1-147 

GAL4 AD = GaI4ACTIVATION DOMAIN ao768-881 

GAL UAS = UPSTREAM ACTIVATION SEQUENCE 

UNDER CONTROL OF Ga14 PROTEIN 

X = TARGET PROTEIN 

Y = CANDIDATE PROTEIN 

Figure 3.4 	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 pATII I 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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which confers resistance to cycloheximide. These properties were used for both the 

mating experiment, and for removal and analysis of the library plasmid 

Throughout these experiments, the interaction between the products of SNF1 in 

pAS 1 and SNF4 in pACT11 (Figure 2.4) was used as a positive control for detecting 

and measuring 3-galactosidase expression. SNFJ (Sucrose Non-Fermentation) and 

SNF4 encode two subunits of a protein kinase involved in the expression of glucose-

repressible genes in response to glucose deprivation in S.cerevisiae (Celenza et al., 

1989). In addition, pAS I -SNFI was used as a negative control to test the specificity 

of interaction of constructs in plasmids expressing the GAL4 activation domain. In 

the same way, pACT1-SNF4 was used as a negative control for non-specific activa-

tion by constructs in plasmids expressing the GALA DNA-binding domain. 

3.4.1 Test for non-specific interaction of pAS-mts2 with pACT-SNF4 

pAS-mts2 was transformed into the S.cerevisiae strain Y190 (MATa leu2-3 his3 

trpl) and stable TRP prototrophs were selected. These colonies were used to detect 

any interaction between Mts2p and SNF4. Competent Y190 cells carrying pAS-mts24  

were transformed with pACT-SNF4. No interaction was observed between these two 

proteins. This was judged by the inability of colonies to grow on media containing 

25mM 3-AT. In addition, colonies which grew on selective AH media had no obvi-

ous 3-galactosidase activity. pAS-mts2 was therefore used as the 'bait' protein in 

this 2-hybrid screen. 

3.4.2 Screening an S.pombe 2-hybrid library using Mts2p as a bait protein 

The S.pombe library was transformed into competent Y190 cells that were already 

carrying pAS-mts2t The colonies which grew varied in size. Only the large colonies 

were picked because it seemed that these were more likely to reflect a strong interac-

tion between Mts2p and other library plasmid-encoded proteins. From this initial 

transformation, 108 colonies were picked and tested for their ability to express 
13-

galactosidase. Of these, 86 that had been grown on media containing 3-AT expressed 

13-galactosidase. The results of this screen are shown in Figure 3.5. 
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I 

pAS-SNF1 
pACT-SNF4 

2 

pAS-SNF1 

Figure 3.5 	2-Hybrid library secondary screen to look for proteins which interact 
with Mts2p 

108 colonies picked from the primary screen were patched onto 3 plates containing SC-A+3AT 
media and incubated at 30°C. The patches were then lysed and tested for their ability to express 
3-galactosidase (blue). Results are shown relative to the pAS-SNFI-pACT-SNF4 positive control. 
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Figure 3.6 	Removal of 2-hybrid false positives by mating 

S.cerevisiae Y190 cells carrying library plasmids were mated to Y187 cells of the opposite mating 
type carrying pAS-mts2. Matings were patched onto media containing 3-AT, incubated at 30°C until 
grown, and tested for 3-galactosidase activity. Numbers correspond to the number of the primary 
positive colony. On plate A, one colony from isolate nos. 1-32 was patched. On plate B to D, two 
colonies from isolate 33 - 90 were patched. Patches which expressed 3-galactosidase activity are 
numbered. 50 of the original 108 isolates still expressed 3-galactosidase. 
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3.4.3 Mating test for non-specific activation of f-galactosidase expression 

The mating test for non-specific activation of 3-galactosidase expression involved 

mating two yeast strains of opposite mating type. One of these, Y190 (MATa) would 

contain only the plasmids isolated from the library screen, thereby necessitating re-

moval of the bait plasmid pAS-mts2t The other strain Y187 (MAT(X) would contain 

pAS-X, X being a gene whose product was unrelated to mts2. The mating test was 

performed as described (see Materials and Methods). Of the 86 mating diploids, none 

expressed 3-galactosidase when mated to Y187-pAS-SNFI, the negative control. 

However, when mated to Yl 87-pAS-mts2, 50 still expressed -galactosidase 

(Figure 3.6). 

3.4.4 Analysis of genes encoding interacting proteins 

Prior to the mating experiment, library plasmid DNA from 10 of the 86 secondary 

isolates was analysed. Restriction analysis of the plasmid DNA, using the enzymes 

EcoRI and XhoI, indicated that there were four different sizes of insert. One member 

of each class was sequenced using oligonucleotides F444 and F250, which are com-

plementary to the multiple cloning site (MCS) of the plasmid pGADGH and lie on 

either side of the cDNA insert. The sequences obtained were used to search the Gen-

bank and EMBL databases using UWGCG software. 

The DNA sequence from the first class of isolate (2H1,4 and 5) was identical to that 

of a previously identified gene from S.pombe called let]'. This gene was originally 

identified as an essential gene at the mating-type locus (Michael et al., 1994). In ad-

dition, a mutation in the S.cerevisiae homologue of let]', called SUGI, was identi-

fied as a suppressor of a deletion in the acidic activation domain of the GAL/I tran-

scriptional activator (Swaffield et al., 1992). The inserts from two further classes of 

isolates (plasmids 2 and 8) displayed homology to DNA encoding yeast ribosomal 

proteins (rp115 and rp129). The final class of isolate bore no strong homology to any 
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ctgcaggaattcggcacgagaaatgacggaggtgctgaagactaacgttttacagagtaa 38 

EcoRI 	 N T E V L K T N V L Q S N 13 

tgagaacatagttcagtattatacccaaaaaattcaagatgctgaacttgctattctcca 98 
E N I V Q Y Y T Q K I Q D A E L A I L Q 33 

aaagacacaaaalttacgacgattagaggctcaaagaaacggactaaatgcaagagttcg 158 
K T Q N L R R L E A Q R N G L N A R V R 53 

ccttctaagagaggagattcagttgcttcaggaacccggaagttatgtcggtgaagtgat 218 
L L R E K I Q L L Q E P G S Y V G E V I 73 

aagacaatgggaaagaacaaagttctagtcaaagtccatcctgaaggcaaatatgtcgt 278 
K T M G K N K V L V K V H P E G K Y V V 93 

tgatattagtccagatattgatattaaggagattaaacctaatattcgtgtagccttgag 338 
D I S P D I D I K E I K P N I R V A L R 113 

qaacgattcataccaattaattaaaatcctccccaacaaggttgatccacttgtctctt 398 
N D S Y Q L I K I L P N K V D P L V S L 133 

catgatggtcgaaaaaattcctgactccacttatgagatggttggtggtcttgaaaagca 458 
M M V E K I P D S T Y K M V G G L E K Q 153 

Hindu 
aatcaaagaaattaaagaagttatcgaattaccagtgaagcatccagaactttttga9 518 
I K E I K K V I K L P V K H P E L F E S 173 

øtaggtattcctcagcctaaaggtattcttctttatggtcccccgggaaccggtaaaac 578 
L G I P Q P K G I L L Y G P P G T G K T 193 

cttgttagctagagcagttgcccaccataccgattgcaaattcatccgtgtcagtggatc 638 
L L A B A V A H H T D C K F I R V S G S 213 

agaacttgttcaaaagtatattggcgaaggtagtcgtatggttc gtgaactatttgttat 698 
E L V Q K Y I G E G S B M V R E L F V M 233 

ggctcgtgagcatgctccttctattattttcatggatgagatcgactccatcggctttc 758 
A R K H A P S I I F M D H I D S I G S S 253 

acgatctgattctagtggtggaagtggcgatagcgaagttcagaggaccatgttagagct 818 
R S D S S G G S G D S E V Q R T M L H L 273 

gttgaatcagcttgatggatttgaagcaaccaaaaatatcaaggtcattatggccacaa8 78 
L N Q L D G F K A T K N I K V I M A T N 293 

ccgtatcgacatcttggatcctgctcttcttcgtccaggtcgtattgatcgtaaaattg 938 
B I D I L D P A L L B P G R I D R K I E 313 

EcoRI 
at'cccacctccatctgctgaggcacgtgccgaaattttgagaatccattcgaggtcat 998 
F P P P 5 A E A B A H I L B I H S R S M 333 

gaatttaacacgtggcattgatttgaagagtatagcggagaaaatgaacggtgctagtgg 1058 
N L T B G I D L K S I A E K M N G A S G 353 

tgccgagctaaaaggtgtttgtactgaagccggtatgtttgcattgagagaaagacgtgt 1118 
A K L K G V C T K A G M F A L R K R R V 373 

tcatgttactcaagaagattttgaattagctgttgctaaagtattaaacaagggcgatc 1178 
H V T Q E B F H L A V A K V L N K G B S 393 

HindILI 
tggagaaatgagtttacaaaq*ttttcaagtagatgattttacatatgtattaatgaat 

G H M S L Q K L F K * 403 

atgattataagtttagtcaaaaaaaaaaaaaaaaaactcgagggggccc 

XhoI 

Figure 3.7 	Nucleotide and deduced peptide sequence of S.poinbe let1 isolated 
from a 2-hybrid library. 

The insert from 21-11 was sequenced in both directions by dideoxy sequencing. The sites used for 
cloning the insert into the vector pGADGH, EcoRl and XhoI are shown. The Hindill sites used for 
production of the disrupted allele (see Chapter 5), are also shown. 
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Figure 3.8 	13-galactosidase activity of primary isolates 1-10 from the yeast 2-hybrid library screen. 

.-galactosidase activity of each of the above isolates was measured in liquid culture. 3 patches from each isolate (1-10) were inoculated into lOm! SC+ AH liquid 
media and incubated at 30°C until an OD59  0.2-0.6 was reached. Cells were lysed and the -galactosidase activity, normalised to protein concentration, was measured. 

- 	 The activity of pAS-n1s2+ with controls pACT-m!s2+pACT, and pACT-SNF4 was also measured as was the activity of pAS-SNFI with pACT-SNF4. 



entries in either the Genbank or EMBL databases. The insert which bore homology to 

1et1 was completely sequenced. The nucleotide and amino acid sequence of the se-

quenced leW cDNA is shown in Figure 3.7. 

The plasmid DNA from these 10 isolates was co-transformed with pAS I -mts2 back 

into Y190. Colonies were patched and tested for 13-galactosidase activity in liquid 

culture. Figure 3.8 shows that only isolates 1, 4 and 5 produced any substantial 13-

galactosidase activity, relative to the pAS-SNF]/pACT-SNF4 positive control. Ac-

cording to their insert size and digestion pattern, these are all members of the same 

class of plasmid, suggesting that they are all likely to contain the S.pombe leW gene. 

This was later confirmed by sequencing (results not shown). 

Following the mating test, all 50 positive colonies were analysed by PCR to identify 

those which contained the leW cDNA. One of the oligonucleotides used in this as-

say, 1631, was homologous to a region of the let]' gene. The other, F444, was com-

plementary to the MCS of the plasmid, upstream of the cDNA insert. In total (Figure 

3.9 (A)), 39 of the 50 positive colonies (2H1-2H50) carried a library plasmid which 

contained all or a large part of the leW gene. Of these, one, 2H3, appeared to be 

slightly shorter than the other fragments suggesting an N-terminal truncation of the 

gene. This was subsequently verified by sequencing, and showed that the N-terminal 

32 amino acids of the letT ORF were absent. This result will be discussed subse-

quently and in Chapter 4. 

The remaining 11 colonies which had failed to produce a PCR product in the previ-

ous experiment were then re-amplified using the oligonucleotides F444 as before, 

and F250, which was complementary a region of the MCS downstream of the insert. 

By doing this, not only could the size of the insert be calculated, but the product 

could also be sequenced using the same primers. The result of this reaction is shown 

in Figure 3.9 (B). Of these, 6 were the same size (2H5, 21111, 2H42, 2H48, 2H49 and 

21150), one was larger (2H10) and the other two were smaller (21-121 and 2H32). The 

remaining two cDNAs, 2H27 and 2H45 were the same size as each other and the 

same size as a PCR containing the leW cDNA. They were therefore assumed to be 

copies of the leW cDNA. 
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-0.4kb 

—0.4kb 

B 5 10 11 21 27 32 42 45 	4849 50 

—1.4kb 

—0.4kb 

Figure 3.9 	PCR screening of tertiary positives for the presence of letl+ 

(A) S.cerevisiae Y190 cells carrying library plasmids 2111-21-150 were used as templates in a PCR 
reaction to look for the presence of the let] gene. The oligonucleotides 1631, directed against the let] 
cDNA, and F444, complementary to the pGADGH multiple cloning site (MCS), were used to amplify 
a 0.4kb fragment of the let] gene. Of a 50pJ PCR reaction, 5pJ was run on a 0.8% TAE gel. No PCR 
product is visible in lanes corresponding to isolates 2H5, 10, 11, 21, 27,32, 42, 45, 48, 49 and 50. (B) 
Cells that were negative in (A) were then subjected to a second PCR reaction using oligonucleotides 
F444 and F250 which were complementary to the pGADGH MCS and which lay on either side of 
the cDNA insert. The PCR products were again run on a 0.8% gel. letl+  cDNA was used as a positive 
control. 
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No sequence information could be generated from the downstream oligonucleotide 

F250. However, sequence information was generated from all of the PCR products 

using the primer F444. These sequences were analysed as before. The results of this 

section are shown in Table 3.2. The most striking result was that the sequence of 6 of 

the PCR products, which were the same size, was homologous to that of dM5, the 

S.cerevisiae homologue of S7, an ATPase subunit of the 26S proteasome (Ghislain 

et al., 1993). CIM5 in turn is the homologue of the Mus musculus MSS  gene, a 

multicopy suppressor of the ts defect of the mts2-1 mutant in S.pombe (Gordon et al., 

1993). 

The sequence of 2H10 was identical to that of an S.pombe cosmid (accession number 

Z69788) sequenced in the S.pombe sequencing project. The putative protein encoded 

by this cosmid is homologous to a hypothetical yeast protein, also discovered in the 

sequencing project. Both of these putative proteins contain an ATP/ GTP-binding 

site. In addition, they both possess a stretch of lysine(K) and glutamic acid (E) resi-

dues at their N-terminus. The significance of this KEKE region will be discussed. 

There was a high degree of homology between the sequence of 2H21 and the 

S.pombe homologue of the mammalian U2AF splice factor (accession number 

U02280, Potashkin et al., 1993). However, the entire sequence encoded by the 2H21 

insert was downstream of the U2AF ORF, and was in the opposite orientation. A 

translation of the 2H21 insert revealed a short ORF of 300 bases. The potential 

polypeptide encoded by this ORF bore no homology to any entries in the SWIS-

SPROT database. The significance and nature of this isolate is therefore unknown. 

The sequence of 2H32 bore no homology to any known sequence in the database. As 

mentioned earlier, no sequence was obtained from the 3' end of the cDNA insert, so 

that the nature of this 2-hybrid isolate is unknown. 

The PCR product of 2H5, whose DNA sequence resembled that of dM5, was com-

pletely sequenced in both directions by 'walking' along the PCR fragment. That is, 

by using oligonucleotides which were designed from the sequence generated. The 
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ISOLATE No LENGTH HOMOLOGY TO OTHER FEA- 

SEQUENCED KNOWN GENES TURES 

(bp) 

2H1,2,4,6-9, 2111- completely S.pombe letT gene 

12-20,22-31, (U02280) 

43-47 

2113 210 S.pombe let]' gene Truncation of nu- 

(U02280) cleotides 1-88 

2115 complete S.cerevisiae CIM5 gene 

(1415) (P33299) 

21-110 421 S.pombe chromosome I N-terminal KEKE 

cosmid (Z69728) motif. 

21111 445 S.cerevisiae CIM5 gene 

(P33299) 

2H21 377 S.pombe splicing factor 

U2AF (L22577) 

2H32 210 No homology to any 

entries in database 

2H42 447 S.cerevisiae CIM5 gene 

2H48 433 S.cerevisiae CIM5 gene 

2H49 472 S.cerevisiae CIM5 gene 

21450 443 S.cerevisiae CIM5 gene 

Table 3.2 	Results of analysis of 2-hybrid isolates 1-50 (2111 -2H50) 
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TCCCCCGGGCTGCAGGAATTCGGCACGAGCTAAAGAAGATTGGGAGAAATACCAAAAGCc 
K E D W E K Y Q K P 10 

AGTTGATACGGAAGAAGATGATJTCCACCACCTTTAGACGGGAGACATCGA 
V D T N N E N D K N P P P L D E G D I N 30 

GCTCTTAAAAAGCTACGCTACAGGCCCATATGCTAGAGAATTAGCAGCTATTAAAGAAGA 
L L K S Y A T G P Y A R E L A A I K N D 50 

TACAGAGGCTGTGTTAAAAAGAATTAATGATACTGTTGGAATTAAGGAGTCTGACACTGG 
T N A V L K R I N D T V G I K N S D T G 70 

TCTAGCACCAATTTCATTTTGGGACGTTGCTGCGGACCGCCAAAGGATGAGTGAAGAACA 
L A P I S F W D V A A D R Q R N S N N Q 90 

ACCTTTACAGGTTGCCAGATGTACCAAAATTATTGAGAATGAACAATCTGCGGAGAAAAA 
P L Q V A R C T K I I E N E Q S A E K N 110 

A Y V I N L K Q I A K F V V S L G E R V 130 

TAGTCCCACCGATATTGGGGGATGCGTGTCGGTTGTGATCGTACTATGCTAT 
S P T D I E E G M R V G C D R N K Y A I 150 

TCAGCTTCCTCTTCCTCCCAAAATTGATCCTTCAGTTACTATGATGCAAGTTGAAGAAAA 
Q L P L P P K I D P S V T M N Q V E E K 170 

GCCAGATGTTACTTACGGAGATGTGGGTGGTTGTAAAGAACAAATAGAAAGACTTCGCGA 
P D V T Y G D V G G C K N Q I E R L R E 190 

AGTCGTCGAGCTTCCTTTACTATCTCCCGGATTTGTTGCTTGGTATTGACCCTCC 
V V E L P L L S P N R F V K L G I D P P 210 

(I) 
CAAGGGTATTATGCTTTATGGACCACCAGGGACTGGTGACACTATGTGCTCGTGCTGT 
K G I M L Y G P P G T G K T L C A R A V 230 

TGCCAATCGGACTGATGCAACTTTTATTCGTGTTCGGTTCCGAGTTGGTTCTA 
A N R T D A T F I R V I G S E L V Q K Y 250 

TGTCGGTGAAGGTGCTCGTATGGTTAGAGAATTATTTGAAATGGCACGAACTAAAAAAGC 
V G N G A R M V R E L F N N A R T K K A 270 

(II) 
ATGTATTATCTTTTTTGACGATTGACGCTATT (1 GCTCGCTTTGATGATGGAGC 
C I I F F D E I D A I G G A R F D D G A 290 

AGGTGGTGATAATGAAGTTCAAAGAACAATGCTTGAATTAATTACCCAGTTGGATGGATT 
G G D N E V Q R T N L E L I T Q L D G F 310 

(III) 
GACCCTCGTGGTAACATTAGTTCTGTTTGCGACCJCAGACCTACCTTGGATGA 
D PR G N 1KV L 	 N R P NT L 	330 

(IV) 
AGCTTTGATGCGTCCCGGTCGTATAGATCGTMGTTGAGTTTGGTTTACCTGATTTAGA 

K V E F G L P D L E 350 

AGGTCGTGCTCATATTTTACGCATCCACGCTAAAAGTATGGCGATTGACAAGGATATTCG 
G R A H I L R I H A K S H A I D K D I R 370 

TTGGGAATTAATTGCACGGTTATGCCCTTCACCTTAGATTCGTTCTGTATG 
W N L I A R L C P S Q T G A N L R S V C 390 

CACTGAGGCTGGAATGTTTGCGATTCGTGCTAGAAGAAGAGTTGCTACCGAAAAGGATTT 
T E A G N F A I R A R R R V A T E K 0 F 410 

CCTTGACGCCGTTCAAAAGGTTGTAAAAGGTAACCAAAAGTTTAGCAGTACTGCTGATTA 
L 0 A V Q K V V K G N Q K F S S T A D Y 430 

TATGAACATGAGCTCTTAG 1305 
H N M S S * 	435 

Walker A and Walker B motifs 

Motifs III and IV of DEAD box helicases 

Figure 3.10 Nucleotide and deduced peptide sequence of fission yeast apsl+ 
isolated from the yeast 2-hybrid library. The N-terminal lysine 
residue represents the first cDNA encoded amino acid residue. 
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complete nucleotide and amino acid sequences of this novel S.pombe gene isolated 

from the 2-hybrid library, which will be designated apst (another iombe 26S 

subunit), are shown in Figure 3.10. A comparison of the peptide encoded by aps1 to 

the family of S7 proteins from different species is shown in Figure 3.11. It can be 

seen that there is at least a 75% identity between Apslp and all other members of this 

family. The putative peptide sequence is missing the extreme N-terminus including 

the initiator methionine codon. By comparison to the Cim5 peptide from budding 

yeast, it is likely that only 3 amino acid residues are missing. Efforts are currently 

being made to isolate the full length cDNA for suppression studies and expression of 

the full length Apsl protein. 

3.5 Quantification of the interaction between Mts2p, Letip and 

MSS1p 

The level of interaction between these proteins can be quantitated by measuring the 

release of o-nitrophenol from o-nitrophenol-3-D-ga1actoside (ONPG). The ONPG is 

cleaved by the 0-galactosidase resulting in an accumulation of o-nitrophenol which 

can be measured at an 0D420. These experiments were performed prior to the isola-

tion of the S.pombe homologue of CIM5/ MSS 1. Consequently, the murine MSS 1 

homologue was tested for the interaction of its product with that of lett and mts2t 

The let]' gene was already in the vector pGADGH, an equivalent to pACT11. The 

mts2 and MSS1 genes were cloned into the vector pAS1-CYH2 and pACT11 and 

checked for any PCR generated mutations (data not shown). The constructs, includ-

ing pAS 1-SNFJ and pACTI-SNF4, were transformed into Y190 in pair-wise combi-

nations. Three colonies were patched onto AH media, grown and then used in the 

liquid assay. The results of these interactions are shown in Figure 3.12. 

The combination of pAS-SNF1/pACT-SNF4 produces a very strong interaction, 

whereas this is not observed between pAS-SNF1 and any of the other pACT con- 

structs. This result indicates that there is probably no non-specific interaction 
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Figure 3.11 Comparison of peptide sequences of homologues of S.pombeApslp. 

Sequences were fetched from the SWISSPROT database and aligned using the programs LINEUP and PRETTYBOX. Identical residues at any position are 

shown in red, functionally similar residues at that position are shown in orange, and structurally similar residues or those with the same charge', are shown 
in yellow. Residue numbers are shown on the right hand side. Accession numbers:- Human-5998, Rat-Q63347, Xenopus-P46472, Mouse-P46471, C.e!egans-
Q 18787, S.'erevisiae 



between Snflp and the products of mts2, let1and MSS 1. In addition, whereas pAS-

MSS I interacts with pACT-mts2, it does not appear to interact with pACT-letlt 

3.6 Discussion 

The use of the yeast 2-hybrid system has enabled isolation of let]' and aps1 as genes 

which can interact with mts2 in the yeast 2-hybrid system. These genes are the 

S.pombe homologues of the S.cerevisiae SUGJ/CIM3 and CIM5 genes respectively. 

Paradoxically, despite CIM3 and SUGJ being identical, SUGJ was originally isolated 

as a suppressor of a deletion in a transcriptional activator (Swaffield et al., 1992) and 

subsequently as part of a transcriptional complex (Kim et al., 1994). By contrast, 

both CIM3 and CIM5 were isolated in a different screen to look for targets of the 

Cdc28 kinase (Ghislain et al., 1993). The cim3-1 and cim5-1 mutants were found to 

be lethal when in combination with the cdc28-IN mutation, suggesting that activation 

of the 26S proteasome may be due to the Cdc28 protein kinase. 

The predicted protein encoded by letT is highly homologous (73% identity) to the 

CAD region of a family of proteins, the AAA family, of which Mts2p, MSS 1p Apsip 

are also members (Confalonieri and Duguet, 1995). Recent work has shown that 

Suglp is a subunit of the proteasome in budding yeast (Rubin et al., 1996). Further-

more antibodies raised against both this subunit and against Cim5p, cross-react with 

subunits of the 26S proteasome in extracts from S.pombe (W.Dubiel, unpublished 

result, and see Figure 5.11 panel B and Q. Thus, like Mts2p and MSS1p, Letip and 

Apsip may be subunits of the 26S proteasome in S.pombe. 

Of 50 cDNAs characterised in this screen, 41 encode the S.pombe leW gene and 6 

encode apsT, the S.pombe homologue of CIM5 and MSS 1. As yet, no genetic inter-

action has been demonstrated between Mts2p and Let ip. The interaction between 

Mts2p and the putative protein encoded by MSS1, the murine homologue of CIM5 

and aps1, has been demonstrated genetically, since overexpression of MSS 1 can 

rescue the ts defect of mts2-1, but cannot rescue a null allele of mts2 (Gordon et al., 
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1993). This reflects a requirement for the presence of the mutant protein encoded by 

mts2-1 for suppression by MSS 1 to take place. 

The product of MSS 1 did not interact with the product of the let]' gene in the 2-

hybrid system. Given the model for the formation of an ATPase 'ring' within the 19S 

regulatory complex (Dubiel et al., 1993), one interpretation of this result is that the 

subunit encoded by mts2 lies between Let 1 p  and the S.pombe homologue of MSS I  

(see Figure 7.1). This being so, it might be expected that these three ATPases might 

form half of the ATPase 'ring', the other half being made up of TBP1p, TBP7p and 

Sug2p. Another interpretation of the 2-hybrid results is that the murine S7 protein is 

too dissimilar from the S.pombe S7 protein. This is clearly unlikely since the mouse 

MSS 1 gene can rescue a deletion of dM5, its budding yeast homologue (Ghislain et 

al., 1993). Secondly a comparison between protein sequences of MSSI homologues 

from 7 different species (Figure 3.11) shows a very high homology in all regions of 

the protein. The full length aps1 gene requires to be cloned and tested for suppres-

sion of the mts2-1 mutant. 

The failure to isolate non-ATPase subunits of the 26S proteasome in this screen is 

surprising. Overexpression of mts2 has been shown to suppress the phenotype of 

mts4-1 at 32°C but not at 36°C. This suggests that Mts4p binds Mts2p in vivo, and 

has been backed up by a demonstration of synthetic lethality between mts2-1 and 

mts4-1. In addition, an in vitro assay has demonstrated binding of Mts2p and Mts4p 

(Wilkinson et al., 1997, in press). This is the first evidence for a genetic interaction 

between an ATPase and a non-ATPase subunit of the 19S cap complex. Furthermore, 

Mts2p and Mts4p have been shown to bind in the 2-hybrid system, indicating that 

this screen has not been saturated. It might therefore be expected that the mts4 gene 

would be isolated in a more exhaustive 2-hybrid screen. 

Just as the search for suppressors of mts2-1 failed to uncover anything other than 

mts2, perhaps the conditions for detecting interactions between ATPases and non-

ATPases in this 2-hybrid screen were too stringent. For example, only large colonies 

were selected during the initial screen. Perhaps smaller colonies might have con- 
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tamed genes other than let]' and apsT1 , which interacted less strongly. If this was the 

case, it would provide a correlation between colony size and strength of interaction. 

The sequence of the insert contained within 2H 10 was found to be identical to that of 

a cosmid currently being sequenced in the S.pombe sequencing project. Translation 

of this sequence revealed a predicted polypeptide of around 1 l9kDa. Although the 

largest subunit of the 19S regulatory complex, Si, has a molecular weight of ii2kDa, 

is possible that the protein encoded by 2H10 may represent an as yet unidentified 

regulatory subunit. The N-terminus of this ORF, in common with S12 of the 19S cap 

complex, contained large stretches of lysine and glutamic acid residues. Although 

these KEKE motifs have no function as yet assigned to them, they have been hy-

pothesised to mediate protein-protein interactions and to be involved in the presenta-

tion of peptides by MHC Class-I receptors (Realini et al., 1994). Further experiments 

are required to test whether this protein is indeed present in the 26S proteasome of 

S.pombe. 

In conclusion, genes encoding two members of the AAA family, let]' and aps1, that 

interact with Mts2p, have been isolated using the yeast 2-hybrid system. Homologues 

of both genes have now been shown to encode subunits of the 26S proteasome 

(Ghislain et al., 1993; Rubin et al., 1996), suggesting that these proteins may interact 

in this complex in vivo. It is possible that they form part of an ATPase ring structure 

which would facilitate passage of the target protein through the 19S complex into the 

catalytic chamber of the 20S complex. Other ATPase subunits of the 26S proteasome 

are thought to complete this ring structure. The interactions between pairs of these 

subunits are consistent with this model (Ohana et al., 1993; Russell et al., 1996; Choi 

et al., 1996). 
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Chapter 4 Localisation of the interaction between Letip and 

Mts2p 

4.1 Introduction 

The yeast 2-hybrid system was successfully used for the isolation of aps1, the 

S.pombe homologue of the mouse MSS I gene, and let]', the S.pombe homologue of 

the budding yeast SUG1 gene. Based on the rescue of the ts phenotype of mts2-1 by 

over-expression of the mouse MSS 1 gene, the isolation of aps[ by a 2-hybrid screen 

might have been predicted. However, the isolation of let]' was unexpected. This was 

because the protein encoded by SUGI was thought to be involved in regulation of the 

expression of the budding yeast Ga14 transcriptional activator (Swaffield et al., 

1992). Homologues of the proteins encoded by let]' and aps1 have since been 

shown to be identical to subunits S7 and S8 of the 26S proteasome respectively 

(Dubiel et al., 1993; Dubiel et al., 1995; Rubin et al., 1996). 

The 6 proteasomal ATPases are predicted to adopt a ring conformation which may 

contact the 20S catalytic core of the 26S proteasome (Hershko and Ciechanover, 

1992). The results from interaction studies between Mts2p, MSSIp and Letip (see 

section 3.5) lend support to this model. Although MSS1p (S7) interacts with Mts2p 

(S4), it does not interact with Letip (S7). Msslp may therefore be physically sepa-

rated from Letip (S8), by Mts2p (S4). Although the lack of interaction between 

MSS1p and Letlp may have been due to the use of the murine S7 subunit instead of 

the S.pombe S7 subunit this is probably not the case for the reasons outlined below: 

A comparison of peptide sequences of S7 family members reveals a high level of 

identity (see Figure 3.11). In addition, over-expression of the mouse MSS I gene can 

rescue a deletion of its budding yeast homologue (Ghislain et al., 1993). This ordered 

interaction then may reflect the in vivo situation between proteasomal ATPases, 

thereby giving clues as to their position within the ATPase ring. 
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Figure 4.1 	Strategy for generation of truncations in the Mts2p and Letip ORF 

Nested oligonucleotide primers, complementary to the rnts2+ and lefI+ genes were designed. The 
position of the primers relative to the gene and to the ATP-binding box, is shown. The sizes of the 
putative truncations, in amino acid residues, is shown above the truncations. Truncations were named 
according to the size of the deletion, and the end from which the deletion was made, thus, MCAI 
is the smallest truncation from the C-terminus of Mts2p. 
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All of the 26S proteasomal ATPases contain a conserved ATPase domain (CAD) of 

around 200 amino acid residues in length. The alignment of these ATPases is shown 

in Figure 1.3. The 73% degree of identity of this region between these proteins is 

striking. By contrast, the N-termini of all of these proteins bear little resemblance to 

each other suggesting that for each molecule, this domain might impart some form of 

specificity either in intra- or extra-proteasomal interactions. 

At least three of the proteasomal ATPases, TBP-1, TBP-7 and Suglp, contain a 

leucine zipper-like motif in the N-terminus (Ohana et al., 1990; Wang et al., 1996). 

The leucine-zipper motif is known to mediate protein-protein interactions (Johnson 

and McKnight, 1989), and in the case of Sugip, is predicted to form a coil-coil inter-

face which facilitates its interaction with the nuclear transcription factor c-Fos (Wang 

et al., 1996). The N-termini of TBP-1 and TBP-7 were shown to be necessary and 

sufficient for their heterodimerisation in vitro (Ohana et al., 1993). This indicated 

that in addition to facilitating interactions with proteasomal substrates such as c-Fos, 

the N-termini of the proteasomal ATPases might interact during formation of the 

putative ATPase ring in vivo. 

As a means of testing the above hypothesis, the interaction between Letip and Mts2p 

was investigated. In addition, since, from the results of the interaction studies in 

Chapter 3, Mts2p interacted with itself, this interaction was also studied. Truncations 

of both Mts2p and Letip were made and expressed in the 2-hybrid system. The re-

suits of these experiments, and those which assay the effect of over-expressing trun-

cations of these proteins in vivo, are described in this chapter. 

4.2 	Construction of deletions in Mts2p and Letip 

Nested oligonucleotide primers were used to generate N-terminal and C-terminal de-

letions of the mts2 and let] genes by PCR. The strategy used is shown in Figure 

4. 1, and the sequence and position of the primers used is shown in Appendix A. In 

order to identify the region of the proteins responsible for interaction, increasing 

amounts of the respective ORFs were removed. The nomenclature of these deletions 
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Figure 4.2 	Cloning of PCR-generated deletions of led into pACTII 

(A) 5R1  of PCR products from a 50pJ PCR reaction, generated using the oligonucleotides shown 
in Figure 4.1, were run on a 0.8% TAE gel. Lane 2-5, LC1-LCM. Lane 6-8, LNiS.1-LNA3. Full 
length leti + cDNA is shown in Lane 1. (B) The PCR products from Lanes 2-8 in A were cleaned, 
digested to completion with NcoI and XhoI, and cloned into the vector pACTII (see Figure 2.4). 
Once cloned, 1tg of the constructs were re-digested with the above restriction enzymes and run 
on a 0.8% TAE gel. 

A 

B 
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reflects the size of the deletion and the end from which the ORF was deleted. MCA1 

is the smallest deletion from the C-terminus of Mts2p, whereas LNz3 is the largest 

deletion from the N-terminus of Letlp. The truncations were cloned into the vector 

pACTU (see Materials and Methods). The results of the PCR and cloning of deletions 

of the let1 gene are shown in Figure 4.2. Following cloning of the PCR fragments, 

the constructs were completely sequenced to ensure that no PCR errors had been 

generated. 

	

4.3 	Expression of truncated proteins 

In order to detect expression of the truncated proteins in yeast cells, it is possible to 

perform a Western blot using a commercially available antibody raised against the 

Ga14 activation-domain epitope (Clontech 5398-1). Protein extracts were made from 

yeast cultures, separated on a poly-acrylamide gel, and western blotted. Although this 

experiment was repeated several times, no cross-reaction was observed. However, 

while investigating in vitro binding of Mts2p to truncations of Letlp, the constructs 

were cloned into the vector pET6H and expressed by in vitro translation. Expressed 

proteins of the correct molecular weight were clearly visible (data not shown). 

	

4.4 	Analysis of 2-hybrid interactions 

S.cerevisiae Y190 cells which had been co-transformed with pAS-mts2 (full length) 

and the truncated let] constructs LCA1-LCA4 and LNMin pACT11, were tested for 

their ability to interact on both solid and in liquid media. In this experiment, 4 inde-

pendent isolates from each construct combination were tested, and the strength of the 

interaction was quantitated as before (see Chapter 3). The results of this experiment 

are shown in Figure 4.3. All levels of activity are expressed as a percentage of the 

interaction between full length molecules. 

MCA.1, carrying the smallest C-terminal truncation, produced more than half of the f3 

galactosidase activity of full length Mts2p. This was restored by further truncations 
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PAS construct 'bait' 	PACT-construct 'target 	Growth on 3-AT 

mts2 	 1et1 
LCM 	 + 
LCt2 	 ++ 
LCA3 	 + 
LCM 
SNF4 	 - 

MCA 	 let] 	 ++++ 
LCM 	 - 
LCL2 	 ++ 
LCA3 	 + 
LCL4 
SNF4 	 - 

MCL3 	 let 	 ++++ 
LCM 	 - 
LCL12 	 ++ 
LCA3 	 + 
LCL4 	 ++ 
SNF4 	 - 

MCL4 	 let] 	 ++++ 
LCM 	 - 
LCA2 	 ++ 
LCA3 	 + 
LCL.4 	 ++ 
SNF4 	 - 

MCz5 	 let] 	 ++++ 
LCA1 	 - 
LCL2 	 + 
LCA3 	 -1+ 
LCi4 	 ++ 
SNF4 	 - 

Table 4.1 Interaction of Mts2p with Letip following nested C-terminal truncations 

of both ORFs. Y190 cells co-transformed with both constructs were plated on media 

containing 3-AT. Results were based on the growth of cells relative to the full length 

control. PACT-SNF4 was used as a negative control. 
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until the construct MCA4, which removes all of the ATP-binding motif, was tested. 

When this happens, two thirds of the activity is lost, indicating that for an interaction 

between Mts2p and itself the region containing the ATP-binding motif may be im-

portant. 

By contrast to the above, the interaction between full length Mts2p and truncations of 

Letip produce different results. Again, as is the case with deletions of Mts2p, C-

terminal truncations seem to have little or no effect, even when only the N-terminal 

137 amino acids remain. When the N-terminal 72 amino acids are removed, in the 

construct LNA1, however, the relative activity decreased, suggesting that the region 

between amino acids 73 and 138 is involved in mediating the interaction between the 

2 subunits. 

The C-terminal truncations CAI-CA5 of Mts2p were then cloned into the vector 

pAS2 and tested with the C-terminal truncations of Letlp in the vector pACT11. This 

time, colonies were tested for their ability to grow on media containing 3-AT. The 

results of this are shown in Table 4.1. Significantly, it appears that on this media the 

Mts2p truncation MCA5, which removes all but 108 N-terminal amino acids, can in-

teract with both full length and C-terminally truncated versions of Letip. By contrast, 

there was no growth of colonies when MCA5 was co-transformed with the negative 

control, pACT-SNF4. 

Although these interactions remain to be quantified by liquid assay, they support the 

results of the earlier experiments which suggested that the N-termini of both Mts2p 

and Letip, are important for an interaction between full length molecules. The region 

between amino acids 73-138 in Letip are involved in this interaction. 

The interaction between full length Mts2p in pAS 1 and truncated versions of Mts2p 

in pACT11, reflect a requirement for a region of the protein which contains all or part 

of the ATP-binding cassette. This suggest that homodimerisation of Mts2p is medi-

ated by a region distinct from that involved in heterodimerisation between Mts2p and 

Let Ip. 
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Figure 4.3 	Quantitation of the 2-hybrid interaction between pAS-mts2+ and 
truncated forms of the mts2 and let] genes. 

S.cerevisiae Y 190 cells were co-transformed with pASmts2+ and individual truncations of the ints2 
and let] ORF. The activity was measured as a percentage of the interaction between full length gene 
products. LNA2 and LNA3 were not used in this experiment. The activity produced by interaction 
of pAS,nts2+ with pACT-SNF4 and of pAS-SNFI with all of the constructs was also measured (not 
shown). The ATP box contains the Walker A + B nucleotide-binding motifs (Walker et al., 1982) 
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Figure 4.4 	Overexpression of let1 in pREP1 

Protein extracts were made from S.pombe cells, carrying the construct pREP1et1+,  grown in the 
presence (+Thi) and absence (-Thi) of 4M thiamine. 10tg of total cell protein was loaded, along with 
markers, on each of 2 10% polyacrylamide gels. One gel (A) was stained with coomassie brilliant blue. 
Protein from the second gel (B) was transferred onto nitrocellulose and probed with anti-Letip antibodies 
(1:10 000 dilution in 'Blotto'). The position of the 30kDa and 46kDa protein markers are shown. 
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4.5 	Expression of Letip in S.pombe. 

The previous experiments suggested that the interaction of Mts2p and Let ip was me-

diated by sequences within the N-termini of both proteins. If this was so, then the 

over-expression of truncated Let I molecules which had had their N-temini removed, 

may have little or no effect on cell viability. However, by analogy to the result when 

truncations of Mts2p were assayed (L. Colleaux, unpublished result), over-expression 

of C-terminally truncated forms of Letip might have a dominant negative effect be-

cause they still possessed the capacity to interact with other 26S proteasome subunits. 

In order to study this, truncations of the let]' gene, shown in Figure 4. 1, were cloned 

into the S.pombe expression vector pREP I, and expressed in vivo. 

4.5.1 Expression of full length Letip 

Full length 1etl was cloned into pREP 1 and expressed in vivo under the control of 

the ninti promoter. Analysis of the expression of this construct was facilitated by the 

purification of polyclonal anti-Letip antibodies from rabbit which had been raised 

against recombinant GST-letI (made by C. Wilkinson). The results of this experi-

ment are shown in Figure 4.4. Figure 4.4 (B) shows the expression of full length 

Letip from this construct in the presence (+) and absence (-) of thiamine. The poly-

clonal antibodies recognise a band of approximately 45kDa. This is in agreement 

with the observed size of the human variant of Letip, p45 (Akiyama et al. 1995). 

The level of expression of the cloned let] gene in the absence of thiamine is higher 

that of the wild type level. However this is less than might have been expected, given 

the strength of this promoter (see Table 2.1). There are two possible explanations for 

this result. Firstly, there may be a mutation in the promoter causing reduced expres-

sion, as would have been expected for the vectors pREP41 or pREP81. Alternatively, 

some form of feedback mechanism may be acting to ensure that non-stoichiometric 

levels of Let I  are not produced. 
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Figure 4.5 	Overexpression of let] deletions in vivo 

Full length Ietl+, along with the deletion constructs LCAI-LCA4 and LNA1-LNA2, were cloned into 
the expression vector pREPI and transformed into a wild type strain of S.poinbe. Cells which had been 
transformed with these constructs were streaked onto EMM plates with and without 4M thiamine, and 
incubated at 30°C. 
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4.5.2 Expression of truncated forms of Letip 

The truncations LCAI-LCL\4 and LNAI-LNA2 were sub-cloned into pREP1. The 

constructs, along with full length letI and pREP 1 as controls, were transformed into 

a wild type leul-32 K strain and plated on media which contained 41.IM  thiamine. 

Once grown, the colonies from each transformation were picked and streaked onto 

two EMM plates, only one of which contained thiamine. The result of these experi-

ments is shown in Figure 4.5. It is quite clear that over-expression of neither LNA1 or 

LNA2 is deleterious. However, over-expression of all of the C-terminal truncations, 

LCA1-LCA4, is lethal. 

This dominant negative effect caused by over-expression of C-terminal truncations of 

Let ip supports the results obtained when a C-terminally truncated Mts2p (pSP3 1) 

was over-expressed (L. Colleaux, unpublished results). In the case of pSP3 1, the le-

thal phenotype was rescued by over-expressing full length Mts2p. In addition, an 

over-expression of MSS 1, the mouse homologue of apsT', could also rescue the 

dominant lethality of the over-expression of pSP3 1. This result may have been ex-

pected, given the way in which MSS1 had been isolated as a suppressor of mts2-1, 

and confirmed the genetic interaction between these ATPase subunits of the 26S 

proteasome (Gordon et at., 1993). 

4.6 Discussion 

The above experiments describe an analysis of the interaction between 2 proteasomal 

ATPases, Mts2p and Letip, and the effect of over-expressing these truncations in 

vivo. The results indicate that the products of the mts2 and aps1 genes interact in 

vitro in the 2-hybrid system and that this interaction is mediated by the N-termini of 

both proteins. By contrast the interaction between Mts2p and itself appears to be me-

diated by a distinct region of the polypeptide which includes the ATPase domain. 

Over-expression of the non-conserved N-terminal domain of Letip in vivo is lethal. 
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This dominant lethality may occur because this region is responsible for inter-subunit 

interaction during 26S proteasome complex formation. 

A number of interactions involving homologues of Letip have been described. Using 

a 2-hybrid screen, the human homologue of Letip, Sugip, has been shown to interact 

with the retinoic acid receptor in a ligand-dependent manner. This interaction was 

mediated by an N-terminally truncated (amino acid residues 1-149) version of 

SUGIp, (vom Baur et al., 1996). This molecule lacked the N-terminal coiled-coil 

region, but retained the ATP-binding motif. This work also demonstrated an interac-

tion between the ATPase domain of SUG1p and the activation domain of the tran-

scription factor AF-2. By contrast, other work has shown that FZA-B, a mammalian 

homologue of Letip, interacts with the transcription factor c-Fos, and that this inter-

action is mediated by the predicted leucine-zipper of FZA-B and the bZJP segment of 

c-FOS (Wang et at., 1996). It is therefore possible that Letip can interact with other 

protein molecules either via the conserved CAD domain, or by the non-conserved N-

term inal region. 

How can Sugip / Letip use the same non-conserved region to interact both with 

other proteasomal ATPase subunits and also with transcription factors? It is not in-

conceivable that Let ip has more than one function. That is, it may function to recruit 

substrates of the 26S proteasome, of which c-Fos is one (Stancovski et at., 1995), as 

well as binding other proteasomal ATPases such as Mts2p. The manner in which this 

might occur is unknown, but it is possible that an internal signal such as the change 

in phosphorylation state of Letip or a binding partner, might be required both for the 

association of Letip with target substrates and with other proteasomal subunits. 

Phosphorylation of c-Jun, the binding partner of c-Fos, increased degradation of c-

Fos by the 26S proteasome (Stancovski et at., 1995). Sugip itself is also found in a 

phosphorylated state (Satoh et al., 1995). Therefore, a change in conformation elic-

ited by a change in the phosphorylation state of Letip / Sugip may enable the simul-

taneous binding of substrates and other proteasomal subunits. 

There have been suggestions that these proteasomal ATPases are 'sticky', thus re 

flecting the observation of non-specific interactions or two-hybrid !false  positives 
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(Hengen, 1997). However, given the dominant negative phenotype of a C-terminally 

truncated Let ip molecules versus the ineffectual N-terminal truncations, it is difficult 

to argue against the interaction of the N-terminus of Letlp with another molecule. 

From the results of Chapter 3, this may be another proteasomal ATPase. The absence 

of this region of the molecule, in this model, would preclude the formation and thus 

function of the 26S proteasome. 

In summary, then, it has been shown that the N-terminus of 2 proteasomal ATPases 

are necessary for heterodimerisation. In contrast, homodimerisation of Mts2p re-

quired an intact ATP-binding domain. This situation is similar to that observed for 

interactions between the human homologue of Letlp and the nuclear retinoic acid 

receptor a (RAR(x). Over-expression of a C-terminally truncated form of Letlp has a 

dominant negative effect. This is possibly due to the inability of cells to form a func-

tional 26S proteasome. 
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Chapter 5 Analysis of a let]' disruption 

5.1 Introduction 

The cDNAs encoding Letip and Apslp were isolated on the basis of their interaction 

with Mts2p in the yeast 2-hybrid system. Homologues of both Let ip and Apsip have 

been shown to be components of the 26S proteasome. The peptide encoded by 

MSS 1, the murine homologue of aps], was first isolated as a suppressor of a muta-

tion in a protein kinase (Irie et al., 1989). It has been shown to be identical to subunit 

7 of the human erythrocyte 26S proteasome (Dubiel et al., 1993). SUGJ, the budding 

yeast homologue of let]', was isolated as a suppressor of a C-terminal deletion in the 

Ga14 transcription factor. Consequently it was thought to be a transcriptional regula-

tor (Swaffield et al., 1992). However, recent work has demonstrated the presence of 

Sugip in purified 26S proteasome protein extracts (Rubin et al., 1996). 

With one exception, subunit 5a (S5a), disruption of genes encoding subunits of the 

regulatory complex of the 26S proteasome in budding and fission yeast has been 

shown to be lethal (Ghislain et al., 1993; Gordon et al., 1993; 1996 ; Michael et al., 

1994; Coux et al., 1996; van Nocker et al., 1996; Wilkinson et al., 1997). The phe-

notype associated with these disruptions is similar in most cases, and results in the 

accumulation of cells which arrest at the metaphase stage of mitosis. For this reason 

it was hypothesised that if let]' encoded a subunit of the 26S proteasome, not only 

would a disruption of let]' be lethal (Michael et al., 1994), but it would also result in 

a phenotype similar to that caused by a disruption of mts2, mrs3 or mts4(Gordon et 

al., 1993, 1996; Wilkinson et al., 1997). 

There are two strategies for construction of null alleles in fission yeast: insertion of a 

selectable marker into the middle of an open reading frame resulting in a disrupted 

gene, or replacement of all or a large part of the coding region of the gene with a se-

lectable marker. In both cases, nutritional markers such as the S.cerevisiae LEU2 
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Figure 5.1 	Strategy for the construction of a 1etI::ura4+ heterozygous diploid 

The HindIll fragment was removed and replaced by the S.pombe ura4+ gene. The oligonucleotide 
primers 155 and 1(32, complementary to the let] genomic DNA, were then used to remove the fragment 
containing the ura4+ gene by PCR. Following transformation and sporulation of a diploid strain carrying 
this construct, spores were to be used for FACS analysis and cytology. K=KpnI H=HindIII X=XbaI 
C=ClaI 
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gene or the S.pombe ura4 gene are commonly used. Both approaches can be per-

formed using a one-step gene-replacement approach (Rothstein, 1983). 

Targeted integration is facilitated by leaving a variable amount of homologous DNA 

at either end of the resulting construct. These free ends are recombinogenic and inter-

act directly with homologous sequences in the chromosomal DNA. The length of 

DNA required for efficient chromosomal integration varies greatly. Whereas 50-80 

nucleotides of homology in the region adjacent to the nutritional marker can facilitate 

recombination, 0.3kb of homology ensures a higher recombination frequency 

(Rothstein, 1983). 

5.2 	Construction of a null allele by gene replacement 

The strategy for deletion and replacement of the let1 coding region and its subse-

quent transformation into a diploid strain is shown (Figure 5.1). The 1.9kb genomic 

ClaI fragment containing the complete let]' gene was isolated from the vector 

pK045 (pFL20) (Michael et al., 1994). The fragment was amplified by PCR using 

oligonucleotides J165 and J166 which contained a KpnI and an XbaI site respec-

tively. After digestion of the PCR product with these enzymes, it was purified and 

cloned into the KpnI and XbaI sites of pSKt The resulting construct, pSK-Iet], was 

4.8kb. 

Replacement of the let]' gene was facilitated by the presence of two HindIII sites 

within the ORF. Digestion of the construct pSK-letT with HindIII released an 

0.87kb fragment containing the C-terminal 233 codons of the let] gene. The 1.8kb 

ura4 HindlIl fragment, from the vector p1RT-ura4, was cloned into the HindIII 

sites of pSK-let1 which had been treated with CIP to prevent recircularisation. The 

resulting plasmid, pSK-let]A::ura4, now contained 1.1kb of genomic DNA 5 and 

0.18kb 3' to the ura4 insert. The orientation of the ura4 gene into pSK-letl was 

checked by sequencing of the new construct pSK-let1A::ura4. Oligonucleotide 

primers on either side of the site of insertion were used. The results confirmed that 
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the ura4 gene had inserted with the direction of transcription opposite to that of the 

disrupted let] gene (data not shown). 

In order to liberate the ura4 marker and flanking let] DNA the new construct was 

digested to completion with ClaI. However, instead of two fragments, corresponding 

to the vector (2.9kb) and the disrupted let] genomic fragment (3.04kb), being liber-

ated as expected, only one band (6.0kb) was visible. This 6kb band corresponded to 

the entire construct which appeared to have cut only once. Thus one of the ClaI sites 

had become resistant to enzymatic cleavage, possibly as a result of the PCR amplifi-

cation step. Instead of remaking the construct, oligonucleotides 155 and K32, which 

were homologous to the N- and C-termini of the insert respectively, were used in a 

PCR reaction to remove the disrupted let] gene. The product of this reaction was a 

2.48kb fragment that had 5 and 3 ends homologous to the chromosomal let]' locus. 

This fragment was used to transform a diploid strain to uracil prototrophy. 

	

5.3 	Isolation of stable 1et1A: :ura4 integrants 

The purified linear PCR fragment from the construct pSK-let]::ura4 was trans-

formed into diploid cells (see Materials and Methods). Thirty-four ura colonies were 

patched onto selective media then tested for plasmid stability to check whether the 

PCR fragment had integrated, or whether it was being episomally maintained due to 

the presence of an autonomously replicating (ARS) sequence. Following this proce-

dure, 20 ura colonies, which seemed to have a stably integrated copy of the ura4 

gene, were selected for further analysis. 

	

5.4 	Localisation of the site of integration 

Although stable integration of the disrupted let] construct had taken place, it was im-

portant to localise the site of integration. This was done by PCR analysis and South-

ern blotting. The former made use of an oligonucleotide internal to the construct, and 

another upstream of the site of integration. The use of Southern blotting for analysing 
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Figure 5.2 	PCR of putative let] disruptions 

Twenty stable ura4+ transformants were analysed by PCR for the presence of an integrated copy of 
the disrupted leti allele. The oligonucleotide primers K250, 5' to the site of integration of the construct, 
and C432, complementary to the 5' end of the ura4+ gene were used to amplify a diagnostic PCR 
product of 1.07kb. 5p1 of a 50d PCR reaction was run on a 0.8% TAE gel. Lanes 1-20 -PCR products 
from transformants 1-20, Lane 21 -ura diploid, Lane 22 -linear led + PCR fragment containing ura4+ 
gene. 
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the site of integration was facilitated by knowledge of the restriction map of the let]'  

chromosomal locus (Michael et al., 1994). 

5.4.1 PCR analysis 

The results of the stability test indicated that 20 of the 34 primary isolates carried an 

integrated ura4 gene and thus presumably a disrupted let] allele. DNA from cells 

carrying the potential integrants was used in a PCR reaction to check for integration 

of the disrupted let] allele at the correct chromosomal locus. One of the primers 

used, K250, was 5' to the PCR fragment used for integration and the other, C432, 

was complementary to the 5' end of the ura4*  insert. The expected size of the prod-

uct was 1.07kb. A product of this size would be diagnostic for the integration of the 

disrupted let] gene at the correct chromosomal locus. 

The result of this PCR reaction (Figure 5.2) shows that of the 20 colonies tested, 6 

gave the correct size of PCR product. Since the controls in this experiment were 

negative (lanes 21 and 22) it is reasonable to assume that those which produced a 

positive result have integrated at the correct locus. This was directly tested by per-

forming Southern blot analysis on DNA prepared from the 6 positive colonies. 

5.4.2 Southern blot analysis of let1b1::ura4 integrants 

A 32P-labelled DNA probe complementary to the let]' gene was used to test the re-

suit of the preceding PCR reaction. Hybridisation of this probe to DNA from diploid 

cells heterozygous for a disruption at the let] locus should result in 2 labelled bands. 

These bands would correspond to the wild type allele and to the disrupted allele car-

rying the ura4 gene and would have a size of 4.6kb and 5.7kb respectively. 

Genomic DNA was prepared from each isolate and digested overnight using the re-

striction enzyme PvuII. When cut to completion, let] should be present within a 

4.6kb PvuII fragment (Michael et al., 1994). The gel is shown in Figure 5.3 (A). The 

full length 1.9kb Clal fragment from pK045, containing the entire genomic let]'  
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Figure Figure 5.3 

	

	Southern blot of genomic DNA from diploid cells carrying a disruption 
of let] 

20p.g of genomic DNA from diploid cells carrying a putative disruption of the let] gene was 
digested with an excess of PvuIl and run on a 1.2% TAE gel, and stained with ethidium bromide. 

DNA was transferred to HybondN+, fixed and probed with a 32p-labelled probe complementary 
to the genomic let] + gene. Two bands, indicating the presence of a wild-type (4.6kb) and disrupted 
(5.7kb) copy of the let] gene are visible in the lanes labelled 2, 9 and 19. DNA from a wild-type 
diploid strain was used as a control. 



fragment (Michael et al., 1994), was labelled by random priming (see Materials and 

Methods) and used to probe the PvuII digested genomic DNA. Figure 5.3 (B) shows 

that of the 6 isolates which gave the correct size of PCR product, at least 3 (numbers 

2, 9 and 19) gave the 2 bands expected if the ura4 marker had integrated at the let] 

chromosomal locus. 

5.5 	Genetic analysis of the disrupted allele 

Having deleted a large amount of the let] coding region, tetrad analysis was used to 

investigate whether or not let]' was essential for cell viability. Following nutrient 

starvation, a diploid cell enters pre-meiotic S-phase followed by two meiotic divi-

sions to form an ascus of four haploid spores (Bresch et al., 1968). In the 

let]A::ura41  strain, two of these spores should be wild type at the let]' locus, but ura 

whereas the other two should carry the ura4 gene at this position, thus providing a 

means of selection for viability. 

5.5.1 Tetrad analysis of the let1/1et1zX::ura4 diploid strain 

After two days of nitrogen starvation, in order to induce sporulation (Leupold, 1958), 

cells were checked for their ability to sporulate (see Materials and Methods). No 

sporulation had taken place indicating that the heterozygous diploids carrying the dis-

rupted let] allele had reverted from the heterozygous mating type h/h to a homozy-

gous mating type of either h/h or h7h. This occurs at a frequency of lx10-5  and is a 

result of mitotic recombination between the mating type loci of the paired chromo-

somes present in the diploid cell (Beach and KJar, 1984). For further analysis it was 

necessary to find h/h9°  revertants which would then sporulate. 

The mating type of the non-sporulating heterozygous diploids was tested by crossing 

them to haploids of a known mating type and then staining with iodine. Three (2, 19 

and 20) which were found to be hIh were then used to create sporulating hTh9°  re- 
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vertants (see Materials and Methods). Eighteen asci were pulled from each of the 3 

sporulating heterozygous diploids. 

Of the tetrads dissected from diploid #2, 14 segregated in a 2:2 viable: non-viable 

manner (Figure 5.4). The remaining 4 tetrads were not analysed further because most 

of the spores failed to germinate. The viable spores were patched onto complete me-

dia (YPD), minimal media with uracil, adenine and leucine (EMM+U+A+L) and 

minimal media lacking uracil (EMM+A+L) (Figure 5.5). None of the viable spores 

were able to grow on media lacking uracil, indicating that they did not carry the 

uracil marker (Figure 4.5). This suggested that only those spores which had an intact 

copy of let] were viable and, consequently, that let] was essential for the viability 

of the cell. 

The non-viable spores did germinate and divided either once or twice to give 2 or 4 

cells respectively (data not shown). This is possible because there may have been a 

small amount of let] encoded protein within the cell from the heterozygous diploid, 

enabling cell cycle progression to occur. However, as the cell continued to divide, the 

concentration of this protein would decrease thus preventing further cell division. 

This experiment showed that let]' is essential for cell viability. This situation is 

identical to disruptions in all but one of the 19S subunits so far studied (van Nocker 

et al., 1996). Further analysis was required to extend these results and thereby high-

light further similarities or differences between the phenotype of a disruption of let] 

and that of other regulatory subunits of the 26S proteasome. In the case of the mts2 

disruption, fluorescence activated cell sorter (FACS) analysis revealed that the arrest 

point during the cell cycle took place after DNA replication. Confirmation of this was 

obtained by cytological analysis of the cells. The increase in the number (48%) of 

cells which arrested with a short mitotic spindle and condensed chromosomes 

showed that this disruption affected the ability of the cell to complete mitosis fol-

lowing DNA replication. These experiments were repeated in order to investigate the 

phenotype of the let] disruption 
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Figure 5.4 	Tetrad analysis of a leti disruption 

Diploid cells carrying a disruption of the leti ORF were induced to sporulate on ME media. 18 asci 
were picked onto YE, incubated at 36°C for 3-4 hours to facilitate breakdown of the ascus wall, then 
the spores were pulled into rows of 4 and incubated at 25°C. Of these 18 asci, 14 (1-14) produced 2 
viable spores, 3 produced only 1 visible colony, and 1 failed to germinate. 
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Figure 5.5 	Auxotrophy of viable spores from let] disruption 

Colonies produced from tetrad analysis of the led disruption (see Figure 5.4) were tested for the presence 
or absence of the ura4+  gene. Viable colonies f:.im asci 1-14 were patched onto YE media (A), 
EMM+U+A+L (B) and EMM+A+L (C) and incubated at 25°C. None of the patches grew on media 
without uracil. 
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5.6 	FACS analysis of a letTh 

Measuring the DNA content of a cell by FACS analysis gives an indication of which 

stage of the cell cycle the cell is at. The fluorescence is based on the excitation of the 

fluorogenic compound, propidium iodide (PT), which is used to stain the DNA. Pho-

ton emission from this compound, following excitation by a laser, is registered as 

peak and can be graphically displayed. The position of the peak is a direct measure of 

the amount of DNA within the cell. 

Exponentially growing S.pombe haploid cells have a predominantly 2n peak whereas 

the DNA content of ascospores prior to germination will be In indicating that only 

one copy of each of the three S.pombe chromosomes is present within the cell. Upon 

germination however, the DNA replicates thereby increasing the DNA content to 2n. 

In a wild-type population of spores, all of the spores should have a in content of 

DNA. Following DNA replication, the position of the peak should move to, and re-

main at, a position corresponding to a 2n amount of DNA. 

Analysis of S.pombe mutants carrying conditional mutations in genes encoding other 

26S proteasome subunits, such as mts2-1 (Gordon et al., 1993) and mts4-1 

(Wilkinson et al., 1997), has shown that in these cells, the 26S complex acts at a 

point following DNA replication but before the anaphase stage of mitosis. Conse-

quently, FACS analysis of these mutants, grown at a restrictive temperature, reveals 

that they arrest with a 2n DNA content. Disruption of the mts2 and mts4 genes re-

sulted in phenotypes which were similar both to each other and to the corresponding 

ts mutations. This indicated that both of these genes are essential for cell viability and 

that in both cases, the 26S complex was required at a stage following DNA replica-

tion. 

The comparison of FACS analysis of spores prepared from an mts2A::ura4 het 

erozygous diploid with those prepared from the 1et]A::ura4 heterozygous diploid is 

shown (Figure 5.6). In both cases a large, single peak, corresponding to ascospores 
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Figure 5.6 	FACS analysis of a letl::ura4+ disruption. 

Approximately 108 purified spores, from a diploid strain carrying a disruption of the leti gene, were 
germinated for 16 hours at 16°C in lOOm! EMM+L, then shifted to 30°C. 5m1 samples were taken 
at 0, 4 and 8 hours, fixed in 70% ethanol, stained with propidium iodide and analysed using a Becton 
Dickinson FACS machine. The fluorescence of the cells (X-axis), corresponding to the DNA content 
of the cells, was measured. The position of peaks, corresponding to cells containing IN, 2N and 
4N amounts of DNA, is shown (top row). The Y-axis is the proportion of cells containing that 
amount of DNA. Cells carrying a disruption of mts2, and wild type diploid cells, were used as 
controls. 
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containing unreplicated DNA (see control), is initially visible. Following incubation 

under conditions of nutrient limitation, a second peak appears. For the let] disrup-

tion, this second (2n) peak corresponds to the spores which carry the let] disruption 

and which have undergone DNA replication. 

The In peak corresponds to those spores which are not able to replicate due to nutri-

ent limitation, and which therefore do not carry a copy of the ura4 gene. These 

spores are wild type at the letT locus. This was shown by incubating spores in media 

containing uracil, whereupon the In peak disappeared (data not shown). For disrup-

tions of both mts2 and let], the relative levels of these 2 peaks does not decrease 

even after 8 hours, indicating that the arrest point caused by a lack of leW or mts2 

function occurs after DNA replication. The 2n arrest point of the spores carrying the 

let] disruption is consistent with the DNA having replicated, and concurs with the 

results obtained for disruptions of mts2 and mts4t 

5.7 	Cytological analysis of letLX: :ura4 

FACS analysis showed that the phenotypic consequence of disrupting the let] gene 

is very similar to that observed for disruptions in genes encoding other regulatory 

subunits of the 26S proteasome. if Letip is a subunit of this complex and not, as pre-

viously thought for the S.cerevisiae homologue Sugip, a transcription factor or tran-

scriptional regulator (Swaffield et al., 1992, Kim et al., 1994, Xu et al., 1995), then 

cytological analysis of cells carrying a disruption of the leW gene should highlight a 

similarity between this disruption and that of mts2t 

Previously, disruptions of the mts2 and mts4 genes had been shown to result in a 

mitotic arrest. The severity of the arrest was quantitated by observing the number of 

cells which had a short mitotic spindle and condensed chromosomes, indicative of 

the metaphase stage of mitosis. 

Fluorescence microscopy can be used to visualise cell cycle-associated structures 

such as the mitotic spindle, the state of chromosome condensation and the presence 
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Figure 5.7 	Immunofluorescence microscopy of a cell carrying a disruption of the 
tell gene. 

S.pombe cells carrying a disruption of the let] ORF were fixed in 7% paraformaldehyde, and stained 
with DAPI (red) and Tat anti-tubulin antibodies (a gift from lain Hagan). Cells were visualised on a 
Zeiss fluorescence microscope (xlOO magnification). (a) After 4 hours incubation at3OoC, cells arrest 
at metaphase with short mitotic spindle (green) and condensed chromosomes (red). (b) After 12 hours, 
arrested cells continue cell cycle events, giving rise to invaginated cells with one nucleus and a post-
mitotic microtubule array. 
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Figure 5.8 DAPI and aniline blue staining of cells carrying a disruption of the let] gene. 

Sporulating let1A::ura4 cells were sampled after 8 hours of incubation at 30°C in EMMM+A+L. 
stained with DAPI and aniline blue at a final concentration of 2.511g ml and 
viewed using a Zeiss AXioplan fluorescence microscope at xlOO magnification. 
a) Aniline blue staining shosing position of septum. 
b and c DAPI staining to show the cut phenotype (Hirano etal.. 1986). Failure to segrate 
chromosomes properly. results in the formation of a septum through the chromosomal material. 
The position of the septa is shown. 
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Figure 5.9 	Aniline blue staining of sporulating let]: :ura4+  cells to show the presence 
of septa. 

Cells were sampled and treated as in Figure 5.8. Approximately 50% of cells carrying a disruption of 
the let] gene form a septum (and see Figure 5.10). Cells carrying this disruption are characteristically 
elongated and are rounded at one end. Position of the septum is shown. 
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or absence of septa. These can all be studied by the use of fluorescent labels specific 

for different components of the mitotic apparatus. Anti-tubulin antibodies (Tat 1) 

were used to label the mitotic spindle. DAPI (4',6-diamidino-2-phenylindole) was 

used to label chromosomes. Unlike calcofluor, which is commonly used, aniline blue 

was used to stain septa. This has the advantage that it is specific for septal material 

(Kippert et al., 1995) 

Spores were germinated as before (section 5.5. 1) and fixed using paraformaldehyde 

(see Materials and Methods). The cells were then stained and examined by fluores-

cence microscopy. The results of these experiments are shown (Figures 5.7-5.9). Fig-

ure 5.7 shows the double staining of cells arrested at the metaphase to anaphase tran-

sition and the resultant phenotype following subsequent incubation of these cells at 

30°C. The mitotic arrest (Figure 5.7 A) is transient, and eventually gives rise to sep-

tated cells with only one nucleus (Figure 5.7B). Figure 5.8 (a-c) shows cells which 

have been stained with aniline blue. In 10-15% of cells a 'cut' phenotype, where the 

septum has formed through the improperly segregated DNA, is visible (Figure 5.8b). 

Cells stained with aniline blue (Figure 5.9) show that 50% of the cells arrested at 

metaphase go on to form septa. This indicates that although the product of the let]'  

gene is required for the metaphase to anaphase transition, it does not seem to be re-

quired for septum formation. The relationship between chromatin condensation, 

septum formation and the number of nucleate / anucleate cells is shown in Figure 

5.10. 

5.8 Discussion 

Tetrad analysis of the heterozygous letTVler1::ura4 diploid showed that let]' is es-

sential for cell viability. This was expected since a spontaneous deletion of the mat-

ing locus, which contains the let] gene, is also lethal (Michael et al., 1994). Germi-

nated spores arrested at the metaphase stage of mitosis. 30% of all of the germinated 

spores underwent septation giving rise to 2 cells with only one nucleus. Frequently 

this resulted in the 'cut' phenotype in which cytokinesis occurs without proper chro-

mosome segregation (Hirano et al., 1986). 
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Figure 5.10 Relationship between chromosome condensation, septum formation and time in cells carrying a disruption of the let! gene. 

Purified spores were germinated in EMM+A+L at 16°C then shifted to 30°C at Time=0. 106  spores were harvested at 2 hourly intervals, fixed and stained as described, 
then examined for the presence or absence of septa, condensed chromosomes and terminal phenotype. 100 cells were counted at each time point. The relationship 
between these parameters was plotted using Microsoft Excel. 



Haploid spores which carried the disruption underwent germination, but were only 

able to divide once or twice. FACS analysis of these spores confirmed that prior to 

reaching their terminal phenotype, they underwent one round of DNA replication. 

Whereas this was similar to observations made for disruptions of the mts2 and mts4 

genes (Gordon et al., 1993; Wilkinson et al., 1997), a disruption of the mts3 gene, 

which also encodes a subunit of the 19S regulatory complex, resulted in a different 

phenotype (Gordon et al., 1996). In this case, cells undergo two rounds of replication 

without mitosis, indicating an additional function for the product of the mts3 gene in 

the control of DNA replication. This distinct phenotype may reflect the interaction of 

Mts3p with positive regulators of S-phase such as Cdcl8p, which is stabilised in an 

mts3 mutant (Kelly etal., 1993). 

Cytological analysis revealed that the let] disruption resulted in a large increase in 

the number of cells which contained a short mitotic spindle and condensed chromo-

somes. This phenotype is similar to that found in strains carrying null alleles of other 

26S proteasome subunit-encoding genes. The main difference between the phenotype 

of these null alleles is the degree of metaphase arrest which is observed. For the mts2 

disruption, approximately 30% of the cells arrest with a short metaphase spindle and 

condensed DNA (C. Gordon, unpublished results). This figure was higher (45-50%) 

when the effect of a disruption of mts4 was analysed (Wilkinson et al., 1997). In the 

present study, a disruption of let]' results in a peak (48%) of chromosome condensa-

tion which occurred approximately 4 hours after incubation at 36°C. By contrast, the 

level of septation peaked between 2 and 3 hours later. 

The amino acid sequence of Letlp bears 73% similarity to other proteasomal mem-

bers of the AAA protein family, such as Mts2p, MSS1 and TBP-1 (Gordon et al., 

1993; Ghislain et al., 1993; Dubiel et al., 1993 and see Figure 1.3). Therefore, de-

spite its original isolation as a suppressor of a deletion in the S.cerevisiae Ga14 pro-

tein (Swaffield et al., 1992), it seemed likely that Letip might also be a subunit of the 

26S proteasome complex. The phenotype of cells containing a let] null allele sup-

ports this theory. This has also been recently confirmed by the immunoprecipitation 

of Suglp/ Let ip from purified 26S proteasome extracts from budding yeast (Rubin et 

al., 1996) and from fission yeast (W. Dubiel, unpublished results, and Figure 5.11). 
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Figure 5.11 Letip is present in the S.pombe 26S proteasome 
(Wolfgang Dubiel, unpublished results) 

Purified 26S proteasome (10tg) fractions from human (h) and S.pombe (Y) cells were blotted onto 
nitro-cellulose and probed with antibodies raised against subunits of the 26S proteasome. Panels (A) 
anti-20S proteasome (B) anti-Cim3p (Sugip) (C) anti-Cim5p(Msslp) (D) anti-Mtslp (E) anti-Mts2p 
(F) anti-Mts3p 
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In this latter case, antibodies raised against the budding yeast homologue of Letip 

(Cim3/ Sugi) were used. These latter results demonstrated that in contrast to previ-

ous reports, an S.pombe homologue of Cim3 was present in the 26S proteasome. The 

homologue of Cim5 was also present. 
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Chapter 6 Characterisation of mutations in the mts2 gene. 

6.1 Introduction 

The introduction of nonsense mutations into the ORF of a gene result in the prema-

ture truncation of the gene product. As seen in Chapter 4, expression of C-terminally 

truncated forms of Let Ip, produced by PCR-generated deletions in the let]' gene, 

cause a dominant negative phenotype (Herskowitz, 1987). Given the evidence pre-

sented so far, it seems that this may happen because these truncations can still bind 

neighbouring subunits of the 26S proteasome, thereby precluding its proper forma-

tion. 

Nonsense mutations can also give rise to a conditional phenotype. The mts1 gene of 

S.pombe encodes a non-ATPase subunit of the 26S proteasome (C. Gordon, unpub-

lished result). Mutations in this gene are predicted to result in the premature trunca-

tion of the mtsl gene product (P. Kersey, unpublished results). Just as for other mu-

tants isolated in the same screen, all of the mtsl alleles are ts. Experiments are being 

done to ascertain whether the truncation of the mtsl-1 gene product precludes its as-

sembly into the 26S complex at the restrictive temperature. 

By contrast, point mutations which cause an alteration in the primary structure of a 

polypeptide can also give rise to a conditional phenotype which can be exacerbated 

by subjecting the protein to environmental stresses such as extremes of temperature. 

The severity of the phenotype which occurs as a result of these conditional lethal 

mutations is most likely dependent on the specific alteration in the quaternary struc-

ture of the mutated polypeptide. 

Without knowing the crystal structure of a protein, it is difficult to predict exactly 

how amino acid changes contribute to the lability of the proteins. It can be imagined 

that if an uncharged residue is replaced in a mutated polypeptide by a charged resi- 
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due, the resultant net charge difference may affect the folding of the protein or the 

association between individual residues. In the same way, the substitution of a small 

residue, such as glycine, by a large residue, such as phenylalanine, may impose a 

steric effect resulting in an unstable ternary structure. If these mutations occur in a 

conserved 'domain' or binding-motif of a protein, they may affect the function of that 

domain The analysis of conditional lethal mutations, therefore, can give us some 

clues as to how different amino acid substitutions result in different phenotypes. 

The genetic screen to isolate MBCR ts mutants led to the isolation of genes which 

encoded subunits of both the regulatory and catalytic complexes of the 26S protea-

some (Gordon et at., 1993, 1996 and unpublished results). Subsequent analysis of 

mutants isolated in this screen has led to the discovery of 2 more alleles of rnts2: 

mts2-16 and mts2-25. When these two alleles were crossed to the mts2-I mutant and 

the phenotype of the meiotic products was analysed, all of the spores analysed were 

ts, indicating that no recombination had occurred. The mutations were therefore 

tightly linked. Also, when transformed with the mts2 cDNA, the conditional pheno-

type of these mutants was rescued. 

In a separate experiment to study mutants which affected centromeric repression, a 

strain of S.pombe, carrying the ura4 marker integrated at a centromere, was sub-

jected to EMS mutagenesis. Eight cs mutants, that expressed the ura4 gene, were 

isolated (J-P. Javerzat, pers. comm.). These mutants are termed cep (!Ls enhancement 

of position-effect variegation) and belong to 3 complementation groups, Cepl-3. 

When Cep2 was transformed with a genomic library, a plasmid, containing a 5kb in-

sert, was cloned which rescued the CS phenotype of Cep2. This DNA was shown to 

contain the entire mts2 ORF (Javerzat et at., manuscript in preparation). In total, 4 

alleles of Cep2 were isolated. The analysis of these alleles, Cep2-10, 2-11, 2-12 and 2-

13 in addition to the mts2 alleles 2-1, 2-16 and 2-25, is described here. 

6.2 	Genetic isolation of mts2-16 and mts2-25 alleles 
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A 	1. Pick 2 colonies from each mutant for PCR. 
Perform PCR reaction using oligonucleotides C699 and D858. 
Clean PCR product and sequence both strands. 
Run samples on ABI sequencer. 
Compare sequence with mts2+  sequence and find mutation(s). 

C699 	D757 	 D790 
	

K61 

J345 

EM Intron 
:J mts2 ORF 

C657 	 C822 

1.3 kb 

Oligonucleotide used 

C699 

D757 

D790 

K61 

D858 

C822 

C657 

J345  

Position on mts2+  gene 

In intron after A of ATG 

243 - 262 

613 - 633 

938 - 957 

1297 - 1279 

1137 - 1127 

711 - 690 

334 - 311 

Figure 6.1 	Genomic PCR and sequencing of mutations in the mts2 gene from 
mts2 and cep2 mutants. 

(A) Strategy used for sequencing of mutant alleles. The positions of oligonucleotide primers relative 
to the mts2 ORF are shown. The sequences of all oligonucleotides used in this amplification procedure 
are detailed in Appendix A. (B) Genomic DNA was purified from cultures of all mutant strains. 
Approximately bOng of genomic DNA was amplified using the primers C699 and D858. Of a 100.tl 
reaction, 5!.tl  was run on a 0.8% TAE gel. Contents of each lane are shown. 
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UV mutagenesis can be used to induce random mutations in DNA. Typically this oc-

curs because covalent bonds are introduced between two adjacent pyrimidine bases, 

resulting in the formation of pyrimidine dimers. Thymine dimers are the most fre-

quent type of lesion associated with UV treatment. Cytosine dimers or mixed 

thymine-cytosine dimers are also produced by UV treatment. The frequency at which 

any of these forms occurs is dependent on the base composition of the DNA 

(Fincham, 1983). 

During UV irradiation, mutations accumulate at a roughly linear rate. The number of 

'hits' can be approximately controlled by varying the dose of radiation applied to the 

sample. It is possible that the phenotype which results from the UV mutagenesis pro-

cedure may be due to the action of more than one 'hit'. Therefore, before doing any 

analysis on these or other alleles, any unlinked mutations had to be crossed away 

from the mts2 gene. This had already been done for alleles of the cep2 mutant, which 

were generated by ethylmethane sulphonate (EMS) (J-P. Javerzat, pers. comm.) but 

remained to be done for mts2-16 and mts2-25. 

Fresh h isolates of mts2-16 and mts2-25, which had been transformed with the mts2 

cDNA in order to improve mating efficiency, were crossed to a wild-type isolate of 

the opposite mating type. These plasmids were later lost during meiosis because they 

don't possess a centromere sequence. Eighteen tetrads were dissected from each 

cross. The colonies which grew from the resulting spores were patched and tested for 

MBCR, temperature sensitivity and mating type. As expected, MBCR  and temperature 

sensitivity co-segregated with a 2:2 ratio of MBCR/ts : MBCS/ts+. This process was 

repeated twice so that the isolates of mts2-16 and mts2-25 used for subsequent analy-

ses were isogenic. 

6.3 Sequence analysis of the mts2 gene from MBCR  and cep2 al-

ides 

The mutation in the mts2-1 mutant involved a nucleotide change at position +857. 

This C-T transition results in the change from a serine to a phenylalanine residue at 
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position 286 in the protein, 5 amino acids upstream of the DEID box motif, associ-

ated with Mg 2+ binding (L. Colleaux, unpublished result, and see Figures 6.3 and 

6.4). This 'Walker B' motif (Walker et al., 1982) lies within the CAD region of 

Mts2p and is highly conserved in all members of the AAA family of proteins 

(Confalonieri and Duguet, 1995). 

The strategy for sequencing the genomic sequence of the mts2 gene is shown in Fig-

ure 6.1. DNA containing all but the C-terminal 40 nucleotides was amplified from 

genomic DNA of each of the putative mts2 mutants using the oligonucleotides 

shown. In order to obviate the problem of contamination by mts2 cDNA, the oh-

gonucleotide C699, which maps to the intron within the mts2 genomic fragment, 

was used. The 1.34kb fragments amplified by this procedure are also shown. 

The products of the PCR reactions were purified, labelled using an ABI sequencing 

kit and sequenced. The oligonucleotides used for sequencing were designed to enable 

complete sequencing of the PCR fragment in both directions. The DNA was se-

quenced from 2 independent PCR products. This approach obviates the possibility of 

encountering a mutation caused as a result of the PCR reaction. Throughout all of 

this sequencing procedure, no PCR-generated mutations were observed. The se-

quences were analysed using the software provided, and compared to the sequence of 

mts2 by means of the UWGCG software. The output and comparison between mu-

tant and wild-type mts2 sequences is shown in Figure 6.2A-6.2G. The nature and po-

sition of these mutations is shown in Figure 6.3 and Figure 6.4. 

The most interesting aspect of these results is the position of the mutations and the 

allelic nature of two of the cep2 mutations. In the case of mts2-25 and cep2-11 and 

cep2-12, Figures 6.2C, E and F, and 6.3-6.4 show that these mutations occur in adja-

cent glycine residues within the conserved region of Mts2p. Whereas a change to ar-

ginine, at position 195 in the product of mts2-25, results in a ts phenotype, a change 

in the adjacent glycine residue at position 194 in the products of cep2-11 and cep2-

12, to aspartate, results in a cs phenotype. Sequencing of cep2-11 and cep2-12 

showed that the same mutation, a G to A transition, occurred in each case. Since 



WILD TYPE 

IT CC CCC T CT AT T C III 

MUTANT 

,izts2-1 

IT CCC C CT T TAT T6 T Ti 

5' TCG CCC TCT ATT GTT 3' 
Ser Pro Ser lie Val 

286 

AT T C 6 C C C T C T A T Ti 

5' TCG CCC TTT ATT GTT 3' 
Ser Pro Phe Tie Val 

286 

ints2-16 

I CAT  CC C T T T C T A T Ti 

SCAT TCG CCC TCT ATT 3' 5' CAT TCG CTT TCT ATT 3' 
His Ser Pro Ser lie 	His Ser Leu Ser lie 

285 	 285 

Figure 6.2 	DNA sequence of mutations in alleles of mts2 and cep2. 

The ints2 gene from all alleles of rnts2 and cep2, as well as from a wild-type S.potnbe strain, was 
amplified by PCR as described. The DNA was sequenced in both directions, using the primers shown 
in Figure 6. 1 by means of an automated ABI sequencer. Mutations found within the tnts2 gene were 
analysed and graphically displayed using ABI 373 software. The corresponding region of the ,nts2+ 
gene from a wild type strain, sequenced in parallel, is also displayed. 
(A) ,nts2-1 (B) ,nts2-16 (C) ,nis2-25 (D) cep2-I0 (E) cep2-11 (F') cep2-12 (G) cep2-13 
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WILD TYPE 
	

MUTANT 

,nts2-25 

I AT 16 ST 6 ST CT T 6 A 
	

AT T 6 ST C ST C T T 6 

C 

5 ATT GGT GGT TCT TGA 3' 5' ATT GGT CGT TCT TGA 3' 
lie Gly Gly Leu Glu 	lie Gly Arg Leu Glu 

195 	 195 
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WILD TYPE 

T T T AT 1 6 AT 6 A A AT Ti 

MUTANT 
cep2-1 0 

T IT AT TA AT 6 A AAT TI 

5'TTT ATT GAT GAA A1I'T 
Phe lie Asp Gin lie 

291 

16 A TAT 166 T 6 61 CT ii 

5' TTT ATT AAT GAA ATT 3' 
Phe lie Asn Gin lie 

291 

cep2-11 

I GATAT IC ATG GICT TI 

E 

5'GAT ATT GGT GGT CTT3'5'GAT ATT GAT GGT CTT3' 
Asp lie Gly Gly Leu 	Asp lie Asp Gly Leu 

194 	 194 
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WILD TYPE 

16 A T AT T 6 6 T & 6T CT H 

MUTANT 

cep2-12 

IGA TAT TGAT6GTcTT 

F 

5? GAT ATT GGT GGT CTT 3' 5' GAT ATT GAT GGT CTT 3' 
Asp lie Gly Gly Leu 	Asp lie Asp Gly Leu 

194 	 194 

cep2-13 

Ic c AG G T C 6 1 AT T (3- A  Cl IC CAG G T CAT AT 16 AC 

G 

5' CCA GGT CGT ATT GAC 3' 5' CCA GGT CAT ATT GAC 3' 
Pro Gly Arg lie Asp 	Pro Gly His lie Asp 

353 	 353 
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these two mutants were isolated independently of each other, and were therefore not 

clonal in origin, their allelic nature is quite coincidental. 

The mutations in mts2-1 and mts2-16 also occur in adjacent codons. In mts2-1, the 

change from serine, a small, polar residue, to phenylalanine, a large aromatic residue, 

at position 286 occurs as a result of a C-T change at base number 857 (Figure 6.2A). 

This may be the result of a change to a mixed pyrimidine dimer, as mentioned earlier. 

In mts2-16, a classical pyrimidine dimer transition is responsible for the change from 

proline to leucine at position 285 of the mts2-16 gene product (Figure 6.213). 

Perhaps the most interesting mutations are those found in cep2-10 and cep2-13. The 

mutation in the cep2-10 allele (Figure 6.21)) results in a change from aspartate, a 

negatively charged residue, to asparagine, a positively charged residue, at position 

291. The aspartate residue at this position is conserved in all members of the AAA 

family (Confalonieri and Duguet, 1995, and see Figure 1.6) and forms part of the 

DEID box, a motif thought to be involved in the binding of Mg 2+,  a co-factor essen-

tial for the function of these ATPases. This motif is known to be conserved in the 

DEAD-box family of RNA helicases (see Figure 7.3), suggesting that the phenotype 

associated with the cep2-10 mutation may be due to a failure of this putative func-

tion. 

The mutation in cep2-10 may still enable the correct folding of the protein and bind-

ing of magnesium. However, the phenotype caused by this mutation may be more 

severe due to a decreased ability to bind the magnesium which is required as a co-

factor during ATP hydrolysis. if this is the case, it is possible that an alteration in in-

tracellular magnesium levels may partially or totally suppress the cs phenotype when 

the mutant is subjected to restrictive conditions. 

Like Cep2-10, the cep2-13 mutation (Figure 6.2G) lies in a motif conserved in the 

DEAD box family of RNA helicases (Gorbalenya et al., 1989). The mutation results 

in a change in the predicted peptide from a highly conserved arginine to histidine (see 

Figure 6.4 and Figure 7.3). Both of these amino acids carry positive charges which 
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cep2-11/12 	 nzts2-16 	 cep2-13 
194 	194 	 285 	285 	 353 	353 

	

Gly ---Asp 	Pro ---Leu 	Arg ---His 
448 

rnis2-25 	,nis2-1 	cep2-10 
195 	195 	286 	286 	291 	291 Gly ---Arg 	Ser ---Phe Asp ---Asn 

Mts2p open reading frame, 448 amino acids 

Conserved region of AAA protein family 

ATP and Mg binding regions 

B 

mi's2-1 

,nts2-16 

rnts2-25 

cep2-1O 

cep2-11 
cep2-12 

cep2-]3 

Allele Amino Acid Base Change Phenotype 

Ser286  - 	Phe286  TCT 	-00 	TTT ts 

Pro 28 5 
P-  Leu 8  CCC 	10 	CTT is 

Gly 195 - 	Arg 195 GGT -11 	CGT is 

Asp 291 P 	Asn291  GAT 	AAT cs 

Gly 194 
-k Asp 194 GGT - 	GAT CS 

Arg353  - 	His 353 CGT - 	CAT CS 

Figure 6.3 	Position of mutations in alleles of mts2 

The position of all sequenced mutations in the niis2 gene relative to the ATP-binding cassette and 
the region conserved in AAA protein family members is shown (A) The genotype and conditional 
phenotype of all mutations is also shown (B) 
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Mts2+ MGQAQSGNFS NFGDGANGDN KKDQKKDKPK YEPPVPTRTG RRKKKAQSGP 
mts2 MGQAQSGNFS NFGDGANGDN KKDQKKDKPK YEPPVPTRTG RRKKKAQSGP 

Mts2+ DASAKLPTVI PTTRCRLRLL KMQRIHDHLL MEEEYVQNQE RLKPQDERTQ 
mts2 DASAKLPTVI PTTRCRLRLL KMQRIHDHLL MEEEYVQNQE RLKPQDERTQ 

Mts2+ EERNRVDEIR GTPMSVGTLE EIIDDDHAIV STAGPEYYVS IMSFVDKDML 
mts2 EERNRVDEIR GTPMSVGTLE EIIDDDHAIV STAGPEYYVS IMSFVDKDML 

Mts2+ EPGCSVLLHH KANSIVGLLL DDTDPMINVM KLDKAPTESY ADIGGLESQI 
mts2 EPGCSVLLHH KANSIVGLLL DDTDPMINVM KLDKAPTESY ADIDRLESQI 

cep2-111cep2-12 ' ' mtc2-25 
Mts2+ QEIKEAVELP LTHPELYEEM GIKPPKGVIL YGAPGTGKTL LAKAVANQTS 
mts2 QEIKEAVELP LTHPELYEEM GIKPPKGVIL YGAPGTGKTL LAKAVANQTS 

,,1s2-I 
Mts2+ ATFLRVVGSE LIQKYLGDGP RLVRQLFNAA EEHSPSIVFI DEIDAIGTKR 
mts2 ATFLRVVGSE LIQKYLGDGP RLVRQLFNAA EEHSLFIVFI NEIDAIGTKR 

,nts2-/6 ' 	'cep2-1O 
Mts2+ YDAQSGAERE IQRTMLELLN QLDGFDTSQR DIKVIMATNR ISDLDPALIR 
mts2 YDAQSGAERE IQRTNLELLN QLDGFDTSQR DIKVIMATNR ISDLDPALIR 

Mts2+ PGIDRKILF ENPDEATKRK IFTIHTSKMN LGEDVNLEEL IQCKDDLSGA 
mts2 PGI.IIIDRKILF ENPDEATKRK IFTIHTSKMN LGEDVNLEEL IQCKDDLSGA 

cep2-13 ' 
Mts2+ EIKAIVSEAG LLALRERRMR VVMDDFRQAR EKVLKTKDEG GPAGGLYI 
mts2 EIKAIVSEAG LLALRERRMR VVMDDFRQAR EKVLKTKDEG GPAGGLYI 

Figure 6.4 	Predicted mutations in the peptide sequence of Mts2p. 

Comparison of the peptide sequence of the wild-type Mts2p protein (upper sequence) to the 
predicted sequence of Mts2p containing the mutations present in the ints2 and cep2 ORF (lower 
sequence). The Walker-A and Walker-B motifs are shown in yellow. 
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may enable the protein encoded by the cep2-13 mutant to fulfil its role(s) at the per-

missive temperature. 

6.4 	Phenotype of mts2 alleles 

The cell-cycle phenotype of strains of S.pombe carrying conditional mutations in 

genes encoding subunits of the 26S proteasome has been documented. The restrictive 

temperature results in a mitotic arrest, after replication, at the metaphase-anaphase 

transition. In addition to this, the ubiquitous function of the proteasome results in a 

pleiotropic phenotype involving cell size, shape and probably many other intracellu-

lar processes. 

Given the nature and location of the mutations described in the preceding section, it 

seemed reasonable to assume that the phenotype of all mutants carrying a mutation in 

the mts2 gene should be very similar if not identical with respect to FACS analysis, 

cytology, morphology and drug-resistance. 

6.4.1 FACS analysis of mts2/ cep2 mutants 

Cultures of mts2-1, mts2-16, mts2-25 and wild type cells were grown to an 0D600  of 

0.2 and shifted to 36°C. Samples were taken hourly for FACS analysis and cytologi-

cal procedures. The result of these experiments are shown in Figure 6.5A. From this, 

it is evident that after 8 hours at the restrictive temperature, like mts2-1, mts2-16 and 

rnts2-25 behave in the same manner. That is, the 2n peak is always prevalent sug-

gesting that the potential arrest point occurs after DNA replication. The staining of 

cells with anti-tubulin antibody (data not shown) confirms that all of these mts2 al-

leles arrest with a short metaphase spindle and condensed DNA. This is in accor-

dance with the observations on the mts2-1 mutant (Gordon et al., 1993). 

FACS analysis of the cep2 alleles (Figure 6.5B) revealed a similar phenotype to that 

observed for mts2-1. Again, as would be expected for a mutation in the mts2 gene, a 

sharp 2n peak of replicated DNA was visible after 8 hours of incubation at 18°C. 
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Figure 6.5 	FACS analysis of mts2 and cep2 mutants 

Flow cytometry was performed on asynchronous cultures of cells from all of the strains carrying 
a mutation in the mts2 gene. The cultures were shifted from the permissive (25°C for ints2-1, 2-
16 and 2-25, 30°C for cep2-10, 2-11 and 2-13) to the restrictive (36°C and 18°C) temperature. 
Following incubation at the respective restrictive temperatures for 4 hours, 5ml samples were 
taken, fixed and stained with propidium iodide. (A) FACS analysis of mts2-1, mts2-16 and mts2-
15. (B) FACS analysis of cep2-10, 2-11 and 2-13. Wild type cells were used as controls in each 
case. The position of 2N and 4N peaks in a diploid strain are shown. 
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Despite this similarity, tubulin and DAPI staining highlighted differences in the phe-

notype of mts2 and cep2 mutants. All of the cep2 alleles display a lagging chromo-

some phenotype. That is, during anaphase when the segregated sister-chromatids are 

pulled to opposite ends of the lengthening anaphase spindle (see Figure 1.4), chromo-

somes were visible along the length of the spindle (J-P. Javerzat, pers. comm.). This 

phenotype is suggestive either of inefficient binding of microtubules to the cen-

tromere or, more likely, of a delay in sister-chromatid segregation. This has not been 

observed in ints2 despite cep2 carrying a mutation in the mts2 gene. One explanation 

is that there may be a mutation in another gene which also affects chromosome seg-

regation during mitosis. This is unlikely because any unlinked mutations were 

crossed away by backcrossing of these cep2 alleles to a wild-type strain (J-P. Javer-

zat, pers. comm.). A more plausible explanation is that mutations in the cep2 alleles 

of mts2 affect some other unidentified role of the mts2 gene product. As suggested 

in section 6.3, this role may involve the putative helicase function of Mts2p. A final 

possibility is that the cep2 mutations are not as effective in blocking chromosome 

segregation as those of the mts2 mutants. This being so, the phenotype which is ob-

served may be due to a failure to degrade Cdcl3p, which is also degraded by the 26S 

proteasome, rather than to a failure to carry out chromosome segregation by degrada-

tion of the chromosome 'glue'. 

6.4.2 Drug resistance of mts2 alleles 

Multi drug resistance (MDR) in S.pombe is conferred by the co-ordinated expression 

of a number of genes which requires the action of Pap ip, the homologue of the 

mammalian AP-1 transcription factor (Adachi and Yanagida, 1989). Levels of Papip 

have been shown to be regulated by the transcription factor regulator Padip 

(Shimanuki et al., 1995). Pad  was recently shown to be a subunit of the 26S protea-

some in fission yeast (M.Penney, pers. comm.). Papip is thought to be degraded by 

the 26S proteasome since 26S proteasome mutants, which have defective 26S protea-

some function at the restrictive temperature, contain elevated levels of Pap 1 tran-

scription factor. The increase in levels of Papip coincides with an increase in the 

transcription of genes essential for MDR (M. Penney, unpublished results). 
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Figure 6.6 	MBC resistance of mts2-1, mts2-16 and mts2-25 

Fresh isolates from each of the above strains were streaked onto YE media containing increasing 0, 
10, 20 and 30g ml-1 of MBC. The plates were incubated at 25°C. Wild type and mts5-1 strains were 
used as controls. 
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Figure 6.7 	MBC resistance of cep2 -1 0, cep2-11, cep2-12 and cep2-13 

Fresh isolates from each of the above strains were streaked onto YE media containing 0 and lOg ml- 
1 of MBC. The plates were incubated at 30°C until colonies appeared. Wild type S.pombe and mts2-
I were used as controls. 



A comparison of the 5 original mts mutants showed that mtsl-mts4 were equal in 

their resistance to MBC, whereas mts5 was approximately five-fold more resistant to 

this drug. Subsequently, it was discovered that mts5 contained a mutation in the 

crm1 gene (M. Penney, unpublished result), whereas mtsT1 -4 were shown to encode 

subunits of the S.pombe 26S proteasome (Gordon et al., 1993, 1996 and unpublished 

result; C.Wilkinson et al., 1997). The product of crm1 has recently been shown to 

be involved in the export of mRNA from the nucleus (Stade et al., 1997), although 

mutations in this gene have previously been shown to confer resistance to caffeine 

and Brefeldin A (Kumada et al., 1996). It is currently unknown how mutations in this 

gene give rise to an increase in drug-resistance. 

The mts2 and cep2 alleles were tested for their resistance to MBC. Cells from each 

allele were streaked onto complete media containing increasing concentrations of 

MBC and grown at 30°C. Figure 6.6 shows the level of resistance of the alleles mts2-

1, 2-16 and 2-25 relative to mts5 and cdc25 and wild type. Both mts2-16 and mts2-25 

are slightly more resistant than the mts2-1 mutant and still show some growth at an 

MBC concentration of 30tg ml'. The mts5 mutant grows at MBC concentrations of 

over 50tg ml' (data not shown). Both wild type and cdc25-22, which carries a ts 

mutation in a cell-cycle gene, are sensitive to low levels (2-4tg ml') of MBC. 

The resistance of the cep2 alleles is shown in Figure 6.7. In this case, the experiment 

was performed at a higher temperature of 30°C, due to the cs nature of these mutants. 

All of these alleles are more resistant than wild type, and Cep2-10 is as resistant as 

mts2-1 at this temperature. None of the cep2 mutants was resistant to more than l0pg 

ml' MBC (data not shown). 

The results of these experiments suggest that, like mts2-1, 2-16 and 2-25, the cep2 

alleles are MBCR  to varying degrees, with Cep2-10 being the most MBCR.  Given that 

all of the cep2 alleles carry a mutation in the mts2 gene, this is expected. However, 

the level of MBCR  may reflect the severity of the phenotype. That is, in the cep2 

mutants, there may be more proteasome function than in the mts2 mutants. This 

would account for the observed difference in cytological phenotype with the mts2 

mutants arresting at metaphase, and the cep2 mutants passing this stage of mitosis. 
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6.4.3 Morphology of cep2 and mts2 alleles 

Another means of analysing the effect of mutations is simply to observe the mor-

phology of mutants at both permissive and restrictive temperatures. As already men-

tioned, the fact that the 26S proteasome is involved in so many intracellular proc-

esses means that pathways involved in the maintenance of cell size and shape might 

also be affected, resulting in a characteristic morphology. 

The cells were grown at both permissive and restrictive temperatures, and the change 

in morphology was followed over a period of 48hr. The results of this experiment are 

shown in Figure 6.8.1- 6.8.8. There is a marked difference in the morphology of the 

cs alleles compared to that of the ts alleles even at the permissive temperature. Since 

the cep2-11 mutation is allelic to cep2-12, the cep-12 mutant was not tested. Since 

the cep2 mutants are cs, the permissive temperature for these mutants is 30°C, 

whereas for the mts2 mutants, it is 25°C. 

Wild type S.pombe (Figure 6.8.1 A and 6.8.5A) are rod-shaped and are approximately 

5-10tm in length. By contrast, all of the mts2 mutants (6.8.2A-6.8.4A) are smaller 

and more rounded, even at the permissive temperature. This phenotype is similar for 

all of the mts mutants originally isolated When the mts2 mutants are transformed 

with the mts2 cDNA, they regain wild-type morphology (data not shown). By com-

parison, the cep2 mutants (6.8.6A-6.8.8A) have a more wild type morphology at their 

permissive temperature. 

Incubation of the cells at restrictive temperature (6.8.113-6.8.8B) produces different 

morphological changes. All of the mts2 mutants (6.8.2B-6.8.4B) become elongated, 

swollen and grossly misshapen. A similar, but less severe phenotype, was observed 

for cep2-11 (6.8.7B) This was not the case for cep2-10 (6.8.6B), and cep2-13 

(6.8.8B). which looked very similar to wild type cells, even after 48 hours of incuba-

tion. 
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Figure 6.8 	Morphology of mts2 and cep2 mutants 

Asynchronous cultures of all mts2 and cep2 strains, incubated at both permissive (left panels) and 
restrictive (right panels) temperatures, were sampled and examined under light microscopy (x40 
magnification). 6.8.1 Wild type S.pombe, 6.8.2 mts2-1, 6.8.3 mts2-16, 6.8.4 ,nts2-25 6.8.5 Wild type 
S.pombe, 6.8.6 cep2-10, 6.8.7 cep2-11, 6.8.8 cep2-13. 
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6.5 	Temperature sensitivity of mts2-1, mts2-16 and mts2-25 

As a means of looking at the effect of mutations on the ts phenotype of the mutants, 

the three alleles of mts2 were streaked onto 5 YE plates and incubated at different 

temperatures between 25°C and 36°C. The results of this experiment are shown here 

in Figure 6.9. Most noticeably, mts2-1 grows at 32°C, but not at 33°C. As discussed 

in Chapter 3, this precluded the isolation of partial suppressors of mts2-I. However, 

mts2-25 grows extremely poorly at 32°C, making it more suitable for performing this 

type of partial suppressor screen. The difference between these two mts2 alleles, as 

already described, is the nature of the point mutation. In mts2-25, a conserved glycine 

residue is changed to arginine. This charge difference may destabilise the mutant 

gene product more than the mutation in mts2-1, which is predicted to result in a 

change from serine to phenylalanine at position 286. Notably, mts2-16, which has a 

change in the codon adjacent to the mts2-1 mutant, also grows at 32°C. 

6.6 Discussion 

Mutations in alleles of mts2 and cep2 were sequenced and characterised with regard 

to their effect on their MBC-resistance, morphology and cell-cycle phenotype. The 

presence of mutations in the mts2 gene in each case sequenced, in addition to the 

MBC resistance of all of the alleles, suggests that cep2 is the same gene as mts2. 

The serendipitous manner in which mutations in the mts2 gene were isolated in two 

different genetic screens emphasises the ubiquitous function of the 26S proteasome. 

It is involved not only in the degradation of cell-cycle regulatory proteins, but also in 

the turnover of proteins which affect centromeric repression, cell morphology and 

multidrug resistance (MDR). 

The mapping of the mutations in both mts2 and cep2 alleles highlights the impor-

tance of this conserved region of the Mts2 protein. This CAD domain is present in all 

members of the AAA family of proteins (Confalonieri and Duguet, 1995). Amongst 

its many predicted functions, this domain, at least in the case of the S4, the human 

homologue of Mts2p, is known to bind magnesium and ATP (Dubiel et al., 1993). So 
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Figure 6.9 	Temperature sensitivity of mutant alleles mts2-1, mts2-16 and 
mts2-25 

mts2-1, mts2-16 and mts2-25 strains were streaked onto complete media and incubated at 25°C, 
30°C, 32°C, 33°C and 36°C until colonies had appeared. As controls, mts2-1 carrying the 
mts2+cDNA, and mts4-1 were used. 
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far, the S4 subunit is the only proteasomal ATPase that has been directly shown to 

have ATPase activity (Lucero et al., 1994). Since the peptide sequence of the CAD 

domain is very similar for all of the proteasomal ATPases, it seems likely that the 

remaining ATPases also have ATPase activity. However, the 'modulator', a PA700 

(19S complex)- dependent activator of the 26S proteasome, which comprises three 

subunits, of which two are also members of the proteasomal ATPase family, does not 

have any ATPase activity (Fujiwara et al., 1996). 

The complex has specificity for other nucleotides such as GTP and CTP (Hoffman 

and Rechsteiner, 1996). It is possible that these molecules are bound and hydrolysed 

by all of the other ATPase subunits, though less efficiently than ATP itself. No mu-

tations have been found in the Walker A motif of the ATPase box (Walker et al., 

1982) which bears testament to the essential nature of this motif in Mts2p. However, 

mutations have been found in this region in the budding yeast homologue of Letip, 

another member of the AAA family (Xu et al., 1995). 

The mutation in cep2-10 is consistent with an EMS induced G-A transition at posi-

tion +871. This results in a change to asparagine from a highly conserved aspartic 

acid residue at position 291. All other members of the proteasomal AAA family have 

a aspartic acid residue in this position (see Figure 1.3). It is possible that the cold 

sensitivity of this mutation occurs as a result of the failure of the cep2-10 mutant to 

bind magnesium. An interesting experiment would be to attempt to suppress this 

mutation by incubating the mutant in or on media which contains elevated levels of 

magnesium. 

The mutation in mts2-25 is a base transversion from G to C. This is unusual in that it 

is neither the type of mutation expected following UV nor EMS mutagenesis. Thus it 

seems that this mutation may have arisen spontaneously. The rate of spontaneous 

mutation in S.pombe is approximately lx10 7  (Moreno and Nurse, 1991). This being 

so, it is perhaps not surprising that at least one spontaneous mutant has arisen during 

a screen to look for drug resistant mutants, since drug resistance appears to be medi-

ated by the action of the multi-subunit 26S proteasome complex (M. Penney, pers. 

comm.). 
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One interesting result of these experiments is the difference in morphology between 

these mutants. Although the cep2 and mts2 strains are isogenic, there is a morphol-

ogy difference even under permissive conditions. It might be expected that the ge-

netic background would make a significant difference if mutations affecting cell 

shape were present. That this is not the case was shown by transformation of mts2-1 

with the mts2 cDNA. This completely eradicates the defect in cell morphology of 

the mts2-1 mutant indicating that the morphological defect of the mts2-1 mutant is 

due solely to a defect in 26S proteasome function even at permissive temperature. 

Given that the 26S proteasome is involved in many cellular processes, it is not sur-

prising that the mts2 mutants have an altered cell shape. However, it might be ex-

pected that since the mutations in the cep2 mutants all map to the mts2 gene, these 

mutants would have the same morphology under permissive conditions. At their re-

spective restrictive temperatures, there is an increase in the number of elongated cells 

which are swollen at one end. This phenotype is seen in all of the proteasomal mu-

tants so far studied and, although the phenotype of the cep2 mutants is less severe, it 

is consistent with these mutants carrying a mutation in a gene encoding a subunit of 

the 26S proteasome. The difference in phenotype also represents a balance between 

the activity of the proteasome at the permissive and restrictive temperatures. That is 

that in the mts2 mutants, proteasome activity, even at the permissive temperature, is 

lower than that in the cep2 mutants at their permissive temperature. 

The difference in the severity of morphological defects between the cep2 and the 

mts2 mutants is substantiated by their response to different concentrations of MBC. 

All of the mts2 mutants grow on MBC concentrations up to 20ig m1' at 25°C, 

whereas the cep2 mutants, grown at 30°C because of the cs phenotype, are resistant 

to lower concentrations of MBC. Although it is impossible to compare the two re-

sults, due to the differences in temperature at which the experiment was performed, 

the MBCR  of the cep2 mutants is nevertheless greater than that of wild type cells. 

Since resistance to MBC is thought to be mediated through the action of the 26S 

proteasome (M. Penney, pers. comm.), it follows that the greater the impairment of 

26S proteasome function, the more MBCR  will be the mutant. For the mts2 mutants, 

the morphology of the cells at the restrictive temperature directly reflects the impair- 
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ment of 26S proteasome function. This is backed up by staining of the chromosomes 

and the mitotic spindle. 

The lagging chromosome phenotype, seen only in the cep mutants, suggests that 

some cellular function other than progression from metaphase to anaphase may be 

impaired. As has already been mentioned, the less severe phenotype imposed by the 

cep2 mutations may enable completion of the metaphase to anaphase transition, but 

may prevent the exit from mitosis which requires degradation of the mitotic cyclin 

Cdc i3p. Alternatively, some other function of Mts2p may be impaired. The cep2-10 

and cep2-13 mutations localise to two regions of the mts2 gene product which show 

an extremely high conservation in members of the DEAD-box family of RNA 

helicases (Gorbalenya et at., 1989). The mutation in cep2-10 is in the DEID box, 

which is the equivalent of conserved motif ifi in RNA helicases (see Figure 7.3), a 

region involved in RNA unwinding and nucleotide hydrolysis. The mutation in cep2-

13 is in conserved motif W. If Mts2p does have a role as an RNA helicase, these two 

mutations may hinder this function. In addition, since the DEID box is known to be 

involved in chelation of Mg2  ions in ATPases (Walker et at., 1982), a mutation in 

this region could reduce proteasome function as well as abolishing any potential 

helicase function. Perhaps it is for this reason that cep2-10 shows a greater resistance 

to MBC than either cep2-13 or cep2-11I 2-12. 

Human Suglp has been shown to have helicase activity in vitro (Fraser et al., 1997). 

Like Mts2p, Suglp has been identified as a subunit of the 26S proteasome. Since the 

cep mutants were isolated in a screen to look for enhancers of position effect varie-

gation at the centromere, the potential helicase function of Mts2p may play a role in 

this phenomenon. If this is so, then this study will have identified at least one other 

function for some members of the proteasomal ATPase family. 

Two other S.pombe mutants, cep] and cep3 were isolated in the screen for cs mu-

tants. One of these, cepi, is an allele of pad] (J-P. Javerzat, unpublished result), the 

gene which encodes a 26S proteasomal subunit and which is involved in the turnover 

of the Pap! protein (M.Penney, unpublished result). The identity of cep3 is as yet un-

known but, given that both cep1 and cep2 encode regulatory subunits of the 26S 

193 



proteasome, it is possible that cep3 will also turn out to encode a subunit of this 

complex. 
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Chapter 7 General Discussion 

7.1 	Summary of results from chapters 3-6 

In a yeast 2-hybrid screen, using Mts2p as a bait protein to look for protein-protein 

interactions, 50 clones were analysed. Of these, 41 carried let]', the S.pombe homo-

logue of the budding yeast CIM3/SUGI gene. From the remaining 12, 6 were found 

to encode apsT, the S.pombe homologue of the budding yeast CIM5 and the mouse 

MSS 1 gene. Like mts2, these genes encode members of the AAA family of ATPases 

which are also components of the 26S proteasome (Confalonieri and Duguet, 1995). 

A 2-hybrid assay for interactions between Mts2p, Letip and MSS1p demonstrated 

that whereas Mts2p interacted with both Mss ip, Let I  and itself, neither Mss I  nor 

Letip interacted with themselves or with each other. 

The isolation of a truncated let] gene during the 2-hybrid screen suggested that the 

N-terminal 33 amino acid residues of Letip were dispensable for the interaction be-

tween Mts2p and Letip. This was confirmed by deletion analysis of both proteins. 

Furthermore, it was shown that the essential domain for this interaction was not con-

tained within the N-terminal 72 amino acid residues of Letip. The N-terminal 106 

amino acid residues of Mts2p were sufficient to bind to Let ip in this system. 

A homotypic interaction between Mts2p and itself required sequences within the 

conserved ATPase domain of the protein. 

The over-expression of C-terminally truncated versions of Letip had a dominant 

negative effect.. 
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The let]' gene was found to be essential for growth, since a haploid strain con-

taining a disrupted copy of the let] gene was non-viable and resulted in an increase in 

the number of cells containing condensed chromosomes and a short mitotic spindle. 

This transient phenotype gave rise to a large number of cells which were septated but 

in which nuclear division had not taken place. FACS analysis indicated that prior to 

arrest of the cell cycle with a short mitotic spindle, these cells had undergone DNA 

replication. This phenotype is very similar to that observed for disruptions in genes 

encoding other regulatory subunits of the 26S proteasome. 

Mutation analysis of 7 alleles of the mts2 mutant, isolated by 2 different screens, 

revealed a clustering of mutations within the CAD region of Mts2p. Although none 

of these mutations were found in the ATP-binding domain of the protein, one lay in 

the magnesium binding domain (cep2-10) and the remainder were found in con-

served residues within the CAD region. Two of the mutations, cep2-10 and cep2-13, 

lie in motifs conserved in a family of RNA/ DNA helicases. 

A comparison of MBC resistance and morphology at restrictive temperatures 

showed that the ts mutants (mts2-1, 2-16 and 2-25) all had a more severe phenotype 

at their restrictive temperature as compared to the cs mutants (cep2-10, 2-11, 2-12 

and 2-13). 

7.2 Letip: 26S proteasomal subunit, transcriptional regulator or 

both? 

Prior to the commencement of this work Sugip, the budding yeast homologue of 

Letip, was thought to be solely a modulator of transcription. This was based on its 

isolation as an extragenic suppressor of a C-terminal deletion of the Ga14 transcrip-

tion factor in budding yeast (Swaffield et al., 1992). This theory was strengthened by 

the discovery of Sugip in an RNA Polymerase H holo-enzyme complex (Kim et al., 

1994). Other work has implicated SUGI variously as a modulator of the transcription 

factor encoded by the CDC68 gene in budding yeast (Xu et al., 1995) as well as a 

mediator of the ligand-dependent transcriptional activity of nuclear receptors (vom 
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Baur et al., 1996). By contrast, the results presented in chapters 3-5, as well as by 

other groups (Rubin et at., 1995; Sun et at., 1996; Wang et at., 1996), suggest that 

Letip, and all of its orthologues, function primarily as subunits of the 26S protea-

some. 

Sugip was found to be associated with the RNA polymerase II holo-enzyme com-

plex, a transcriptional mediator complex which activates both basal and activated 

transcription in vitro (Kim et at., 1994). This discovery suggested that either Sugip 

was a multi-functional protein, which would support the theory that it was involved 

in transcription, or that this occurrence was due to contamination of the holo-enzyme 

preparation with the Sugi protein. In the 26S proteasome, Suglp has been shown to 

be present at a ratio of 1:1 Suglp:26S proteasome (Rubin et al., 1996). When the 

amount of Sugip in the holo-enzyme complex was measured, relative to the other 

components, it was found to be present in a ratio of 0.05:1. In addition, Sugip has 

not been found in preparations of the holo-enzyme complex from other laboratories, 

suggesting that contamination of the extracts with Sugip had occurred (Rubin et al., 

1996) 

Reports detailing a number of 2-hybrid interactions between homologues of Letip 

and other nuclear receptors and transcription factors such as the thyroid hormone re-

ceptor (Lee et al., 1995), retinoic acid receptor cx (RAR(x) (vom Baur et at., 1996), 

GALA and TATA-binding protein (Swaffield et al., 1995; Meicher and Johnston, 

1995) suggest an association between Letip homologues and many different types of 

protein molecule at least in the 2-hybrid assay system. Although many of the above 

molecules have a common function, it is worth noting that subunits of the 26S pro-

teasome are among the most commonly isolated 'false positives' during 2-hybrid li-

brary screening (Hengen, 1997), suggesting that some of the interactions described 

above may be non-specific. 

The sugl-20 / 1-26 mutation was found to suppress the ts phenotype of the cdc68-1 

mutant of S.cerevisiae in an allele-specific manner (Xu et al., 1996). The mutation 

lies in the Walker-A motif of the ATP-binding site in the SUG] gene product 

(Walker et al., 1982). This is a different mutation from that of sugl-1 which restores 
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transactivation function to the mutant Ga14 protein encoded by the gal4D allele 

(Swaffield et al., 1992). Both of these mutations, in addition to sugl-3, which also 

lies in the conserved ATPase domain, contribute to the stability of the mutant Cdc68 

protein. The nature of the suppression suggests an interaction between the ATPase 

domain of the Sugi protein and the Cdc68 protein. The increased stability of the 

mutant Cdc68 protein in a sugi background, and thereby increased transcription of 

Cdc68p target genes, can be explained by the reduced ability of the 26S proteasome 

to degrade Cdc68p. 

The isolation of the gene encoding Letip in the yeast 2-hybrid screen, using Mts2p as 

a bait protein, was unexpected. However, the homology of the peptide sequence to 

that of other ATPase subunits of the 26S proteasome, suggested that there may be an 

in vivo interaction between these 2 subunits. Significantly, a disruption of the let]'  

ORF by insertion of the ura4 gene confirmed that like all but I of the genes encod-

ing regulatory subunits of the 26S proteasome, it was essential for cell viability. Also, 

the cytological phenotype of this disruption was very similar to that observed for a 

disruption of mts2 (C.Gordon, unpublished results) which encodes subunit 4 of the 

26S proteasome, mts3, which encodes subunit 14 (Gordon et al., 1996) and for a 

disruption of mts4 which encodes subunit 2 (Wilkinson et al., 1997). 

The presence of Letip in the S.pombe 26S proteasome was confirmed by western 

blotting of purified preparations of the 26S complex with an antibody raised against 

Cim3p/Suglp (Wolfgang Dubiel, unpublished result, and see Figure 5.11). A similar 

result was shown in S.cerevisiae (Rubin et al., 1996). These results support those in 

Chapter 3 which demonstrate a possible interaction between Letip, Mts2p and 

MSS1p (Figure 3.12). Furthermore, the suppression of a mutation in an (X-type 

subunit of the 20S proteasome by a mutation in Sugip (U-M. Gerlinger, unpublished 

result), provides further evidence that Suglp/Letlp is a component of the 26S protea-

some. 

Despite all the evidence confirming the presence of Letlp/Suglp in the 26S protea 

some, there is as yet no direct evidence to suggest a specific in vivo interaction be-

tween Letlp and the product of the mts2 gene. Unlike aps1, the murine homologue 
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of which, MSS 1, was shown to rescue the ts defect of the mts2-1 mutant when over-

expressed (Gordon et al., 1993), over-expression of let1 failed to rescue mts2-1. Ex-

periments to demonstrate in vitro interactions by binding assays using epitope-tagged 

and bacterially expressed Mts2p and Letlp, and immunoprecipitation, have so far 

been unsuccessful. 

The proteasomal subunit / transcriptional modulator paradox can be addressed by 

proposing that Letip and its orthologues, as well as other 26S proteasomal subunits, 

possess the ability to recruit molecules destined for proteolytic degradation. This 

would account for the observed in vitro associations between Sug Ip and transcrip-

tionally associated molecules such as the human thyroid hormone receptor (Lee et al., 

1995) c-Fos (Wang etal., 1996), RXR (vom Baur et al., 1996) and RARc. Like eu-

karyotic proteins such as p53, c-Myc etc., transcriptional regulators are themselves 

presumably short-lived in vivo. The recruitment of these proteins directly by inde-

pendent subunits of the 26S proteasome, followed by their subsequent degradation, 

would prevent an intracellular accumulation of these molecules. 

Phenotypic differences among mutations in genes encoding proteasomal subunits, 

and more particularly ATPases, might reflect the substrate specificity of these protea-

somal subunits. Disruptions of the genes encoding Mts2p (C. Gordon, unpublished 

results) and Letip (this work), in fission yeast, and Cim5p/MSS1p (Ghislain et al., 

1993) in budding yeast, result in a phenotype characterised by a defect at the meta-

phase to anaphase transition. This result is thought to reflect the requirement for the 

proteasome to degrade some protein(s) which holds sister-chromatids together 

(Holloway et al., 1993). A recent result showed that Sug2p, the sixth proteasomal 

ATPase subunit (de Martino et al., 1996; Russell et al., 1996), is required to mediate 

spindle pole body segregation in budding yeast, a stage earlier than that associated 

with the action of Mts2p and Letip (McDonald and Byers, 1997). Since this is a 

point mutation, it may therefore not reflect the phenotype of a disruption of the SUG2 

gene. 

Whereas the above-mentioned ATPases seem to be primarily proteasomal in func 

tion, a number of results suggest that TBP-1, (S6') of the proteasome (Richmond et 
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al., 1997), may have more than just a proteasomal function. Firstly, this subunit was 

isolated as binding to the human HIV transactivator Tat (Nelbock et al., 1990). Sec-

ondly, an over-expression of this subunit in S.cerevisiae is lethal (Schnall et al., 

1994) whereas over-expression of other ATPases such as Letip in fission yeast is not 

lethal. Thirdly, a disruption of the homologue of TBP- 1 from Dictyostelium discoi-

deum did not result in the transient metaphase arrest that has been associated with 

disruptions in other proteasomal ATPases. Instead of this, large multinucleated cells 

were formed (Cao and Firtel, 1995). Finally, whereas other proteasomal ATPases 

such as S4 (Mts2p), MS73 (TBP-7) and MSS1 were co-ordinately up-regulated dur-

ing degradation of the inter-segmental muscles of the tobacco hawkmoth Manduca 

sexta, the level of TBP-1 was at a constitutively high level (Dawson et al., 1994; 

Jones et al., 1995). These results suggest that TBP-1 and its homologues may be 

regulated in a manner independent of other proteasomal subunits, and that the con-

stitutively high level of this protein could reflect its involvement in a variety of cel-

lular processes such as transcription. 

All of the evidence presented above points to Letip/Sugip as being primarily a 

subunit of the 26S proteasome. The requirement for cells to degrade short-lived pro-

teins such as transcription factors and transcriptional regulators, can be used to ex-

plain the interaction of Sugip/Letip with these types of molecules. The presence of 

Sugip in proteasomes from mammalian red blood cells, which are anucleate and 

which therefore don't undergo any gene expression, suggest that this is the main 

function of Sugip (Dubiel et al., 1994). This notwithstanding, it is still possible that 

a molecule such as TBP-1 (S6') may be involved in regulating more than just prote-

olysis. 

7.3 	Structure, assembly and interactions between subunits of the 

ATPase ring of the 26S proteasome 

EM pictures and electron density maps of the 20S proteasome have shown that this 

structure is formed by 4 heptameric rings, of which the 2 centre rings comprise 

subunits and the 2 outer rings comprise a subunits (Peters et al., 1994, and see Figure 
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1.2). In the centre of these 4 sets of rings is a narrow channel which is thought to en-

able the passage of substrate proteins into the catalytic chamber formed by the 13 

subunits, where they are subsequently degraded. In keeping with this structure, and 

by analogy to the C1pP/CIpX protease of E.coli (see Chapter 1), it was postulated that 

the ATPases of the 19S regulatory complex might also form a ring to enable chan-

nelling of an unfolded substrate through the 26S complex. The remainder of the 0. 

regulatory subunits then bound 'on top of' the ATPase ring to give the 26S protea-

some its characteristic 'caterpillar' shape (Yoshimura etal., 1993). Although some of 

the interactions between these ATPase subunits has been described (Chapters 3-5), 

the remainder of known interactions are described below. Despite knowledge of these 

interactions, however, neither the localisation or characterisation of all of the 

subunits of the 19S complex is yet complete. 

7.3.1 Inter-subunit interactions 

7.3.1.1 Interactions within the 26S proteasome 

It was originally proposed that there were only 4 proteasomal ATPases which formed 

a ring on top of the 20S complex (Dubiel et al., 1993). These subunits, based on the 

work presented in Chapter 3, were thought to be Mts2p (S4), MSSIp/Cim5p/Apslp 

(S7), SuglpfLetlp (S8), and a homologue of a further ATPase subunit, S6 (TBP-7) 

(Dubiel et al., 1994). More recent work has confirmed the presence of 2 more AT-

Pases, TBP-1 (S6') and Sug2p (SlOb) in the 26S proteasome (De Martino et al., 

1996). Thus, in total, there are 6 ATPases within the 19S regulatory complex of the 

26S proteasome which are believed to be arranged in a ring conformation (Hershko 

and Ciechanover, 1992; Dubiel et al., 1995). 

TBP-1 was isolated from a human cDNA expression library using biotinylated Tat as 

a probe. TBP-7 was isolated on the basis of its homology to TBP-1 (Ohana et al., 

1993). The proteins encoded by these genes were thought to be transcriptional acti-

vators because of their binding to Tat, a transactivator of the human HP! gene ex-

pression. The presence of both of these proteins in the 26S complex has now been 
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confirmed (Dubiel et al., 1994; Richmond et al., 1997). The interaction between 

these two proteins appeared to be mediated by the N-terminus such that the N-

terminal 100 amino acid residues were necessary and sufficient for this interaction 

(Ohana et al., 1993). Using a 2-hybrid screen, TBP-7 was found to bind to a nuclear 

hormone receptor and to the human homologue of MSS ip (Choi et al., 1996). 

SUG2 has been isolated from erythrocytes, yeast cells, ground squirrel and from the 

tobacco hawkmoth Manduca sexta (Bauer et al., 1996; Fujiwara et al., 1996; Russell 

et al., 1996; Dawson et al., 1997). In mammalian cells, Sug2p was also found to be 

present in a secondary complex, termed the 'modulator', along with TBP-1 (de Mar-

tino et al., 1996; Fujiwara et al., 1996 and see section 7.3.2). An association between 

Sug2p and Suglp has been demonstrated by a two hybrid approach and genetically 

by a demonstration of synthetic lethality between the sugl-1 and sug2-1 mutants 

(Russell et al., 1996). 

From the work presented earlier, we believe that the subunit encoded by mts2 lies 

between those encoded by apst and letT1 . MSS ip, a mammalian homologue of 

Apsip has been shown to interact with TBP-7 using a 2-hybrid approach (Choi et al., 

1996). The interaction between TBP-1 and TBP-7 was also demonstrated by a 2-

hybrid approach (Ohana et al., 1993). Sugip has been shown to interact with Sug2p 

both by 2-hybrid analysis and synthetic lethality studies (Russell et al., 1996). As 

previously mentioned TBP- 1 is present in the 'modulator' with Sug2p, indicating that 

this interaction occurs in vivo, and presumably in the 26S proteasome. 

Given the interactions described above, it is possible that the ATPase ring is formed 

in the manner shown in Figure 7.1. It has not yet been determined whether different 

ATPases are present in different subsets of proteasomes, but given the stoichiometry 

of the subunits isolated from human proteasomes, this seems unlikely (Dubiel et al., 

1993). 

An alternative arrangement of ATPases has been proposed (Richmond et al., 1997). 

This model proposes that the ATPases are arranged in a 4-membered ring with the 
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PROPOSED ARRANGEMENTS OF ATPases 
IN 26S PROTEASOME 

TBP1 

S11 2p 

-j 	 TBP7 

Mts2p 	

LCUP 

Figure 7.1 	Proposed arrangement of ATPases in the 26S proteasome 

The six ATPase subunits of the 26S proteasome are annotated according to Richmond et al., 1997 
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remaining two subunits, Sug2p(SlOb) and TBP-i (S6'), being loosely associated on 

the periphery of this ring. Using an in vitro binding assay an overlay assay, no inter-

action was detected between Si Ob and S6' and any other ATPases. By contrast, S4 

formed a quaternary complex in vitro with S6, S7 and S8. 

7.3.1.2 Assembly of the ATPase ring 

The results from Chapter 4 and from work on other ATPase subunits (Ohana et al., 

1993; Richmond et al., 1997), suggest that the N-terminus of each subunit mediates 

an inter-subunit interaction, whereas the C-terminus is dispensable for this function. 

It is therefore possible that all of these subunits assemble in the same way by an as-

sociation of N-termini. This would leave the conserved C-terminal domain free to 

either bind proteolytic substrates, assist in potential unfolding of these substrates and 

formation of the 26S complex, through ATP hydrolysis in the case of Mts2p, or to 

fulfil some other as yet unknown role associated with the proteasome. 

A model for the assembly of the ATPase ring is shown in Figure 7.2. This model 

proposes firstly that the N-termini of subunits interact to form dimers or trimers and 

that the pairing of two trimers or three dimers in the correct configuration, results in 

formation of the ATPase ring. Furthermore, given the interaction of Sugip with c-

Fos and other nuclear receptors via the N-terminus, which contains the coiled-coil 

motif, or ATPase domain, this model assumes that this may be a method to recruit 

substrates for degradation. Interaction and localisation of N-termini could be directly 

tested either by epitope-tagging, or by raising antibodies against these domains and 

observing the staining which appeared. if no staining was visible, it would suggest 

that the N-terminus of each subunit was present on the inside of the ATPase ring, 

whereas staining on the outside of the particle would suggest that the N-termini faced 

the cytoplasm, which may help to explain the association of ATPases with substrate 

molecules (Wang et al., 1996) 
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7.3.1.3 Assembly of the 26S complex 

In addition to its interactions with other ATPase subunits, Mts2p has been found to 

interact with Mts4p, a non-ATPase subunit (Wilkinson et al., 1997). Like Letip, this 

interaction may be mediated by sequences within the N-terminus, since deletion of 

the C-terminus of Mts2p, up to and including the ATPase domain, has no effect on 

binding of Mts4p (C.Wilkinson, unpublished results). This is the first demonstration 

that the ATPase 'ring' of the 26S proteasome interacts with non-ATPase subunits of 

the 19S regulatory complex. 

What of the interaction between the 19S and the 20S complexes? As mentioned, 

there has been a report of suppression of the cycloheximide resistant crl3-2 mutant of 

S.cerevisiae (McCusker and Haber, 1988) by a mutation in the gene SCLJ 

(suppressor of çrl3-2 lethality) (Baizi et al., 1989). SCL] encodes an (X-type subunit 

of the 20S proteasome, and crl3-2 is a mutation in the gene encoding the budding 

yeast homologue of Letip (U-M. Gerlinger, unpublished result). This is the first 

demonstration of a genetic interaction between these two complexes. From the origi-

nal MBCR  screen (Gordon et at., 1993), ts mutations in S.pombe genes encoding 2 of 

the 7 a-type subunits of the 20S proteasome have been isolated (0. Rooyackers, M. 

Wallace, C. Wilkinson and C. Gordon, unpublished results). Reversion analysis of 

these mutants may reveal as yet unidentified interactions between the 19S and 20S 

complexes. 

The results of the 2-hybrid screen, described in Chapter 3, showed that no 20S 

subunits had been isolated. One explanation for this is that assembly of the two com-

plexes is only possible when both have assembled independently. It is known that the 

20S complex associates from two identical halves (Chen and Hochstrasser, 1995, 

1996). It may be that the conformation of individual 19S subunits is altered by their 

interaction, thereby facilitating their binding to the a subunits of the 20S complex. A 

knowledge of the crystal structure of the ATPase subunits would enable the intro-

duction of site-specific mutations in potential 1 9S/20S contact points, which may 

suppress the conditional lethality of those mutations already isolated in the 20S 
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Figure 7.2 	Schematic model for the recruitment of substrates of the 26S proteasome 
by independent subunits and biogenesis of the ATPase ring 

Individual subunits could either oligomerise without recruitment of (A) or following recruitment of 
(B) substrates destined for degradation by the 26S proteasome. Interaction between subunits, and 
between subunits and targets may be facilitated by the N-terminal region of the molecules. This model 
makes no prediction as to the state of ubiquitination or phosphorylation of target molecules. Following 
oligomerisation, an ATPase ring could assemble with N-termini internal (C) or external (D) to the 
ATPase ring. Once assembly has taken place, other subunits may be added to form the 19S regulatory 
complex. 
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subunits. An alternative explanation may be that the use of ATPases fused to the 

GAL4 DNA-binding domain in the vector pAS2 (see Materials and Methods) pre-

vents an interaction between ATPases and a subunits either by changing the confor-

mation of the ATPase or by steric hindrance of the interaction by the Ga14 domain. 

7.3.2 Other interactions between proteasomal ATPases 

In addition to being found in the 26S proteasome, two ATPases, TBP-1 (S6') and 

Sug2p (S I Ob) have been found, along with a third protein, in a complex termed the 

'modulator' (De Martino et al., 1996; Fujiwara et al., 1996). This complex was iso-

lated by its ability to stimulate the peptidase activity of the 26S proteasome 8-fold. 

Despite possessing two ATPases, the complex has no endogenous ATPase activity in 

vitro. It is possible that this complex acts to recruit a 19S complex to both ends of the 

20S proteasome thereby forming a ternary complex. If this was the case, it might be 

expected that this complex would also be found in other organisms. 

7.4 	Possible roles of the proteasomal ATPases 

7.4.1 ATPases as chaperones I anti-chaperones. Comparison with 

C1pAP/CIpXP/hslUV and Lon proteases of E.coli 

Molecular chaperones catalyse the refolding of denatured proteins which occurs after 

stresses such as high temperature. When proteins misfold, chaperones are thought to 

assist in the removal of proteins by proteolytic degradation. This is done by prevent-

ing the formation of aggregates and by targeting the proteins to the intracellular pro-

teolytic complexes (Hayes and Dice, 1996). In E.coli, a major group of chaperones 

are induced following heat-shock. Another group of up-regulated proteins are prote-

ases which catalyse the selective degradation of the misfolded proteins. These in-

clude the ATP-dependent proteases Lon, C1pP and Hs1VU (Rohrwild et al., 1996). 

The association of a multimeric ATPase complex with ClpP leads to the formation of 

the C1pAP and C1pXP ATP-dependent proteases. 
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The proposal for the anti-chaperone action of the hexameric ATPase ring of the 26S 

proteasome owes much to its similarity to the structure of the C1pAP/ CIpXP/ 

Hs1VU/ Lon proteases of E.coli. Firstly, the symmetry of these prokaryotic com-

plexes mirrors that of the 20S complex in that C1pP, the equivalent of the 20S protea-

some has 7-fold symmetry, whereas CIpA and CIpX which form a ring of ATPases, 

have 6-fold symmetry (Schirmer et al., 1996). The addition of these two separate 

ATPase complexes to the catalytic core of C1pP, confers different substrate specific-

ity on the respective complexes (Levchenko et al., 1995). The symmetry of the 

HsIVU protease is slightly different in that HslV, which has homology to the 3 

subunits of the 20S proteasome (Rohrwild et at., 1996) has 6-fold symmetry 

(Missiakis et al., 1996). 

X-Ray crystal structure data obtained for the budding yeast 20S proteasome suggests 

that the complex has no pore at either end (Groll et al., 1997). Passage of unfolded 

proteins into this complex is thought to be facilitated by the 'capping' of the 20S 

complex by the 19S or 'modulator' complex which mediates opening of a central 

channel. This being so, one requirement prior to proteolysis is the complete unfolding 

of substrate polypeptides. One way in which this could be achieved would be by 

binding of ATPases to substrates, which, if denatured, would prevent their aggrega-

tion or, if folded, might result in the partial or full unfolding of the substrate. This 

ability to unfold substrates mirrors the action of the Clp A/X proteins, which are 

members of the HSP100 family of chaperones (Hayes and Dice, 1996; Schirmer et 

al., 1996). The unfolding of substrates may require energy in the form of ATP hy-

drolysis. 

In the bacterial ClpP protease, proteolysis of small substrates requires neither ATP-

binding nor ATP hydrolysis (Rohrwild et at., 1996). By contrast, the proteolytic ac-

tivity of the Hs1VU protease is stimulated by the addition of ATP (Yoo et at., 1997). 

The ATPase component of this proteolytic complex, Hs1U, can form ring-shaped 

particles in the presence of ATP, ADP and AMP-PNP, indicating that nucleotide 

binding rather than ATP hydrolysis is required for oligomerisation of HslU 

(Rohrwild et al., 1997). However, ATP hydrolysis by HslU is coupled to proteolysis 
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by Hs1V, since non-hydrolysable analogues of ATP inhibit proteolysis (Yoo et al., 

1996). ATP consumption may be linked to formation of the active enzyme, or to 

peptide hydrolysis, as is the case for the 26S proteasome (Rohrwild et al., 1996). 

The ATPase ring, and more specifically the S4 subunit, has been shown to have AT-

Pase activity (Lucero et al., 1994). In addition, the 26S proteasome demonstrates a 

broad nucleotide specificity in that CTP, GTP and UTP can also be hydrolysed, indi-

cating that some members of the proteasomal S4 family may provide energy by the 

hydrolysis of nucleotides other than ATP (Hoffman and Rechsteiner, 1996). 

Members of the AAA family also function as chaperones and proteolytic machines. 

The YTAIO-YTA12 ATPases of budding yeast, located in the mitochondrial inner-

membrane, are homologous to the prokaryotic FtsH protein of E.coli and form a 

proteolytic complex (ArIt et al., 1996; Leonhard et al., 1996). The chaperone/ anti-

chaperone activity of these molecules is independent of the proteolytic activity. It is 

thought that ATP is required for formation of the YTA1O-YTA12 complex in addi-

tion to the unfolding of potential proteolytic substrates. This situation is similar to 

that envisaged for the ATPases of the 26S proteasome. 

7.4.2 ATPases as RNA/DNA helicases 

In addition to possessing the two motifs required for ATP binding and hydrolysis, all 

of the proteasomal ATPases possess other motifs which are common to a family of 

RNA! DNA helicases known as the DEAD-box family (Gorbalenya et al., 1989). 

These motifs, shown in Figure 7.3, are essential for RNA unwinding (Schmid and 

Linder, 1992). A comparison of the proteasomal ATPases shows that all of them pos-

sess a similar spacing between the motifs thought to be involved in this cellular 

function (Makino et al., 1996). 

Suglp was recently shown to exhibit 3'-5' DNA helicase activity which was abol 

ished by a mutation in the ATP-binding domain (Fraser et al., 1997). This finding 

implicates Sugip and perhaps the remaining ATPases with a function in RNA/DNA 
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metabolism. Sugip shares homology with the RuvB protein from E.coli, which is a 

Holliday junction helicase involved in bacterial recombination (Fraser et at., 1996). 

Taking into account that a number of these ATPases :- TBP-1, TBP-7, MSS1 and 

Sugip were thought to be involved in transcription (Nelbock et at., 1990; Shibuya et 

at., 1992; Swaffield et at., 1992; Ohana et at., 1993), and that they all possess the 

motifs common to DEAD-box helicases, it is possible that they function as helicases 

in the mediation of transcription. Alternatively, it has been suggested that they may 

help to remove ubiquitinated proteins, such as histones, from DNA, thus facilitating 

chromosome condensation during mitosis (Fraser et at., 1997). 

7.4.3 ATPases in the recruitment of proteasomal substrates 

The possible recruitment of proteolytic substrates by Sug Ip has already been dis-

cussed (see 7.3.1 and Figure 7.2). This function may be mediated by the presence on 

at least 4 of the 6 ATPases of a leucine-zipper motif, known to be involved in pro-

tein-protein interactions (Johnson and McKnight, 1992). Although missing the basic 

DNA-binding domain common to members of the bHLH/Zip family such as c-Jun 

and c-Fos, the leucine-zipper motif has been shown firstly to mediate inter-subunit 

interactions (see Chapter 5) and to mediate the interaction between Sugip and c-Fos 

(Wang et al., 1996). 

If the individual subunits are involved in the recruitment of proteolytic substrates, 

there must be some mechanism for 'pushing' the bound substrates into the catalytic 

core of the 20S proteasome following assembly of the 26S complex. Since even par-

tially folded substrates are too large to pass through the pore at either end of the 

catalytic core, the unfolding of the substrate may be the result of a co-operative inter-

action between the other ATPase subunits of the proteasome. Initial binding of a sub-

strate, such as c-Fos, by Sugip may be the initial step in a conformation change 

which is required for attachment of polyubiquitin chains prior to degradation. The 

binding of polyubiquitin by S5a (Deveraux et al., 1994) may serve as an anchor point 

for the substrate which is then effectively unfolded by binding to other neighbouring 

proteasomal ATPases. Processive unfolding by these ATPase 'anti-chaperones' could 
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be linked to entry of the substrate into the proteolytic core. This 'ratchet' model for 

the action of the proteasomal ATPases is analogous to the situation observed in the 

F1 -ATPases complex of the F0-F1  ATP synthase (Abrahams et al., 1994). In this AT-

Pase complex which comprises 3a and 313 subunits, the 3 13 ATPases possess cata-

lytic sites which are in different states of the catalytic cycle. The inter-conversion of 

these states is thought to be achieved by the rotation of the 6 ATPases relative to an 

a-helical domain of ay-subunit. Thus, in the same way, binding of the polyubiquitin 

moiety of a proteolytic substrate by either S5a or another proposed ubiquitin-binding 

subunit (van Nocker et al., 1996), followed by rotation of the ATPases, could facili-

tate unwinding of the proteolytic substrate. 

7.5 	The mts2 mutants: Genotype versus Phenotype 

Chapter 6 describes the mutation analysis and phenotype of 6 independent mutations 

in the mts2 gene. All of these mutations occur in the conserved region of the gene, 

giving rise to altered amino acids in the mutant protein which in each case result in a 

conditional phenotype. Figure 6.4 shows that most of these mutations do not lie in 

any recognisable motif, and are thus likely to have an effect solely on the structure of 

the mutant subunit. However, the mutations in the cep2-10 and cep2-13 alleles lie in 

two recognisable motifs. Cep2-10 lies in the DEID box motif, a region thought to be 

involved in anion-dependent nucleotide hydrolysis. As mentioned in section 7.3.3, 

this motif is also thought to be essential for the RNA I DNA unwinding capabilities 

of members of the DEAD-box helicase family (Gorbalenya et al., 1989). The muta-

tion in cep2-13 lies in conserved motif IV, also present in this family of helicases. 

The presence of these mutations raises the possibility that Mts2p, as well as being 

involved in the function of the proteasome, also possesses helicase activity like 

Sugip (Fraser et al., 1997). 

The contribution of all of the mutations in the mts2 gene to MBC resistance, medi-

ated by the 26S proteasome (M. Penney, unpublished results), was measured. In each 

case, the mutants isolated in the original MBC screen (Gordon et al., 1993) turned 

out to be more resistant to MBC than the cep2 alleles. This was a test of proteasome 
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MOTIF I II III IV 

Mts2 GAPGTGK DEID MAT LRPGRIDR 

Mssl GPPGTGK DEID FAT MRPGRIDR 

Tbpl GPPGTGK DELD AAT LRSGRLDR 

Tbp7 GPPGcGK DEID MAT LRPGRLDR 

Sugi GPPGTGK DEID MAT LRPGRIDR 

Sug2 GPPGTGK DEVD MAT LRPGRLDR 

CONSENSUS GxPGxGK DExD xAT xRxxRxxR 

Motif I 	Nucleotide binding 

Motif II 	Interaction with Mg2 , coupling of ATP hydrolysis to RNA unwinding 

(Mian et al., 1993) 

Motif III 	RNA unwinding (Pause and Sonnenberg, 1992) 

Motif IV 	RNA unwinding 

Figure 7.3 	Comparison of RNA / DNA helicase motifs in proteasomal 

ATPases 
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function, and suggested that in the mts2 mutants, the level of proteasome activity, 

compared to that in the cep2 mutants, was reduced. 

The phenotype and morphology of the cep2 alleles was distinct from that of the mts2 

alleles in that for the cep2 alleles, lagging chromosomes along the anaphase spindle 

were visible (J-P. Javerzat et al, manuscript in preparation) and cell morphology ap-

peared normal. All of the mts2 mutants displayed the metaphase arrest phenotype 

characteristic of mutations in regulatory subunits of the 26S proteasome of fission 

yeast (Gordon et al., 1993, 1996; C. Wilkinson, unpublished results; this work). In 

addition, morphologically small round cells gave rise to larger elongated cells which 

were not viable. While the lagging chromosome phenotype observed for the cep2 

mutants may occur as a result of the failure of the proteasome to degrade a substrate 

such as cyclin, which is required for the exit from mitosis, it is also possible that this 

phenotype, in the case of cep2-10 and cep2-13, may result more from a defect in a 

putative helicase activity than from a defect in proteasomal function. While not pre-

venting sister-chromatid segregation, a defect in a helicase might affect decondensa-

tion of the DNA or the association of the DNA with components of the mitotic spin-

dle. 

Sugip has recently been shown to have 5'-3' DNA helicase activity. Mts2p could 

also be tested, as could the gene product of all of the alleles. An indication that this 

proteasomal ATPase has helicase activity, would necessitate a re-evaluation of the 

roles of the proteasomal ATPases in intracellular metabolism. 

7.6 	Future Work 

There are many intriguing questions which arise as a result of the work presented 

here. One of these questions is an understanding of the function of the products of the 

let]' and aps1 genes. It is probable that Letip and perhaps some of the other AT-

Pase subunits are involved in binding to potential proteolytic substrates. This being 

so, one question which arises is whether the ATPase domains from one of the puta-

tive proteasomal ATPases could carry out the same function when fused to the non- 
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conserved N-terminal domain of another ATPase? This experiment would determine 

whether or not the ATPase domain performed a specific function, or whether the 

ATPase domain could bind proteins in a non-specific manner thereby leaving the N-

terminus free to facilitate proteasomal targeting and assembly. This 'domain-swap' 

approach was used to identify functions associated with different regions of the 

CDC34 (UBC2) and RAD6 (UBC3) gene products from Saccharomyces cerevisiae 

(Kolman et al., 1992; Silver et al., 1992). Work is already underway to test this hy-

pothesis. A positive result would imply that the N-terminus is specific for binding 

other subunits (ATPase and non-ATPase) during formation of the 26S proteasome 

whereas the CAD domains of all of the ATPases performed similar functions. The 

difficulty with this experiment lies in the inability to predict at which point to make 

the 'swap', but would perhaps best be attempted somewhere downstream of the non-

conserved region. It is this region which varies most in length and primary structure. 

Another relevant experiment is to show that binding of Letlp to Mts2p is in fact spe-

cific (see section 7.2). This can be done by tagging either Mts2p or Letip with a 6-

His epitope or haemagluttinin (HA) tag, expressing the recombinant proteins in 

E.coli and looking for specific association between the 2-proteins in an immunopre-

cipitation experiment. More specifically, it would be interesting to confirm the results 

of the 2-hybrid deletion analysis by investigating which of the deletions of the Leti 

protein could still bind Mts2p. This technique has been used to demonstrate an in vi-

tro association between Mts2p and Mts4p (Wilkinson et al., 1997) 

The isolation of apst showed that this MSS 1/CIM5 homologue was present in fis-

sion yeast. Cloning of this cDNA under the control of the nmtl promoter in the pREP 

series of vectors will enable suppression studies to be done. It is predicted that this 

construct will rescue the ts phenotype of the mts2-1 mutant, as was shown for MSS 1, 

the murine homologue of aps1 (Gordon et al., 1993). However, it is possible that 

over-expression of apst will also rescue some of the other MBCR  mutants. More 

specifically, the ability to rescue a mutation in an a-type subunit of the 20S protea-

some would suggest that contact occurs between the 20S proteasome and the ATPase 

ring of the 19S regulatory complex. Although there is a report of a mutation in SUG] 

being able to suppress a mutation in a 20S subunit in budding yeast, this has not yet 
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been published nor demonstrated in any other organism. The production of antibodies 

against Aps 1 p  will enable immunoprecipitation of complexes containing this protein, 

and, as was the case for Cdc48p in budding yeast (Ghislain et al., 1996), might reveal 

some other unexpected complexes and functions for this molecule. 

Having characterised a range of mutations in the mts2 gene, it would be interesting to 

determine how these mutations might affect proteasomal assembly. Although all of 

them occur in the CAD domain of the molecule and might therefore be expected to 

have an effect on ATP hydrolysis or substrate binding, it is also possible that the 

mutants may affect incorporation of the mutant S4 subunit into the proteasome. So 

far, the 26S proteasome has only been purified from one allele of mts2. Analysis of 

these purified preparations has shown that the mutant S4 subunit is present in the 

proteasome, indicating that in this case, the 26S proteasome is not defective in as-

sembly, but in ts conjugate degrading activity (Seeger et al., 1996). Thus, it would be 

useful to perform similar experiments on purified proteasome preparations from the 

mts2-16 and mts2-25 mutants to assess the effect of these mutations on proteasome 

assembly and function. 

Finally, given that no ts mutants in the let]' or aps] genes have been isolated, it 

may be possible, using the information gained by analysis of mutations in the mts2 

gene, to create site-specific conditional mutations within the let] and apsi open 

reading frames. This would enable the isolation of suppressor mutations in each case, 

and may provide some more information about the specific functions of these protea-

somal ATPases. 

215 



References 

Abrahams, J.P., Leslie, A.G.W., Lutter, R., and Walker, J.E. (1994). Structure at 2.8-

angstrom resolution of F] -ATPase from bovine heart- mitochondria. Nature 370, 

621-628. 

Acharya, U., Jacobs, R., Peters, J.M., Watson, N., Farquhar, M.G., and Malhotra, V. 

(1995). The formation of golgi stacks from vesiculated golgi membranes requires 2 

distinct fusion events. Cell 82, 895-904. 

Adachi, Y. and Yanagida, M. (1989). Higher-order chromosome structure is affected 

by cold-sensitive mutations in a Schizosaccharomyces pombe gene crm1 which en-

codes a 1 15-kd protein preferentially localized in the nucleus and at its periphery. J. 

Cell. Biol. 108, 1195-1207. 

Adams, A.E.M. and Botstein, D. (1989). Dominant suppressors of yeast actin muta 

tions that are reciprocally suppressed. Genetics 121, 675-683. 

Akhayat, 0., Desa, F.G., and Infante, A.A. (1987). Sea-urchin prosome - characteri-

sation and changes during development. Proc. Natl. Acad. Sci. 84, 1595-1599. 

Ahn, J.Y., Tanahashi, N., Akiyama, K.Y., Hisamatsu, H., Noda, C., Tanaka, K., 

Chung, C.H., Shibmara, N., Willy, P.J., Mott, J.D., Slaughter, C.A., and Demartino, 

G.N. (1995). Primary structures of 2 homologous subunits of PA28, a gamma-

interferon-inducible protein activator of the 20S proteasome. FEBS Letters 366, 37-

42. 

Akiyama, K., Kagawa, S., Tamura, T., Shimbara, N., Takashina, M., Kristensen, P., 

Hendil, K.B., Tanaka, K., and Ichihara, A. (1994). Replacement of proteasome 

subunit-X and subunit-Y by LMP7 and LMP2 induced by interferon-gamma for ac- 

216 



quirement of the functional diversity responsible for antigen-processing. FEBS Let-

ters 343, 85-88. 

Akiyama, K., Yokota, K., Kagawa, S., Shimbara, N., DeMartino, G.N., Slaughter, 

C.A., Noda, C., and Tanaka, K. (1995). CDNA cloning of a new putative ATPase 

subunit p4.5 of the human 26S proteasome, a homologue of yeast transcriptional fac-

tor Sugip. FEBS Letters 363, 151-156. 

Ali-Khan, Z., Normand, J., Alizadehkhiavi, K., Robitaille, Y., and Chronopoulos, S. 

(1992). Ubiquitin profile and amyloid enhancing factor activity in alzheimer and 

normal human brain extracts. Neuroscience Letters 139, 24-28. 

Amsterdam, A., Pitzer, F., and Baumeister, W. (1993). Changes in intracellular-

localisation of proteasomes in immortalised ovarian granulosa-cells during mitosis 

associated with a role in cell-cycle control. Proc. Natl. Acad. Sci. 90, 99-103. 

Aristarkhov, A., Eytan, E., Moghe, A., Admon, A., Hershko, A., and Ruderman, J.V. 

(1996). E2-C, a cyclin-selective ubiquitin carrier protein required for the destruction 

of mitotic cyclins. Proc. Nat]. Acad. Sci. 93, 4294-4299. 

Ant, H., Tauer, R., Feldmann, H., Neupert, W., and Langer, T. (1996). The YTA1O-

12 complex, an AAA protease with chaperone-like activity in the inner membrane of 

mitochondria. Cell 85, 875-885. 

Arrigo, A.P., Tanaka, K., Goldberg, A.L., and Welch, W.J. (1988). Identity of the 

19S prosome particle with the large multifunctional protease complex of mammal-

ian-cells (the proteasome). Nature 331, 192-194. 

Baboshina, O.V. and Haas, A.L. (1996). Novel multiubiquitin chain linkages cata-

lyzed by the conjugating enzymes E2(EPF) and Rad6 are recognized by 26S protea-

some subunit-S. J. Biol. Chem 271, 2823-283 1. 

217 



Bai, C., Sen, P., Hofmann, K., Ma, L., Goebi, M., Harper, J.W., and Elledge, S.J. 

(1996). Skp I connects cell-cycle regulators to the ubiquitin proteolysis machinery 

through a novel motif, the F-box. Cell 86, 263-274. 

Bailly, V., Lamb, J., Sung, P., Prakash, S., and Prakash, L. (1994). Specific complex-

formation between yeast Rad6 and Radl8 proteins - a potential mechanism for tar-

geting Rad6 ubiquitin-conjugating activity to DNA-damage sites. Genes & Devel-

opment 8, 811-820. 

Baker, R.T., Tobias, J.W., and Varshavsky, A. (1992). Ubiquitin-specific proteases 

of Saccharomyces cerevisiae -cloning of UBP2 and UBP3, and functional-analysis of 

the UBP gene family. J. Biol. Chem 267, 23364-23375. 

Balzi, E., Chen, W.N., Capieaux, E., McCusker, J.H., Haber, J.E., and Goffeau, A. 

(1989). The suppressor gene scli of Saccharomyces cerevisiae is essential for 

growth. Gene 83, 271-279. 

Bartel, B., Wunning, I., and Varshavsky, A. (1990). The recognition component of 

the N-end rule pathway. EMBO J. 9, 3179-3189. 

Basi, G., Schmid, E., and Maundrell, K. (1993). TATA box mutations in the Schi-

zosaccharomyces pombe nmtl promoter affect transcription efficiency but not the 

transcription start point or thiamine repressibility. Gene 123, 131-136. 

Bauer, V.W., Swaffield, J.C., Johnston, S.A., and Andrews, M.T. (1996). CADp44 - 

a novel regulatory subunit of the 26S proteasome and the mammalian homologue of 

yeast Sug2p. Gene 181, 63-69. 

Baumeister, W., Dahlmann, B., Hegerl, R., Kopp, F., Kuehn, L., and Pfeifer, G. 

(1988). Electron-microscopy and image-analysis of the multicatalytic proteinase. 

FEBS Letters 241, 239-245. 

Beach, D. and Klar, A.J.S. (1984). Rearrangements of the transposable mating-type 

218 



Beal, R., Deveraux, Q., Xia, G., Rechsteiner, M., and Pickart, C. (1996). Surface hy-

drophobic residues of multiubiquitin chains essential for proteolytic targeting. Proc. 

Natl. Acad. Sci. 93, 861-866. 

Birnboim, H.C. and Doty, J. (1979). A rapid alkaline extraction procedure for 

screening recombinant plasmid DNA. Nucleic Acids Res. 7,1513-1514. 

Bresch, C., Muller, G., and Egel, R. (1968). Genes involved in meiosis and sporula-

tion in yeast. Mot. Gen. Genet. 102(4), 301-306. 

Cao, J.G. and Firtel, R.A. (1995). Growth and developmental functions of a human 

immunodeficiency virus Tat-binding protein/26S protease subunit homologue from 

Dictyostelium discoideum. Mot. Cell Biol 15, 1725-1736. 

Celenza, J.L., Eng, F.J., and Carlson, M. (1989). Molecular analysis of the SNF4 

gene of Saccharomyces cerevisiae: evidence for physical association of the Snf4 

protein with the Snfl protein kinase. Mot. Cell. Biol. 9(11), 5045-5054. 

Chen, P. and Hochstrasser, M. (1995). Biogenesis, structure and function of the yeast 

20S proteasome. EMBO J. 14, 2620-2630. 

Chen P. and Hochstrasser, M. (1996). Autocatalytic subunit processing couples ac-

tive-site formation in the 20S proteasome to completion of assembly. Cell 86, 961-

972. 

Chen, P., Johnson, P., Sommer, T., Jentsch, S., and Hochstrasser, M. (1993). Multi-

ple ubiquitin-conjugating enzymes participate in the in vivo degradation of the yeast 

MAT a2 repressor. Cell 74, 357-369. 

Chen, Z.J., Hagler, J., Palornbella, V.J., Melandri, F., Scherer, D., Ballard, D., and 

Maniatis, T. (1995). Signal-induced site-specific phosphorylation targets IKB(x to the 

ubiquitin-proteasome pathway. Genes & Development 9, 1586-1597. 

219 



Chi, N.C., Adam, E.J.H., Visser, G.D., and Adam, S.A. (1996). RanBP1 stabilises 

the interaction of Ran with p97 in nuclear-protein import. J. Cell. Biol. 135, 559-569. 

Chi, N.C. and Adam, S.A. (1997). Functional domains in nuclear import factor p97 

for binding the nuclear localisation sequence receptor and the nuclear pore. Molecu-

lar Biology Of The Cell 8, 945-956. 

Chien, C.T., Bartel, P.L., Sternglanz, R., and Fields, S. (1991). The two-hybrid sys-

tem: A method to identify and clone genes for proteins that interact with a protein of 

interest. Proc. Natl. Acad. Sci. 88, 4746-4749. 

Choi, H.S., Seol, W.G., and Moore, D.D. (1996). A component of the 26S protea-

some binds an orphan member of the nuclear hormone-receptor superfamily. Journal 

Of Steroid Biochemistry And Molecular Biology 56, 23-30. 

Chowdary, D.R., Dermody, J.J., Jha, K.K., and Ozer, H.L. (1994). Accumulation of 

p53 in a mutant-cell line defective in the ubiquitin pathway. Mol. Cell. Biol. 14, 

1997-2003. 

Cohen-Fix, 0., Peters, J.M., Kirschner, M.W., and Koshland, D. (1996). Anaphase 

initiation in Saccharomyces cerevisiae is controlled by the APC-dependent degrada-

tion of the anaphase inhibitor Pdslp. Genes & Development 10, 3081-3093. 

Confalonieri, F. and Duguet, M. (1995). A 200-amino acid ATPase module in search 

of a basic function. Bioessays 17, 639-650. 

Coux, 0., Tanaka, K., and Goldberg, A.L. (1996). Structure and functions of the 20S 

and 26S proteasomes. Ann. Rev. Biochem. 65, 801-847. 

Cuervo, A.M., Dice, J.F., and Knecht, E. (1997). A population of rat liver lysosomes 

responsible for the selective uptake and degradation of cytosolic proteins. J. Biol. 

Chem 272, 5606-5615. 

220 



Dahlmann, B., Kopp, F., Kuehn, L., Niedel, B., Pfeifer, G., Hegerl, R., and 

Baumeister, W. (1989). The multicatalytic proteinase (prosome) is ubiquitous from 

eukaryotes to archaebacteria. FEBS Letters 251, 125-13 1. 

Dawson, S.P., Hastings,.R., Takayanagi, K., Reynolds, S., Low, P., Billett, M. and 

Mayer, R.J. (1997). The 26S proteasome: regulation and substrate recognition. Mol. 

Biol. Rep. 24(1-2), 39-44. 

Dawson, S.P., Arnold, J.E., Mayer, N.J., Reynolds, S.E., Billett, M.A., Gordon, C., 

Colleaux, L., Kloetzel, P.M., Tanaka, K., and Mayer, R.J. (1995). Developmental 

changes of the 26S proteasome in abdominal intersegmental muscles of Manduca 

sexta during programmed cell death. J. Biol. Chem. 270, 1850-1858. 

de Martin, R. and Philipson, L. (1990). The gene for cyclophilin (peptidyl-prolyl cis-

trans isomerase) from Schizosaccharomyces pombe. Nucleic Acids Res. 18, 4917 

De Marini, D.J., Papa, F.R., Swaminathan, S., Ursic, D., Rasmussen, T.P., Culbert-

son, M.R., and Hochstrasser, M. (1995). The yeast SEN3 gene encodes a regulatory 

subunit of the 26S proteasome complex required for ubiquitin-dependent protein-

degradation in vivo. Mol. Cell. Biol. 15, 6311-6321. 

DeMartino, G.N., Moomaw, C.R., Zagnitko, O.P., Proske, R.J., Chu-ping, M., Af-

endis, S.J., Swaffield, J.C., and Slaughter, C.A. (1994). PA700, an ATP-dependent 

activator of the 20S-proteasome, is an ATPase containing multiple members of a nu-

cleotide-binding protein family. J. Biol. Chem 269, 20878-20884. 

DeMartino, G.N., Proske, R.J., Moomaw, C.R., Strong, A.A., Song, X., Hisamatsu, 

H., Tanaka, K., and Slaughter, C.A. (1996). Identification, purification, and charac-

terisation of a PA700-dependent activator of the proteasome. J. Biol Chem. 271, 

3112-3118. 

221 



DeSa, M.F.G., DeSa, C.M., Harper, F., Olink-Coux, M., Huesca, M., and Scherrer, 

K. (1988). The association of prosomes with some of the intermediate filament net-

works of the animal-cell. J. Cell. Biol. 107, 1517-1530. 

Deshaies, R.J. (1997). Phosphorylation and proteolysis: partners in the regulation of 

cell division in budding yeast Curr. Opin. Genet.& Dev. 7, 7-16 

Deveraux, Q., Jensen, C., and Rechsteiner, M. (1995). Molecular cloning and expres-

sion of a 26S-protease subunit enriched in dileucine repeats. J. Biol. Chem 270, 

23726-23729. 

Deveraux, Q., Ustrell, V., Pickart, C., and Rechsteiner, M. (1994). A 26S protease 

subunit that binds ubiquitin conjugates. J. Biol. Chem 269, 7059-7061. 

Deverson, E.V., Gow, I.R., Coadwell, W.J., Monaco, J.J., Butcher, G.W., and How-

ard, J.C. (1990). MHC class-II region encoding proteins related to the multidrug re-

sistance family of transmembrane transporters. Nature 348, 738-741. 

Dohmen, R.J., Stappen, R., McGrath, J.P., Forrova, H., Kolarov, J., Goffeau, A., and 

Varshavsky, A. (1995). An essential yeast gene encoding a homologue of ubiquitin-

activating enzyme. J. Biol. Chem 270, 18099-18109. 

Driscoll, J., Frydman, J., and Goldberg, A.L. (1992). An ATP-stabilized inhibitor of 

the proteasome is a component of the 1 500-kda ubiquitin conjugate-degrading com-

plex. Proc. Natl. Acad. Sci. 89, 4986-4990. 

Driscoll, J. and Goldberg, A.L. (1990). The proteasome (multicatalytic protease) is a 

component of the 1500- kDa proteolytic complex which degrades ubiquitin-

conjugated proteins. J. Biol. Chem 265, 4789-4792. 

Dubiel, W., Ferrell, K., Pratt, G., and Rechsteiner, M. (1992a). Subunit-4 of the 26S 

protease is a member of a novel eukaryotic ATPase family. J. Biol. Chem 267, 

22699-22702. 

222 



Dubiel, W., Pratt, G., Ferrell, K., and Rechsteiner, M. (1992b). Purification of an i IS 

regulator of the multicatalytic protease. J. Biol. Chem 267, 22369-22377. 

Dubiel, W., Ferrell, K., and Rechsteiner, M. (1993). Peptide sequencing identifies 

MSS 1, a modulator of HIV tat-mediated transactivation, as subunit-7 of the 26S 

protease. FEBS Letters 323, 276-278. 

Dubiel, W., Ferrell, K., and Rechsteiner, M. (1994). Tat-binding protein 7 is a 

subunit of the 26S protease. Biol Chem. Hoppe Seyler 375, 237-240. 

Dubiel, W., Ferrell, K., and Rechsteiner, M. (1995a). Subunits of the regulatory 

complex of the 26S protease. Molecular Biology Reports 21, 27-34. 

Dubiel, W., Ferrell, K., Dumdey, R., Standera, S., Prehn, S., and Rechsteiner, M. 

(1995b). Molecular-cloning and expression of subunit-12 - a non-MCP and non-

ATPase subunit of the 265-protease. FEBS Letters 363, 97-100. 

Eggers, M., Boesfabian, B., Ruppert, T., Kloetzel, P.M., and Koszinowski, U.H. 

(1995). The cleavage preference of the proteasome governs the yield of antigenic 

peptides. J. Exp. Med. 182, 1865-1870. 

Emori, Y., Tsukahara, T., Kawasaki, H., Ishiura, S., Sugita, H., and Suzuki, K. 

(1991). Molecular-cloning and functional-analysis of 3 subunits of yeast proteasome. 

Mol. Cell. Biol. 11, 344-353. 

Eytan, E., Armon, T., Heller, H., Beck, S., and Hershko, A. (1993). Ubiquitin-c-

terminal hydrolase activity associated with the 26S protease complex. J. Biol. Chem 

268, 4668-4674. 

Eytan, E., Ganoth, D., An-non, T., and Hershko, A. (1989). ATP-dependent incorpo-

ration of 20S protease into the 26S complex that degrades proteins conjugated to 

223 



ubiquitin - (protein breakdown multicatalytic proteinase complex). Proc. Nat!. Acad. 

Sci. 86, 7751-7755. 

Feinberg, A.P. and Vogelstein, B. (1983). A technique for radiolabelling DNA re-

striction endonuclease fragments to high specific activity. Anal. Biochem. 137, 41-

49. 

Fenteany, G., Standaert, R.F., Lane, W.S., Choi, S., Corey, E.J., and Schreiber, S.L. 

(1995). Inhibition of proteasome activities and subunit-specific amino-terminal 

threonine modification by lactacystin. Science 268, 726-73!. 

Ferrell, K., Deveraux, Q., van Nocker, S., and Rechsteiner, M. (1996). Molecular 

cloning and expression of a multiubiquitin chain binding subunit of the human 26S 

protease. FEBS Lett. 381, 143-148. 

Fields, S. and Song, 0. (1989). A novel genetic system to detect protein-protein in-

teractions. Nature 340, 245-247. 

Fincham, J.R.S. (1983). Genetics (Wright PSG) 

Finley, D., Bartel, B., and Varshavsky, A. (1989). The tails of ubiquitin precursors 

are ribosomal proteins whose fusion to ubiquitin facilitates ribosome biogenesis. 

Nature 338, 394-401. 

Finley, D. and Chau, V. (1991). Ubiquitination. Ann. Rev. Cell Biol. 7,25-69. 

Finley, D., Sadis, S., Monia, B.P., Boucher, P., Ecker, D.J., Crooke, S.T., and Chau, 

V. (1994). Inhibition of proteolysis and cell-cycle progression in a multiubiquitina-

tion-deficient yeast mutant. Mol. Cell. Biol. 14, 5501-5509. 

Fraser, R.A., Rossignol, M., Heard, D.J., Egly, J.M., and Chambon, P. (1997). Sugi, 

a putative transcriptional mediator and subunit of the PA700 proteasome regulatory 

complex, is a DNA helicase. J. Biol. Chem 272, 7122-7126. 

224 



Fruh, K., Gossen, M., Wang, K.N., Bujard, H., Peterson, P.A., and Yang, Y. (1994). 

Displacement of housekeeping proteasome subunits by MHC-encoded LMPs - a 

newly discovered mechanism for modulating the multicatalytic proteinase complex. 

EMBO J. 13, 3236-3244. 

Fujiwara, T., Watanabe, T.K., Tanaka, K., Slaughter, C.A., and DeMartino, G.N. 

(1996). CDNA cloning of p42, a shared subunit of 2 proteasome regulatory proteins, 

reveals a novel member of the AAA protein family. FEBS Letters 387, 184-188. 

Funabiki, H., Kumada, K., and Yanagida, M. (I 996a). Fission yeast cut  and cut2 are 

essential for sister chromatid separation, concentrate along the metaphase spindle and 

form large complexes. EMBO 115, 6617-6628. 

Funabiki, H., Yamano, H., Kumada, K., Nagao, K., Hunt, T., and Yanagida, M. 

(1996b). Cut2 proteolysis required for sister-chromatid separation in fission yeast. 

Nature 381,438-441. 

Galan, J.M., Volland, C., Urbangrimal, D., and Haguenauer-Tsapis, R. (1994). The 

yeast plasma-membrane uracil permease is stabilised against stress-induced degrada-

tion by a point mutation in a cyclin-like destruction box. Biochem. Biophys. Res. 

Comm. 201, 769-775. 

Ganoth, D., Leshinsky, E., Eytan, E., and Hershko, A. (1988). A multicomponent 

system that degrades proteins conjugated to ubiquitin - resolution of factors and evi-

dence for ATP-dependent complex-formation. J. Biol. Chem 263, 12412-12419. 

Gautier, J., Pal, J.K., Desa, M.F.G., Beetschen, J.C., and Scherrer, K. (1988). Differ-

ential cytolocalisation of prosomes in axolotl during oogenesis and meiotic matura-

tion. J. Cell Sci. 90, 543-553. 

225 



Ghislain, M., Dohmen, R.J., Levy, F., and Varshavsky, A. (1996). Cdc48p interacts 

with Ufd3p, a WD repeat protein required for ubiquitin-mediated proteolysis in Sac-

charomyces cerevisiae. EMBO J. 15, 4884-4899. 

Ghislain, M., Udvardy, A., and Mann, C. (1993). S.cerevisiae 26S protease mutants 

arrest cell division in G2/metaphase. Nature 366, 358-362. 

Ghoda, L., Wetters, T.V., Macrae, M., Ascherman, D., and Coffino, P. (1989). Pre-

vention of rapid intracellular degradation of ODC by a carboxyl- terminal truncation. 

Science 243, 1493-1495. 

Glotzer, M., Murray, A.W., and Kirschner, M. (1991). Cyclin is degraded by the 

Ubiquitin pathway. Nature 349, 132-138. 

Goebi, M.G., Yochem, J., Jentsch, S., McGrath, J.P., Varshavsky, A., and Byers, B. 

(1988). The yeast-cell cycle gene CDC34 encodes a ubiquitin-conjugating enzyme. 

Science 241, 1331-1335. 

Goldberg, A.L. and Rock, K.L. (1992). Proteolysis, proteasomes and antigen presen-

tation. Nature 357, 375-379. 

Gonda, D.K., Bachmair, A., Wunning, I., Tobias, J.W., Lane, W.S., and Varshavsky, 

A. (1989). Universality and structure of the N-end rule. J. Biol. Chem 264, 16700-

16712. 

Gorbalenya, A.E. and Koonin, E.V. (1989). Viral-proteins containing the purine 

NTP-binding sequence pattern. Nucleic Acids Research 17, 8413-8440. 

Gordon, C., McGurk, G., Dillon, P., Rosen, C., and Hastie, N.D. (1993). Defective 

mitosis due to a mutation in the gene for a fission yeast 26S protease subunit. Nature 

366, 355-357. 

226 



Gordon, C., McGurk, G., Wallace, M., and Hastie, N.D. (1996). A conditional lethal 

mutant in the fission yeast 26 S protease subunit mts3 is defective in metaphase to 

anaphase transition. J. Biol Chem. 271, 5704-5711. 

Gray, C.W., Slaughter, C.A., and DeMartino, G.N. (1994). PA28 activator protein 

forms regulatory caps on proteasome stacked rings. J. Mol. Biol. 236, 7-15. 

Grenfell, S.J., Trausch, J.S., Handley-Gearhart, P., Ciechanover, A., and Schwartz, 

A.L. (1992). Nuclear-localisation of the ubiquitin-activation enzyme, El, is cell- cy-

cle dependent. Molecular Biology Of The Cell 3, A 31 

Groettrup, M., Ruppert, T., Kuehn, L., Seeger, M., Standera, S., Koszinowski, U., 

and Kloetzel, P.M. (1995). The interferon-gamma-inducible I IS-regulator (PA28) 

and the LMP2/LMP7 subunits govern the peptide production by the 205-proteasome 

in vitro. J. Biol. Chem 270, 23808-23815. 

Groettrup, M., Soza, A., Eggers, M., Kuehn, L., Dick, T.P., Schild, H., Rammensee, 

H.G., Koszinowski, U.H., and Kloetzel, P.M. (1996). A role for the proteasome 

regulator PA28( in antigen presentation. Nature 381, 166-168. 

Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H.D., and Huber, 

R. (1997). Structure of 20S proteasome from yeast at 2.4 angstrom resolution. Nature 

386,463-471. 

Gronostajski, R.M., Pardee, A.B., and Goldberg, A.L. (1985). The ATP dependence 

of the degradation of short-lived and long-lived proteins in growing fibroblasts. J. 

Biol. Chem 260, 3344-3349. 

Guarente, L. (1993). Synthetic enhancement in gene interaction - a genetic tool come 

of age. Trends In Genetics 9, 362-366. 

Gupta, K., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., and Gray, D.A. (1993). Unp, 

a mouse gene-related to the tre oncogene. Oncogene 8, 2307-2310. 

227 



Haass, C., Koo, E.H., Mellon, A., Hung, A.Y., and Selkoe, D.J. (1992). Targeting of 

cell-surface beta-amyloid precursor protein to lysosomes - alternative processing into 

amyloid-bearing fragments. Nature 357, 500-503. 

Hadari, T., Warms, J.V., Rose, l.A., and Hershko, A. (1992). A ubiquitin C-terminal 

isopeptidase that acts on polyubiquitin chains. Role in protein degradation. J. Biol 

Chem. 267,719-727. 

Hampton, R.Y., Gardner, R.G., and Rine, J. (1996). Role of 26S proteasome and 

HRD genes in the degradation of 3-hydroxy- 3-methylglutaryl-CoA reductase, an in-

tegral endoplasmic-reticulum membrane-protein. Molecular Biology Of The Cell 7, 

2029-2044. 

Handley-Gearhart, P.M., Stephen, A.G., Trausch-Azar, J.S., Ciechanover, A., and 

Schwartz, A.L. (1994). Human ubiquitin-activating enzyme, El - indication of po-

tential nuclear and cytoplasmic sub-populations using epitope-tagged cDNA con-

structs. J. Biol. Chem 269, 33171-33178. 

Haracska, L. and Udvardy, A. (1996). Dissection of the Regulator Complex of the 

Drosophila 26S protease by Limited Proteolysis. Biochem. Biophys. Res. Comm. 

220, 166-170. 

Hartwell, L.H. and Weinert, T.A. (1989). Checkpoints - controls that ensure the order 

of cell-cycle events. Science 246, 629-634. 

Hayes, S.A. and Dice, J.F. (1996). Roles of molecular chaperones in protein-

degradation. J. Cell. Biol. 132, 255-258. 

Heinemeyer, W., Trondle, N., Albrecht, G., and Wolf, D.H. (1994). Pre5 and pre6, 

the last missing genes encoding 20S proteasome subunits from yeast - indication for 

a set of 14 different subunits in the eukaryotic proteasome core. Biochemistry 33, 

12229-12237. 

228 



Henchoz, S., Derubertis, F., Pauli, D., and Spierer, P. (1996). The dose of a putative 

ubiquitin-specific protease affects position- effect variegation in Drosophila melan-

ogaster. Mo!. Cell. Biol. 16,5717-5725. 

Hengen, P.N. (1997). False positives from the yeast two-hybrid system. Trends. Bio-

chem. Sci. 22, 33-34. 

Hershko, A., Ciechanover, A., and Rose, I.A. (1979). Resolution of the ATP-

dependent proteolytic system from reticulocytes: A component that interacts with 

ATP. Proc. Natl. Acad. Sci. 76(7), 3107-3110. 

Hershko, A. and Ciechanover, A. (1992). The ubiquitin system for protein degrada-

tion. Annu. Rev. Biochem. 61, 761-807. 

Hershko, A., Ganoth, D., Sudakin, V., Dahan, A., Cohen, L.H., Luca, F.C., Ruder-

man, J.V., and Eytan, E. (1994). Components of a system that ligates cyclin to ubiq-

uitin and their regulation by the protein-kinase cdc2. J. Biol. Chem 269, 4940-4946. 

Herskowitz, I. (1987). Functional inactivation of genes by dominant negative muta-

tions. Nature 329, 219-222. 

Hicke, L. and Riezman, H. (1996). Ubiquitination of a yeast plasma-membrane re-

ceptor signals its ligand-stimulated endocytosis. Cell 84, 277-287. 

Hiller, M.M., Finger, A., Schweiger, M., and Wolf, D.H. (1996). ER degradation of a 

misfolded luminal protein by the cytosolic ubiquitin-proteasome pathway. Science 

273, 1725-1728. 

Hirano, T., Funahashi, S., Uemura, T., and Yanagida, M. (1986). Isolation and char-

acterisation of Schizosaccharomyces pombe cut mutants that block nuclear division 

but not cytokinesis. EMBO J. 5, 2973-2979. 

229 



Hirano, T., Hiraoka, Y., and Yanagida, M. (1988). A temperature-sensitive mutation 

of the Schizosaccharomyces pombe gene nuc2 that encodes a nuclear scaffold-like 

protein blocks spindle elongation in mitotic anaphase. J. Cell. Biol. 106, 1171-1183. 

Hirano, T., Kinoshita, N., Morikawa, K., and Yanagida, M. (1990). Snap helix with 

knob and hole - essential repeats in s-pombe nuclear- protein nuc2. Cell 60, 319- 

km- 

Hochstrasser, M. (1996). Ubiquitin-dependent protein degradation. Ann. Rev. Genet. 

30, 405-439. 

Hochstrasser, M. (1996). Protein-degradation or regulation - Ub the judge. Cell 84, 

813-815. 

Hoffman, C.S. and Winston, F. (1987). A ten-minute DNA preparation from yeast 

efficiently releases autonomous plasmids for transformation of E.coli. Gene 57, 267-

272. 

Hoffman, L. and Rechsteiner, M. (1994). Activation of the multicatalytic protease - 

the 11 S regulator and 20S ATPase complexes contain distinct 30-kilodalton subunits. 

J. Biol. Chem 269, 16890-16895. 

Hoffman, L. and Rechsteiner, M. (1996). Nucleotidase activities of the 26S protea-

some and its regulatory complex. J. Biol. Chem 271, 32538-32545. 

Hoffman, L. and Rechsteiner, M. (1997). Molecular cloning and expression of 

subunit 9 of the 26S proteasome. FEBS Letters 404, 179-184. 

Holloway, S.L., Glotzer, M., King, R.W., and Murray, A.W. (1993). Anaphase is 

initiated by proteolysis rather than by the inactivation of maturation-promoting fac-

tor. Cell 73, 1393-1402. 

230 



Hough, R., Pratt, G., and Rechsteiner, M. (1986). Ubiquitin-lysozyme conjugates - 

identification and characterisation of an ATP-dependent protease from rabbit reticu-

locyte lysates. J. Biol. Chem 261, 2400-2408. 

Hough, R., Pratt, G., and Rechsteiner, M. (1987). Purification of 2 high molecular-

weight proteases from rabbit reticulocyte lysate. J. Biol. Chem 262, 8303-8313. 

Huang, Y.Z., Baker, R.T., and Fischervize, J.A. (1995). Control of cell fate by a deu-

biquitinating enzyme encoded by the fat facets gene. Science 270, 1828-183 1. 

Huibregtse, J.M., Scheffner, M., and Howley, P.M. (1991). A cellular protein medi-

ates association of p53 with the E6 oncoprotein of human papillomavirus type-16 or 

type-18. EMBO J. 10, 4129-4135. 

Huibregtse, J., Scheffner, M., and Howley, P. (1994). Characterisation of E6-AP, an 

E3 ubiquitin protein ligase that mediates the HPV E6-dependent degradation of p53. 

Journal Of Cellular Biochemistry 222 

Huibregtse, J.M., Scheffner, M., Beaudenon, S., and Howley, P.M. (1995). A family 

of proteins structurally and functionally related to the E6-AP ubiquitin-protein ligase. 

Proc. Nat!. Acad. Sci. 92, 5249-5256 

Huibregtse, J.M., Yang, J.C., and Beaudenon, S.L. (1997). The large subunit of RNA 

polymerase II is a substrate of the rsp5 ubiquitin-protein ligase. Proc. Natl. Acad. Sci. 

94, 3656-3661. 

Irie, K., Nomoto, S., Miyajima, I., and Matsumoto, K. (1991). SGV1 encodes a 

CDC28/cdc2-related kinase required for a G-alpha subunit-mediated adaptive re-

sponse to pheromone in S.cerevisiae. Cell 65(5), 785-795 

Irniger, S., Piatti, S., Michaelis, C., and Nasmyth, K. (1995). Genes involved in sis-

ter-chromatid separation are needed for B-type cyclin proteolysis in budding yeast. 

Cell 81, 269-278. 

231 



Ishida, N., Tanaka, K., Tamura, T., Nishizawa, M., Okazaki, K., Sagata, N., and Ichi-

hara, A. (1993). Mos is degraded by the 26S proteasome in a ubiquitin-dependent 

fashion. FEBS Letters 324, 345-348. 

Ito, H., Fukada, Y., Murata, K., and Kimura, A. (1983). transformation of intact yeast 

cells treated with alkali cations. J. Bacteriol. 153, 163-168. 

Jarvik, J. and Botstein, D. (1975). Conditional-lethal mutations that suppress genetic 

defects in morphogenesis by altering structural proteins. Proc. Natl. Acad. Sci. 72, 

2738-2742. 

Jensen, T.J., Loo, M.A., Pind, S., Williams, D.B., Goldberg, A.L., and Riordan, J.R. 

(1995). Multiple proteolytic systems, including the proteasome, contribute to CFTR 

processing. Cell 83, 129-135. 

Jentsch, S., McGrath, J.P., and Varshavsky, A. (1987). The yeast DNA-repair gene 

RAD6 encodes a ubiquitin-conjugating enzyme. Nature 329, 131-134. 

Jentsch, S., Seufert, W., Sommer, T., and Reins, H.A. (1990). Ubiquitin-conjugating 

enzymes - novel regulators of eukaryotic cells. TIBS 15, 195-198. 

Johnson, E.S., Ma, P.C.M., Ota, I.M., and Varshavsky, A. (1995). A proteolytic 

pathway that recognizes ubiquitin as a degradation signal. J. Biol. Chem 270, 17442-

17456. 

Johnson, P.F. and McKnight, S.L. (1989). Eukaryotic transcriptional regulatory pro-

teins. Ann. Rev. Biochem. 58, 799-839. 

Jones, M.E., Haire, M.F., Kloetzel, P.M., Mykies, D.L., and Schwartz, L.M. (1995). 

Changes in the structure and function of the multicatalytic proteinase (proteasome) 

during programmed cell death in the intersegmental muscles of the hawkmoth, Man-

duca sexta. Dev. Biol 169, 436-447. 

232 



Jungmann, J., Reins, H.A., Schobert, C., and Jentsch, S. (1993). Resistance to cad-

mium mediated by ubiquitin-dependent proteolysis. Nature 361, 369-371. 

Kaiser, P., Seufert, W., Hofferer, L., Kofler, B., Sachsenmaier, C., Herzog, H., 

Jentsch, S., Schweiger, M., and Schneider, R. (1994). A human ubiquitin-conjugating 

enzyme homologous to yeast Ubc8. J. Biol. Chem. 269, 8797-8802. 

Kania, M.A., DeMartino, G.N., Baumeister, W., and Goldberg, A.L. (1996). The 

proteasome subunit, C2, contains an important site for binding of the PA28 (11S) 

activator. Eur. J. Biochem. 236, 510-516. 

Kawamura, M., Kominami, K., Takeuchi, J., and Tohe, A. (1996). A multicopy sup-

pressor of nm 1-1 of the yeast Saccharomyces cerevisiae is a counterpart of the Dro-

sophila-melanogaster diphenol oxidase A2 gene, dox-A2. Mol. Gen. Genet. 251, 

146-152. 

Kelly, T.J., Martin, G.S., Forsburg, S.L., Stephen, R.J., Russo, A., and Nurse, P. 

(1993). The fission yeast cdc18 gene-product couples S-phase to start and mitosis. 

Cell 74,371-382. 

Kerrebrock, A.W., Moore, D.P., Wu, J.S., and On-weaver, T.L. (1995). Mei-S332, a 

Drosophila protein required for sister-chromatid cohesion, can localize to meiotic 

centromere regions. Cell 83, 247-256. 

Kim, Y.J., Bjorklund, S., Li, Y., Sayre, M.H., and Kornberg, R.D. (1994). A multi-

protein mediator of transcriptional activation and its interaction with the C-terminal 

repeat domain of RNA polymerase II. Cell 77, 599-608. 

King, R.W., Deshaies, R.J., Peters, J.M., and Kirschner, M.W. (1996). How prote-

olysis drives the cell-cycle. Science 274, 1652-1659. 

233 



King, R.W., Peters, J.M., Tugendreich, S., Rolfe, M., Hieter, P., and Kirschner, 

M.W. (1995). A 20S complex containing CDC27 and CDC16 catalyses the mitosis-

specific conjugation of ubiquitin to cyclin B. Cell 81, 279-288. 

Kippert, F. and Lloyd, D. (1995). The aniline blue fluorochrome specifically stains 

the septum of both live and fixed Schizosaccharomyces pombe cells. FEMS Microbi-

ology Letters 215-219. 

Klausner, R.D. and Sitia, R. (1990). Protein-degradation in the endoplasmic-

reticulum. Cell 62, 611-614. 

Klionsky, D.J. and Emr, S.D. (1990). A new class of lysosomal vacuolar protein 

sorting signals. J. Biol. Chem 265, 5349-5352. 

Kloetzel, P.M., Falkenburg, P.E., Hossl, P., and Glatzer, K.H. (1987). The 19S ring-

type particles of Drosophila - cytological and biochemical-analysis of their intracel-

lular association and distribution. Experimental Cell Research 170, 204-213. 

Kolman, C.J., Toth, J., and Gonda, D.K. (1992). Identification of a portable determi-

nant of cell cycle function within the carboxyl-terminal domain of the yeast CDC34 

(UBC3) ubiquitin conjugating (E2) enzyme. EMBO J. 11, 3081-3090. 

Kominami, K., DeMartino, G.N., Moomaw, C.R., Slaughter, C.A., Shimbara, N., 

Fujimuro, M., Yokosawa, H., Hisamatsu, H., Tanahashi, N., Shimizu, Y., Tanaka, 

K., and Tohe, A. (1995). Ninip, a regulatory subunit of the 26S proteasome, is nec-

essary for activation of Cdc28p kinase of Saccharomyces cerevisiae. EMBO J. 14, 

3105-3115. 

Kominami, K., Okura, N., Kawamura, M., DeMartino, G.N., Slaughter, C.A., Shim-

bara, N., Chung, C.H., Fujimuro, M., Yokosawa, H., Shimizu, Y., Tanahashi, N., 

Tanaka, K., and Tohe, A. (1997). Yeast counterparts of subunits S5a and p58 (S3) of 

the human 26S proteasome are encoded by two multicopy suppressors of nin1-1. 

Molecular Biology Of The Cell 8, 171-187. 

234 



Kong, S.K. and Chock, P.B. (1992). Protein ubiquitination is regulated by phospho-

rylation - an in vitro study. J. Biol. Chem 267, 14189-14192. 

Kopp, F., Hendil, K.B., Dahlmann, B., Kristensen, P., Sobek, A., and Uerkvitz, W. 

(1997). Subunit arrangement in the human 20S proteasome. Proc. Nat!. Acad. Sci. 

94, 2939-2944. 

Kuehn, L. and Dahlmann, B. (1996). Reconstitution of proteasome activator PA28 

from isolated subunits - optimal activity is associated with an alpha,beta-

heteromultimer. FEBS Letters 394, 183-186. 

Kumada, K., Yanagida, M. And Toda, T. (1996) caffeine-resistance in fission yeast is 

caused by mutations in a single essential gene, crm1. Mol. Gen. Genetics 250(1), 

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the 

head of bacteriophage T4. Nature 227, 680-683. 

Lam, Y.A., DeMartino, G.N., and Cohen, R.E. (1997). Editing of ubiquitin conju-

gates by an isopeptidase in the 26S proteasome. Nature 385, 737-740. 

Lamb, J.R., Michaud, W.A., Sikorski, R.S., and Hieter, P.A. (1994). Cdcl6p, 

Cdc23p and Cdc27p form a complex essential for mitosis. EMBO J. 13, 4321-4328. 

Laszlo, L., Doherty, F.J., Osborn, N.U., and Mayer, R.J. (1990). Ubiquitinated pro-

tein conjugates are specifically enriched in the lysosomal system of fibroblasts. FEBS 

Letters 261, 365-368. 

Lee, D.H. and Goldberg, A.L. (1996). Selective inhibitors of the proteasome-

dependent and vacuolar pathways of protein-degradation in Saccharomyces cere-

visiae. J. Biol. Chem 271, 27280-27284. 

235 



Lee, J.W., Ryan, F., Swaffield, J.C., Johnston, S.A., and Moore, D.D. (1995). Inter-

action of thyroid-hormone receptor with a conserved transcriptional mediator. Nature 

374, 91-94. 

Leonhard, K., Herrmann, J.M., Stuart, R.A., Mannhaupt, G., Neupert, W., and 

Langer, T. (1996). AAA proteases with catalytic sites on opposite membrane surfaces 

comprise a proteolytic system for the ATP-dependent degradation of inner membrane 

proteins in mitochondria. EMBO J. 15, 4218-4229. 

Leupold, U. (1958). Studies on recombination in Schizosaccharomyces pombe. Cold 

Spr. Harb. Symp. Quant. Biol. 23, 161-170. 

Levchenko, I., Luo, L., and Baker, T.A. (1995). Disassembly of the Mu transposase 

tetramer by the CIpX chaperone. Genes Dev. 9, 2399-2408. 

Li, N.X., Lerea, K.M., and Etlinger, J.D. (1996). Phosphorylation of the proteasome 

activator PA28 is required for proteasome activation. Biochem. Biophys. Res. 

Comm. 225, 855-860. 

Ling, M., Merante, F., and Robinson, B.H. (1995). A rapid and reliable DNA prepa-

ration method for screening a large number of yeast clones by polymerase chain re-

action. Nucleic Acids Res. 23, 4924-4925. 

Luca, F.C. (1993). Does degradation lead to segregation? Current Biology 3(10), 

716-718. 

Lowe, J., Stock, D., Jap, R., Zwickl, P., Baumeister, W., and Huber, R. (1995). 

Crystal-structure of the 20S proteasome from the archaeon T.acidophilum at 3.4-

angstrom resolution. Science 268, 533-539. 

Lucero, H.A., Chojnicki, E.W., Mandiyan, S., Nelson, H., and Nelson, N. (1994). 

Cloning and expression of a yeast gene encoding a protein with ATPase activity and 

high identity to the subunit 4 of the human 26S protease. J. Biol Chem. 270, 9178- 

9184. 	

178- 

9184. 

236 



Lupas, A., Baumeister, W., and Hofmann, K. (1997). A repetitive sequence in 

subunits of the 26S proteasome and 20S cyclosome (anaphase-promoting complex). 

TI13S22, 195-196. 

Ma, C.P., Slaughter, C.A., and DeMartino, G.N. (1992). Identification, purification, 

and characterisation of a protein activator (PA28) of the 20S proteasome 

(macropain). J. Biol. Chem 267, 10515-10523. 

Ma, C.P., Vu, J.H., Proske, R.J., Slaughter, C.A., and DeMartino, G.N. (1994). Iden-

tification, purification, and characterisation of a high-molecular-weight, ATP-

dependent activator (PA700) of the 20S proteasome. J. Biol. Chem 269, 3539-3547. 

Makino, Y., Yogosawa, S., Kanemaki, M., Yoshida, T., Yamano, K., Kishimoto, T., 

Moncollin, V., Egly, J.M., Muramatsu, M., and Tamura, T. (1996). Structures of the 

rat proteasomal ATPases: determination of highly conserved structural motifs and 

rules for their spacing. . Biochem. Biophys. Res. Comm. 220, 1049-1054. 

Maskell, D., Szabo, M., and High, N. (1993). PCR amplification of DNA sequences 

from nitrocellulose-bound, immunostained bacterial colonies. Nucleic Acids Res. 21, 

171-172. 

Matuschewski, K., Hauser, H.P., Treier, M., and Jentsch, S. (1996). Identification of 

a novel family of ubiquitin-conjugating enzymes with distinct amino-terminal exten-

sions. J. Biol. Chem 271, 2789-2794. 

Maundrell, K. (1990). nmtl of fission yeast: a highly transcribed gene completely re-

pressed by thiamine. J. Biol. Chem. 265, 10857-10864. 

Maundrell, K. (1993). Thiamine-repressible expression vectors pREP and pRIP for 

fission yeast. Gene 123, 127-130. 

McCusker, J.H. and Haber, J.E. (1988). Cycloheximide-resistant temperature-

sensitive lethal mutations of Saccharomyces cerevisiae. Genetics 119, 303-315. 

237 



McCutchen-Moloney, S.L., Tanaka, K., Slaughter, C.A., and DeMartino, G.N. 

(1996). Cloning, expression and functional characterisation of pi3 1, a proline-rich 

inhibitor of the 20S proteasome. Molecular Biology Of The Cell 7, 1066 

McDonald, H.B. and Byers, B. (1997). A proteasome cap subunit required for spindle 

pole body duplication in yeast. J. Cell. Biol. 137, 539-553. 

McGrath, J.P., Jentsch, S., and Varshavsky, A. (1991). UBA1 - an essential yeast 

gene encoding ubiquitin-activating enzyme. EMBO J. 10, 227-236. 

Melcher, K. and Johnston, S.A. (1995). Ga14 interacts with TATA-binding protein 

and co-activators. . Mol. Cell Biol 15, 2839-2848. 

Michael, H., Schmidt, H., Fleck, 0., Gutz, H., Liedtke, C., Lorentz, A., and Oster-

mann, K. (1994). The mating-type region of Schizosaccharomyces pombe contains an 

essential gene encoding a protein homologous to human modulators of HIV transac-

tivation. Gene 145, 205-210. 

Minmaugh, E.G., Chavany, C., and Neckers, L. (1996). Polyubiquitination and pro-

teasomal degradation of the p185(c-erbB-2) receptor protein-tyrosine kinase induced 

by geldanamycin. J. Biol. Chem 271, 22796-22801. 

Missiakas, D., Schwager, F., Betton, J.M., Georgopoulos, C., and Raina, S. (1996). 

Identification and characterization of hsiv hsiu (C1pQ C1pY) proteins involved in 

overall proteolysis of misfolded proteins in Escherichia coli. EMBO J. 15, 6899-

6909. 

Moazed, D. and Johnson, A.D. (1996). A deubiquitinating enzyme interacts with Sir4 

and regulates silencing in Saccharomyces cerevisiae. Cell 86, 667-677. 

Moreno, S., Kiar, A., and Nurse, P. (1991). Molecular genetic analysis of the fission 

yeast Schizosaccharomyces pombe. Methods Enzymol. 194, 795-823. 

238 



Moskovitz, J. (1994). Characterisation of the 30-kda enzyme from red-blood-cells 

that cleaves ubiquitin protein conjugates. Biochem. Biophys. Res. Comm. 205, 354-

360. 

Mott, J.D., Pramanik, B.C., Moomaw, C.R., Afendis, S.J., DeMartino, G.N., and 

Slaughter, C.A. (1994). PA28, an activator of the 20S proteasome, is composed of 2 

non-identical but homologous subunits. J. Biol. Chem 269, 31466-3 1471. 

Murakami, Y., Matsufuji, S., Kameji, T., Hayashi, S., Igarashi, K., Tamura, T., 

Tanaka, K., and Ichihara, A. (1992). Ornithine decarboxylase is degraded by the 26S 

proteasome without ubiquitination. Nature 360, 597-599. 

Murray, A.W. and Kirschner, M.W. (1989). Cyclin synthesis drives the early embry-

onic-cell cycle. Nature 339, 275-280. 

Nefsky, B. and Beach, D. (1996). PubI acts as an E6-AP-like protein ubiquitin ligase 

in the degradation of Cdc25. EMBO J. 15, 1301-1312. 

Nelbock, P., Dillon, P.J., Perkins, A., and Rosen, C.A. (1990). A cDNA for a protein 

that interacts with the human- immunodeficiency- virus Tat transactivator. Science 

248, 1650-1653. 

Nishizawa, M., Okazaki, K., Furuno, N., Watanabe, N., and Sagata, N. (1992). The 

2nd-codon rule and autophosphorylation govern the stability and activity of Mos 

during the meiotic cell-cycle in Xenopus-oocytes. EMBO J. 11, 2433-2446. 

Nisogi, H., Kominami, K., Tanaka, K., and Tohe, A. (1992). A new essential gene of 

Saccharomyces cerevisiae, a defect in it may result in instability of nucleus. Experi-

mental Cell Research 200, 48-57. 

Novick, P., Osmond, B.C., and Botstein, D. (1989). Suppressors of Yeast Actin Mu-

tations. Genetics 121, 659-674. 

239 



Nugroho, T.T. and Mendenhall, M.D. (1994). An inhibitor of yeast cyclin-dependent 

protein-kinase plays an important role in ensuring the genomic integrity of daughter 

cells. Mo!. Cell. Biol. 14, 3320-3328. 

Nurse, P. (1975). Genetic control of cell size at cell division in yeast. Nature 256, 

457-461. 

Ohana, B. (1993). The type I human immunodeficiency virus Tat-binding protein is a 

transcriptional activator belonging to an additional family of evolutionarily conserved 

genes. Proc. Natl. Acad. Sci. 90, 138-142. 

Olinkcoux, M., Huesca, M., and Scherrer, K. (1992). Specific types of prosomes are 

associated to sub-networks of the intermediate filaments in ptk I cells. European J. 

Cell. Biol. 59, 148-159. 

Orlowski, M. (1990). The multicatalytic proteinase complex, a major extra-lysosomal 

proteolytic system. Biochemistry 29, 10289-10297. 

Orlowski, M. and Wilk, S. (1981). Purification and specificity of a membrane-bound 

metalloendopeptidase from bovine pituitaries. Biochemistry 20, 4942-4950. 

Osaka, F., Seino, H., Seno, T., and Yamao, F. (1997). A ubiquitin-conjugating en-

zyme in fission yeast that is essential for the onset of anaphase in mitosis. Mol. Cell. 

Biol. 17, 3388-3397. 

Ozkaynak, E., Finley, D., Solomon, M.J., and Varshavsky, A. (1987). The yeast 

ubiquitin genes - a family of natural gene fusions. EMBO J. 6, 1429-1439. 

Palombella, V.J., Rando, O.J., Goldberg, A.L., and Maniatis, T. (1994). The ubiq-

uitin-proteasome pathway is required for processing the NF-KB precursor protein and 

the activation of NF-id3. Cell 78, 773-785. 

240 



Papa, F.R. and Hochstrasser, M. (1993). The yeast DOA4 gene encodes a deubiquiti-

nating enzyme related to a product of the human tre-2 oncogene. Nature 366, 313-

319. 

Pause, A. and Sonenberg, N. (1992). Mutational analysis of a dead box RNA helicase 

- the mammalian translation initiation-factor elF-4a. EMBO J. ii, 2643-2654. 

Peters, J.M. (1994). Proteasomes - protein-degradation machines of the cell. TIBS 

19, 377-382. 

Peters, J.M., Harris, J.R., Lustig, A., Muller, S., Engel, A., Volker, S., and Franke, 

W.W. (1992). Ubiquitous soluble Mg2tATPase complex - a structural study. J. Mo!. 

Biol. 223, 557-57 1. 

Peters, J.M., King, R.W., Hoog, C., and Kirschner, M.W. (1996). Identification of 

BimE as a subunit of the anaphase-promoting complex. Science 274, 1199-1201. 

Peters, J.M., Walsh, M.J., and Franke, W.W. (1990). An abundant and ubiquitous 

homo-oligomeric ring-shaped ATPase particle related to the putative vesicle fusion 

proteins sec l8p and NSF. EMBO J. 9, 1757-1767. 

Philp, A.V. and Glover, D.M. (1997). Mutations affecting chromatid separation in 

Drosophila: the fizzy metaphase arrest persists in pimples fizzy  and  fizzy  three rows 

double mutants. Exp. Cell Res. 230, 103-110. 

Potashkin, J., Naik, K., and Wentzhunter, K. (1993). U2AF homologue required for 

splicing in-vivo. Science 262, 573-575. 

Pu, R.T. and Osmani, S.A. (1995). Mitotic destruction of the cell-cycle-regulated 

NimA protein-kinase of Aspergillus nidulans is required for mitotic exit. EMBO J. 

14, 995-1003. 

241 



Puhler, G., Weinkauf, S., Bachmann, L., Muller, S., Engel, A., Hegerl, R., and 

Baumeister, W. (1992). Subunit stoichiometry and 3-dimensional arrangement in 

proteasomes from Thermoplasma acidophilum. EMBO J. 11, 1607-1616. 

Rabouille, C., Levine, T.P., Peters, J.M., and Warren, G. (1995). An NSF-like AT-

Pase, p97, and NSF mediate cisternal regrowth from mitotic golgi fragments. Cell 82, 

905-914. 

Realini, C., Dubiel, W., Pratt, G., Ferrell, K., and Rechsteiner, M. (1994). Molecular 

cloning and expression of a gamma-interferon-inducible activator of the multicata-

lytic protease. J. Biol Chem. 269, 20727-20732. 

Realini, C., Rogers, S.W., and Rechsteiner, M. (1994). KEKE motifs: proposed roles 

in protein-protein association and presentation of peptides by MHC Class-I receptors. 

FEBS Letters 348, 109-113. 

Rechsteiner, M., Hoffman, L., and Dubiel, W. (1993). The multicatalytic and 26S 

proteases. J. Biol. Chem 268, 6065-6068. 

Rechsteiner, M. and Rogers, S.W. (1996). PEST sequences and regulation by prote-

olysis. TIES. 21, 267-271. 

Richmond, C., Gorbea, C., and Rechsteiner, M. (1997). Specific interactions between 

ATPase subunits of the 26 s protease. J. Biol. Chem 272, 13403-13411. 

Rivett, A.J. (1993). Characterisation of proteasomes isolated from rat-liver. Enzyme 

& Protein 47, 210-219. 

Rivett, A.J. and Knecht, E. (1993). Proteasome location. Current Biology 3, 127-129. 

Rivett, A.J., Palmer, A., and Knecht, E. (1992). Electron-microscopic localisation of 

the multicatalytic proteinase complex in rat-liver and in cultured-cells. Journal Of 

Histochemistry & Cytochemistry 40, 1165-1172. 

242 



Rock, K.L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L., Hwang, D., and 

Goldberg, A.L. (1994). Inhibitors of the proteasome block the degradation of most 

cell-proteins and the generation of peptides presented on MHC class-i molecules. 

Cell 78, 761-771. 

Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino-acid sequences common to 

rapidly degraded proteins - the PEST hypothesis. Science 234, 364-368. 

Rohrwild, M., Coux, 0., Huang, H.C., Moerschell, R.P., Yoo, S.J., Seol, J.H., 

Chung, C.H., and Goldberg, A.L. (1996). HslV-Hs1U - a novel ATP-dependent pro-

tease complex in Escherichia coli related to the eukaryotic proteasome. Proc. Natl. 

Acad. Sci. 93, 5808-5813. 

Rohrwild, M., Pfeifer, G., Santarius, U., Muller, S.A., Huang, H.C., Engel, A., 

Baumeister, W., and Goldberg, A.L. (1997). The ATP-dependent hslVU protease 

from Escherichia coli is a four-ring structure resembling the proteasome. Nature 

Structural Biology 4, 133-139. 

Rothstein, R.J. (1983). One-step Gene Disruption in Yeast. Meth. Enzymol. 101, 

202-211. 

Rubin, D.M., Coux, 0., Wefes, I., Hengartner, C., Young, R.A., Goldberg, A.L., and 

Finley, D. (1996). Identification of the Ga14 suppressor Sugi as a subunit of the yeast 

26S proteasome. Nature 379, 655-657. 

Rubin, D.M. and Finley, D. (1995). Proteolysis - the proteasome - a protein-

degrading organelle. Current Biology 5, 854-858. 

Russell, S.J., Sathyanarayana, U.G., and Johnston, S.A. (1996). Isolation and char-

acterisation of Sug2 - a novel ATPase family component of the yeast 26S protea-

some. J. Biol. Chem. 271, 32810-32817. 

243 



Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cloning: A Labora-

tory Manual (CSH Press). 

Samejima, I. and Yanagida, M. (1994). Bypassing anaphase by fission yeast cut9 

mutation - requirement of cut9() to initiate anaphase. J. Cell. Biol. 127, 1655-1670. 

Saraste, M., Sibbald, P.R., and Wittinghofer, A. (1990). The P-loop - a common mo-

tif in ATP-binding and GTP-binding proteins. TIBS 15, 430-434. 

Satoh, K., Nishikawa, T., Yokosawa, H., and Sawada, H. (1995). Phosphorylation of 

proteasome substrate by a protein-kinase associated with the 26S-proteasome is 

linked to the ATP-dependent proteolysis of the 26S-proteasome. Biochem. Biophys. 

Res. Comm. 213, 7-14. 

Saunders, S.E. and Burke, J.F. (1990). Rapid isolation of miniprep DNA for double 

strand sequencing. Nucleic acid Res. 18, 4948 

Schandel, K.A. and Jenness, D.D. (1994). Direct evidence for ligand-induced inter-

nalization of the yeast alpha-factor pheromone receptor. Mol. Cell. Biol. 14, 7245-

7255. 

Scheffner, M., Huibregtse, J.M., and Howley, P.M. (1994). Identification of a human 

ubiquitin-conjugating enzyme that mediates the E6-AP-dependent ubiquitination of 

p53. Proc. Natl. Acad. Sci. 91, 8797-8801. 

Scheffner, M., Huibregtse, J.M., Vierstra, R.D., and Howley, P.M. (1993). The HPV-

16 E6 and E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitina-

tion of p53. Cell 75,495-505. 

Schirmer, E.C., Glover, J.R., Singer, M.A., and Lindquist, S. (1996). HsplOO/Clp 

proteins - a common mechanism explains diverse functions. Trends In Biochemical 

Sciences 21, 289-296. 

244 



Schmid, S.R. and Linder, P. (1992). D-E-A-D protein family of putative RNA 

helicases. Mol. Microbiol. 6,283-291. 

Schmid, H.P., Pouch, M.N., Petit, F., Dadet, M.H., Badaoui, S., Boissonnet, G., Bun, 

J., Norris, V., and Briand, Y. (1995). Relationships between proteasomes and RNA. 

Molecular Biology Reports 21, 43-47. 

Schnall, R., Mannhaupt, G., Stucka, R., Tauer, R., Ehnle, S., Schwarzlose, C., Vetter, 

I., and Feldmann, H. (1994). Identification of a set of yeast genes-coding for a novel 

family of putative ATPases with high similarity to constituents of the 26S protease 

complex. Yeast 10, 1141-1155. 

Seeger, M., Gordon, C., Ferrell, K., and Dubiel, W. (1996). Characteristics of 26S 

proteases from fission yeast mutants, which arrest in mitosis. J. Mol. Biol. 263, 423-

431. 

Seeger, M., Ferrell, K., Frank, R., and Dubiel, W. (1997). HIV- I Tat inhibits the 20S 

proteasome and its 11 S regulator-mediated activation. J. Biol. Chem 272, 8145-8148. 

Seemuller, E., Lupas, A., Stock, D., Lowe, J., Huber, R., and Baumeister, W. (1995). 

Proteasome from Thermoplasma acidophilum - a threonine protease. Science 268, 

579-582. 

Seemuller, B., Lupas, A., and Baumeister, W. (1996). Autocatalytic processing of the 

20S proteasome. Nature 382, 468-470. 

Seufert, W. and Jentsch, S. (1990). Ubiquitin-conjugating enzymes Ubc4 and UbcS 

mediate selective degradation of short-lived and abnormal proteins. EMBO J. 9, 543-

550. 

Seufert, W., Futcher, B., and Jentsch, S. (1995). Role of a ubiquitin-conjugating en-

zyme in degradation of S-phase and M-phase cyclins. Nature 373, 78-81. 

245 



Shibuya, H., Irie, K., Ninomiya Tsuji, J., Goebl, M., Taniguchi, T., and Matsumoto, 

K. (1992). New human gene encoding a positive modulator of 11W Tat-mediated 

transactivation. Nature 6, 283-291. 

Shimanuki, M., Saka, Y., Yanagida, M., and Toda, T. (1995). A novel essential fis-

sion yeast gene pad] (+) positively regulates pap1()-dependent transcription and is 

implicated in the maintenance of chromosome structure. Journal Of Cell Science 

108, 569-579. 

Sigrist, S., Jacobs, H., Stratmann, R., and Lehner, C.F. (1995). Exit from mitosis is 

regulated by Drosophila fizzy and the sequential destruction of cyclin-A, cyclin-B 

and cyclin-B3. EMBO J. 14, 4827-4838. 

Silver, E.T., Gwozd, T.J., Ptak, C., Goebi, M., and Ellison, M.J. (1992). A chimeric 

ubiquitin conjugating enzyme that combines the cell cycle properties of CDC34 

(UBC3) and the DNA repair properties of Rad6 (UBC2): implications for the struc-

ture, function and evolution of the E2s. EMBO J. 11, 3091-3098. 

Southern, E.M. (1975). Detection of specific sequences among DNA fragments sepa 

rated by gel electrophoresis. J. Mol. Biol. 98, 503-510. 

Spence, J., Sadis, S., Haas, A.L., and Finley, D. (1995). A ubiquitin mutant with spe-

cific defects in DNA-repair and multiubiquitination. Mol. Cell. Biol. 15, 1265-1273. 

Stade, K., Ford, C.S., Guthrie, C. and Weis, K. (1997). Exportin 1 (Crmlp) is an es-

sential nuclear export factor. Cell 90(6), 1041-1050 

Stafford, F.J. and Bonifacino, J.S. (1991). A permeabilised cell system identifies the 

endoplasmic-reticulum as a site of protein-degradation. J. Cell. Biol. 115, 1225-1236. 

Stancovski, I., Gonen, H., Orian, A., Schwartz, A.L., and Ciechanover, A. (1995). 

Degradation of the proto-oncogene product c-Fos by the ubiquitin proteolytic system 

246 



in vivo and in vitro - identification and characterisation of the conjugating enzymes. 

Mol. Cell. Biol. 15, 7106-7116. 

Stratmann, R. and Lehner, C.F. (1996). Separation of sister chromatids in mitosis re-

quires the Drosophila pimples product, a protein degraded after the metaphase ana-

phase transition. Cell 84, 25-35. 

Sudakin, V., Ganoth, D., Dahan, A., Heller, H., Hershko, J., Luca, F.C., Ruderman, 

J.V., and Hershko, A. (1995). The cyclosome, a large complex containing cyclin-

selective ubiquitin ligase activity, targets cyclins for destruction at the end of mitosis. 

Molecular Biology Of The Cell 6, 185-197. 

Sun, D.H., Sathyanarayana, U.G., Johnston, S.A., and Schwartz, L.M. (1996). A 

member of the phylogenetically conserved CAD family of transcriptional regulators 

is dramatically up-regulated during the programmed cell-death of skeletal-muscle in 

the tobacco hawkmoth Manduca sexta. Developmental Biology 173, 499-509. 

Surana, U., Amon, A., Dowzer, C., McGrew, J., Byers, B., and Nasmyth, K. (1993). 

Destruction of the Cdc28 Cib mitotic kinase is not required for the metaphase to ana-

phase transition in budding yeast. EMBO J. 12, 1969-1978. 

Swaffield, J.C., Bromberg, J.F., and Johnston, S.A. (1992). Alterations in a yeast 

protein resembling HIV Tat-binding protein relieve requirement for an acidic activa-

tion domain in Ga14. Nature 357, 698-700. 

Swaffield, J.C., Melcher, K., and Johnston, S.A. (1995). A highly conserved ATPase 

protein as a mediator between acidic activation domains and the TATA-binding pro-

tein. Nature 374, 88-91. 

Tamura, T., Nagy, I., Lupas, A., Lottspeich, F., Cejka, Z., Schoofs, G., Tanaka, K., 

Demot, R., and Baumeister, W. (1995). The first characterisation of a eubacterial 

proteasome - the 20S complex of Rhodococcus. Current Biology 5, 766-774. 

247 



Tanahashi, N., Yokota, K., Ahn, J.Y., Chung, C.H., Fujiwara, T., Takahashi, E., De-

martino, G.N., Slaughter, C.A., Toyonaga, T., Yamamura, K., Shimbara, N., and 

Tanaka, K. (1997). Molecular properties of the proteasome activator PA28 family 

proteins and gamma-interferon regulation. Genes To Cells 2, 195-211. 

Terlecky, S.R. and Dice, J.F. (1993). Polypeptide import and degradation by isolated 

lysosomes. J. Biol. Chem 268, 23490-23495. 

Tjelle, T.E., Brech, A., Juvet, L.K., Griffiths, G., and Berg, T. (1996). Isolation and 

characterisation of early endosomes, late endosomes and terminal lysosomes: their 

role in protein degradation. J. Cell Sci. 109, 2905-2914. 

Tobias, J.W. and Varshavsky, A. (1991). Cloning and functional-analysis of the 

ubiquitin-specific protease gene UBPI of Saccharomyces cerevisiae. J. Biol. Chem 

266, 12021-12028. 

Tokunaga, F., Goto, T., Koide, T., Murakami, Y., Hayashi, S., Tamura, T., Tanaka, 

K., and Ichihara, A. (1994). ATP-dependent and antizyme-depen dent endoproteolysis 

of ornithine decarboxylase to oligopeptides by the 26S proteasome. J. Biol. Chem 

269, 17382-17385. 

Tommasino, M. and Maundrell, K. (1991). Uptake of thiamine by Schizosaccharo-

myces pombe and its effect on a transcriptional regulator of thiamine-sensitive genes. 

Curr. Genet. 20, 63-66. 

Townsley, F.M., Aristarkhov, A., Beck, S., Hershko, A., and Ruderman, J.V. (1997). 

Dominant-negative cyclin-selective ubiquitin carrier protein E2-C/UbcHlO blocks 

cells in metaphase. Proc. Natl. Acad. Sci. 94, 2362-2367. 

Treier, M., Staszewski, L.M., and Bohmann, D. (1994). Ubiquitin-dependent c-Jun 

degradation in-vivo is mediated by the 6-domain. Cell 78, 787-798. 

248 



Trowsdale, J., Hanson, I., Mockridge, I., Beck, S., Townsend, A., and Kelly, A. 

(1990). Sequences encoded in the Class-][[ region of the MHC related to the ABC su-

perfamily of transporters. Nature 348, 741-744. 

Tsurumi, C., DeMartino, G.N., Slaughter, C.A., Shimbara, N., and Tanaka, K. 

(1995). CDNA cloning of p40, a regulatory subunit of the human 26S proteasome, 

and a homologue of the mov-34 gene-product. Biochem. Biophys. Res. Comm. 210, 

600-608. 

Tsurumi, C., Shimizu, Y., Saeki, M., Kato, S., DeMartino, G.N., Slaughter, C.A., 

Fujimuro, M., Yokosawa, H., Yamasaki, M., Hendil, K.B., Toh-e., Tanahashi, N., 

and Tanaka, K. (1996). cDNA cloning and functional analysis of the p97 subunit of 

the 26S proteasome, a polypeptide identical to the type-I tumour-necrosis-factor-

receptor-associated protein-2/55.1 1. Eur. J. Biochem. 239, 912-921. 

Tugendreich, S., Tomkiel, J., Earnshaw, W., and Hieter, P. (1995). Cdc27hs cob-

calizes with Cdcl6hs to the centrosome and mitotic spindle and is essential for the 

metaphase to anaphase transition. Cell 81, 261-268. 

Udvardy, A. (1993). Purification and characterisation of a multiprotein component of 

the Drosophila-26S (1500 kDa) proteolytic complex. J. Biol. Chem 268, 9055-9062. 

van Nocker, S., Deveraux, Q., Rechsteiner, M., and Vierstra, R.D. (1996). Arabidop-

sis MBP1 gene encodes a conserved ubiquitin recognition component of the 26S 

proteasome. Proc. Natl. Acad. Sci. U. S. A. 93, 856-860. 

van Nocker, S., Sadis, S., Rubin, D.M., Glickman, M., Fu, H.Y., Coux, 0., Wefes, I., 

Finley, D., and Vierstra, R.D. (1996). The multiubiquitin-chain-binding protein 

Mcbl is a component of the 265-proteasome in Saccharomyces cerevisiae and plays 

a nonessential, substrate-specific role in protein-turnover. Mol. Cell. Biol. 16, 6020-

6028. 

249 



van Nocker, S. and Vierstra, R.D. (1993). Multiubiquitin chains linked through ly-

sine-48 are abundant in-vivo and are competent intermediates in the ubiquitin prote-

olytic pathway. J. Biol. Chem 268, 24766-24773 

Varshavsky, A. (1992). The N-end rule. Cell 69, 725-735. 

Varshavsky, A. and Byrd, C. (1996). The N-end rule: functions, mysteries, uses. 

Molecular Biology Of The Cell 7,2946 

Vieira, J. and Messing, J. (1982). The pUC plasmids, an M13mp7-derived system for 

insertion mutagenesis and sequencing with synthetic universal primers. Gene 19, 

259-264. 

vom Baur, E., Zechel, C., Heery, D., Heine, M.J., Gamier, J.M., Vivat, V., Le 

Douarin, B., Gronemeyer, H., Chambon, P., and Losson, R. (1996). Differential Ii-

gand-dependent interactions between the AF-2 activating domain of nuclear receptors 

and the putative transcriptional intermediary factors mSUG1 and TIF1. EMBO J. 15, 

110-124. 

Walker, J.E., Saraste, M.J., Runswick, J.J., and Gay, N.J. (1982). Distantly related 

sequences in the a- and I- subunits of ATPase, myosin, kinases and other ATP-

requiring enzymes and a common nucleotide binding fold. EMBO J. 1, 945-951. 

Wang, W., Chevray, P.M., and Nathans, D. (1996). Mammalian Sugi and c-Fos in 

the nuclear 26S proteasome. Proc. Natl. Acad. Sci. U. S. A. 93, 8236-8240. 

Ward, C.L. and Kopito, R.R. (1994). Intracellular turnover of cystic-fibrosis trans-

membrane conductance regulator - inefficient processing and rapid degradation of 

wild-type and mutant proteins. J. Biol. Chem. 269, 25710-25718. 

Wilk, S. and Orlowski, M. (1983). Evidence that pituitary cation-sensitive neutral 

endopeptidase is a multicatalytic protease complex. Journal Of Neurochemistry 40, 

250 



Wilkinson, C.R.M., Wallace, M., Seeger, M., Dubiel, W., and Gordon, C. (1997). 

Mts4, a Non-ATPase subunit of the 26S protease in fission yeast is essential for mi-

tosis and interacts directly with the ATPase subunit Mts2. J. Biol. Chem. 272, 

25768-25777 

Wilkinson, K.D., Urban, M.K., and Haas, K.L. (1980) Ubiquitin is the ATP-

dependent proteolysis factor I of rabbit reticulocytes. J. Biol. Chem. 255(16), 7529-

7532. 

Wilkinson, K.D., Tashayev, V.L., O'connor, L.B., Larsen, C.N., Kasperek, E., and 

Pickart, C.M. (1995). Metabolism of the polyubiquitin degradation signal - structure, 

mechanism, and role of isopeptidase-T. Biochemistry 34, 14535-14546. 

Willems, A.R., Lanker, S., Patton, E.E, Craig, K.L., Nason, T.F., Mathias, N., Ko-

bayashi, R., Wittenberg, C., and Tyers, M. (1996). Cdc53 targets phosphorylated GI 

cyclins for degradation by the ubiquitin proteolytic pathway. Cell 86, 453-463. 

Winship, P.R. (1989). An improved method for directly sequencing PCR amplified 

material using dimethyl sulphoxide. Nucleic acid Res. 17, 1266 

Wolf, S., Lottspeich, F., and Baumeister, W. (1993). Ubiquitin found in the archae-

bacterium Thermoplasma acidophilum. FEBS Letters 326,42-44. 

Xu, Q., Singer, R.A., and Johnston, G.C. (1995). Sugi modulates yeast transcription 

activation by Cdc68. Mol. Cell Biol 15, 6025-6035. 

Yaglom, J., Linskens, M.H.K., Sadis, S., Rubin, D.M., Futcher, B., and Finley, D. 

(1995). P34 (Cdc28)-mediated control of C1n3 cyclin degradation. Mol. Cell. Biol. 

15,731-741. 

251 



Yang, Y., Fruh, K., and Peterson, P.A. (1994). Interferon-gamma inducible protea-

some subunits replace constitutively expressed subunits. Journal Of Cellular Bio-

chemistry 149 

Yokota, K., Kagawa, S., Shimizu, Y., Akioka, H., Tsurumi, C., Noda, C., Fujimuro, 

M., Takahashi, E., Yokosawa, H., Fujiwara, T., Ohba, M., Yamasaki, M., DeMartino, 

G.N., Slaughter, C.A., Toh, A., and Tanaka, K. (1996). cDNA cloning of p1  12, the 

largest regulatory subunit of the human 26S proteasome, and functional-analysis of 

its yeast homologue, Sen3p. Molecular Biology Of The Cell 7, 853-870. 

Yoo, S.J., Shim, Y.K., Seong, I.S., Seol, J.H., Kang, M.S., and Chung, C.H. (1997). 

Mutagenesis of two N-terminal Thr and five Ser residues in Hs1V, the proteolytic 

component of the ATP-dependent Hs1VU protease. FEBS Letters 412, 57-60. 

Yoshimura, T., Kameyama, K., Takagi, T., Ikai, A., Tokunaga, F., Koide, T., Tana-

hashi, N., Tamura, T., Cejka, Z., Baumeister, W., Tanaka, K., and Ichihara, A. 

(1993). Molecular characterization of the 26S proteasome complex from rat liver. J. 

Struc. Biol. 111, 200-211. 

Young, J., Kane, L.P., Exley, M., and Wileman, T. (1993). Regulation of selective 

protein-degradation in the endoplasmic-reticulum by redox potential. J. Biol. Chem 

268, 19810-19818. 

Yu, H.T., King, R.W., Peters, J.M., and Kirschner, M.W. (1996). Identification of a 

novel ubiquitin-conjugating enzyme involved in mitotic cyclin degradation. Current 

Biology 6, 455-466. 

Zhou, M., Carroll, M., Papa, F.R., Hochstrasser, M., and DAndrea, A.D. (1996). 

DUB-1, a deubiquitinating enzyme with growth-suppressing activity. Proc. Nat!. 

Acad. Sci. U. S. A. 93, 3275-3279. 

252 



APPENDIX A Oligonucleotides used during this work 

Chapter3 

3.3.1 Amplification of internal mts2 fragment 

C823 5' CGTTGGTTCTGTTCTTATTC 3' 	 Tm51°C 

D858 5' CCTTTTCACGAGCTTGCCG 3' 	 Tm=57°C 

3.4.4.1 Sequencing of library plasmids from 2-hybrid screen 

F444 5' TCTAGAACTAGTGGATC 3' 	 Tm=43°C 

F250 5' GTAAAACGACGGCCAG 3' 	 Tm=47°C 

3.4.4.2 Amplification of letl DNA sequence from library plasmids 

F444 As above 

1631 5' CTCCTTAATATCAATATCTGG 3' 	Tm=51°C 

3.4.4.3 Amplification of insert from 2-hybrid library plasmids 

F444 As above 

F250 As above 

3.4.4.4 Sequencing of the S.pombe homologue of MSS  

Forward 

F444 As above 

M159 5' GTTGCCAGATGTACCAAAATT 3' 	Tm=53°C 

M213 5' CACTATGTGCTCGTGCTGTTG 3' 	Tm=59°C 

M214 5' GAGAATTATTTGAAATGGCACG 3' 	Tm=55°C 
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M253 5' CCCTTCACAAACTGGTGCAGA 3' 

Reverse 

F250 As above 

M160 5' CTCCGCAGATTGTTCATTCTC 3' 

M215 5' TGGCAACAGCACGAGCACATA 3' 

M254 5' GCACGAATCGCAAACATTCCA 3' 

Tm=61°C 

Tm=57°C 

Tm=59°C 

Tm=57°C 

Chapter4 

4.2 	Truncations of the Mts2p and Let ip open reading frames 

J337 5' ATTCTCGAGATTTAGGCACGTGCC 3' Tm=60°C LC1 

J338 5' GTCCTCGAGACTTAGCTATCGCCA 3' Tm=57°C LCA2 

J339 5' CTGCTCGAGCTTACAAGGTTT 3' Tm=51°C LCz3 

J340 5' TAACTCGAGTCAGGAATTTATTCG 3' Tm=61°C LCA4 

H789 5 'TTAAGACCATGGGAAAGAACAAAGTTCTAGTCA Tm=48°C LNM 

K42 	5' GTAGCCATGGGGAACGAT 3' 	 Tm=51°C LNL2 

K39 	5' AGTCCCATGGTTCGTGAA 3' 	 Tm=45°C LNzt3 

J341 5' CAACTCGAGTTCAGCGTTCAC 3' Tm=57°C MCA1 

J342 5' CTTCTCGAGGATTCTAGAAAAGAA 3' Tm=57°C MCA2 

J343 5' ACACTCGAGGGCTAATGTTCTTCG 3' Tm=63°C MCA3 

J344 5' AAGCTCGAGAGCCTATTTGAT 3' Tm=53°C MCA4 

J345 5' TACCTCGAGTTTAATCTACACGAT 3' Tm=61°C MCA5 

Chapter 5 

5.2 	Cloning of let1 into pSK 
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J165 5' GCTCTAGAATCGATATAGAATTTTAACG 3' 	Tm=45°C 

J166 5' GGGGTACCATCGATTGGCTCTGGTTCGAAG 3' Tm=63°C 

5.2 	Removal of lez'lA::ura4 from pSK-1et1A::ura4 

155 	5' CGGAGGTGCTGAAGACTAACG 3' 	Tm=61°C 

K32 	5' AACGAATAGTAAAGGATAGA 3' 	Tm=47°C 

Chapter 6 

6.3 sequencing of the nzts2 gene from MBCR  and cep2 alleles 

C699 5' TTCATCTATCGCTGAATAGT 3' 

D757 5' GGAAGAAGAGTATGTGCAA 3' 

D790 5' CGCAATATGTTAGAGTGCCTTG 3' 

K61 5' GTACCATGGTTGAGTTACTC 3' 

D858 5' CCTTTTCACGAGCTTGCCG 3' 

C822 5' CATCTTGGAAGTGTGAATGG 3' 

C657 5' ATTGCCATGGGATCATTGG 3' 

J345 5' TACCTCGAGTTTAATCTACACGAT 3' 

Tm=49°C 

Tm=53°C 

Tm=59°C 

Tm=51°C 

Tm=55°C 

Tm=53°C 

Tm=5 1°C 

Tm=61°C 
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