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Summary 

Nucleotide excision repair (NER) is a versatile pathway involved in the repair 
of various DNA lesions. Patients with defective NER can suffer from disorders 
like xeroderma pigmentosum (XP) or Cockayne syndrome (CS). The NER 
enzyme XPG accounts in its various mutated forms for XP or a combined 
XP/CS phenotype depending on the nature of the mutations in the XPG gene. 
Currently still little is known about the molecular origin of CS and XP/CS and 
the involvement of XPG. There is growing evidence that XPG exerts functions 
in non-NER DNA metabolisms, which may be responsible for prevention of 
CS. 
Our project aimed at studying the various roles of the XPG homologue Rad 13 
in fission yeast as a model system, thereby focussing on identifying NER
independent functions of Rad13. In a qualitative epistasis analysis with the 
NER mutants swi10 and rhp14, we found that rad13 is epistatic to these 
genes in response to UV and the anticancer drug cisplatin. In contrast, upon 
treatment with MMS and mitomycin C, double mutants showed an increased 
sensitivity compared with the single mutants. This indicates that Rad1 3 has a 
NER-independent function in response to these agents. 
To determine the function of defined regions of Rad1 3, point mutations have 
been introduced into highly conserved domains. rad13 strains with mutations 
in the nuclease domains were sensitive to UV, MMS and cisplatin, but clearly 
less than a rad13 deletion mutant. P72H, a point mutation found in XP-G/CS 
patients, believed to destabilise the protein, rendered the cells as sensitive as 
a deletion mutant. 
By gel filtration experiments we showed that Rad 13 is part of a high-molecular 
weight complex in NER-proficient and -deficient strain backgrounds. In a pull
down experiment we identified putative protein interaction partners of Rad13. 
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1. INTRODUCTION 

Genomic stability is constantly challenged by damaging effects of numerous 

chemical and physical agents. DNA lesions can arise by endogenous factors 

produced during normal cellular metabolism like reactive oxygen species and 

alkylating metabolites, as well as by exogenous factors like ionizing and 

ultraviolet radiation and genotoxic compounds. DNA damage comprises base 

modifications, base adducts, abasic sites, base mismatches, insertion/deletion

loops, inter- and intrastrand crosslinks, and single- and double-strand breaks. 

DNA lesions interfere with basal cellular processes like transcription and 

replic;ation. The cell can either repair the DNA damage employing various and 

partly overlapping mechanisms, tolerate the damage (which can be mutagenic) 

or induce apoptosis. Unrepaired DNA lesions may lead to genome instability and 

diseases, including cancer (Hoeijmakers 2001, Venkatesan and Loeb 2005). The 

most important and well conseNed repair pathways are: nucleotide excision 

repair (NER), base excision repair (BER), mismatch repair (MMR), homologous 

recombination (HR) and non-homologous end joining (NHEJ) (reviewed in 

Paques and Haber 1999, Hoeijmakers 2001 , Fleck 2004, Fleck and Nielsen 

2004, Gillet and Scharer 2006, Baute and Depicker 2008, Fousteri and 

Mullenders 2008, Hedge et al. 2008, Li 2008, San Filippo et al. 2008, Weterings 

and Chen 2008, Zharkov 2008, Mahaney et al. 2009). 

1.1. Direct repair 

Two major mechanisms of direct repair are known: reversal of UV induced 

photoproducts by photolyases, and the removal of the alkyl adducts at the 0 6
-

position in guanine by 0 6-alkylguanine-DNA-alkyltransferases (AGTs). 

Although photolyases exist in many different organisms like bacteria, yeast, 

plants and even in some viruses, they are absent in placental mammals (Li et al. 

1993). Humans contain two related proteins with no function in repair but with a 

role in circadian rhythms (Hsu et al. 1996, Sancar 2000). There are two major UV 

induced DNA lesions: cyclobutane pyrimidine dimers (CPDs) and pyrimidine-
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pyrimidone 6-4 photoproducts. These lesions are reversed by CPD photolyases 

and (6-4)-photolyases, respectively (Sancar 2003). Their structures and reaction 

mechanisms are similar, and involve specific binding to the damage with 

subsequent flipping of the damaged bases into the active site of the enzymes 

where the photochemical reversal reaction takes place (Sancar 2003). 

0 6-methylguanine is cytotoxic and mutagenic because it can form base pairs with 

thymine, leading to G:C to A:T transitions (Snow et al. 1984). The 0 6
-

alkylguanine-DNA-alkyltransferase irreversibly transfers the alkylgroup to an 

internal cysteine residue in the AGT protein (Pegg 2000). AGTs have been found 

in a wide range of organisms. 

Further, but less widely distributed damage reversal mechanisms have been 

found in bacteria and humans. In Bacillus subtilis spores the thymine dimer 5-

thyminyl-5,6-dihydrothymine is repaired by a specialised lyase (Fajardo-Cavazos 

et al. 1993). Oxidative DNA demethylases have been characterised in 

Escherichia coli (Trewick et al. 2002, Faines et al. 2002) and humans (Aas et al. 

2003). 

1.2. Base excision repair and single-strand break repair 

1.2.1. Base excision repair 

Base excision repair (BER) is the main pathway dealing with DNA damage 

originating from cellular metabolism and its products like reactive oxygen species 

(ROS). There is growing evidence that impaired BER is involved in human 

diseases and may impose an elevated cancer risk. Allele variants for the human 

BER genes OGG1, XRCC1 , DNA Polymerase 13, APE1 and MYH1 have been 

described (Meira et al. 2005, Baute and Depicker 2008, and references therein). 

Despite limited population-based studies assessing the possible role of these 

polymorphisms in cancer onset, defined mutations in these genes have been 

found to be associated with specific cancer types or to confer a reduced 

functionality to the gene product (Fortini et al. 2003). Furthermore, elevated 
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expression levels of certain BER factors have been linked to microsatellite 

instability or cancer, and the loss of BER proteins has been associated with 

cancer (references in Meira et al. 2005). BER is also important for the integrity of 

the central nervous system, and defective BER can lead to neuronal cell death 

and neurodegenerative diseases (Fishel et al. 2007, Wilson Ill. and McNeil! 

2007). 

1.2.1.1. Substrates for base excision repair 

DNA damage, including mutagenic base alterations, can occur spontaneously 

due to endogenous factors as well as because of exogenous agents. 

Environmental factors comprise physical agents (ionizing and ultraviolet 

radiation , giving rise to base damage, strand breaks and photoproducts) and 

chemical agents, leading to base alkylation, crosslinking and harmful electrophilic 

reactions upon metabolisation in the cell (Friedberg et al. 2005). ROS are 

considered to be a major source of spontaneous endogenous damage to DNA 

leading to sugar fragmentation, strand brakes, base loss and base modification 

(e.g. formation of thymine glycol or 8-hydroxy-guanine). Furthermore, tautomeric 

shifts and deamination of bases lead to mispairing in a subsequent replication 

step. Uracil can wrongly be incorporated into DNA during semiconservative 

replication, and hydrolytic depurination and depyrimidination leads to apurinic or 

apyrimidinic (AP) sites. 

1.2.1.2. Base excision repair pathway 

Initiation of BER occurs by the action of DNA glycosylases. Many glycosylases 

have a broad substrate specificity which leads to recognition and excision of a 

wide range of damaged or misincorporated bases (Baute and Depicker 2008). A 

schematic illustration of mammalian BER is given in Fig. S1 in Appendix D. 

Monofunctional glycosylases cleave the N-glycosidic bond between the sugar 

residue and the modified base, thereby creating an AP site. Several 

monofunctional glycosylases exist in mammalian cells. The alkylbase DNA 

glycosylase AAG (also called MPG) preferentially acts on 3-methyladenine, but 
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also on other alkylated bases. The uracil DNA glycosylases UNG, SMUG and 

TOG remove uracil from DNA as well as other damaged bases and mismatched 

thymines. The human adenine DNA glycosylase MYH excises adenine 

incorporated opposite 8-oxo-7,8-dihydroguanine (8-oxoG). The abasic site 

created by glycosylases is further processed by cleavage of the phosphodiester 

bond of the sugar-phosphate backbone by an AP endonuclease (APE) which 

hydrolyses 5' to the lesion and generates a 3' -hydroxyl group and a 5' 

deoxyribose phosphate (dRP). This non-ligatable 5' terminus is removed by a 

dRPase activity leaving a one nucleotide gap, followed by insertion of a 

nucleotide and ligation of the remaining nick. Alternatively to this short patch 

repair, the 5' dRP can be removed by long patch repair which leads to strand 

displacement, incorporation of two to eight nucleotides, cleavage of the resulting 

3' flap structure by the structure-specific endonuclease FEN-1 and subsequent 

ligation (Meira et al. 2005, Baute and Depicker, Zharkov 2008). Although 

polymerase ~ seems to be the major dRPase in mammalian cells, this enzymatic 

activity has also been reported for the translesion polymerases Pol t and Pol "-, 

and for the NEIL 1 and NEIL2 glycosylases (Zharkov 2008). 

Unlike monofunctional glycosylases, bifunctional glycosylases cut the sugar

phosphate backbone 3' to the AP site after excision of the damaged base. 

Depending on the glycosylase this 3' incision can occur in one of two ways. 

OGG1 , which acts on 8-oxoG and several other oxidatively damaged purines, 

and Nth1, which excises oxidatively damaged pyrimidines and oxidized uracil, cut 

the DNA backbone through a ~-elimination reaction with leads to a 3· end with a 

fragmented sugar residue. This repair intermediate needs further processing by 

an AP endonuclease in order to restore the 3' hydroxyl group prior to gap filling. 

In contrast, the NEIL proteins, which act on a variety of oxidized bases, carry out 

the 3' incision through a ~8-elimination, which gives rise to a 3' phosphate 

terminus. This is then converted to a 3' hydroxyl end by polynucleotide kinase 

(PNK). 
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After the removal of the damaged base and termini processing, DNA resynthesis 

takes place. DNA polymerase p (Pol P), and possibly Pol A, Pol o or Pol E 

incorporate the first nucleotide (Zharkov 2008). In the short-patch sub-pathway, 

the remaining nick in the DNA is sealed by Ligase I11/XRCC 1, or in some cases, 

by Ligase I (Fortini and Dogliotti 2007). Where the 5' terminus can not be 

processed, long-patch BER takes place. A stretch of 2-8 nucleotides is 

synthesised by Pol p, Pol o or Pol E with concomitant displacement of the strand 

containing the blocked 5' terminus. This repair step is aided by PCNA and RFC. 

The displaced strand is cleaved by FEN-1 and the repair is completed by Ligase 

I. 

It was originally thought that BER is a process where individual repair enzymes 

carry out their functions independently of each other, passing on the repair 

intermediates to the next downstream acting protein. Over the last decade the 

view was emerging that BER is an orchestrated process coordinated by a variety 

of protein-protein interactions. Several mammalian DNA glycosylases have been 

shown to be stimulated by AP endonucleases, other BER enzymes, BER

unrelated repair proteins, and proteins with a function outside repair (reviewed in 

Zharkov 2008). Although some of these stimulatory interactions may only be 

transient, stable protein-protein interactions have been reported amongst BER 

factors and suggested the existence of repair complexes. Several DNA 

glycosylases interact with replication proteins like PCNA and replication protein A 

(RPA). Although this might be solely attributed to long-patch repair, the UNG and 

MYH proteins have been found to co-localize with PCNA at replication foci, and 

the expression of these glycosylases, as well as NEIL 1, peaks during S-phase. 

Unlike NTH1 and OGG1, NEIL 1 and NEIL2 excise oxidized bases preferentially 

from DNA bubbles in vitro (Fortini and Dogliotti 2007, Hegde et al. 2008a). NEIL 1 

was also shown to interact with PCNA and FEN-1 (Dou et al. 2008, Hegde et al. 

2008b). These findings led to the concept of replication-associated base excision 

repair which likely proceeds through the long patch repair pathway, because 

many of the proteins involved in this BER subpathway are core components of 

the replisome. These findings also led to the hypothesis that cells employ 

5 



different BER pathways depending on the cell cycle stage. Further support came 

from a study by Parlanti et al (2007) who isolated a protein complex containing 

BER factors as well as proteins involved in DNA replication and cell cycle 

regulation. 

1.2.1.3. Base excision repair in Schizosaccharomyces pombe 

In fission yeast genes have been identified encoding the glycosylases Nth1 , 

Mag1, Mag2, the MutY homologue MYH/Myh1 and the TOG homologue Thp1 

(Memisoglu and Samson 1996, Roldan-Arjona et al. 1996, Lu and Fawcett 1998, 

Hardeland et al. 2003, Kanamitsu et al. 2007). In vitro assays showed that Nth1 

has glycosylase activity on various products of oxidative DNA damage including 

thymine glycol (Tg) as well as methyl-formamidopyrimidine (a cytotoxic 

conversion of 7-methylguanine), but not on alkylbases (Roldan-Arjona et al. 

1996, Karahalil et al. 1998, Osman et al. 2003b). Nth1 even seems to be the 

major thymine glycol DNA glycosylase in fission yeast (Sugimoto et al 2005). In 

contrast, in vivo experiments with oxidizing agents revealed that an nth1 mutant 

was not more sensitive to H2O2 than wild type, and even showed increased 

survival rates upon treatment with high doses of menadione and t-butyl 

hydroperoxide (t-BuO2H) (Sugimoto et al 2005, Osman et al 2003b). The 

insensitivity to H2O2 and other oxidizing agents at low levels can be explained by 

the action of other glycosylases like Myh1 . Another explanation is the 

redundancy of repair pathways. Overlapping pathways for the repair of DNA 

base damage have been found in S.pombe in response to MMS (Memisoglu and 

Samson 2000, Osman et al. 2003b, Alseth et al. 2005), as well as in S.cerevisiae 

(Xiao and Chow 1998a, Swanson et al 1999, Torres-Ramos et al 2000, Boiteux 

and Guillet 2004) and humans (reviewed in Slupphaug et al. 2003). Alseth and 

coworkers (2004) showed that the bifunctional glycosylase Nth1 is the major AP 

lyase in S.pombe and is believed to act downstream of Myh1 , which was found to 

excise mispaired adenine opposite 8-oxoG. Sugimoto et al. (2005) demonstrated 

that overexpression of Nth 1 p in wild-type or nth 1 LJ cells enhanced the sensitivity 

to oxidative damage, whereas overexpression of a catalysis-defective mutant did 
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not. Additional overexpression of Apn2p in wild-type cells reduced the sensitivity 

to oxidative damage. Apn2 is the major AP endonuclease in S.pombe cells 

(Ribar et al. 2004). Therefore, the moderate resistance of the nth1 mutant to high 

levels of oxidative damage could be explained by the Nth1-dependent formation 

of toxic BER intermediates like single strand breaks that can potentially result in 

double strand breaks during replication, and/or 3' blocked termini, which are not 

processed at a sufficient rate by Apn2. 

Alseth et al. (2004) also showed that Nth 1 acts as an AP lyase upstream of Apn2 

in response to MMS, confirming previous data by Osman et al (2003b). The 

same group reported that Mag1, a glycosylase that predominantly removes 7-

methylguanine, acts upstream of Nth1 in response to MMS (Alseth et al 2005). 

Based on these data the Jollowing __ model ot B.ER io_Jissio_f"! y_ea~t .9a11 be _ 

proposed: After initiation of BER by glycosylases, the abasic site is further 

processed by the AP lyase activity of Nth1 , followed by 3' end cleaning by the 

phosphodiesterase activity of Apn2, prior to gap filling and ligation. Alternatively 

Apn2 cleaves the phosphodiesterbond 5' to the abasic site, and repair could 

proceed via the long-patch subpathway, with cleavage of the 3' flap by Rad2. 

Analogously to mammalian cells, interactions of fission yeast BER enzymes with 

other proteins have been found or have been suggested. Klungland et al. (1999) 

showed that XPG stimulates the incision activity of fission yeast Nth1 towards 

dihydrouracil. Myh1 has been found to interact with PCNA (Chang and Lu 2002), 

and a genetic and physical interaction of Myh1 with subunits of the 

Hus1/Rad1 /Rad9 complex has been reported (Chang and Lu 2005, Jansson et 

al. 2008). Furthermore, these interactions are partially interchangeable between 

S.pombe and human proteins (Chang and Lu 2002, Shi et al. 2006) . 

Interestingly, a recent report showed that quiescent S.pombe tdp1 cells 

accumulate single-strand breaks caused by oxidizing agents, lose viability and, 

together with polynucleotide kinase, process 3' ends formed by oxidative 

damage (Ben Hassine and Arcangioli 2009). In humans, a mutation in TDP1 

causes the neurological disorder spinocerebellar ataxia with axonal neuropathy 1 
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(SCAN 1) (reviewed in EI-Khamisy and Caldecott 2006). The phenotype of the 

fission yeast tdp1 mutant can be rescued by lowering respiration or treating the 

cells with antioxidants (Ben Hassine and Arcangioli 2009). This study suggests 

that quiescent S.pombe cells provide a model system to study DNA repair 

pathways in non-dividing physiological conditions such as in post-mitotic 

neuronal cells. 

1.2.2. Single-strand break repair 

ROS, which are either generated during cell metabolism or as an indirect effect 

of certain forms of irradiation, can cause single-strand breaks (SSBs) by 

oxidative attack and fragmentation of sugar residues in the DNA. SSBs can also 

- arise as an- infermeaiate during BER or as a result of abnormal activity of DNA 

nicking enzymes like topoisomerase I. Defective single-strand break repair 

(SSBR) can give rise to the hereditary diseases Ataxia-oculomotor apraxia 1 

(AOA 1) and Spinocerebellar ataxia with axon al neuropathy 1 (SCAN 1 ), and 

possibly cancer (Caldecott 2008). 

The detection of SSBs, at least of SSBs caused by sugar damage, occurs by 

poly (ADP-ribose) polymerase 1 (PARP-1), and probably also by poly (ADP

ribose) polymerase 2 (PARP-2). SSBs which arise through topoisomerase I or 

through BER might not require PARP-1 , since they might be detected by 

alternative ways or are induced in an orderly fashion (BER). However, some 

studies reported a requirement for PARP-1 also during BER of chromosomal 

SSBs, which could be explained by the role of PARP-1 in chromatin modification 

or a possible recruitment of XRCC1 (Caldecott 2007, and references therein). 

The next step in SSBR is the processing of the DNA ends to render them 

compatible for gap filling. This step requires a variety of enzymes depending on 

the nature of the damaged termini, and many of these enzymes, like APE1, Pol 

~. PNK or XRCC1, are shared by BER and SSBR. Gap filling and ligation then 

occurs as short patch or long patch repair as described above. In the case of 

TDP1 mediated removal of a topoisomerase I molecule covalently linked to the 3' 
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DNA end, gap filling might not be required, since topoisomerase I introduces only 

a nick into the DNA. After processing of the 3' end by PNK, ligation could directly 

proceed. 

Analogously to replication-associated BER, the concept of replication-coupled 

SSBR has been envisaged (Caldecott 2008). The encounter of a replication fork 

with an SSB might result in a partly replicated DNA molecule with an SSB or gap 

and a one-ended double-strand break (DSB) on the other sister chromatid (Fig. 

S2 in Appendix D). Both structures could potentially have blocked termini. The 

SSB terminus could be processed by BER enzymes or alternatively by structure 

specific nucleases, and the repair of the SSB/gap could be accomplished by 

BER. The one-ended DSB might be processed with the possible involvement of 

the Mre11-Rad50-Nbs1 complex to enable strand invasion and re-establishment 

of a replication fork. 

1.3. Double-strand break repair 

Double-strand breaks (DSBs) can arise from a multiplicity of sources. Exogenous 

factors like ionizing radiation can lead to unscheduled DSBs by direct energy 

deposition or indirectly through the generation of ROS. Endogenously produced 

ROS and other DNA damaging agents can cause SSBs which could be 

converted to DSBs during replication. DSBs have also been associated with 

telomere shortening during senescence (d'Adda di Fagagna et al. 2003) . DSBs 

are also created during maturation of the immune system and to initiate 

recombination between homologous chromosomes during meiosis. Appropriate 

repair of DSBs is vital to maintain genomic integrity. Unrepaired or misrepaired 

DSBs can lead to apoptosis or carcinogenesis or cause gross chromosomal 

rearrangements like translocations or chromosome fusions. Mutations in genes 

encoding proteins involved in the response or repair of DSBs cause a variety of 

diseases (O' Driscoll and Jeggo 2006). 
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1.3.1 . Choice of the double-strand break repair pathway 

Cells possess different mechanisms to repair DSBs. The predominant pathways 

are non-homologous end-joining (NHEJ) and homologous recombination (HR). 

Although both pathways are well conserved, their differential usage varies 

between different organisms, and even in different cell types of the same species 

(Shrivastav et al. 2008). While HR seems to be the major repair pathway in 

budding yeast (Aylon and Kupiec 2004), NHEJ is generally the predominant DSB 

repair response in vertebrate cells (Sonoda et al. 2006, Shrivastav et al. 2008). 

Which pathway is chosen seems to depend on several factors like cell cycle 

phase, the availability and accessibility of a repair template and the chemical 

nature of the DSB. 

The cell cycle stage is a key factor in the control of DSB repair, and the balance 

between NHEJ and HR shifts during the cell cycle. NHEJ deficient chicken DT40 

cells are extremely sensitive to ionizing radiation in G1 and early S-phase 

indicating that this is the major pathway at this cell cycle stage. Although NHEJ 

can still act during late S-phase and G2, the cells preferentially rely on HR 

mediated DSB repair in these cell cycle stages (Sonoda et al. 2006). In 

mammalian cells, the expression of the HR proteins RAD51 and RAD52 

increases during S-phase and sister chromatids are the preferred HR template in 

these cells as well as in yeast (Shrivastav et al. 2008, and references therein). 

Cell-cycle progression is regulated by cyclin-dependent kinases (CDKs), and 

there is mounting evidence that these proteins play a decisive role in pathway 

choice. Esashi et al. (2005) demonstrated that CDK-dependent phosphorylation 

of BRCA2 regulates its interaction with RAD51 and thereby recombination and 

recombinational repair in mammalian cells. Further targets of CDK leading to 

stimulation of HR have been identified in mammalian cells (reviewed in Yata and 

Esashi 2009) . Ira et al. (2004) showed that CDK1 in budding yeast is required for 

DNA end resection and HR-mediated repair of an HO endonuclease-induced 

DSB throughout the cell cycle, and that HR is blocked in early G1 when CDK1 is 

inactive. Inhibition of CDK1 leads to a compensatory increase in NHEJ. The 



regulation of DSB resection by CDK1 is governed by CDK1-dependent 

phosphorylation of the nuclease Sae2 (Huertas et al. 2008). In fission yeast, 

NHEJ and HR are reciprocally regulated through the cell cycle, presumably by 

the Cdc2 kinase, since downregulation of Cdc2 leads to elevated NHEJ (Ferreira 

and Cooper 2004). Furthermore, Cdc2-cyclin B has a regulatory effect in G2 on 

recombinational repair of DSBs induced by ionizing radiation (Caspari et al. 

2002). ATM, DNA-PKcs, PARP-1 , RAD18 and possibly BRCA1 , which were 

found to act in both repair pathways, have been implicated in pathway choice in 

higher eukaryotes (Shrivastav et al. 2008). 

The nature of the DSB ends also seems to influence which repair mechanism is 

employed . While a DSB created by an endonuclease (such as the HO or I-Seel 

endonucleases) produces 3' hydroxy and 5' phosphate termini which can be 

used as a substrate for a DNA polymerase and for ligation, high levels of ionizing 

radiation cause fractured DNA ends which need further processing. A recent 

report (Barlow et al. 2008) showed that ionizing radiation-induced , but not I-Scel

induced DSBs are resected in G1 in S.cerevisiae, indicating that the cells 

distinguish between different forms of DSBs in G1. 

1.3.2. Non-homologous end-joining 

Non-homologous end-joining (NHEJ) is the prevalent DSB repair mechanism in 

mammalian cells. Although NHEJ can be precise and maintain the original 

genetic information, it is inherently error-prone. This inaccuracy can be a 

biological advantage during V(D)J recombination, but leads to the accumulation 

of mutations in other cases. Therefore, NHEJ has been implicated in cancer and 

as a potential factor in ageing (Lieber et al. 2008b). Because of the versatility of 

NHEJ, repairing a wide range of structurally diverse DSBs which are very harmful 

to the cells if left unrepaired, it seems that cells use NHEJ in order to survive 

DNA damage at the expense of genomic integrity. 

The ringshaped Ku heterodimer (Ku70/Ku80) seems to be the first protein to bind 

to DSB ends during GO, G1 and early S-phase in vertebrate cells, whereas some 
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competition with other proteins might occur during late S-phase or G2 (Sonoda et 

al. 2006, Lieber 2008a, Weterings and Chen 2008). DNA-bound Ku recruits the 

DNA-PKcs and this protein complex is believed to tether the DNA ends. The 

interaction of DNA-PKcs with Ku and DNA triggers its kinase activity leading to 

autophosphorylation which causes a conformational change and regulates 

access of other NHEJ factors. DNA-PKcs has also been shown in vitro to 

phosphorylate other proteins involved in NHEJ, but the respective in vivo role is 

unclear (Mahaney et al. 2009). Some DNA ends need processing before ligation 

can occur. The nuclease Artemis can cleave a wide range of structures, and is 

absolutely required for repair of a subset, amounting to about 10%, of X-ray 

induced DSBs, although the structures of these ends are still unknown (Jeggo 

and Loebrich 2006, Lieber et al. 2008b). Overhangs and nucleotide gaps at the 

DSB ends are a substrate for the DNA polymerases µ and 11, which perform fill-in 

reactions in an exclusively template-dependent (Pol 11,) or template-dependent 

and -independent (Pol µ) manner. The terminal deoxyribonucleotidyltransferase 

TdT, which is only expressed in lymphocytes, carries out template-independent 

synthesis by adding random nucleotides, and therefore creates genetic diversity 

during V(D)J recombination (Lieber 2008a). PNK has also been implicated in 

NHEJ and may act on non-ligatable ends employing its 3' -phosphatase and 5' 

kinase activities. The DSB ends are ligated by the Ligase IV-XRCC4 complex, 

with the aid of XLF in some cases. XRCC4 has no enzymatic activity and 

therefore likely acts as a scaffold protein. It associates with Ku, PNK, APLF, XLF 

and also with DNA (Mahaney et al. 2009). XRCC4 is phosphorylated in vivo and 

this phosphorylation is enhanced upon DNA damage. CK2-dependent 

phosphorylation mediates the interaction of XRCC4 with the FHA-domain of 

APLF. Although, generally, the key players in NHEJ have been well 

characterized, their order of action and assembly at the DSB is not yet fully 

elucidated. 

In fission yeast, homologues of the Ku proteins, Ligase IV and XLF were 

identified and characterized (Baumann and Cech 2000, Miyoshi et al. 2003, 

Hentges et al. 2006). Gonzalez-Barrera et al. (2005) reported the purification and 
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biochemical characterization of the DNA polymerase SpPol4. This polymerase is 

template-dependent, lacks terminal deoxyribonucleotidyl-transferase activity, is 

able to incorporate rNTPs on a nicked DNA duplex, and shows dRP lyase 

activity. SpPol4 therefore displays enzymatic activities reminiscent of the DNA 

polymerases µ and A. Based on its biochemical activities, the authors reasoned 

that SpPoI4 might have a role in NHEJ, and probably also BER. To our 

knowledge, no homologues of DNA-PKcs, XRCC4 or Artemis have been 

identified so far in fission yeast. In S.pombe, non-homologous end-joining 

activities were first described by Goedecke et al. (1994) using an assay where 

cells were transformed with a linearized plasmid and recircularized plasmids 

were recovered and analysed. Sequence analysis of the junctions in 

recircularized plasmids revealed the loss of a few nucleotides in most cases. 

Deletion-type repair events in wild-type cells were also observed in the studies by 

Wilson et al. (1999) and Manolis et al. (2001). In contrast to S.cerevisiae, NHEJ 

in fission yeast wild-type cells repairs blunt- and cohesive-ended DSBs with 

equal efficiency, but the repair of cohesive DSBs was rarely accurate (Boulton 

and Jackson 1996, Manolis et al. 2001 ). Also different from budding yeast, 

S.pombe cells do not require Rad32 or Rad50 for NHEJ-mediated plasmid 

rejoining (Boulton and Jackson 1998, Manolis et al. 2001 ). 

1.3.3. Homologous recombination 

Another important pathway to repair DSBs is homologous recombination (HR). 

This mechanism is involved in diverse biological functions: it mediates the 

recombination of parental alleles during meiosis and ensures proper segregation 

of homologous chromosomes, repairs mitotic DSBs, and is involved in telomere 

maintenance, in the recovery from stalled or collapsed replication forks, and in 

the repair of interstrand crosslinks (San Filippo et al. 2008, Li and Heyer 2008). 

HR involves the exchange of genetic information between homologous 

sequences. The homologous sequences can be on a sister chromatid, on a 

homologous chromosome, or can be located elsewhere in the genome. In 
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contrast to other DSB repair mechanisms like NHEJ or single-strand annealing, 

which are inherently error-prone, HR is generally regarded as error-free since it 

copies sequences with high-fidelity from a homologous donor. However, HR

mediated break-induced replication can lead to chromosomal rearrangements 

and loss of heterozygosity. HR is highly conserved in many species, suggesting 

a common fundamental mechanism of recombination in different organisms (San 

Filippo et al. 2008). For comprehensive review on eukaryotic HR see Paques and 

Haber (1999), Krogh and Symington (2004), Li and Heyer (2008) and San Filippo 

et al. (2008). 

1.3.3.1. Models for homologous recombination 

Recombination has mainly been studied in fungi using heterozygous markers. By 

analyzing all spores of a meiotic ascus, individual recombination events can be 

followed. Several models for homologous recombination have been proposed. 

They share several commonalities: HR is initiated by a DNA strand break, 

generation of single-stranded DNA which invades the homologous DNA molecule 

and thereby leads to the formation of heteroduplex DNA, Holliday junctions (HJs) 

are formed , and the resolution of the Holliday structures yields recombinant 

products. In the model postulated by Holliday (1964) HR is initiated by two single

strand breaks at the same position in two aligned homologous DNA strands with 

the same polarity (Fig. S3 a, in Appendix D). The free ends anneal with the 

complementary strands from the other chromatid. Ligation produces a HJ, and 

branch migration forms symmetrical heteroduplexes. Resolution of the HJ 

produces either non-crossover or crossover events. Observations from several 

experiments demonstrating that not all heteroduplex DNA was symmetric, led 

Meselson and Radding (1975) to propose a modified model (Fig. S3 b). Here, HR 

is initiated by the introduction of a nick in one strand of only one of the two 

homologous DNA molecules. The nicked strand is then displaced by newly 

synthesized DNA and invades the homologous duplex, creating asymmetrical 

heteroduplex DNA and a D-loop. The D-loop is then degraded, a HJ is formed 

and processed as in the model by Holliday (1964) . Szostak et al. (1983) then 
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postulated the double-strand break repair model (Fig. S4 a). Here, a DSB is 

introduced in one DNA duplex, and 3' single-strand overhangs are generated by 

strand resection. One 3' end invades the homologous duplex and creates a 0-

loop. Both 3' ends serve as primers for DNA synthesis which leads to repair of 

the gap after second-end capture and to the formation of two HJs. Both 

symmetrical and asymmetrical heteroduplex DNA is formed prior to HJ 

resolution. 

The resolution of HJs should give equal amounts of crossover and non-crossover 

events. However, the observation that most mitotic recombination events yielded 

non-crossover products led to the development of an alternative DSB repair 

model, the synthesis-dependent strand annealing (SOSA) model (reviewed in 

Paques and Haber 1999). The invading DNA strand is extended by DNA 

synthesis, but later displaced and reanneals back to the parental DNA on the 

other side of the break (Fig . S4 b). No HJ is formed, and a non-crossover event 

is produced. Variations on this model involving the formation of a single or double 

HJ which would allow crossover formation, have subsequently been proposed 

(Paques and Haber 1999, Allers and Lichten 2001) (Fig. S4 c). 

1.3.3.2. Proteins involved in homologous recombination 

Many genes and proteins involved in HR were identified through genetic studies 

in S.cerevisiae. This led to the discovery of the RAD52 epistasis group 

(Shinohara and Ogawa 1995, Paques and Haber 1999). This epistasis group 

includes RAD51, RAD52, RAD54, RDH54, RAD55, RAD57, RAO59 and the 

subgroup with MRE11, RAD50 and XRS2. Homologues of most of these genes 

have been identified in other organisms like humans and fission yeast (Raji and 

Hartsuiker 2006, San Filippo et al. 2008). Following the sensing of the DSB, the 

initiating event in HR-mediated repair is the resection of the DNA ends to 

generate 3' single-stranded overhangs. The MRN (Mre11-Rad50-Nbs1) 

complex, MRX (Mre11-Rad50-Xrs2) in S.cerevisiae, is involved in DSB sensing 

and signalling, and in the end resection of certain types of DSBs, presumably 

those with blocked termini (Lisby et al. 2004 and references therein, Borde et al. 
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2007, Williams et al. 2007, Buis et al. 2008, Williams et al. 2008). Recently, the 

S.cerevisiae nucleases Exo1, Sae2 and Dna2 have been shown to play a role in 

DSB resection (Huertas et al. 2008, Mimitou and Symington 2008, Zhu et al. 

2008). Also the human and fission yeast homologues of Sae2, CtlP and Ctp1 , 

respectively, act in DSB resection together with the MRN complex (Limbo et al. 

2007, Sartori et al. 2007, Akamatsu et al. 2008) . Furthermore, a role for the 

helicases Sgs1 and BLM in DSB processing has been described (Gravel et al. 

2008, Mimitou and Symington 2008). 

Homologous pairing and strand exchange is carried out by recombinases and 

mediator proteins. The Rad51 recombinase forms nucleoprotein filaments on 

single-stranded DNA. In S.cerevisiae this presynaptic filament formation is aided 

by the mediators Rad52, Rad55 and Rad57, which support the binding of Rad51 

molecules to RPA coated single-stranded DNA (Krogh and Symington 2004, San 

Filippo et al. 2008). No mediator function for human Rad52 has been 

demonstrated yet, but BRCA2 seems to fulfil this function. Additionally, human 

Rad51 Band Rad51 C, two paralogs of Rad51, act as mediators and also promote 

the DNA pairing activity of Rad51 (San Filippo et al. 2008). Two Rad52 

homologues, Rad22 and Rti1, with overlapping roles have been identified in 

S.pombe. However, rtit1 mutants only showed a weak sensitivity to DNA 

damaging agents, and deleting rti1+ only slightly increased the sensitivity of a 

rad22t1 mutant (reviewed in Raji and Hartsuiker 2006). Doe et al. (2004) 

established that Rhp51-dependent and -independent recombination requires 

Rad22. Furthermore, the Rhp55/Rhp57 and Swi5/Sfr1 complexes act as 

mediators in fission yeast (Tsutsui et al. 2000, Akamatsu et al. 2007). An 

important protein in HR is the Snf2-family protein Rad54. Biochemical and 

genetic data indicate that Rad54 acts in pre-synaptic, synaptic and post-synaptic 

steps of HR (Heyer et al. 2006, San Filippo et al. 2008). Rad54 promotes binding 

of Rad51 to RPA-coated single-strand DNA and stimulates the formation of joint 

molecules (D-loops). Rad54 also possesses branch migration activity, 

dissociates HR intermediates and removes Rad51 bound to double-strand DNA 

(Bugreev et al. 2006, Heyer et al. 2006, Bugreev et al. 2007). 
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1.3.3.3. The structure-specific endonuclease Mus81-Eme1/Mms4 

The genes encoding Mus81 have been identified in S.pombe and S.cerevisiae 

through their interaction with Cds1 and Rad54, respectively, in yeast two-hybrid 

screens (Boddy et al. 2000, lnterthal and Heyer 2000). The human and mouse 

homologues have been identified through a homology search (Chen et al. 2001 ). 

Mus81 forms a heterodimer with Eme1 in fission yeast, mouse and human cells, 

and with Mms4 in S.cerevisiae (Boddy et al. 2001 , Kaliraman et al. 2001 , 

Abraham et al. 2003, Ciccia et al. 2003, Ogr0n9 and Sancar 2003) 

1.3.3.3.1 . Phenotypes of Mus81-Eme1/Mms4 deficient cells 

Budding yeast cells deficient for Mus81 or Mms4 are resistant to y-rays, but are 

sensitive to UV, camptothecin and a variety of alkylating agents, and 

overexpression of the bacterial Holliday junction resolvase RusA rescues the 

sensitivity to UV and MMS, and to some extent also to camptothecin (Xiao et al. 

1998b, lnterthal and Heyer 2000, Mullen et al. 2001, Bastin-Shanower et al. 

2003, Odagiri et al. 2003). The Mus81-Mms4 heterodimer functions in a Rad54-

dependent pathway in response to UV, and has been implicated in a Rad52-

dependent but Rad54-independent pathway for repair or tolerance of MMS

induced DNA damage (lnterthal and Heyer 2000, Odagiri et al. 2003). mus81 and 

mms4 mutants display gross chromosomal rearrangements (Smith et al. 2004, 

Zhang et al. 2006). 

Like S.cerevisiae, fission yeast cells lacking Mus81 are sensitive to UV, MMS, 

HU and camptothecin, but only slightly, if at all, to ionizing radiation. The 

sensitivity of a mus81 mutant to UV, HU, MMS and camptothecin can be 

suppressed by RusA (Boddy et al. 2000, 2001 , Doe et al. 2002). Mus81 deficient 

cells show a "cut"-phenotype indicative of a checkpoint defect (Boddy et al. 

2000). Also similar to S.cerevisiae, fission yeast Mus81 acts in a Rad22-

dependent but Rhp51-independent manner in response to UV, MMS and 

camptothecin , but has an additional and Rad22-independent function in response 

to HU (Doe et al. 2004) . 
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Murine musar1
- or emer1

- cell lines are mildly sensitive to UV, HU and ionizing 

radiation, show chromosomal abnormalities which become aggravated upon 

exposure to mitomycin C, but are resistant to camptothecin. They display 

hypersensitivity to the crosslinking agents mitomycin C and cisplatin, and 

interstrand-crosslink-induced DSBs and Rad51 foci persisted in musar1
-

embryonic fibroblasts (Abraham et al. 2003, McPherson et al. 2004, Dendouga et 

al. 2005). The lack of Mus81 triggers the checkpoint activation (Dendouga et al. 

2005). McPherson et al. (2004) have shown that homozygous musa1-1- and 

heterozygous mus81+1
- mice show an increased tumour predisposition, although 

this has been questioned by Dendouga and coworkers using a different mouse 

model (Dendouga et al. 2005). In support of the findings by McPherson and 

coworkers (2004), Pamidi et al. (2007) demonstrated that p53 activation is 

increased in Mus81 deficient cell lines, that Musa1-1- p53-1- mice develop tumours 

and that the loss of even one Mus81 allele changes the tumour spectrum. 

Hiyama and colleagues (2006) inactivated the MUS81 or EME1 genes in a 

human colon cancer cell line. These cells became sensitive to different genotoxic 

agents, showed frequent chromosomal aberrations, and had activated intra-S

phase and G2/M checkpoints. 

In summary, yeast and mammalian cells deficient for Mus81-Eme1 /Mms4 share 

common phenotypes like sensitivity to DNA damaging agents, checkpoint 

activation and chromosomal abnormalities. mus81 mutants of both yeasts also 

show replication deficiencies (see below). 

1.3.3.3.2. Is the Mus81-Eme1/Mms4 complex a Holliday junction resolvase? 

Both, S.pombe and S.cerevisiae mus81 mutants show a decreased spore 

viability (lnterthal and Heyer 2000, Boddy et al. 2000, 2001 ). In fission yeast, this 

meiotic phenotype can be partially suppressed by wild-type RusA, but not by a 

nuclease-deficient variant. This, together with the finding that Mus81 acts 

downstream of recombination initiation, lead to the idea that Mus81 might be a 

Holliday junction resolvase (Boddy et al. 2001 ). Since then considerable efforts 

have been made to determine the substrate specificity of Mus81-Eme1 /Mms4 
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from both yeasts and mammalian cells in vitro. Partially purified endogenous 

complex preparations from S.pombe and Hela cells have shown some activity 

on a Holliday junction (HJ) substrate (Boddy et al. 2001 , Chen et al. 2001, 

Constantinou et al. 2002, Gaillard et al. 2003, Blais et al. 2004). In contrast, 

recombinant Mus81-Eme1/Mms4 complexes from S.pombe, S.cerevisiae and 

human cells, all purified from E.coli, failed to incise intact HJs, but readily cleaved 

3'-flaps, D-loops, branched structures which resemble replication forks or which 

are expected to be formed after regression of replication forks, and, to some 

extent, nicked HJs (Kaliraman et al. 2001 , Doe et al. 2002, Bastin-Shanower et 

al. 2003, Ciccia et al. 2003, Gaillard et al. 2003, Osman et al. 2003a, Whitby et 

al. 2003, Fricke et al. 2005, Ehmsen and Heyer 2008, Taylor and McGowan 

2008). 

What could be the reason for the difference in substrate specificity of the various 

Mus81 complex purifications? The presence of an unidentified co-factor in the 

partially purified samples or the absence of post-translational modification in a 

prokaryotic expression system has been given as possible explanations. The 

findings of several studies argue against the latter possibility. Gaskell et al. 

(2007) reported that S.cerevisiae Mus81-Mms4 expressed in E.coli cleaved 

nicked and intact HJs. In contrast, Ehmsen and Heyer (2008) observed no 

activity on HJs of endogenously purified Mus81-Mms4, independent of its 

phosphorylation state. While human Mus81-Eme1 expressed in insect cells 

incised HJs, no such activity was detected with murine Mus81-Eme1 expressed 

in mammalian cells (Abraham et al. 2003, Taylor and McGowan 2008). Ehmsen 

and Heyer (2008) reasoned that substrate specificity in vivo might be conferred 

by protein-protein interactions targeting the nuclease to the substrate. In 

summary, while it has been firmly established that Mus81-Eme1/Mms4, 

irrespective of its expression source, cleaves a D-loop, 3' -flaps and replication 

fork-like structures in vitro, its postulated HJ resolvase activity has been 

controversial. 

Recently, Chang and coworkers determined the crystal structure of a human 

Mus81-Eme1 complex, consisting of N-terminally truncated Mus81 and Eme1 
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proteins, and showed that certain residues are important for cleaving a nicked HJ 

while they are dispensable for the nuclease activity on 3'-flap and replication 

fork-like substrates (Chang et al. 2008). Based on this crystal structure and 

mutational analysis, they proposed a model in which this Mus81-Eme1 complex 

could neatly adopt a nicked HJ with a flexible arm, while an intact HJ would fit 

less well , probably due to constraints at the junction. These findings support the 

idea by Gaillard et al. (2003) that Mus81-Eme1 in S.pombe cleaves a HJ by a 

nick and counternick mechanism where the first nick is the rate limiting step, 

followed by rapid incision on the opposing strand. With the exception of one 

study, in which a cruciform substrate was used (Taylor and McGowan 2008), the 

incisions with Mus81 on HJs or nicked HJs were of an asymmetrical nature. 

Although asymmetrical cleavage might not be of biological significance due to the 

presence of gap-filling and flap-cleaving activities in the cell, it suggests that the 

Mus81 complex would not constitute a canonical HJ resolvase. 

However, three recent publications support the hypothesis of Mus81-

Eme1/Mms4 acting as an HJ resolvase in vivo. Cote and Lewis (2008) showed 

that the in vivo resolution of cruciform structures, formed from palindromic 

sequences on a plasmid introduced into S.cerevisiae cells, requires Mus81 . Joint 

molecules are DNA molecules linked by Holliday junctions, and are intermediates 

in meiotic recombination and crossover formation in budding yeast (Schwacha 

and Kleckner 1995). Two studies demonstrated that S.cerevisiae cells lacking 

Sgs1 and Mus81 are defective in the resolution of joint molecules, and that 

resolution could be restored by expression of Mus81 (Jessop and Lichten 2008, 

Oh et al. 2008). 

1.3.3.3.3. The role of Mus81 in mitotic and meiotic recombination 

S.pombe cells deficient for Mus81 show a severe sporulation defect: DNA is 

unequally distributed between the spores and spore viability is dramatically 

decreased, even below the level of an rhp51 mutant (Boddy et al. 2000, Boddy et 

al. 2001 , Osman et al. 2003a). Mutating mus81+ or eme1+ in a rec6 or rec12 

background did not further decrease spore viability compared to the rec6 and 
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rec12 single mutants, indicating that Mus81-Eme1 functions downstream of 

recombination initiation. The meiotic defect can be suppressed by the expression 

of RusA (Boddy et al. 2001). Genetic data showed that a mus81 strain had a 

reduced level of meiotic crossovers and, although not statistically significant, 

seemed to slightly affect the frequency of mitotic crossovers, while the formation 

of non-crossover recombinants was not affected (Osman et al. 2003a). They also 

observed that Mus81 cleaved D-loops in vitro. These data lead them to propose 

a model in which Mus81-Eme1 cleaves a D-loop formed by strand invasion. 

Following DNA synthesis and second-end capture, a second incision by the 

Mus81-complex would resolve the joint molecules before the recombination 

intermediate would mature into a HJ. This would always produce a crossover 

event. According to this model, Mus81-Eme1 would be dispensable for 

synthesis-dependent strand annealing (SOSA) which creates non-crossover 

events (Osman et al. 2003a). This model is not only compatible with the genetic 

and biochemical data, but also circumvents the controversial proposed role of 

Mus81-Eme1 as a HJ resolvase. Further genetic data by Smith et al. (2003) 

confirmed that fission yeast Mus81-Eme1 is required for meiotic crossover 

formation, and also showed that the meiotic defect can be overcome by RusA 

expression. Besides confirming Mus81-dependent crossover formation with a 

physical assay, an in vivo study demonstrated that Rec12-dependent 

recombination intermediates accumulate in a mus81 mutant (Cromie et al. 2006). 

Their data also suggest that the meiotic joint molecules in S.pombe are single 

HJs, which is in contrast to S.cerevisiae where meiotic recombination 

intermediates were identified as double HJs (Schwacha and Kleckner 1995). 

Hope and coworkers (2007) showed that also mitotic crossovers are formed in a 

Mus81-Eme1 dependent way. 

Spore viability is also affected in S.cerevisiae mus81 or mms4 cells, but seems to 

vary with the strain background (lnterthal and Heyer 2000, Kaliraman et al. 2001 , 

Mullen et al. 2001 ). The suppression of the mus81/mms4-dependent sporulation 

defect in a spo11 spo13 background, which allows the recovery of viable meiotic 

products in the absence of recombination , suggests that the role of Mus81-Mms4 
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in meiosis depends on recombination and may involve the processing of 

recombination intermediates (Kaliraman et al. 2001 ). Allers and Lichten (2001) 

reported the detection of joint molecules where both HJs were on one side of the 

DSB site. This observation could not be explained by a classical DSB repair 

model. One model they proposed to account for their observation involves a 

strand invasion event followed by the partial displacement of the invading strand. 

Reannealing to the resected end on the other side of the DSB could create a 

double HJ to one side of the break only. Data by de los Santos et al. (2001) 

suggested that Mms4 functions downstream of strand invasion. Based on this 

and the preference of Mus81-Mms4 for 3' -flap substrates (Kaliraman et al. 2001), 

they integrated the Mus81-complex into the model proposed by Allers and 

Lichten (2001 ). If the invading strand is extended further than the DSB has been 

resected, the reannealing of the now longer single-strand DNA would create a 3' 

flap which could be cleaved by Mus81-Mms4 (de los Santos et al. 2001). In a 

follow-up study the same researchers found only a weak decrease in meiotic 

crossover formation in mus81 or mms4 mutants, and this reduction seemed to be 

biased to crossovers happening on shorter chromosomes (de los Santos et al. 

2003) . Furthermore, they found that the impaired sporulation and spore viability 

of mus81 mutants could not be suppressed by RusA. This, together with their 

observation that less double HJs were observed in an mms4 mutant suggests 

that Mus81-Mms4 is not the major meiotic HJ resolvase. The decreased 

occurrence of HJs in the mms4 mutant is in contrast to the idea by Osman et al. 

(2003a) that the fission yeast Mus81 heterodimer cleaves recombination 

intermediates before they mature into HJs, and that deletion of mus81+ should 

therefore lead to more HJs. Based on their model, de los Santos et al. (2001) 

suggest that a possible explanation for decreased occurrence of double HJs 

could be that impaired cutting of the 3' -flap destabilizes the recombination 

intermediate, or that the HJs are processed by a different mechanism, probably 

leading to an intact crossover chromatid and an unrepaired chromatid in some 

cases (de los Santos et al. 2003). The authors also reasoned that the 3' -flap 

might be converted to a 5' -flap. A deletion of RAD2 has no effect on spore 
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viability either in the presence or absence of Mus81 (de los Santos et al. 2003). A 

mus81 rad27 mutant is not viable (Tong et al. 2001). A possible explanation for 

the difference in meiotic phenotypes of S.pombe and S.cerevisiae mus81 

mutants is, that budding yeast employes genetically distinct pathways leading to 

crossover formation (Cromie and Smith 2007). Modulation of these pathways 

determines the frequency of crossover formation and could to some extent 

circumvent the need for Mus81 to generate crossovers. A model reconciling the 

data between the two yeast organisms is presented in Hollingsworth and Brill 

(2004). In fission yeast, crossovers without generating HJs are generated 

essentially as proposed by Osman et al. (2003a) in a Mus81-dependent manner. 

Non-crossover events occur via SOSA In budding yeast, the additional Msh4-

Msh5-dependent pathway would generate the bulk of crossovers. The 

synaptonemal complex in S.cerevisiae might also prevent RusA from processing 

HJs, thereby explaining that mitotic, but not meiotic phenotypes can be 

suppressed by RusA. As mentioned above, recent publications implicated 

S.cerevisiae Mus81 in the resolution of meiotic recombination intermediates in 

vivo (Jessop and Lichten 2008, Oh et al. 2008). 

Three studies investigated the function of Mus81 in mitotic and meiotic 

recombination in mammalian cells. Although McPherson et al. (2004) reported 

that Musa1-1- mice are viable and fertile, a new detailed analysis showed that 

MUS81 has a role in meiosis and crossover formation (Holloway et al. 2008). In 

human cells, RNAi induced downregulation of MUS81 reduced mitotic 

recombination in a human fibroblast cell line (Blais et al. 2004) . 

1.3.3.3.4. The role of Mus81 in replication 

Recombinational repair is an important mechanism to restart arrested or 

collapsed replication forks in prokaryotes and eukaryotes (McGlynn and Lloyd 

2002, Lambert et al. 2007). Current models of replication restart include a variety 

of DNA structures which, based on the determined in vitro substrate specificities, 

could be cleaved by the Mus81-Eme1/Mms4 complex in order to initiate or 

complete homologous recombination. Such structures include D-loops, four-way 
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junctions like fully regressed forks or HJs, and branched DNA molecules such as 

replication forks with single-strand DNA to one side of the fork or partially 

regressed forks. As outlined below, a number of studies employing genetic, 

biochemical and cytological approaches indicate that Mus81 has a function in the 

tolerance or repair of DNA lesions during replication, and that this function occurs 

mostly, but not exclusively, in a recombination-dependent manner. 

S.pombe and S.cerevisiae mus81 has been found to be synthetically lethal with 

deletions of the RecQ family genes encoding Rqh1 and Sgs1, respectively 

(Boddy et al. 2000, Mullen et al. 2001). RecQ helicases have been implicated in 

maintenance of genomic integrity during replication (Chakraverty et al. 1999). 

That the lethality of a mus81 sgs1 double mutant can be suppressed by 

concomitant deletion of genes of the Rad52 epistasis group indicates that Mus81 

and Sgs1 process toxic recombination products. It has been further shown that 

these recombination intermediates are unlikely to stem from DSB repair, and the 

authors inferred that these recombination events are initiated on single-strand 

DNA formed during replication (Fabre et al. 2002). In S.pombe the inviability of 

an rqh1 mus81 mutant can be rescued by expression of RusA (Doe et al. 2002). 

The notion that Mus81 has a role in replication was supported by genetic 

interaction of mus81 mutations with different replication mutants. Boddy et al. 

(2000) reported that a fission yeast mus81 mutation lowered the restrictive 

temperature of thermosensitive alleles of DNA polymerases 8 and a. A mus81 

null or nuclease-dead allele reduced the rate of Rhp51-dependent deletion-type 

mutations in a DNA polymerase a mutant (Kai et al. 2005). In a screen for 

synthetic lethality with rad51 sgs1 mus81, the gene RNH202 encoding a subunit 

of RNase H2 was identified (Ii and Brill 2005). Based on epistasis analysis the 

authors proposed several pathways in which Mus81 and Sgs1 act in Rad51-

dependent and -independent ways to overcome lagging-strand replication 

problems. It has previously been observed that Mus81 and Sgs1 exert 

recombination-independent functions under normal growth conditions (Fabre et 

al. 2002). Negative genetic interactions have also been observed between 

mus81 mutations and mutated genes encoding subunits of the SMC5/6 complex 
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(Pebernard et al. 2004, Torres-Rosell et al. 2005, Pebernard et al. 2006). This 

protein complex is involved in DNA repair and in the replication of rDNA (Murray 

and Carr 2008). Using two-dimensional gel analysis, it was shown that X-shaped 

rDNA molecules, presumably HJs as judged by a branch migration assay, 

accumulate if a fission yeast mus81 mutation is combined with a po/1-1 mutation 

or a swi1 deletion (Gaillard et al. 2003, Noguchi et al. 2004). Swi1 and Swi3 are 

components of a so-called fork protection complex required to overcome 

replication fork arrest and to activate Cds1 (Noguchi et al. 2004). The synthetic 

sickness of a swi1 mus81 double mutant could be suppressed by inactivation of 

Rad22, but not Rhp51 or Rhp54, and also the generation of X-shaped molecules 

was shown to be Rad22-dependent (Noguchi et al. 2004). Similarly, budding 

yeast cells lacking Mus81 accumulated X-shaped molecules in the rDNA in a 

Rad52-dependent manner, and showed rDNA repeat instability (Ii et al. 2007). 

Human Mus81 localizes to nucleoli and its expression level increases during S

phase and remains elevated during G2 (Gao et al. 2003). The absence of Mus81 

triggers intra-S-phase and G2'M checkpoint responses in fission yeast, mouse 

and human cells (Boddy et al. 2000, Dendouga et al. 2005, Hiyama et al. 2006). 

Taken together these data provide evidence for a role of the Mus81-complex in 

processing or tolerating spontaneous DNA damage which impairs replication 

during normal vegetative growth. 

As mentioned above, S.pombe and S.cerevisiae cells deficient for Mus81 are 

sensitive to a variety of DNA damaging agents including camptothecin. 

Camptothecin is a topoisomerase I-inhibitor, stabilizing the DNA-topoisomerase I 

cleavage complex and preventing religation of the nicked DNA (Pommier et al. 

1998). Topoisomerase I cleavage complexes on the leading strand template can 

be converted into DSBs by run-off of the replicative DNA polymerase (Strumberg 

et al. 2000). Expression of RusA can suppress the camptothecin sensitivity of a 

fission yeast mus81 mutant, but not of an rqh1 mutant (Doe et al. 2002). This 

suggests that Mus81 promotes the repair of collapsed replication forks by 

processing recombination intermediates which would not constitute a suitable 

substrate for Rqh1. During recombinational repair of a DSB, strand invasion 
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followed by second-end capture and ligation of the extended invading strand 

back to the parental strand could give rise to a double HJ. Rqh1 , together with 

topoisomerase 111, might then resolve this double HJ through a dissolution 

mechanism involving convergent branch migration and resolution of the resulting 

hemicatenane, essentially as proposed for BLM-TOPO Illa in human cells and 

Sgs1-Top3 in S.cerevisiae (Ira et al. 2003, Wu and Hickson 2003). In contrast, a 

DSB created at a replication fork is one-ended. Strand invasion would lead to a 

D-loop which could mature into a single HJ likely precluding a dissolution process 

as described above. Cleavage of these substrates by Mus81 could then restore 

the replication fork. 

As already mentioned, fission yeast mus81 mutant cells are hypersensitive to 

chronic exposure to camptothecin and hydroxyurea. Also acute exposure to 

camptothecin resulted in decreased viability, but the cells displayed almost wild

type levels of resistance to acute treatment with hydroxyurea (Kai et al. 2005). 

Cds1-dependent phosphorylation of Mus81 in response to HU leads to its 

dissociation from chromatin (Kai et al. 2005). In contrast, Mus81 was only slightly 

phosphorylated upon treatment of cells with camptothecin. These different 

extents of Mus81 phosphorylation correlated with Cds1 kinase activity, 

suggesting a negative regulatory mechanism of Cds1-dependent phosphorylation 

of Mus81 under conditions which lead to replication fork stalling, probably to 

avoid unscheduled cleavage of replication forks (Kai et al. 2005). Indeed, several 

recent studies demonstrate that Mus81 creates DSBs if replication is inhibited 

and that these DSBs likely result from the cleavage of replication forks (Hanada 

et al. 2006, 2007, Franchitto et al. 2008, Froget et al. 2008, Shimura et al. 2008). 

Froget and coworkers (2008) also showed that an unphosphorylatable version of 

fission yeast Mus81, which would remain chromatin associated, did not lead to 

DNA cleavage, indicating the presence of an additional mechanism regulating 

Mus81 activity. Interestingly, the authors also found that HU-induced DNA break 

formation partially depended on Rqh1. The Bloom's syndrome-associated (BLM) 

helicase stimulates the incision activity of human Mus81 on a nicked HJ or 3'-flap 

substrate (Zhang et al. 2005). Furthermore, BLM is required for the induction of 
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transient DSBs upon replication inhibition (Shimura et al. 2008). Experiments by 

Roseaulin and colleages (2008) indicate that fission yeast Mus81 acts at broken 

replication forks in recombination events involving the sister chromatid. These 

data suggest that the Mus81 heterodimer is involved in processing stalled and 

collapsed replication forks. 

Although contradictory to previous biochemical data, cytological data from E.coli 

suggest that not only lagging strand replication, but also leading strand 

replication might be discontinuous (Wang 2005, Langston and O'Donnell 2006). 

It was recently shown by electron microscopy that single-strand DNA gaps 

accumulate on the replicated leading strand in NER-deficient S.cerevisiae cells 

after UV irradiation (Lopes et al. 2006). This suggests that the replisome might 

reinitiate replication downstream of an irreparable lesion and lead to 

discontinuous leading strand synthesis in eukaryotes. Fabre and colleagues 

(2002) proposed that the repair of single-strand DNA gaps occurring during 

replication require alternative pathways involving Mus81-Mms4, Sgs1-Top3 and 

Srs2. Several ways in which Mus81 could act in single-strand gap repair are 

conceivable. One model is analogous to the classical DSB repair model: 

unwinding of the duplex DNA to one side of the gap would generate a 3' end 

which can undergo strand invasion. Extension of this strand and reannealing to 

the parental DNA followed by ligation can produce a double HJ. Resolution by 

Mus81 would generate crossover and non-crossover products. Alternatively, in a 

SOSA-like manner, extension of the invading strand further than the gap on the 

parental DNA followed by displacement and reannealing of this strand to the gap

containing chromatid would generate a 3'-flap structure (Fabre et al. 2002). 

Osman and Whitby (2007) proposed a third model involving the formation of a 

so-called gap-derived displacement loop (GD-loop). Based on the observations 

that (1) E.coli RecA can nucleate on single-strand gaps in duplex DNA and 

mediate strand invasion with an intact duplex, and (2) that Rad52 of human and 

both yeasts can promote strand-annealing and -exchange in vitro (Kagawa et al. 

2001, Bi et al. 2004, Doe et al. 2004), the authors proposed that the single

stranded DNA invades the homologous duplex DNA on the sister chromatid 
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displacing one DNA strand and forming a GD-loop. This structure is a substrate 

for Mus81 in vitro (Osman and Whitby 2007). Resolution of this loop would create 

a single-strand gap on the recipient chromatid which could be filled by DNA 

synthesis. The original gapped sequence would be left paired to intact DNA 

excised from the sister chromatid. If the original gap has been created by 

skipping of a lesion by the replisome, this DNA derived from the sister chromatid 

could serve as a template for error-free DNA repair. 

1.3.4. Single-strand annealing 

A double-strand break between two flanking homologous sequences (direct 

repeats) can be repaired in a non-conservative way resulting in the deletion of 

one copy of the repeated sequences. A model for a recombination mechanism 

accounting for this observation was first suggested by Lin et al. for repair in 

mammalian cells (Lin et al. 1984, 1985). This mechanism involves the resection 

of both double-strand break ends producing 3' single stranded DNA tails which 

expose the complementary homologous sequences of the repeats flanking the 

break site. These sequences can then search for homology and anneal. Removal 

of the heterologous part of the ssDNA tails by a flap endonuclease, followed by 

ligation leads to the repair of the DSB with loss of one repeat and the sequence 

between the repeats. This single-strand annealing (SSA) model was further 

supported by experiments in mouse cells that led to observations which could be 

explained by SSA but not by the double-strand break repair model by Szostak 

(Lin et al. 1990). 

Several groups reported deletion-type recombination events between repeated 

sequences, presumably arising through SSA, in S.cerevisiae (Aguilera and Klein 

1988, Rudin et al. 1989, Ozenberger and Roeder 1991, Fishman-Lobell et al. 

1992). SSA has been extensively studied since then. It has been shown that SSA 

competes with other mechanisms of DSB repair, and constitutes an efficient 

major repair pathway (Fishman-Lobell et al. 1992). The efficiency of SSA is 

homology dependent, and increases with the length of homologous segments 
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(Sugawara and Haber 1992, Sugawara et al. 2000). Even as little as seven 

heterologous base-pairs in a 205bp segment dramatically decrease SSA 

(Sugawara et al. 1997). This effect can be suppressed in an msh6 deletion or 

msh2 separation of function mutant, as well as in a sgs1 mutant, implying a 

function for these proteins in rejection of heteroduplex DNA during SSA 

(Sugawara et al. 2004). Furthermore, Msh2 and Msh3, but not other mismatch 

repair proteins, were required for SSA if the repeat length was 205bp, but 

became dispensable if the homology length was 1170bp (Sugawara et al. 1997). 

Based on these and further genetic data, it has been suggested, that Msh2/Msh3 

stabilize unstable strand annealing intermediates by binding to branched DNA 

structures (boundary of heterologous ssDNA tail to base-paired homologous 

DNA), thereby facilitating tail removal by Rad 1/Rad10, or even recruit the 

Rad1/Rad10 complex. This heterodimeric endonuclease is required for removal 

of the non-homologous tail during SSA (Fishman-Lobell and Haber 1992, Ivanov 

and Haber 1995, Paques and Haber 1997). In contrast, the Rad2 nuclease has 

only a minor role in SSA (Ivanov and Haber 1995). Further investigation of the 

genetic factors involved in SSA revealed a requirement for Rad52, Rad59 and 

Rad50, but not for other proteins of the RAD52 epistasis group (Ozenberger and 

Roeder 1991, Fishman-Lobell et al. 1992, Sugawara and Haber 1992, Ivanov et 

al. 1996, Sugawara et al. 2000). 

In agreement with data from budding yeast, studies by Sargent et al. (2000) and 

AI-Minawi et al. (2008) in Chinese hamster cells demonstrated a role for ERCC1 

(the mammalian homologue of budding yeast Rad10) in SSA in mammals. The 

former study also showed that ERCC1 is required for the efficient removal of 

non-homologous 3' tails during SSA, supporting the observation by Adair et al. 

(2000) for a general requirement of ERCC1 in the processing of heterologous 

tails during homologous recombination, presumably in SSA or SOSA. These 

findings highlight the conserved nature of XPF-ERCC1 endonuclease as well as 

its role in NER-independent mechanisms. 

Less is known about SSA in fission yeast. Osman et al. (1995) developed an HO

system (analogous to budding yeast) to measure mitotic intrachromosomal 
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recombination in S.pombe. Two ade6 alleles, harbouring different mutations, 

were separated by unique DNA containing the HO endonuclease recognition site. 

The formation of deletion-type recombinants could be explained by SSA. A 

similar system developed in Tony Carr's lab confirmed that also in fission yeast 

SSA depends on Rad22 (the fission yeast homologue of Rad52) and Rad16-

Swi10 (homologues of XPF-ERCC1), but not on Rhp51 (homologous to Rad51) 

(P. Werler, PhD thesis 2005). Interestingly, a role for SSA in chromosome fusion 

upon progressive telomere shortening has been reported in fission yeast (Wang 

and Baumann 2008). 

1.3.5. Microhomology-mediated end-joining 

A DSB repair pathway which uses short homologies of 1-1 0bp for rejoining of the 

broken DNA ends has been described in mammals (Roth and Wilson 1986, 

Bogue et al. 1997, Kabotyanski et al. 1998, Verkaik et al. 2002, Zhong et al. 

2002, Tsuji et al. 2004, Yan et al. 2007), in S.cerevisiae (Kramer and Haber 

1994, Boulton and Jackson 1996, Moore and Haber 1996, Ma et al. 2003, Lee 

and Lee 2007) and in S.pombe (Decottignies 2005, 2007). This pathway, termed 

microhomology-mediated end-joining (MMEJ) is reminiscent of NHEJ as it uses 

short homologies, but has been shown to be Ku independent. Like SSA it 

requires resection of the DNA ends and 3' flap removal. The Rad1-Rad10 

endonuclease has been implicated for this function during MMEJ in budding 

yeast (Ma et al. 2003, Lee and Lee 2007). However, different from SSA, no 

requirement for Msh2, Msh3, Rad51 and Rad59 has been found in S.cerevisiae 

(Lee and Lee 2007). Furthermore, MMEJ in this organism seems to be largely 

independent of Rad52 (Ma et al. 2003). Interestingly, MMEJ in S.pombe depends 

on Rad22 (Decottignies 2007). The same study showed that the nuclease Rad13 

is dispensable for this pathway, and that, although not strictly required , the MMR 

proteins Msh2 and Pms1 affect the pattern of MMEJ repair. 
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1.4. Alternative UV damage excision repair in S.pombe 

Experiments by Mccready et al. (1993) and Bowman et al. (1994) revealed the 

existence of a photolesion processing pathway which is distinct from NER in 

S.pombe. This pathway is initiated by the endonuclease Uve1 (Yonemasu et al. 

1997). Uve1 incises DNA 5' to CPDs, (6-4) photoproducts, apyrimidinic/apurinic 

(AP) sites and, to some extent, cisplatin induced intrastrand crosslinks (Bowman 

et al. 1994, Avery et al. 1999, Kanno et al. 1999). Uve1 also recognizes and 

cleaves DNA 5' to mispaired bases and heteroduplex DNA with small unpaired 

loops (Kaur et al. 1999, Kaur and Doetsch 2000). Yonemasu et al. (1997) 

identified the fission yeast FEN-1 homologue, Rad2, as a component in the 

Uve1-dependent alternative excision repair pathway. Alleva and coworkers 

(2000) reconstituted this pathway using Uve1 , Rad2, DNA polymerase 8, RF-C, 

PCNA and T 4 DNA ligase; as a substrate they used a base mismatch containing 

duplex DNA. Interestingly, they showed that the flap endonuclease activity of 

Rad2 was not required, but that Rad2 removed the damage through its 5' to 3· 

exonuclease activity. 

Disruption of uve1+ causes an elevated forward-mutation rate in the can1 locus 

(Kaur et al. 1999). This mutator phenotype is consistent with the above 

mentioned biochemical data that Uve1 recognizes and processes base-base 

mismatches and small loops. However, Uve1 has only a minor role in vivo in the 

repair of meiotic mismatches as well as in mitotic mutation avoidance (Kunz and 

Fleck, 2001). 

1.5. Nucleotide excision repair 

Nucleotide excision repair (NER) is a versatile repair pathway acting on a wide 

range of structurally unrelated lesions such as photoproducts and DNA adducts 

conferred by cytotoxic chemicals. It is thought that NER recognizes DNA damage 

by a distorted phosphodiester backbone conformation rather than through direct 

recognition of the actual damaged bases. Further insight into the recognition 

mechanism was provided by a recent study in yeast (see below). NER is 
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evolutionarily conserved in eukaryotes and extensively studied in humans and 

yeast. Mutations in NER proteins can give rise to the human disorders 

Xeroderma pigmentosum, Cockayne syndrome, a combination of Xeroderma 

pigmentosum and Cockayne syndrome, Trichothiodystrophy and cancer (Boer 

and Hoeijmakers 2000, Friedberg 2001 , Clarkson 2003, Hanawalt 2003, 

Lehmann 2003, Nouspikel 2008). For reviews on NER and its subpathways, see 

Hanawalt (2002), Svejstrup (2002), Costa et al. (2003), Gillet and Schaerer 

(2006), Fousteri and Mullenders (2008) and Hanawalt and Spivak (2008). 

NER can be divided into the following steps: damage recognition, unwinding of 

the DNA around the lesion, incision on both sides of the damage and 

displacement of the excised, damage containing oligonucleotide, followed by a 

resynthesis step using the undamaged DNA strand as a template, and ligation. 

Functional NER requires the coordinated action of more than thirty proteins. It 

has been disputed whether NER is carried out by a preassembled repairosome 

as suggested by Svejstrup et al. (1995) or by the sequential assembly of NER 

factors as proposed by Guzder et al. (1996). Reconstitution of the NER reaction 

with individually purified proteins, the purification of four nucleotide excision 

repair factors (NEF1-4) containing certain NER proteins with strong binding 

affinities to each other, and the observation of stable preincision complexes 

argued in favour of the latter hypothesis (Habraken et al. 1996, Mu et al. 1997, 

Wakasugi and Sancar 1998). Further support for the sequential assembly of NER 

factors at lesions came from studies in mammalian cells, using fluorescently 

tagged proteins and photobleaching techniques. It was shown that NER proteins 

moved freely and with unique diffusion rates through the nuclei of unirradiated 

cells but got transiently sequestered at UV lesions upon irradiation (Houtsmuller 

et al. 1999, Volker et al. 2001, Hoogstraten et al. 2002, Rademakers et al. 2003). 

NER is initiated by either of two subpathways: global genome repair (GGR) or 

transcription coupled repair (TCR), which differ in their recognition step. GGR is 

active throughout the genome, whereas TCR preferentially repairs the 

transcribed strand of actively transcribed genes. 
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1.5.1. Global genome repair 

In human NER, global genome repair is initiated by recognition of the lesion by a 

complex comprising the heterodimer UV-DOB (consisting of DDB1 and DDB2), 

the COP9 signalosome (CSN), Cul4A and Roc1 , and XPC-HR23B-centrin2 

(reviewed in Gillet and Schaerer 2006). UV-DOB is dispensable for in vitro NER 

on naked DNA, but shows high affinity and selectivity to UV damaged DNA, and 

is required for efficient repair of the nondistorting CPD lesions (which are not 

efficiently recognized by XPC-HR23B) in vivo. UV-DOB was shown to be the first 

NER factor to bind to DNA damage, and to enhance binding of XPC to CPDs 

(Gillet and Schaerer 2006). Furthermore, XPC is the main target of the Cul4A 

ubiquitin ligase, and this ubiquitination enhances the binding properties of XPC to 

photoproducts (Sugasawa et al. 2005). DOB 1 and homologues have been found 

to associate with complexes involved in histone acetylation, and a role for DOB in 

chromatin remodelling (in order to facilitate detection of damage and 

recru itement of NER factors) has been inferred. Further support for a role of UV

DOB in chromatin modification came from studies implying this complex in 

ubiquitination of histone H2A in mammalian cells (Kapetanaki et al. 2006, 

Guerrero-Santoro et al 2008). A recent study elucidated the molecular basis for 

CPD recognition of Rad4-Rad23, the budding yeast homologues of XPC and 

HR23B, respectively (Min and Pavletich 2007). The data indicate that Rad4 

recognizes thermodynamical destabilization of the DNA helix (conferred by the 

damage) by inserting a ~-hairpin through the duplex, thereby flipping-out the two 

damaged bases, and binding of the opposite undamaged nucleotides, without 

direct contact with the lesion. This mechanism could explain the wide variety of 

lesions recognized by NER. However, binding of helix distortions by XPC-HR23B 

in the absence of DNA damage is not sufficient to trigger repair (Hess et al. 1997, 

Sugasawa et al. 2001 ). This suggests that an additional mechanism verifies for 

the presence of a lesion. XPC-HR23B is required to recruit TFIIH via protein

protein interactions to the 3' side of the DNA damage (Yokoi et al. 2000, Gillet 

and Schaerer 2008). The XPB and XPD subunits of TFIIH unwind the DNA 

duplex in an ATP-dependent manner. It is believed that a bulky lesion blocks the 
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translocation of XPD with its 5' to 3' helicase activity, and that XPD therefore 

serves as a damage sensor and verifier. After initial opening of the duplex DNA, 

RPA, XPA and XPG bind and promote the open complex formation (Evans et al. 

1997a). It is not yet clear, in which order these proteins enter the preincision 

complex. While experiments with purified NER proteins and an immobilized 

damaged DNA substrate showed that XPA is required for subsequent binding of 

other NER factors (Riedl et al. 2003) , accumulation of XPG in damage spots was 

observed in XP-A cells (Volker et al. 2001). RPA accumulated at UV damage 

sites shortly after irradiation and in the absence of XPA (Rademakers et al. 

2003). XPA seems to play a crucial role in damage verification, open complex 

formation and initiating incision. The ATPase activity of TFIIH was stimulated by 

XPA specifically in the presence of DNA damage (Winkler et al. 2001). XPA also 

promotes the release of the catalytic subunit (CAK) of TFIIH, which in turn 

stimulates dual incision (Coin et al. 2008). These data suggest that XPA 

stimulates TFIIH helicase/ATPase activity, likely through dissociation of CAK, in a 

damage-dependent manner. This leads to further unwinding of the DNA which is 

a prerequisite for dual incision. The nuclease XPG is believed to be recruited to 

DNA damage by interaction with TFIIH (Araujo et al. 2001 ). XPG incises the DNA 

3' to the lesion (O' Donovan et al. 1994 ). Furthermore, XPG serves a structural 

role as its presence, but not its enzymatic activity, is required for the XPF-ERCC 1 

mediated 5' incision to occur (Matsunaga et al. 1995, Mu et al. 1996, Wakasugi 

et al. 1997). It is not entirely clear when XPC-HR23B dissociate from the 

complex. Experiments by Riedl et al. (2003) and Mocquet et al. (2008) indicate 

that XPC-HR23B leaves the complex upon arrival of XPG. Work by Wang et al. 

(2007) suggests that degradation of XPC is required for recruitment of XPG. 

XPF-ERCC 1 is the last factor to enter the complex before dual incision (Volker et 

al. 2001) , and is thought to be recruited by XPA (Li et al. 1994, Volker et al. 

2001 ). The dual incision leads to release of a damage containing oligonucleotide 

of 24-32 nucleotides in length. The transition from dual incision to resynthesis is 

mediated by RPA and XPG as shown by Mocquet et al. (2008). Their 

experiments revealed a key role for these proteins in recruiting and stabilizing 

34 



proliferating cell nuclear antigen (PCNA) and replication factor C (RF-C). This 

step requires the prior release of XPF-ERCC 1. Recruitment of DNA polymerase 

8 (Pol8) then leads to dissociation of RPA and XPG under the assay conditions 

employed. Furthermore, the DNA polymerases £ and K have been implied in the 

resynthesis step (Aboussekhra et al. 1995, Araujo et al. 2000, Ogi and Lehmann 

2006). The remaining nick can be sealed by Ligase I (Aboussekhra et al. 1995, 

Araujo et al. 2000). A recent study implies XRCC1-Ligase Ill as the main ligase in 

NER (Moser et al. 2007). Resynthesis is followed by chromatin reassembly 

(Smerdon and Conconi 1999, Gontijo et al. 2003). The chromatin assembly 

factor 1 (CAF-1) seems to have a crucial function in this process (Gaillard et al. 

1996), and its recruitment depends on PCNA (Moggs et al. 2000, Green and 

Almouzni 2003). This suggests a tight coordination of repair synthesis and 

chromatin reassembly. 

1.5.2. Transcription-coupled repair 

Transcription-coupled repair is thought to be initiated when elongating RNA 

polymerase II (RNAPII) is stalled at a lesion, and requires the CSA and CSB 

proteins (reviewed in Fousteri and Mullenders 2008). CSB is related to the 

SWI/SNF family of ATP-dependent chromatin remodellers, and displays DNA

dependent ATPase activity. CSA is part of an E3-ubiquitin-ligase complex 

consisting of DDB1, Cul4A, Roc1 and CSN (Groisman et al. 2003). The XPA

binding protein-2 (XAB2) and HMGN1 also play a role in TCR. XAB2 was shown 

to be recruited to lesion stalled RNAPII via CSA and CSB, whereas the 

interaction of HMGN1 with a stalled polymerase is CSA dependent (Fousteri et 

al. 2006). HMGN1 is implied in chromatin remodelling through modification of the 

histone H3 (Lim et al. 2005). Another nucleosomal modifier, the histone 

acetyltransferase p300 was also found to associate with UV-arrested RNAPII , 

and this association seemed to depend on functional CSB (Fousteri et al. 2006). 

It is still unknown whether eukaryotic RNAPII needs to be displaced/degraded or 

can remain DNA associated at or in the vicinity of the lesion to allow repair to 
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take place. Several in vitro studies suggest that RNAPII can indeed remain at the 

lesion, but may undergo conformational changes to allow access of repair factors 

to the lesion (Sarker et al. 2005, Fousteri et al. 2006, Laine and Egly 2006). 

Current models for initiation of TCR suggest that upon stalling of an elongating 

RNA polymerase II on a lesion, CSA and CSB recruit the ubiquitin-ligase 

complex, chromatin remodelling factors and XAB2, which probably mediates the 

interaction with TFIIH via XPA. RNAPII then either undergoes a conformational 

change or backtracks to allow access of the assembled NER preincision complex 

to the lesion. NER then proceeds as in GGR with damage verification, further 

DNA unwinding and incision. The CSA-ubiquitin-ligase complex may serve a 

function in facilitating resumption of transcription by deactivating certain factors 

after repair, or by targeting RNA polymerase for degradation if repair can not be 

achieved (Fousteri and Mullenders 2008, Hanawalt and Spivak 2008). 

1.5.3. Nucleotide excision repair in fission yeast and budding 

yeast 

As mentioned earlier, NER has been investigated in great detail in humans and 

budding yeast. Less is known about this damage repair process in fission yeast. 

However, given the high conservation of NER, it is likely that this mechanism is 

similar in Schizosaccharomyces pombe. Many fission yeast homologues of 

human NER genes have been identified and characterized (Table S1 in 

Appendix D, Friedberg et al. 2005). However, there are some differences to 

human NER. S.pombe has two homologues of XPC, and, unlike XPC, they are 

involved both in GGR and TCR (Marti et al. 2003). The fission yeast genes rhpT 

and rhp16+, homologues of S.cerevisiae RAD7 and RAD16, have been cloned 

and characterized (Bang et al. 1996, Lombaerts et al. 1999). They both function 

in GGR. No respective homologues have yet been found in mammalian cells. 

Since Rad16 of budding yeast shares homology with the Swi2/Snf2 superfamily 

of proteins (Bang et al. 1992), it has been implicated in chromatin remodelling. 

The Rad7-Rad16 complex (also termed NEF4) has ATPase activity and binds 
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UV-damaged DNA with high specificity in an ATP-dependent manner. 

Interestingly, binding of UV irradiated DNA attenuates ATP hydrolysis by Rad16 

(Guzder et al. 1998). The addition of Rad7-Rad 16 to a reconstituted NER system 

enhanced damage specific incision (Guzder et al. 1997). These findings led to 

the assumption that Rad7-Rad16 is a damage sensor, probably translocating 

along the DNA; upon encounter of a damage it would serve as a nucleation site 

for other NER factors. Moreover, NEF4 associates with Elc1 , a component of an 

E3 ubiquitin ligase complex that regulates Rad4 levels and the NER response to 

UV light (Ramsay et al. 2004). It is conceivable, that Rhp7 and Rhp16 in fission 

yeast share key features with their budding yeast homologues, and therefore 

serve an analogous purpose. Another difference to higher eukaryotes is that no 

0082 homologue is present in S.pombe. 

1.5.4. Xeroderma pigmentosum complementation group G 

protein (XPG) 

1.5.4.1 . Diseases related to mutated XPG 

XPG belongs to the FEN-1 family of structure-specific nucleases (Lieber 1997) 

and is one of the key factors in human nucleotide excision repair. Mutations in 

XPG can give rise to a certain type of Xeroderma pigmentosum (XP-G) or a 

combination of XP-G with the disorder Cockayne syndrome (XP-G/CS). Patients 

suffering from CS show neurological/developmental defects like dwarfism, mental 

and physical retardation, as well as photosensitivity, but not pigmentation 

changes and an elevated skin cancer risk as it is seen for XP patients. The 

neurological defects are due to demyelination. Clinical features of XP are 

sunlight-induced pigmentation changes in the skin, photophobia, extreme 

sensitivity to sunlight, and a highly elevated risk of developing skin cancer. In 

about 20% of XP patients, neurological abnormalities are found; but unlike in CS 

individuals these abnormalities are due to neuronal degeneration (Clarkson 

2003, Lehmann 2003) . If a patient develops XP-G or the combined phenotype 
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XP-G/CS seems to depend on the position and the nature of the mutation in the 

XPG gene. Whereas certain point mutations in a stable and full length protein 

result in XP-G, mutations which lead to a truncated or unstable protein give rise 

to XP-G/CS (Nouspikel et al. 1997, Zafeiriou et al. 2001, Emmert et al. 2002, 

Lalle et al. 2002, Clarkson 2003 and references therein, Lehmann 2003, Thorel 

et al. 2004). Some of these mutations reside within two highly conserved 

nuclease domains. These domains termed N-terminal (N) and internal (I) regions 

are common to all members of the structure-specific nucleases of the FEN-1 

family (Lieber 1997). 

1.5.4.2. The substrate specificity of human XPG 

Several studies determined the substrate specificity and incision activities of wild 

type and mutated XPG protein, bearing mutations in the nuclease domains either 

found in patients or introduced by exchanging conserved residues (Matsunaga et 

al. 1995, Evans et al. 1997b, Wakasugi et al. 1997, Constantinou et al. 1999, 

Hohl et al. 2003). XPG cleaves a splayed arm structure, a 5' -flap substrate with 

double-stranded 3' overhang, and bubble substrates (with a bubble size of 10-30 

nucleotides) (Evans et al. 1997b, Wakasugi et al. 1997, Hohl et al. 2003). XPG 

also incises a 3'-flap substrate if the 5' double-strand DNA is separated from the 

branch point by a three nucleotide-long single-strand gap (Hohl et al. 2003, see 

Fig. 41 ). The same study also showed that XPG bound but did not cleave intact 

replication fork-like structures, but displayed weak incision activity on a nicked 

three-way junction. Only marginal incision was detected on a stem-loop structure 

(Hohl et al. 2003). 

1.5.4.3. XPG in NER 

During NER, the endonuclease XPG incises the DNA 3' to the damage 

(O' Donovan et al. 1994). However, there is evidence that XPG also exerts a non

enzymatic function in NER. Using cell extracts and reconstituted NER systems, it 

was observed that XPG, impaired in its nuclease function and no longer able to 

incise the DNA, still gave rise to uncoupled 5· incision (Matsunaga et al. 1995, 
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Wakasugi et al. 1997, Constantinou et al. 1999). This indicates a structural role 

for XPG in NER. Although open complex formation around a lesion during NER 

precedes strand incision and depends on XPA but not XPG (Evans et al. 1997b), 

Constantinou et al. (1999) showed by KMnO4 footprinting that XPG stabilises the 

opening of the DNA around the lesion, and that this function is independent of its 

nuclease activity. Besides its nuclease activity, XPG has a role in the transition 

from dual incision to DNA resynthesis during NER. The C-terminal domain of 

XPG contains a PCNA binding site (PBS) with the conserved consensus motif 

shared by other proteins like FEN-1 and the cyclin-dependent kinase inhibitor 

p21 wattJCipt (Gary et al. 1997). The authors showed that XPG binds PCNA, and 

competes with FEN-1 and p21 wattJCipt for binding. They also demonstrated that 

Chinese hamster ovary cells lacking a functional XPG homologue could not fully 

restore UV resistance if transfected with a plasmid encoding an XPG protein with 

a mutated key residue in the PBS. A recent study, using recombinant NER 

factors and immobilized cisplatinated DNA, showed that XPG and RPA recruit 

and stabilize PCNA and RF-C in the NER complex (Mocquet et al. 2008). This in 

turn constitutes a loading platform for DNA polymerase 8. Furthermore, the 

authors showed that XPG competed for PCNA binding with a peptide 

corresponding to the p21 domain which interacts with PCNA. This competition 

displaced the peptide from the NER complex, thereby overcoming its inhibitory 

effect on DNA synthesis by DNA polymerase 8. 

1.5.4.4. XPG-TFIIH interactions 

Based on analyses of XPG proteins in cells from XP-G and XP-G/CS patients, 

Nouspikel et al. (1997) proposed that the XP-G/CS phenotype could be due to 

disrupted protein-protein or protein-DNA interactions which are important for 

functions other than NER. They further assumed that these function(s) might 

reside within the spacer region (also referred to as the R-domain), which 

separates the two nuclease domains. Co-immunoprecipitation experiments by 

Iyer et al. (1996) revealed direct interactions of XPG with several subunits of 

TFIIH and also with CSB. A strong interaction of XPG with TFIIH was confirmed 
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by Araujo et al. (2001). Thorel et al (2004) found that XPG with a deletion of the 

amino acids 225-231 retained structure specific endonuclease activity on a 

bubble substrate, but did not incise a double-stranded DNA substrate with a 

cisplatin lesion in a reconstituted NER system. This pointed towards an 

involvement of these residues in an interaction with another NER component. 

Indeed, they demonstrated that the amino acids 225-231 are required for the 

stable interaction with TFIIH, but are dispensable for recruiting XPG to UV 

damaged DNA. Work by Dunand-Sauthier et al. (2005) demonstrated that the N

terminal part of the spacer region is not required for incision of a splayed arm 

substrate, but indispensable for NER in vitro and in vivo. Deletion of amino acids 

184-210 abolished recruitment of XPG to TFIIH. Their findings together with the 

data by Thorel et al. (2004) led the authors to conclude, that the amino acids 

184-210 are required for recruiting XPG to TFIIH, whereas the residues 225-231 

are necessary for stabilising this interaction. Interestingly, the amino acids 184-

210 were found to be highly conserved in the mouse, Xenopus /aevis and 

Drosophila homologues of human XPG, but less conserved in its homologues in 

budding and fission yeast (Houle and Friedberg 1999). The experiments by 

Thorel et al. (2004) and Dunand-Sauthier et al. (2005) indicate an important 

function of the spacer region for protein-protein contacts. Challenging this, Sarker 

et al. (2005) showed that TFIIH can be co-immunoprecipitated with XPG in which 

the endogenous spacer region has been replaced by the much shorter FEN-1 

amino acid sequence that separates the two nuclease domains. 

The direct interaction with TFIIH also raises the possibility of an involvement of 

XPG in transcription or transcription related processes. The study by Sarker et al. 

(2005) highlighted the importance of the C-terminal part of XPG. The C-terminal 

domain, as well as the spacer region, are required for stable bubble DNA 

binding, but not for incision activity. Furthermore, they showed that (1 ) XPG 

increases the bubble DNA binding activity of CSB, (2) the C-terminal domain of 

XPG enhances the bubble DNA-dependent ATPase activity of CSB, and (3) that 

XPG forms a supramolecular complex with CSB and RNAPII stalled at a lesion. 

The binding of DNA bubbles by the spacer region and the C-terminal domain, the 
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separation of binding and nuclease activity, and the interaction of XPG with CSB 

could be of relevance for the function of XPG in TCR and moreover implicates a 

function of the spacer region and the C-terminal domain in CS. The authors also 

found that XPG and CSB recognize RNAPII stalled due to nucleotide deprivation, 

and that XPG co-immunoprecipitated RNAPII from extracts of undamaged cells. 

This could indicate a role of XPG (and CSB) in promoting transcription in a 

general way, or through natural pause sites for RNAPII, acting as elongation 

factors. Support for an involvement of XPG in gene expression came from the 

study conducted by Ito et al. (2007). The authors demonstrated that XPD and 

XPG are required for the stable association of the cdk-activating kinase (CAK) 

subcomplex of TFIIH with its core subunits. Because CAK phosphorylates 

nuclear receptors (references in Ito et al. 2007) , the authors checked the ligand

induced transactivation of the estrogen-receptor ERa. Xpg·1• mouse embryonic 

fibrobalsts and XP-G/CS cells were defective in 17~-estradiol induced activation 

of ERa, and the defect could be restored by introducing wild-type XPG. This 

indicates that XPG mutations affecting the integrity of TFIIH also impair its 

transactivation activity. This is interesting in the context of Cockayne syndrome, 

because CS cells show a defect in transcription. 

1.5.4.5. NER-independent functions of XPG 

As mentioned above, XPG has a structural function in NER and probably a role 

in transcripti~m. Furthermore, two independent studies suggested a non

enzymatic function of XPG in base excision repair. Bessho (1999) and Klungland 

et al. (1999) found that XPG stimulates the substrate binding and repair activity 

of hNTH 1. By employing nuclease mutant forms of XPG, which abolished the 

nuclease function, they showed that the enhancement of the repair activity of 

hNTH1 did not depend on the nuclease activity of XPG. Klungland and 

coworkers (1999) also demonstrated that XPG can stimulate the incision activity 

of S.pombe Nth1 . 
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1.6. The project 

Our project aimed at getting more insight into the function of XPG in response to 

DNA damage by studying the various roles of the XPG homologue Rad13 in 

fission yeast as a model system. This model system allows genetic analysis 

which is not feasible in human cells. 

One objective of this study was to find putative nucleotide excision repair

independent functions of Rad13 and to assign these functions to defined 

pathways. This was achieved by carrying out epistasis analysis with mutants 

defective in distinct repair pathways. 

We attempted to determine the function of conserved amino acids within certain 

domains of Rad13. Defined mutations, found in patients suffering from XP-G or 

XP-G/CS, or which are known to cause inactivation of the enzymatic activity of 

XPG, were introduced into highly conserved regions of the gene with known or 

putative functions. These mutants were then tested for sensitivity to DNA 

damaging agents. 

Furthermore, we wanted to check if Rad13 is part of a protein complex, both in 

NER-proficient and -deficient strain backgrounds, and to identify putative protein 

interaction partners by co-immunoprecipitation with tagged Rad 13. 
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2. MATERIALS AND METHODS 

2. 1. Materials 

2.1.1. Media 

2.1.1.1. Escherichia coli media 

LB: Bacto-Tryptone 10g 

Bacto yeast extract 5g 

NaCl 5g 

D(+) Glucose 1g 

ad 1000 ml dH2O 

LBA: as LB + 20g agar 

LB+ Ampicillin / LBA + Ampicillin: as LB and LBA, +100 µg / ml Ampicillin, added 

after autoclaving 

2.1.1.2. Schizosaccharomyces pombe media 

YEL: Yeast extract 

Glucose 

5g 

30g 

supplemented with 100 mg of each growth factor adenine, arginine, 

histidine, leucine, uracil 

ad 1000 ml dH2O 

YEA: as YEL + 16g agar 

YEA+ 5-FOA: as YEA (suppl. with 100 mg/I adenine, arginine, histidine, 

leucine) + 1 g/1 5-fluoroorotic acid (Melford) dissolved as 

powder at 50°C after autoclaving 
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YEA+ G418: 

YEA+ HygB: 

YEA+ NAT: 

as YEA + 100 mg/I G418 disulphate (Melford) from 

200mg/ml stock solution, added after autoclaving 

as YEA+ 300 mg/I Hygromycin B (Duchefa Biochemie) 

as YEA + 40 mg/I nourseothricin ( clonNAT, Werner 

Bioagents) 

YEA+ toxic agents used in sensitivity assays: 

as YEA+ toxins added after autoclaving 

MMS 

Cisplatin 

: liquid stock solution 99% (Aldrich) 

: cis-diamminoplatinum(ll)-dichloride (Aldrich), 

from 15 mg/ml stock solution in N,N-dimethylformamide 

HU : hydroxyurea (Sigma), from 1 M stock solution in ddH2O 

CPT : camptothecin (Sigma), from 5 mg/ml or 10 mg/ml stock 

solution in DMSO 

Mitomycin C : Mitomycin C from Streptomyces caespitosus, (Sigma, 

M0440), from 5 mg/ml stock solution in water 

4-NQO 

MNNG 

6AU 

: 4-Nitroquinoline N-oxide (Sigma), from a 10 mM stock 

solution in DMSO 

: N-methyl-N'-nitro-N-nitrosoguanidine, from 1 mg/ml 

stock in DMSO 

: see EMM + 6AU 

Hydrogen peroxide : H2O2 (50% in water, Sigma) 

Menadione : Menadione sodium bisulfite, approx. 95% (Sigma), 

dissolved in water 

Paraquat 

t-BuO2H 

: Methylviologen hydrat 98% (Sigma) 

: terl-Butyl hydroperoxide, T-HYDRO® solution, 

70 wt.% in water (Aldrich) 
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MMA: Yeast nitrogen base w/o 

amino acids 1.7g 

Ammonium sulphate 5g 

Glucose 10g 

Agar (Becton Dickinson) 18g 

ad 1000 ml dH2O 

MEA: Maltextract 30g 

Agar (Becton Dickinson) 16g 

supplemented with 100 mg of each growth factor adenine, arginine, 

histidine, leucine, uracil 

ad 1000 ml dH2O 
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EMM: according to Forsburg Lab Protocols (24.02.2006, 
http://www-rcf.usc.edu/~forsburg/media.html) 

I EMM: Edinburgh minimal medium 

amt com12onent 

3 g/1 potassium hydrogen phthallate 

2.2 g/1 Na2HPO4 

5 g/1 NH4Cl 

20 g/1 glucose 

20ml/I salts 

I ml/I vitamins 

0. 1 ml/I minerals 

Solid media is made by adding 1.4% Difeo Bacto Agar 

I filter sterilize and store at 4*C 

I S0x Salt stock 

amt com12onent 

52.5 g/1 MgCl2.6H20 

0.735 g/1 CaCl2.2H20 

50 g/1 KCI 

2 g/1 Na2SO4 

j 1000x Vitamin stock 

---·-
final cone 

14.7mM 

15.5 mM 

93.5 mM 

2%w/v 

final cone 

0.26 M 

4.99 mM 

0.67M 

14.lmM 

---·-----·· --------- -------- -··------~--- ---·- ·---- ---·. ---·-· ·------
amt com12onent final cone 

I g/1 pantothenic acid 4.20mM 

10 g/1 nicotinic acid 8l.2mM 

10 g/1 inositol 55.5 mM 

10 mg/I biotin 40.8 uM 

I 10,000x Mineral stock 

amt com12onent final cone 

5 g/1 boric acid 80.9 mM 

4 g/1 MnSO4 23.7 mM 

4 g/1 ZnSO4.7H2O 13.9mM 

2 g/1 FeC12.6H2O 7.40 mM 

0.4 g/1 molybdic acid 2.47 mM 

1 g/1 Kl 6.02 mM 

0.4 g/1 CuSO4.5H2O 1.60 mM 

10 g/1 citric acid 47.6mM 

CuSO4.5H2O stock solution: a 1 M stock solution was made by dissolving 10g CuSO4.5H2O in 

62.5 ml ddH2O. 
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EMM + thiamine: as EMM + thiamine hydrochloride (Duchefa Biochemie), 

from 10 mg/ml stock solution in ddH20, added after 

autoclaving 

EMM - ade: as EMM, supplemented with 225 mg/I arginine, 

histidine, leucine, uracil 

EMM - ura / low ade: as EMM, supplemented with 225 mg/I arginine, 

histidine, leucine, and 10 mg/I adenine 

EMM + 6AU: EMM + 6-azauracil (Sigma), dissolved as powder after 

autoclaving 

2.1.2. S.pombe strains used in this study 

For the list of strains see Appendix A. 

2.1.3. E.coli strain used in this study 

The E.coli strain used to amplify plasmids was TOP10. Genotype: F- mcrA 

D(mrr-hsdRMS-mcrBC) f80IacZDM15 DlacX74 deoR recA1 araD139 D(ara

leu)7697 galU galK rpsl (StrR) endA1 nupG 

(Ref: http://www. invitrogen. com/content. cfm ?pageid=3401). 

2.1.4. Oligonucleotides used in this study 

For the list of oligonucleotides see Appendix B. 

Oligos Rad13-3' -TAG-for and Rad13-3' -TAG-rev were purchased PAGE purified 

from Microsynth, Switzerland. Oligos Rad13-prom-for, Rad13-3HA-rev, Rad13-

prom-rev, Rad13-UTR-for and Rad13-UTR-rev were purchased desalted from 

Microsynth, Switzerland. All other primers were purchased in desalted form from 

MWG, UK. 
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2.2. Methods 

2.2.1. Genetic methods for S.pombe 

2.2.1.1. Determination of phenotype 

Mating type: replica plating onto MEA suppl. with growth factors, crossing 

with tester strains 972 h- and 975 h\ staining with iodine 

vapour after 3 days at 25°C 

Auxotrophy: replica plating onto MMA and MMA+required growth factors 

Resistance to toxins: replica plating onto YEA + G418 or YEA + Hygromycin B 

2.2.1.2. Crosses 

A loopfull of cell material of each of the two strains was mixed in a drop of ddH2O 

on MEA suppl. with growth factors and incubated for 3 days at 25°C. 

Ascii were destroyed by incubating cell material from the cross in 30% Ethanol 

for 30 min. Aliquots of the spore suspension were plated on the appropriate 

selective media and grown for 3-4 days at 30°C. 

2.2.1.3. Storage of cells at -80°C 

Cell material was inoculated in 10 ml YEL, grown over night at 30°C on a shaker, 

and centrifuged for 5 min. at 3000 rpm in a Sorvall Legend T centrifuge. The 

pellet was resuspended in 1.8 ml YEL suppl. with growth factors / 30% glycerol, 

and frozen in a cryotube. 
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2.2.1.4. Survival assays 

2.2.1.4.1 Sensitivity to UV irradiation 

An aliquot of a frozen stock culture was grown on YEA for 1-2 days at 30°C, and 

then inoculated into 2 ml YEL and grown to stationary phase. 1 Ofold serial 

dilutions in 0.85% NaCl were prepared, and 7-10 µI of each dilution were spotted 

onto YEA plates. After drying of the drops, the plates were irradiated with UV 

doses of 0 J/m2 to 150 J/m2 in a CL 1000 ultraviolet cross linker (UVP). The plates 

were incubated at 30°C for 3 days. For testing the UV sensitivity of NTAP-tagged 

rad13 strains, the strains were grown in 2 ml EMM to stationary phase. Following 

titer determination of each culture using a counting chamber, the titer was 

adjusted to 1·107 cells/ml. 1 Ofold serial dilutions in 0.85% NaCl were prepared, 

and 7-10 µI of each dilution were spotted onto EMM plates containing no or 

increasing amounts of thiamine. After drying of the drops, the plates were 

irradiated with no or increasing doses of UV in a CL 1000 ultraviolet crosslinker 

(UVP). The plates were incubated at 30°C for 3 days. 

2.2.1.4.1 Sensitivity to ionizing radiation 

An aliquot of a frozen stock culture was grown on YEA for 1-2 days at 30°C, 

inoculated into 5 ml YEL and grown to stationary phase. 1 0fold serial dilutions in 

0.85% NaCl were prepared and 7 µI of each dilution were spotted on a YEA plate 

as an unirradiated control. 300 µI of each dilution were irradiated in a Gammacell 

1000 (Atomic Energy of Canada Ltd .) with a 137Cs source. 7 µI of each dilution 

were spotted onto YEA plates. The plates were incubated at 30°C for 3 days. 

2.2.1.4.3. Sensitivity to MMS, HU, cisplatin, camptothecin, mitomycin C, 4-NQO, 

MNNG and oxidizing agents 

An aliquot of a frozen stock culture was grown on YEA for 1-2 days at 30°C, and 

then inoculated into 2 ml YEL and grown to stationary phase. 1 Ofold serial 

dilutions in 0.85% NaCl were prepared, and 7-10 µI of each dilution were spotted 

onto YEA plates containing the appropriate concentrations of the drug, and on 
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YEA plates without drug but with the solvent, the drug was dissolved in, as a 

control. The plates were incubated at 30°C for 3 days. 

For testing the sensitivity of NT AP-tagged rad13 strains, the strains were grown 

in 2 ml EMM to stationary phase. Following titer determination of each culture 

using a counting chamber, the titer was adjusted to 1·107 cells/ml. 1 Ofold serial 

dilutions in 0.85% NaCl were prepared, and 7-10 µI of each dilution were spotted 

onto EMM plates containing no or increasing amounts of thiamine as well as no 

or the appropriate concentration of the toxin. The plates were incubated at 30°C 

for 3 days. 

2.2.1 .4.4. Sensitivity to 6-azauracil 

An aliquot of a frozen stock culture was grown on EMM for 2-3 days at 30°C, and 

then inoculated into 2 ml EMM and grown to stationary phase. The titer of each 

culture was determined using a counting chamber, and the titer was adjusted to 

1·107 cells/ml. 1 Ofold serial dilutions in 0.85% NaCl were prepared, and 1 OµI or 

50 µI of each dilution were spotted onto EMM plates containing no or the 

appropriate concentration of 6AU . The plates were incubated at 30°C for 4-6 

days. 

2.2.2. Molecular biological and biochemical methods 

2.2.2.1 . Restriction digestion 

Restriction enzymes and buffers from New England Biolabs (NEB) and Promega 

were used; reaction conditions according to the manufacturer's 

recommendations. Where necessary, the restriction enzymes were inactivated by 

incubation at 70°C for 15 min. 

2.2.2.2. Ligation 

Digested insert and vector in a 3: 1 ratio were incubated with 1 Ox ligation buffer, 3 

units T4 DNA ligase and nuclease free water (all reagents from Promega) in a 

final volume of 13 ~d at 4°C over night. 
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2.2.2.3. Transformation of E.coli T10 cells 

200 µI competent cells (CaCl2-Method) per transformation were thawed on ice 

and mixed by flicking the tube. After addition of the ligation mixture, the cells 

were left on ice for 20 min., heat shocked at 42°C for 50" and incubated for 2' on 

ice. 700 µI LB w/o Ampicillin were added, followed by incubation for 5' in 37°C 

waterbath and for 1 h at 37°C on a shaker (180rpm). The cells were plated onto 

LBA+Ampicillin. As a positive control, 20 ng pFA6a-3HA-kanMX6 plasmid DNA 

was transformed; as a negative control a mock transformation with water was 

carried out. 

2.2.2.4. Colony hybridization 

For colony hybridization, C/P Lift® Membranes (#162-0162, Bio Rad) were used. 

The LBA+Ampicillin plates containing the E.coli transformants were incubated at 

4°C for 30' before transferring the colonies to the filters. The filters were laid, with 

the colonies facing upwards, onto LBA+Ampicillin plates and incubated at 30°C 

for 6-8 hours. They were then treated as follows: 3' in 10 % SOS, 3' in 0.5 N 

NaOH, 2' in 0.5 N NaOH, 3' in 1 M Tris pH 7.5. Between each step, the filters 

were dried on 3MM chromatography paper (Whatman). After the last step, the 

filters were dried on air for 30' and the DNA was crosslinked to the membranes 

with 1200 J/m2 in a CL 1000 ultraviolet crosslinker (CUP). Prehybridization was 

carried out in 15 ml hybridization solution (0.25 M Na2HPO4 pH 7.2, 7% SOS) , 

containing 100 µg/ml denatured herring sperm DNA, for 1-1 .5 _h at 65°C in 

hybridization tubes in a hybridization oven (Techne). Hybridization with 

denatured radioactive labelled DNA was carried out in 20 ml hybridization 

solution over night at 65°C in hybridization tubes. The filters were washed 3 

times for 20' in wash solution I (40 mM Na2HPO4 pH 7.2, 5% SOS), and 3 times 

for 20' in wash solution II (40 mM Na2HPO4 pH 7.2, 1% SOS), dried on air and 

exposed to X-ray film at -70°C. The probe for filter hybridization was generated 

using the primers Rad13-prom-for and PRO1 , and genomic DNA as a template. 

The cycling conditions were 98° for 30 seconds, followed by 35 cycles at 98° for 
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5 seconds, 52° for 30 seconds, 72° for 15 seconds and an extension step at 72° 

for 10 minutes. The resulting fragment was termed PRO1. 

2.2.2.5. Preparation of plasmid DNA from E.coli 

Plasmid DNA for screening purposes was prepared as follows: 1-2 ml of an 

overnight culture was centrifuged in a microcentrifuge at 13000 rpm for 30", and 

the pellet was resuspended in 350 µI boiling buffer (10 mM Tris pH 8, 50 mM 

EDTA pH 8, 2.5% Triton X-100, 8% sucrose). After adding 25 µI lysozyme 

solution (Sigma, 10 mg/ml in TE pH 8), the mixture was briefly vortexed, left at 

room temperature for 5', then boiled in a heat block for 1.5' with open lids. 

Following centrifugation in a microcentrifuge for 15' at 13000 rpm, the pellet was 

picked with a toothpick and discarded. The supernatant was precipitated with 75 

µI 3 M NaAc pH 5.2 and 250 µI isopropanol, left at room temperature for 5' , then 

centrifuged in a microcentrifuge for 5' at 13000 rpm, washed once with 70% 

ethanol and dried in a vacuum drier. The pellet was resuspended in 50 µI TE pH 

8. 5 µI were used for restriction analysis. 

Plasmid DNA for cloning purposes was prepared using the QIAprep® Spin 

Miniprep Kit (Qiagen) according to the manufacturer's instructions. 

Plasmid DNA for sequencing was preparid using the QIAprep® Spin Miniprep Kit 

(Qiagen) or the HiSpeed® Plasmid Midi Kit (Qiagen), using QIAfilter™ Midi 

Cartridges (Qiagen), according to the manufacturer's instructions. 

2.2.2.6. Elution of DNA fragments from agarose gels 

Fragments run on 0.8-2% agarose gels stained with 0.5 µg/ml ethidiumbromide 

were cut out under UVB light, and extracted from the gel slice using either the 

QIAquick® Gel Extraction Kit (Qiagen) or the Wizard® SV Gel and PCR Clean-Up 

System (Promega) according to the manufacturers' instructions. The DNA was 

eluted from the columns with the supplied buffer EB (Qiagen) or with nuclease 

free water (Promega) provided by the supplier. The DNA was stored at -20°C. 
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2.2.2.7. Radioactive labelling of DNA 

The DNA probe for colony hybridization was random prime labelled using the 

HexaLabel™ DNA Labeling Kit (Fermentas). 100 ng of fragment PRO1 was 

mixed with 10 µI 5x reaction buffer and 31 .5 µI ddH2O (final volume: 43 µI), boiled 

for 5· and chilled for 2· on ice. 3 µI of Mix C, 1 µI of Kienow enzyme and 3 µI (~1 

MBq) 32P-a-dCTP (Amersham, specific activity 3000Ci/mmol) were added and 

the mixture was incubated in a 37°C waterbath for 20· . The reaction was stopped 

by adding 2 µI 0.5 M EDTA pH 8. The probe was purified from unincorporated 

nucleotides by applying on a MicroSpin G-50 column (Amersham) following the 

manufacturer's instructions. 

2.2.2.8. Sequencing 

Plasmid DNA was prepared using the HiSpeed® Plasmid Midi Kit (Qiagen). PCR 

fragments were gel purified using the QIAquick Gel Extraction Kit (Qiagen). DNA 

was submitted for sequencing to MWG (Value Read DNA Sequencing) or to 

Macrogen (Seoul, Korea). The primers used for sequencing were purchased in 

desalted form (HPSF purified) from MWG, UK. 

2.2.2.9. Transformation of S.pombe cells 

Transformation of S.pombe cells was carried out as follows: the titer of a 5-10 ml 

preculture in YEL was determined to inoculate the main YEL culture with that its 

titer reaches 1·107 cells/ml during the next morning. The main culture was 

incubated at 30°C on a shaker at 180 rpm. 10 ml were centrifuged in a Sorvall 

Legend T centrifuge for 5· at 2800 rpm and the pellet was suspended in sterile 

ddH2O. After centrifugation as before, the pellet was suspended in 5 ml TE pH 8 / 

0.1 M LiAc without vortexing. After centrifugation the pellet was suspended in 

100 µI TE pH 8 / 0.1 M LiAc and incubated at 30°C for 1 h on a shaker (180 rpm). 

After adding 5 ~d of denatured herring sperm DNA (10 mg/ml) and ~ 55 µI of the 

transforming DNA, the sample was incubated on a shaker at 30°C for 30', before 

adding 0.7 ml of a 40% PEG 4000 / 0.1 M LiAc / TE pH 8 solution. After 
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incubation at 30°C for 1 hour on a shaker, 100 µI DMSO were added. Following 

incubation in a 45°C waterbath for 15 ', the cells were pelleted by centrifugation 

(5', 2800 rpm, Sorvall Legend T), resuspended in 400 µI sterile ddH2O and 

plated on the appropriate selective medium. In case of counterselection for ura· 

colonies, the transformed cells were first plated on YEA suppl. with growth 

factors, allowed to grow for 20-24 h and then replica plated onto YEA + 5-FOA. In 

case of selection for resistance to G418, , the transformed cells were first plated 

on YEA suppl. with growth factors, allowed to grow for 16-20 h and then replica 

plated onto YEA + G418. 

2.2.2.10. Preparation of genomic DNA from S.pombe cells 

A 2 ml YEL culture, grown overnight, was centrifuged for 1' in a microcentrifuge, 

the pellet was resuspended in 1 ml solution A (1.2 M sorbitol, 40 mM EDTA pH 8, 

20 mM citric acid, 20 mM Na2HPO4) and 500 units Lyticase (Sigma) were added 

per sample. The samples were incubated in a 37°C waterbath for 45', and 

protoplast formation was checked with a microscope (1 µI of sample in 10 µI 

water). After centrifugation for 30" at 13000 rpm in a microcentrifuge, the pellet 

was resuspended in 250 µI solution B (50 mM Tris pH 7.5, 50 mM EDTA pH 7.5, 

1 % SOS) and incubated at 65°C for 1 o·. 250 µI solution C (50 mM Tris pH 7.5, 50 

mM EDTA pH 7.5) and 0.2 mg Proteinase K (Roche) from a 20 mg/ml stock 

solution was added per sample. After incubation in a 37°C waterbath for 90' , 1 ml 

of a Phenol:Chloroform: lsoamylalcohol (25:24: 1) mixture with pH 8 was added, 

followed by centrifugation in a microcentrifuge at room temperature for 15' at 

13000 rpm. The DNA in the aqueous phase was precipitated with NaAc pH 5.2 at 

a concentration of 300 mM (before adding ethanol), and 0.9 ml icecold abs. 

ethanol was added. The samples were incubated on ice for 1 h or at -20°C for 2 

hours or over night. After centrifugation for 1 O' at 13000 rpm at 4°C, the pellet 

was dissolved in 0.2 ml TE pH 8. RNA of each sample was digested with 50 µg 

RNase A from bovine pancreas (Roche) in a 37°C waterbath for 1 hour. 0.4 ml 

Phenol:Chloroform:lsoamylalcohol (25:24:1) mixture with pH 8 was added, 
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centrifuged at room temperature for 10' at 13000 rpm, and the DNA in the 

aqueous phase was precipitated with 300 mM NaAc pH 5.2 and abs. ethanol on 

ice or at -20°C. After centrifugation at 4°C for 30' at 13000 rpm, the pellet was 

washed once with icecold 70% ethanol, centrifuged again at 4°C for 30' at 13000 

rpm and dried in a vacuum drier for 1 O' . The pellet was dissolved in 50 µI TE pH 

8 in a 50°C waterbath for 20'. The DNA was stored at -20°C. 

2.2.2.11. Polymerase chain reaction (PCR) 

PCR reactions to amplify fragments for cloning, as well as to generate the probe 

PRO 1, were carried out using the proofreading Phusion ™ DNA polymerase 

(Finnzymes). The reaction mixtures with a volume of 50 µI contained 1x buffer 

HF (Finnzymes) , MgCl2 (Finnzymes) at a final concentration of 2mM, 200 mM 

dNTPs (Promega), 1 unit DNA polymerase, 20 pmol of each primer and either 

100 ng genomic DNA or 20 ng plasmid DNA as template. The cycles for 

amplification of the different fragments and to generate fusion PCR products, are 

given in the respective sections of the strain constructions. 

2.2.2.12. SDS-Polyacrylamidgelelectrophoresis (SOS-PAGE) 

SOS-PAGE gels were prepared and run as described in Sambrook et al. (1989), 

with the following modifications: a 30% (w/v) Acrylamide: 0.8% (w/v) Bis

Acrylamide stock solution (37.5:1) was used; the final concentrations of the 

components of the electrophoresis buffer were: 50mM Tris pH 8.3, 196mM 

glycine, 0.1 % SOS; the final concentrations of the components of the SOS gel

loading buffer were: 80mM Tris-HCI pH 6.8, 2% SOS, 10% glycerol, 0.125% 

bromophenolblue, 150mM p-mercaptoethanol. The gels were run at 80-120V 

(constant voltage). The Acrylamide:Bis-Acrylamide stock solution was 

manufactured by National Diagnostics (ProtoGel Ultra Pure #EC-890) . 

N,N,N',N'-Tetramethylethylenediamine (TEMED) was purchased from Sigma 

(#T9281). 
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2.2.2.13. Staining of SDS-Polyacrylamidgels 

SOS-PAGE gels were either Coomassie stained or silver stained. Coomassie 

staining was done using either Brilliant Blue G Colloidal Electrophoresis Reagent 

(Sigma, B2025) or EZBlue™ Gel Straining Reagent (Sigma, G1041) according to 

the manufacturer's recommendations. Silver staining was carried out with the 

ProteoSilverTM Silver Stain Kit (Sigma, PROTSIL 1). Where gel bands were 

excised and submitted for mass spectrometry, the bands were destained using 

the destaining solutions of the ProteoSilverTM Plus Silver Stain Kit (Sigma, 

PROTSIL2) following the manufacturer's instructions. 

2.2.2.14. Western Blotting 

Proteins separated on SOS-polyacrylamidgels were transferred in the cold room 

to supported nitrocellulose membrane (Hybond-C extra, 0.45µm, Amersham/GE 

Healthcare) in 20% methanol, 25mM Tris-base, 192mM glycine, 0.037% SOS at 

350mA (constant amperage) for 2 hours or at 30 volts (constant voltage) over 

night. The membrane was incubated at room temperature for 1 hour in PBST 

(PBS containing 0.05% Tween 20 (Sigma)) and 5% milk powder. Where proteins 

tagged with a hemagglutinin tag (3HA) were detected, the membrane was 

incubated for 4 hours at room temperature with rabbit polyclonal anti-HA antibody 

(Abeam, ab20084, 1 :8000 fold dilution in PBST), washed 3 times for 10 minutes 

with PBST, incubated for 1 hour at room temperature with anti-rabbit lgG 

peroxidase conjugate (Sigma, A6154, 1 :5000 fold dilution in PBST), followed by 

3 washes with PBST. For the detection of Cdc2, the same procedure as 

described above was carried out, using as a primary antibody mouse monoclonal 

anti-Cdc2 antibody (Abeam, ab5467, 1 :2000 fold dilution), and anti-mouse lgG 

peroxidase conjugate (Sigma, A4416, 1 :5000 fold dilution) as a secondary 

antibody. For the detection of TAP tagged proteins, the membrane was first 

incubated for 1 hour in PBST and 5% milk powder, then probed for 6 hours at 

room temperature or over night at 4° with polyclonal rabbit anti-mouse 

immunoglobulins/HRP (Oako Cytomation, P0260) diluted 1 :2000 fold in PSST 

plus 5% milk powder. The membrane was then washed 3 times with PBST at 
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room temperature. The membranes were incubated with ECL ™ Western Blotting 

Detection Reagent (GE Healthcare, RPN2209) and the chemiluminescent signal 

was detected by exposure to either Fuji Super RX medical X-ray film (#1 00NIF) 

or Amersham Hyperfilm TM ECL (#28906837) . 

2.2.2.15. Preparation of protein extract from S.pombe using trichloroacetic 

acid 

S.pombe cells were grown in YEL to stationary phase, 2 ml were harvested by 

centrifugation and washed in 1 ml of 20% TCA. The pellet was resuspended in 

200µ1 of 20% TCA and transferred to a screw capped microcentrifuge tube with 

acid-washed glass beads (425-600µm, SIGMA, #G8772). The cells were lysed in 

a Thermo Savant FastPrep FP120 Cell Disrupter with 4 cycles at a speed of 

6.5m/sec for 20 seconds. The lysate was transferred to an Eppendorf tube and 

centrifuged for 5 minutes at 13' 000 rpm. The pellet was resuspended in 200µ1 

sample buffer (62.5mM Tris pH 6.8, 250mM Tris pH 8.5, 2% sodium dodecyl 

sulphate (SOS), 5% glycerol, 5% ~-Mercaptoethanol, 0.1 % bromophenolblue). 

2.2.2.16. Preparation of soluble protein extracts from S.pombe using a Cell 

Disrupter 

All solutions and materials were precooled, and the preparation of the cell extract 

was carried out in the cold room. S.pombe cells were grown in YEL to a density 

of 1x107 cells/ml. 50ml were harvested by centrifugation for 3 minutes at 3' 000 

rpm in a Sorvall Legend RT centrifuge. The pellet was washed once in 1 ml 

ddH20 and once in 1 ml of lysis buffer. The pellet was resuspended in 500µ1 of 

the lysis buffer and transferred to a screw capped microcentrifuge tube with acid

washed glass beads (425-600µm, SIGMA, #G8772). The cells were lysed in a 

Thermo Savant FastPrep FP120 Cell Disrupter with 4 cycles at a speed of 6.5 

m/sec for 20 seconds. The lysate was transferred to an Eppendorf tube and 

centrifuged for 1 minute at 2'000 rpm. The supernatant was further centrifuged 

for 10 minutes at 13' 000 rpm in a table top centrifuge. The supernatant was 
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removed, the pellet was washed in 500µ1 of lysis buffer, centrifuged for 1 minute 

at 13'000 rpm and resuspended in 200µ1 lysis buffer. The protein concentration 

was determined using Bradford reagent (SIGMA, #86916) according to the 

manufacturers instructions and equal amounts of total protein were run on a 

SOS-PAGE gel. 

2.2.2.17. Preparation of soluble protein extracts from S.pombe using a 

Freezer Mill 

100 litres of cells were grown to a density of 1.5x107 cells/ml in media containing 

2% glucose and 0.5% yeast extract (Formedium) at 30°C with continuous stirring. 

The cells were harvested in a Z41 centrifuge (Carl Paderberg Zentrifugenbau, 

Germany) at 20'000rpm. The pellet volume was determined and suspended in 

one volume of buffer T (20mM Tris pH 7.5, 10mM NaCl, 0.5mM EOTA, 2mM 

MgCb, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)), supplemented with 2X 

protease inhibitor (Complete EOTA-free, Roche), dithiothreitol (OTT) and 

phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 1 mM each. The 

cell suspension was dripped into liquid nitrogen and frozen cells were stored at -

80°C if not immediately used. The frozen cells were homogenized in a Freezer 

Mill 6850 (Spex Sample Preparation) at rate 10 for three cycles of two minutes 

each. The extract was stored at -80°C. Immediately prior to use the extracts were 

thawed in 50ml Falcon tubes in ice-water. The homogenate was precleared in an 

SS34 rotor at 20'000rpm for 20 minutes (max. 47'800 g) at 4°C followed by 

ultracentrifugation of the supernatant in a Sorvall Surespin 630 rotor at 27'000 

rpm (average RCF: 100' 000 g) for 2 h at 4°C. The supernatant was removed 

leaving the pellet and the lipid layer undisturbed. The extract was directly used 

for tandem affinity purification or for ammonium sulphate precipitation. If applied 

to resins attached to an FPLC, the extract was passed through a 0.45µM filter 

unit (Millex-HA, Millipore, #SLHA033SS). 
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2.2.2.18. Solubility and stability of Rad13 protein in different buffers 

S.pombe cells were grown in YEL to a density of 1x107 cells/ml. 50ml were 

harvested by centrifugation for 3 minutes at 3'000 rpm in a Sorvall Legend RT 

centrifuge. The pellet was washed once in 1 ml ddH2O and once in 1 ml of either 

Tris buffer (20mM Tris pH 7.5, 10mM NaCl, 5mM DTT, 0.5mM EDTA, 2mM 

MgCl2, 50mM NaF, 0.1 % I GE PAL CA-630 (SIGMA), 1x Protease Inhibitor 

Cocktail (Complete EDTA free, Roche)) or potassium phosphate buffer (50mM 

K2HPO4-KH2PO4, 100mM NaCl, 10% glycerol, 5mM DTT, 50mM NaF, 0.1% 

IGEPAL CA-630 (SIGMA), 1x Protease Inhibitor Cocktail (Complete EDTA free, 

Roche)). The pellet was resuspended in 500µ1 of the respective lysis buffer and 

transferred to a screw capped microcentrifuge tube with acid-washed glass 

beads (425-600µm, SIGMA, #88772). The extracts were further processed as 

described in section 2.2.2.16. 

2.2.2.19. MMS inducibility of Rad13 expression levels 

Cells from the untagged control strain 975 and the strain RO303.1 were grown in 

YEL to a cell titer of 5· 106 cells/ml. The cultures were split into 50ml aliquots and 

either further incubated without treatment or treated with 0.02% MMS or 0.06% 

MMS and grown for 1 h at 30°C. The cells were harvested and lysed in Tris buffer 

(20mM Tris pH 7.5, 10mM NaCl, 5mM DTT, 0.5mM EDTA, 2mM MgCl2, 50mM 

NaF, 0.1 % IGEPAL CA-630 (SIGMA), 10% Glycerol, 1x Protease Inhibitor 

Cocktail (Complete EDTA free, Roche)) as described in section 2.2.2.16. The 

total protein content of the samples was determined by the Bradford method and 

equal amounts of total protein were run on a SOS-PAGE gel. 

2.2.2.20. Benzonase treatment of cell extracts 

Cells from the untagged control strain 975 and the strain RO303.1 were grown in 

YEL to a cell titer of 5· 106 cells/ml. The cultures were split into 50ml aliquots and 

whole cell extract was prepared essentially as described in section 2.2.2.16. The 

lysis buffer contained 20mM Tris pH 7.5, 10mM NaCl, 5mM DTT, 2mM MgCl2, 
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50mM NaF, 0.5% IGEPAL CA-630 (SIGMA), 10% Glycerol, 1x Protease Inhibitor 

Cocktail (Complete EOTA free, Roche), but no EOTA. After cell lysis the extract 

was either mock treated , treated with 50 units of Benzonase® nuclease 

(Novagen, #707 46) or treated with 50 units of benzonase in a final NaCl 

concentration of 150mM for 30 minutes at 4 °C. The cell extracts were then 

further processed as described in section 2.2.2.16. The total protein content of 

the samples was determined by the Bradford method and equal amounts of total 

protein were run on a SOS-PAGE gel. 

2.2.2.21. Treatment of whole cell extracts with high salt concentrations 

Cells from the untagged control strain 975 and the strain R0303.1 were grown in 

YEL to a cell titer of 5· 106 cells/ml. The cultures were split into 50ml aliquots and 

whole cell extract was prepared essentially as described in section 2.2.2.16. The 

lysis buffer contained 20mM Tris pH 7.5, 10mM NaCl, 5mM OTT, 0.5mM EOTA, 

50mM NaF, 0.5% IGEPAL CA-630 (SIGMA), 10% Glycerol, and 1x Protease 

Inhibitor Cocktail (Complete EOTA free, Roche). After cell lysis the extracts were 

either mock treated or the NaCl concentration was adjusted to 0.5M and 1 M, 

respectively, followed by incubation at 4°C for 30 minutes. The cell extracts were 

then further processed as described in section 2.2.2.16. The total protein content 

of the samples was determined by the Bradford method and equal amounts of 

total protein were run on a SOS-PAGE gel. 

2.2.2.22. Treatment of whole cell extracts with DNasel 

Cells from the untagged control strain 975 and the strain R0303.1 were grown in 

YEL to a cell titer of 5· 106 cel ls/ml. The cultures were split into 50ml aliquots and 

whole cell extract was prepared essentially as described in section 2.2.2.16. The 

cells were lysed either in buffer T (20mM Tris pH 7.5, 10mM NaCl, 1mM OTT, 

2mM MgCb, 0.5mM EOTA, 25mM NaF, 0.1% IGEPAL CA-630 (SIGMA), and 1x 

Protease Inhibitor Cocktail (Complete EOTA free, Roche) or in buffer O (buffer T 

supplemented with MgCl2 and CaCl2 to a final concentration of 5mM and 1 mM, 

respectively). After the cel l lysis cell debris were precipitated by centrifugation at 
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2'000rpm for 1 minute in a table top centrifuge. An aliquot of the supernatant was 

removed for analysis on an agarose gel. The extracts were either mock treated, 

treated with ONasel (Roche, #11284932001) at a final concentration of 0.1 mg/ml 

or treated with ONasel at a final concentration of 1 mg/ml for 30 minutes on ice. 

The reaction was stopped by adding EOTA to a final concentration of 5.5mM. 

The cell extracts were then further processed as described in section 2.2.2.16. 

The total protein content of the samples was determined by the Bradford method 

and equal amounts of total protein were run on a SOS-PAGE gel. 

2.2.2.23. Binding of Rad13 protein to Heparin 

Cell extract was prepared as described in section 2.2.2.17. The extract was 

applied to a 1 ml HiTrap ™ Heparin HP column (GE Healthcare, #17-0406-01) 

equilibrated with buffer LS (20mM Tris pH 7.5, 10mM NaCl, 0.5mM EOTA, 2mM 

MgCl2, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)) on a FPLC at a flow rate of 

0.25ml/min. The same flow rate was applied in all subsequent steps. The column 

was washed with 10ml of buffer LS, and 1ml fractions were collected. Elution was 

carried out by applying a continuous NaCl gradient from 1 0mM to 1 M over 20ml. 

1 ml fractions were collected. Aliquots from the extract (input), the flow through, 

the wash fractions and the elution fractions were run on 10% SOS-PAGE gels 

and either silver stained or analyzed by Western blot. 

2.2.2.24. Binding of Rad13 protein to MonoQ 

2.2.2.24.1. Application of cell extract to the Mono Q column 

Cell extract was prepared as described in section 2.2.2.17. The NaCl 

concentration in the extract was adjusted to a final concentration of 50mM by 

slow addition of buffer HS (20mM Tris pH 7.5, 1 M NaCl, 0.5mM EOTA, 2mM 

MgCl2, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)). The extract was then 

applied to a Mono Q HR 5/5 column (GE Healthcare, #17-0546-01) equilibrated 

with buffer MS (20mM Tris pH 7.5, 50mM NaCl, 0.5mM EOTA, 2mM MgCl2, 

25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)) on a FPLC at a flow rate of 
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0.25ml/min. The same flow rate was applied in all subsequent steps. The column 

was washed with 10ml of buffer MS, and 1 ml fractions were collected. Elution 

was carried out by applying a continuous NaCl gradient from 50mM to 500M over 

10ml. 1 ml fractions were collected. The column was washed with 5ml of buffer 

HS, and 1 ml fractions were collected. Aliquots from the extract (input), the flow 

through, the wash fractions, the elution fractions and from the high salt wash 

fractions were run on 10% SOS-PAGE gels and either silver stained or analyzed 

by Western blot. 

2.2.2.24.2. Application of the Hep0.75 fraction to the Mono Q column 

Fraction 15 (average NaCl concentration of 725mM) eluted from the Heparin 

column (see section 2.2.2.23) was adjusted to a final NaCl concentration of 

50mM by slowly addjng buffer T (20mM Tris pH 7.5, 10mM NaCl, 0.5mM EOTA, 

2mM MgCl2, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)). The sample was then 

applied to a Mono Q HR 5/5 column (GE Healthcare, #17-0546-01) equilibrated 

with buffer MS (20mM Tris pH 7.5, 50mM NaCl, 0.5mM EOTA, 2mM MgCl2, 

25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)) on a FPLC at a flow rate of 

0.25ml/min. The same flow rate was applied in all subsequent steps. The column 

was washed with 10ml of buffer MS, and 1 ml fractions were collected. Elution 

was carried out by applying a continuous NaCl gradient from 50mM to 500M over 

10ml. 1 ml fractions were collected. The column was washed with 5ml of buffer 

HS, and 1 ml fractions were collected. Aliquots from the flow through, the wash 

fractions, the elution fractions and from the high salt wash fractions were run on 

10% SOS-PAGE gels and either silver stained or analyzed by Western blot. 

2.2.2.25. Application of the Hep0.8 fraction to a Phenyl Superose column 

Fraction 16 (average NaCl concentration of 800mM) eluted from the Heparin 

column (see section 2.2.2.23) was adjusted to a final NaCl concentration of 1 M 

by slowly adding buffer HS2 (20mM Tris pH 7.5, 2M NaCl, 0.5mM EOTA, 2mM 

MgCl2, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma)) . The sample was then 

applied to a Phenyl Superose HR 5/5 column (GE Healthcare) equilibrated with 
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buffer HS (20mM Tris pH 7.5, 1 M NaCl, 0.5mM EDTA, 2mM MgC'2, 25mM NaF, 

0.1 % IGEPAL CA-630 (Sigma)) on a FPLC at a flow rate of 0.5ml/min. The same 

flow rate was applied in all subsequent steps. The column was washed with 3ml 

of buffer HS, and 1 ml fractions were collected. Elution was carried out by 

applying a continuous NaCl gradient from 1 M to 50M over 10ml. 1 ml fractions 

were collected. The column was then washed with 3ml of buffer LS (20mM Tris 

pH 7.5, 10mM NaCl, 0.5mM EDTA, 2mM MgCl2, 25mM NaF, 0.1 % IGEPAL CA-

630 (Sigma)), and 1 ml fractions were collected. Aliquots from the flow through, 

the high salt wash fractions, the elution fractions and from the low salt wash 

fractions were run on 10% SOS-PAGE gels and either silver stained or analyzed 

by Western blot. 

2.2.2.26. Ammonium sulphate precipitation of Rad13 

In order to determine at which ammonium sulphate concentration Rad13 

precipitates, cell extract was prepared as described in section 2.2.2.17 with one 

modification: ultracentrifugation was carried out for one hour instead of two 

hours. Under constant stirring on ice, ammonium sulphate powder was slowly 

added. The amount of ammonium sulphate needed to reach a certain 

concentration was determined using the online Ammonium Sulfate Calculator 

from EnCor Biotechnology Inc. (Gainesville, Florida) 

http://www.encorbio.com/protocols/AM-S04.htm. 6.13g ammonium sulphate was 

added to 44ml of extract to reach a concentration of 25%, and the extract was 

further stirred for one hour. The extract was then centrifuged in a SS34 rotor at 

20'000rpm for 30 minutes at 4°C. The supernatant was removed and the volume 

determined. The pellet was dissolved in buffer TA (20mM Tris pH 7.5, 10mM 

NaCl, 0.5mM EDTA, 2mM MgCl2, 25mM NaF, 0.1 % IGEPAL CA-630 (Sigma), 

supplemented with 1X protease inhibitor (Complete EDTA-free, Roche), 

dithiothreitol and phenylmethylsulfonyl fluoride to a final concentration of 1 mM 

each. 6.65g of ammonium sulphate was added to 45.2ml of extract to reach a 

concentration of 50%, and the extract was processed as described above. To 

reach a concentration of 75% ammonium sulphate, 6.87g were added to 42ml of 
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supernatant. The supernatant was then processed as described above. Aliquots 

(equal volume) of the solubilized pellets were run on a 6% SOS-PAGE gel. 

Rad 13 was detected by Western Blot. 

Where Rad13 was precipitated with ammonium sulphate prior to affinity capture 

with lgG for protein complex purification, the extract was essentially processed 

as described above. Ammonium sulphate was added to a final concentration of 

50% (w/v). After precipitation, the pellet was solubilized in buffer TB (20mM Tris 

pH 7.5, 10mM NaCl, 0.5mM EDTA, 2mM MgCl2, 25mM NaF, 0.1% IGEPAL CA-

630 (Sigma) , supplemented with dithiothreitol and phenylmethylsulfonyl fluoride 

to a final concentration of 1 mM each), and dialyzed against buffer TC (20mM Tris 

pH 7.5, 10mM NaCl, 0.5mM EDTA, 2mM MgC'2, 25mM NaF, 0.1% IGEPAL CA-

630 (Sigma), supplemented with dithiothreitol (final concentration: 1 mM) and 

benzamidine hydrochloride hydrate (final concentration of 2mM). 

2.2.2.27. Overexpression of Rad13 

Cells were precultured in EMM supplemented with adenine, leucine and uracil, 

without or in the presence of 0.05µM or 15µM thiamine and grown to stationary 

phase. Cells from the precultures were inoculated in 100ml of the same media 

and grown over night to a titer of 1·107 cells/ml, allowing nine cell division. Extract 

was prepared as described in section 2.2.2.16. Lysis buffer was buffer TA (20mM 

Tris pH 7.5, 10mM NaCl, 0.5mM EDTA, 2mM MgCl2, 25mM NaF, 0.1% IGEPAL 

CA-630 (Sigma), 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 

supplemented with 1X protease inhibitor (Complete EDTA-free, Roche). 

2.2.2.28. Size exclusion chromatography 

Untreated cells grown in YEL were harvested at a density of 1.2· 107 cells/ml by 

centrifugation (Sorvall SLA3000 rotor, 8' 000 rpm, 1 O', 4°C) and washed in cold 

water. Where the cells were treated with MMS, 0.06% (v/v) of MMS was added to 

the cultures at a titer of 1·107 cells/ml, and the cells were further incubated for 75 

minutes prior to centrifugation. Where Rad13 was expressed from the nmt41 
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promoter, the cells were grown in EMM, supplemented with leucine, adenine and 

uracil. The pellet weight was determined and suspended in one volume (v/w) of 

buffer A (50 mM KH2PO4/K2HPO4 pH 7.6, 100 mM NaCl, 10% Glycerol, 5 mM 

EGTA, 0.1 mM NaF, 0.1 % IGEPAL CA-630 (Sigma), supplemented with 

protease inhibitor (Complete EDTA-free, Roche), phosphatase inhibitor 

(PhosSTOP, Roche) , as well as dithiothreitol and phenylmethylsulfonyl fluoride to 

a final concentration of 1 mM each. Alternatively the cell pellet was resuspended 

in buffer A, additionally supplemented with NaCl to a final concentration of 0.5 M 

or 1 M. The cell suspension was then dripped into liquid nitrogen and frozen cells 

were stored at -80°C if not immediately used. The frozen cells were 

homogenized in a Freezer Mill 6850 (Spex Sample Preparation) at rate 10 for 

three cycles of two minutes each. The extracts were stored at -80°C. Immediately 

prior to use the extracts were thawed in 50ml Falcon tubes in ice-water. The 

homogenate was precleared in a table top centrifuge at 13' 000 rpm for 20 

minutes, followed by ultracentrifugation for 2 h at 4 °C (Sorvall AH-650 rotor, 

43' 000 rpm, average RCF: 174'000 g). The supernatant was passed through a 

0.45µm filter. A Superdex 200 10/30 HR column (Pharmacia) was equilibrated 

and run in buffer A. 500 µI of sample (10 mg total protein) were loaded onto the 

column, run at a flow rate of 0.25 ml/min and 500 µI-fractions were collected. The 

column was calibrated using a high-molecular-weight gel filtration calibration kit 

(Pharmacia). Cytochrome c, from bovine heart (Sigma, #C3131 ), was included 

as a low-molecular weight standard. 

2.2.2.29. Coupling of ligand to Dynabeads 

Tosylactivated Dynabeads® M-280 (lnvitrogen, #142.04, rev. no. 006) were 

coated with 1.8 mg rabbit gamma globulin (Jackson Immune Research 

Laboratories, #011-000-002) per 2· 109 beads according to the manufacturer's 

recommendations. Bovine albumin was purchased from Sigma (#A-7638). 
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2.2.2.30. Tandem affinity purification 

Whole cell extract was prepared as described in section 2.2.2.17. lgG coated 

Oynabeads were washed twice in buffer T (20mM Tris pH 7.5, 10mM NaCl, 

0.5mM EOTA, 2mM MgCl2, 25mM NaF, 0.1% IGEPAL CA-630 (Sigma)), 

supplemented with OTT and PMSF to a final concentration of 1 mM each. The 

extract was incubated with 2.5· 106 beads per mg total protein for 90 minutes at 

4°C. The beads were collected with a magnet, resuspended in 1 ml of buffer T 

supplemented with 1 mM OTT and PMSF, respectively, and transferred to 

Protein LoBind Tubes (Eppendorf, #0030 108.132). The beads were washed as 

follows: 4 minutes in buffer T supplemented with 1 mM OTT and PMSF, followed 

by a 2 minute wash in the same buffer, 3 minutes in buffer IPP150 (10 mM Tris

HCI pH 8, 150 mM NaCl, 0.1% lgepal CA-630, 1mM PMSF, 1 mM OTT), 2 

minutes in buffer IPP150, 3 minutes in TEV cleavage buffer (50 mM Tris-HCI, pH 

8, 0.5 mM EOTA, 1 mM OTT), 2 minutes in TEV cleavage buffer. The beads 

were resuspended in 400 µI TEV cleavage buffer, 20 µI AcTEV™ protease 

(lnvitrogen, #12575) was added, and the samples were incubated for 3 hours at 

16°C on a wheel. After collection of the beads, the supernatant was transferred 

to a new tube, and 1.2 µI of 1 M CaCl2 was added. The beads were washed 

twice in 600 µI of buffer CBB (10 mM Tris-HCI pH 8, 10 mM p-mercaptoethanol, 

150 mM NaCl, 1 mM MgAc, 1 mM imidazole, 2 mM CaCl2, 0.1 % lgepal CA-630) 

and the supernatants were pooled with the eluate from the TEV cleavage step. 

800 µI of Calmodulin affinity resin (Stratagene, #214303) was centrifuged, and 

the collected beads were washed three times with 1 ml buffer CBB. The eluate 

from the TEV cleavage step was incubated with the washed calmodulin beads for 

one hour at 4°C. The beads were then washed with 1 ml CBB for 2 minutes. 

Bound proteins were eluted with 350 µI elution buffer (10 mM Tris-HCI pH 8, 10 

mM p-mercaptoethanol, 300 mM NaCl, 1 mM MgAc, 1 mM imidazole, 30 mM 

EGTA, 1% octyl P-0-glucopyranoside (Sigma-Aldrich, #08001)) for 30 minutes at 

4°C. The beads were collected by centrifugation and 300 µI of the supernatant 

were removed. A further elution was carried out by adding 100 µI of elution buffer 
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to the beads and incubating for 5 minutes. The beads were spun down and 100 

µI of supernatant were removed and pooled with the first eluate. Eluates of three 

purifications were pooled and dialysed over night against dialysis buffer (10 mM 

Tris-HCI pH 8, 50 mM NaCl, 1 mM MgAc, 2 mM EGTA, 2 mM benzamidine) 

using Slide-A-Lyzer* 3.5K MWCO dialysis cassettes (Pierce). The dialysed 

samples were precipitated with acetone, resuspended in SOS-PAGE sample 

buffer (Biorad) and run on a 4-15% gradient SOS-PAGE gel (Biorad). The gel 

was stained with the ProteoSilverTM Silver Stain Kit (Sigma, PROTSIL 1). Bands 

were excised and destained using the destaining solutions of the ProteoSilverTM 

Plus Silver Stain Kit (Sigma, PROTSIL2) following the manufacturer's 

instructions. The samples were then analyzed by LC-MS/MS. 

2.2.2.31. Mass spectrometry analysis 

The protein samples were analysed at the Sussex Proteomics Centre, Trafford 

Centre for Medical Research, University of Sussex, UK. 

2.2.2.31.1. Trypsin digestion of liquid samples 

The samples were acetone precipitated, washed once with ice-cold 90% 

methanol, re-pellet at 16000g for 30 min at 4C, air dried and resuspended in 

50mM ammonium bicarbonate (pH 8.0) , 10mM OTT + 50% 2,2,2-

Trifluoroethanol. The samples were then denatured by incubation at 60°C for 1 

hour, cooled to room temperature and iodoacetimide (IAA) was added to a final 

concentration of 30 mM, followed by incuation in the dark at room temperature 

for 45 min. The samples were diluted 6-fold with 50mM ammonium bicarbonate 

(pH8.0) and digested with modified porcine trypsin (Promega) using a protein-to

trypsin ratio of 100 : 1 (w:w) for 16 h at 37°C. The digestion was terminated by the 

addition of trifluoroacetic acid (TFA) to 1 % v/v. Storage was at -20°C until use. 

2.2.2.31.2. Trypsin digestion and extraction of samples in gel slices 

Excised gel slices were broken into small pieces using a micro pipette tip. 50µ1 

acetonitrile was added to cover the sample. After vortexing and briefly spinning, 
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the supernatant was removed. 50µ1 acetonitrile war added and the sample was 

left at room temperature for 15 min. After spinning briefly, the residual acetonitrile 

was removed. 50µ1 (or enough to cover gel pieces) of 10mM DTT/25mM 

NH4HCO3, were added and vortexed briefly, prior to heating for 56°C for 60mins 

to reduce the proteins. The samples were cooled to room temperature, spun 

briefly and the OTT solution removed. 50µ1 of 55mM iodoacetimide/25mM 

NH4HCO3 were added, vortexed briefly and incubated for 45mins at room 

temperature in the dark. Residual IAA was removed and the gel pieces washed 

with 50 - 100µ1 of 25mM NH4HCO3 for 10 min. 50µ1 acetonitrile were added, 

vortexed briefly, spun, and the supernatant was removed. 50µ1 acetonitrile were 

added, the samples were left for 20 min, spun briefly and the supernatant was 

removed . The gel slices were washed with 25mM NH4HCO3 for 5 min, the 

supernatant removed, and the washes with 50µ1 acetonitrile was repeated twice. 

The gel pieces were dried completely in a vacuum desiccator. (approx. 30mins). 

Modified porcine trypsin (Promega) in 50µ1 25mM NH4HCO3 was added to each 

sample, using a protein-to-trypsin ratio of 100 : 1 (w/w) and placed on ice for 45 

mins. Extra buffer was added if the gel has absorbed all of the liquid. Incubation 

was overnight at 37°C, and the reaction was terminated by addition of TFA to 

1 %v/v. Extraction of the samples was as follows: The supernatant was 

transferred to a new tube, 50µ1 20 mM NH4HCO3 were added to the gel piece, 

vortexed briefly, sonicated for 5min., and left at room temperature for 20min. The 

supernatant was pooled with the first supernatant. 50µ1 5% Formic acid/50% 

Acetonitrile were added to the gel slice, sonicated for 5min. , and left at room 

temperature for 20min. The supernatant was pooled with the previous 

supernatants. This step was repeated once. The pooled supernatants were 

concentrated ~ 25µ1 using a vacuum desiccator. Where the sample volume was 

less than 25µ1, the volume was adjusted to 25µ1 with 0.1 % Formic acid. The 

samples were stored at -20°C until use. For MS analysis, the samples were 

diluted with 0.1% TFA, and 5 - 10µ1 were loaded. 
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2.2.2.31 .3. Fractionation of samples 

Digested samples were fractionated on a 150 mm x 0.075 mm reverse phase 

column (PepMap100 C18, Dionex, CA) using an Ultimate U3000 nano-LC 

system (Dionex, CA) equipped with a 20 uL injection loop. Peptide separation 

was performed using a linear gradient from 100% solvent A (water, acetonitrile, 

formic acid; 97.9:2.0:0.1 v:v) to 60% solvent B (acetonitrile, water, formic acid; 

90:9.9:0.1 v:v) at a flow rate of 350 nUmin. Eluting peptides were directly 

analysed by tandem mass spectrometry using a L TQ Orbitrap FT-MS 

(ThermoScientific) fitted with a nanospray ion source and using stainless steel 

nano-bore emitters (both Proxeon Biosystems, Odense). Tandem mass spectra 

were collected in a data-dependent fashion by collecting one full MS scan in the 

Orbitrap detector (FT) (m/z range: 350-1800) followed by MS/MS spectra of the 

six most abundant precursor ions (in ion trap). Lock-mass to ensure mass 

accuracy (by real-time recalibration of masses) was enabled on the Orbitrap, 

using a background ion (a Polymethylcyclosiloxane, m/z 429.0887) naturally 

generated during the electrospray process. 

2.2.2.31.4. Identification of proteins 

The resulting MS/MS spectra were then used to search against the annotated 

Schizosaccharomyces pombe database of the Wellcome Trust Sanger Institute 

(http://www.sanger.ac.uk/Projects/S pombe/) using the SEQUEST protein 

identification algorithm as implemented within BioWorks v3.3 (Thermo Scientific). 

Stringent filtering criteria used for positive protein identifications were Xcorr 

values greater than 1.9 for +1 spectra, 2.2 for +2 spectra and 3. 75 for +3 spectra 

and a delta correlation (DCn) cutoff of 0.1. Results were confirmed by a non

redundant pBLAST search using the NCBI database. 
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2.3. Strain constructions 

2.3.1. Construction of rad13 deletion strains using selectable 

markers 

2.3.1.1. Construction of a rad13 deletion strain using a hygromycin B 

resistance cassette 

Three PCR fragments termed fRK14, fRK15 and fRK16 (see Fig. 9) were 

generated in independent PCR reactions and the fragments were gel purified. 

The reaction mixtures are described in the section ' Polymerase chain reaction' 

above. The reaction conditions for all three fragments were 98° for 30 seconds, 

followed by 30° cycles at 98° for 10 seconds, 55° for 30 seconds and 72° for 45 

seconds, and a final extension step at 72° for 10 minutes. Fragment fRK14 is 

homologous to the region immediately upstream of the rad13 open reading frame 

and has a small overlap with fragment fRK15. It was generated using the primers 

R13-21 and R13-22, and genomic DNA from the wild-type strain 975 as a 

template. The fragment fRK15 is generated using the primers HygB-for and 

HygB-rev, and the plasmid pAG32 (Goldstein and Mccusker 1999) as a 

template. Fragment fRK16 is homologous to the 3' untranslated region (UTR) of 

rad13, has a small overlap with fragment fRK15, and was generated using 

primers R13-23 and R13-24 and wild-type genomic DNA as template. Via fusion 

PCR, the fragments fRK14 and fRK15 were fused. The reaction mixture with a 

volume of 46 µI contained 1x buffer HF (Finnzymes), MgC'2 (Finnzymes) at a 

concentration of 2.17mM, 200 mM dNTPs (Promega), 1 unit DNA polymerase 

and 60ng of each fragment. In a first step, initial denaturation at 98° for 30 

seconds was followed by 5 cycles at 98° for 10 seconds, 60° for 30 seconds, 72° 

for 50 seconds and an extension step at 72° for 10 minutes. 20 pmol of each of 

the primers R 13-21 and HygBrev were added, and the same cycling conditions 

were applied again, but this time with 28 amplification cycles. The resulting 

fragment was gel purified and fused to fRK16 essentially as described above. In 

a first step, with 50 ng of each fragment serving as primers, initial denaturation at 
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98° for 30 seconds was followed by 5 cycles at 98° for 10 seconds, 60° for 30 

seconds, 72° for 60 seconds and an extension step at 72° for 10 minutes. 20 

pmol of each of the primers R13-21 and R13-24 were added, and 28 

amplification cycles were run at the same conditions. The resulting fragment was 

used for transformation of the wild-type strain h+ his3-01 ura4-018. The cells 

were plated on YEA, incubated over night at 30° and then replica plated onto 

YEA+G418. Integration of the fragment at the rad13+ locus was checked by PCR 

using the primers R13s1 and R13s10rev which anneal outside of the transformed 

fragment. To ensure, that no mutations have arisen during the construction 

procedure in the flanking regions up- and downstream of the rad13+ coding 

region used as homology for the transformation, the respective regions were 

sequenced. This strain was termed RO119. 

2.3.1.2. Construction of a rad13 deletion strain using a kanamycin 

resistance cassette: 

The PCR fragments fRK14 and fRK16 were generated as described above. The 

fragment fRK25 is generated using the primers HygB-for and HygB-rev, and the 

plasmid pFA6a-kanMX6 (Wach 1996) as a template (Fig. 9b). The reaction 

conditions were 98° for 30 seconds, followed by 30 cycles at 98° for 10 seconds, 

59° for 30 seconds and 72° for 40 seconds, and a final extension step at 72° for 

10 minutes. After gel purification, this fragment was fused to fRK14. The reaction 

mixture with a volume of 46 µI contained 1x buffer HF (Finnzymes), MgCb 

(Finnzymes) at a concentration of 2.17mM, 200 mM dNTPs (Promega), 1 unit 

DNA polymerase and 60ng of each fragment. In a first step, initial denaturation at 

98° for 30 seconds was followed by 5 cycles at 98° for 10 seconds, 60° for 30 

seconds, 72° for 60 seconds and an extension step at 72° for 10 minutes. 20 

pmol of each of the primers R13-21 and HygBrev were added, and the same 

cycling conditions were applied again for 28 amplification cycles, yielding fRK26. 

This fragment was gel purified and fused to fRK16. In a first step, with 50 ng of 

each fragment serving as primers, initial denaturation at 98° for 30 seconds was 

followed by 5 cycles at 98° for 10 seconds, 60° for 30 seconds, 72° for 60 
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seconds and an extension step at 72° for 10 minutes. 20 pmol of each of the 

primers R13-21 and R13-24 were added, and 28 amplification cycles were run at 

the same conditions. The resulting fragment was used for transformation of the 

wild-type strain h+ his3-01 ura4-018. The cells were plated on YEA, incubated 

over night at 30° and then replica plated onto YEA+Hygromycin B. Integration of 

the fragment at the rad13+ locus was checked by PCR using the primers R 13s 1 

and R 13s 1 0rev which anneal outside of the transformed fragment. To ensure, 

that no mutations have arisen during the construction procedure in the flanking 

regions up- and downstream of the rad13+ coding region used as homology for 

the transformation, the respective regions were sequenced. This strain was 

termed RO131 . 

2.3.1.3. Construction of a rad13 deletion strain using a his3+ marker 

Three PCR fragments termed fRK29, fRK30 and fRK31 (see Fig. 10) were 

generated in independent PCR reactions and the fragments were gel purified. 

The reaction mixtures are described in the section ' Polymerase chain reaction' 

above. The reaction conditions for all three fragments were 98° for 30 seconds, 

followed by 30° cycles at 98° for 15 seconds, 54° for 30 seconds and 72° for 45 

seconds, and a final extension step at 72° for 10 minutes. Fragment fRK29 is 

homologous to the region immediately upstream of the rad13 open reading frame 

and has a small overlap with fragment fRK30. It was generated using the primers 

R13-21 and R13-25, and genomic DNA from the wild-type strain 975 as a 

template. The fragment fRK30 is generated using the primers R 13-His3-for and 

R 13-His3-rev, and the plasmid pRU24 which carries the selectable his3+ gene 

from Schizosaccharomyces pombe (Burke and Gould 1994) as a template. 

Fragment fRK31 is homologous to the 3' untranslated region (UTR) of rad13, has 

a small overlap with fragment fRK30, and was generated using primers R1 3-26 

and R 13-24 and wild-type genomic DNA as template. Via fusion PCR, the 

fragments fRK29 and fRK30 were fused. The reaction mixture with a volume of 

46 µI contained 1x buffer HF (Finnzymes), MgCb (Finnzymes) at a concentration 

of 2.17mM, 200 mM dNTPs (Promega), 1 unit DNA polymerase and 60ng of 
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each fragment. In a first step, initial denaturation at 98° for 30 seconds was 

followed by 5 cycles at 98° for 10 seconds, 60° for 30 seconds, 72° for 60 

seconds and an extension step at 72° for 10 minutes. 20 pmol of each of the 

primers R13-21 and R13-His3-rev were added, and the same cycling conditions 

were applied again, but this time with 28 amplification cycles and an annealing 

temperature of 64°. The resulting fragment was termed fRK32 and gel purified. 

fRK 34 was generated fusing the fragments fRK30 and fRK31. In a first step, 

initial denaturation at 98° for 30 seconds was followed by 5 cycles at 98° for 15 

seconds, 54° for 30 seconds, 72° for 60 seconds and an extension step at 72° for 

10 minutes. 20 pmol of each of the primers R13-His3-for and R13-24 were 

added, and the same cycling conditions were applied again for 28 cycles. Next, 

fRK32 and fRK34 were fused. In a first step, with 50 ng of each fragment serving 

as primers, initial denaturation at 98° for 30 seconds was followed by 5 cycles at 

98° for 15 seconds, 55° for 30 seconds, 72° for 90 seconds and an extension 

step at 72° for 10 minutes. 20 pmol of each of the primers R 13s21 (which primes 

70bp downstream of the primer R 13-21) and R 13-24 were added, and the same 

cycling conditions were applied again for 28 cycles. The resulting fragment 

fRK33 was gel purified, further amplified using the same primers and reaction 

conditions for 35 cycles and then transformed into the wild-type strain h+ his3-01 

ura4-018. The cells were plated on minimial medium.Integration of the fragment 

at the rad13+ locus was checked by PCR using the primers R13s1 and 

R 13s 1 0rev which anneal outside of the transformed fragment. To ensure, that no 

mutations have arisen during the construction procedure in the flanking regions 

up- and downstream of the rad13+ coding region used as homology for the 

transformation , the respective regions were sequenced. This strain was termed 

RO140. 
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2.3.2. Tagging of the rad13+ gene 

2.3.2.1. N-terminal tagging of rad13+ with a tandem affinity purification 

(TAP) tag 

N-terminal tagging of rad13+ was carried out employing the method described by 

Werler et al. (2003). A PCR fragment with 460bp homology to the upstream 

region of Rad13 and a fragment with homology of 530bp to the open reading 

frame of Rad13 were obtained in separate PCR reactions using the primer pairs 

Rad13up-F/Rad13up-R and Rad13do-F/Rad13do-R, respectively, and genomic 

wild-type DNA as template. The reaction conditions were 98° for 30 seconds, 

followed by 30 cycles at 98° for 5 seconds, 50° for 30 seconds and 72° for 30 

seconds, and a final extension step at 72° for 10 minutes. The PCR fragment 

containing the TAP tag, the suppressor and the nmt41 promoter (a derivative of 

the nmt1 promoter) was obtained using oligonucleotides TAP tag-F and TAP tag

R and the plasmid pW13 (a kind gift from P. Werler) as template. The 

correctness of the fragments was checked by digestion with restriction enzymes. 

In one subsequent fusion PCR reaction, all three fragments were fused together 

to generate the fragment used for the transformation. In a first step, initial 

denaturation at 98° for 30 seconds was followed by 5 cycles at 98° for 1 0 

seconds, 50° for 30 seconds, 72° for 105 seconds and an extension step at 72° 

for 1 0 minutes. 20 pmol of each of the primers Rad13up-F and Rad13do-R were 

added, and the same cycling conditions were applied for 30 cycles. The resulting 

fragment was control digested and transformed into the strain 501 (h- /eu1-32 

ura4O-18 ade6-704). This strain was termed RO100. Genomic DNA was 

prepared and correct integration of the fragment was checked by PCR. The clone 

RO100.3 was transformed with pREP2 encoding the Cre recombinase. The 

resulting strain was named RO101 . Genomic DNA of transformants was 

prepared and loop-out of the sup3-5 marker and the nmt41 promoter was 

checked by PCR. 
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2.3.2.2. C-terminal tagging of rad13+ with a hemagglutinin epitope (3HA) tag 

The PCR fragment fRK1 with a homology of 545bp to the 3' UTR of rad13 was 

obtained with primers Rad13-UTR-for (with a Bg/II site) and Rad13-UTR-rev (with 

a Spel site) and genomic wild-type DNA as template. The reaction conditions 

were 98° for 30 seconds, followed by 35 cycles at 98° for 10 seconds, 55° for 30 

seconds and 72° for 2 minutes, and a final extension step at 72° for 10 minutes 

Correctness of this fragment was checked by digestion with Alul. The fragment 

was cloned into the Bg/1I and Spel site of pFA6a-3HA-kanMX6, thereby replacing 

the kanMX6 marker cassette. By removing the kanMX6 marker we have the 

advantage to use kanMX6 based gene disruptions when constructing double 

mutants. The resulting plasmid was named pRK1 3. Plasmid DNA was prepared 

and checked for correctness by digestion with Fspl (data not shown). The PCR 

fragment fRK2 was generated using the forward primer Rad 13-prom-for and the 

reverse primer Rad 13-3HA-rev, both containing a BamHI restriction site. 

Because an additional BamHI site occurs within the 3HA tag, digestion with this 

restriction enzyme would result in loss of a part of the tag (see Fig. 20a (I)). This 

sequence was therefore included in the reverse primer Rad13-3HA-rev. The 

reaction conditions were 98° for 30 seconds, followed by 35 cycles at 98° for 20 

seconds, 55° for 30 seconds and 72° for 4 minutes, and a final extension step at 

72° for 10 minutes. The fragment was cloned into the BamHI sites in the 

polylinker and in the tag, respectively, of pRK13, thereby yielding pRK10 (Fig. 

20a (I) and (II)). Putative positive E.coli clones were identified by colony 

hybridisation. Plasmid DNA was prepared and checked for correct integration of 

fRK2 by digestion with X mnl (data not shown). Two plasmids (pRK10.1 and 

pRK10.3) proved to have fRK2 integrated in the correct orientation. The entire 

construct on plasmid pRK10.1 was sequenced. The obtained sequence was 

compared to two sequences retrieved from databases, covering the rad13 open

reading frame and up- and downstream genomic sequence. The findings are 

described in the chapter Results. The fragment used for transformation was 

excised from the naturally occurring restriction sites Nhel and Fspl, and 

transformed into the rad13::ura4+ deletion strain RO4 (Fig. 20a (Ill)). This strain 
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was named RO102. Successful integration at the rad13 locus replaces the ura4+ 

cassette and renders the cells auxotroph for uracil. The transformed cells were 

plated on YEA, grown over night, and replica plated on YEA containing 5-

fluoroorotic acid (5-FOA). This compound is toxic for uracil prototrophic cells, 

thereby allowing selection for ura- colonies. Genomic DNA of putative positive 

clones was prepared and integration of the transformed fragment checked by 

PCR using R13c2 as forward primer and R13s10rev as reverse primer (Fig. 20b). 

2.3.2.3. C-terminal tagging of rad13+ with a glutathione S-transferase (GST) 

tag 

The generation of fragment fRK1 is described above. The fragment was cloned 

into the Bg/11 and Spel site of pFA6a-GST-kanMX6, thereby replacing the 

kanMX6 marker cassette. The resulting plasmid was named pRK14. The PCR 

fragment fRK3 with a homology of 473bp to the region upstream of rad13, was 

generated using the forward primer Rad 13-prom-for and the reverse primer 

Rad13-prom-rev, both containing a BamHI restriction site. The reaction 

conditions were 98° for 30 seconds, followed by 35 cycles at 98° for 20 seconds, 

55° for 30 seconds and 72° for 4 minutes, and a final extension step at 72° for 10 

minutes. Correctness of the PCR product was confirmed by digestion with 

Hindlll. This fragment was cloned into the BamHI sites in pRK14, thereby 

yielding pRK12 (Fig. 23). Putative positive E.coli clones were identified by colony 

hybridisation. Plasmid DNA was prepared and checked for correct integration of 

fRK3 by digestion with Nhel and Fspl. Three plasmids proved to have integrated 

fRK3. Plasmid pRK12.2 was additionally digested with Xmnl, which cuts three 

times and yields fragments of 2812bp, 2427bp, 1841 bp and 662bp. These 

fragments were indeed observed (data not shown). The fragment used for 

transformation was excised from the naturally occurring restriction sites Nhel and 

Fspl, and transformed into the rad13::ura4+ deletion strain RO4. The resulting 

strain was named RO103. 
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2.3.2.4. C-terminal tagging of rad13+ with a tandem affinity purification 

(TAP) tag 

Three PCR fragments termed fRK 75, fRK76 and fRK77 (see Fig . 28) were 

generated in independent PCR reactions and the fragments were gel purified. 

The reaction mixtures are described in the section ' Polymerase chain reaction'. 

The reaction conditions for all three fragments were 98° for 30 seconds, followed 

by 30° cycles at 98° for 15 seconds, 52° for 30 seconds and 72° for 90 seconds, 

and a final extension step at 72° for 10 minutes. Fragment fRK75 is homologous 

to the rad13 open reading frame (ORF) immediately upstream of the stop codon, 

and has a small overlap with fragment fRK76. It was generated using the primers 

R13-31 and R13-CTAP-rev, and genomic DNA from the wild-type strain 975 as a 

template. The fragment fRK76 is generated using the primers CTAP-for and 

CTAP-rev, and the plasmid pFA6a-CTAP-MX6 as a template. This plasmid bears 

a construct consisting of the Calmodulin-binding domain (CBD), the Tobacco 

Etch Virus (TEV) protease cleavage site, two copies of the Staphylococcus 

aureus Protein A units and the kanamycin resistance cassette. Fragment fRK77 

is homologous to the 3' untranslated region (UTR) of rad13, has a small overlap 

with fragment fRK76, and was generated using primers R 13-UTR-CTAP-for and 

R13-32rev and wild-type genomic DNA as template. Via fusion PCR, the 

fragments fRK76 and fRK77 were fused. The reaction mixture with a volume of 

46 µI contained 1x buffer HF (Finnzymes), MgClz (Finnzymes) at a concentration 

of 2.17mM, 200 mM dNTPs (Promega), 1 unit DNA polymerase and 60ng of 

each fragment. In a first step, initial denaturation at 98° for 30 seconds was 

followed by 5 cycles at 98° for 10 seconds, 53° for 30 seconds, 72° for 90 

seconds and an extension step at 72° for 10 minutes. 20 pmol of each of the 

primers CT AP-for and R 13-32rev were added, and the same cycling conditions 

were applied again, but this time with 30 amplification cycles. The resulting 

fragment was gel purified and fused to fRK75 essentially as described above. In 

a first step, with 50ng of each fragment serving as primers, initial denaturation at 

98° for 30 seconds was followed by 5 cycles at 98° for 10 seconds, 53° for 30 

seconds, 72° for 100 seconds and an extension step at 72° for 10 minutes. 20 
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pmol of each of the primers R 13-31 and R 13-32rev were added, and 30 

amplification cycles were run at the same conditions. The resulting fragment was 

used for transformation of the wild-type strain 975. The cells were plated on YEA, 

incubated over night at 30° and then replica plated onto YEA+G418. Integration 

of the fragment at the rad13+ locus was checked by PCR using the primers 

R 13s 17 and R 13s29rev which anneal outside of the transformed fragment. 

2.3.3. Construction of mutated rad13 alleles 

2.3.3.1. Construction of rad13 alleles carrying point mutations 

Point mutations were introduced into the rad13+ gene by site-directed 

mutagenesis using the hemagglutinin tagged rad13+ gene on plasmid pRK10 

(described above) as a substrate. The sequence of the primers used for the 

mutagenesis and restriction sites, where present, are given in the oligonucleotide 

list in the appendix. The primer pairs used to introduce the base substitutions and 

the designation of the resulting vectors are: for the P72H substitution: P72H

for/P72H-rev, pRK23; for the D77A substitution: D77A-for/D77A-rev, pRK15; for 

the 220SELF-AGLA223 (Box1) substitutions: Box1-for/Box1-rev, pRK19; for the 

S407A (UIM) substitution: UIM-for/UIM-rev, pRK18; for the E779A substitution: 

E779A-for/E779A-rev, pRK22; for the A780V substitution: A780V-for/A780V-rev, 

pRK16; for the W939A (Box2) substitution: Box2-for/Box2-rev, pRK20; for the 

FF987-988AA (PBS) substitutions: PBS-for/PBS-rev, pRK17. For the designation 

of the mutants see Fig. 24. The concentration of the reagents in the PCR 

reaction are as described in the section "Polymerase chain reaction (PCR)" 

above. Reaction mixtures without primers, but containing polymerase and 

template DNA were prepared and split in two halfs. One primer of each primer 

pair was added to each half. An amplification reaction of 98° for 30 seconds, 

followed by 5 cycles at 98° for 30 seconds, 55° for 1 minute and 72° for 7 minutes 

and 30 seconds wad carried out. Both reactions were pooled, and 12 

amplification cycles with the same conditions were run. Dpnl-digestion was 
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carried out by adding buffer 4 (NEB) to a final concentration of 1x, and 20 units of 

Dpnl (NEB) to the PCR reaction. The reaction was incubated at 37° for 45 

minutes. Half of the reaction was transformed into E.coli T10 cells. Selection was 

carried out on LB plates containing ampicillin. Plasmid DNA was prepared and, 

where applicable, control digested with a restriction enzyme. In all other cases, 

the region of the plasmid where the mutation was introduced, was sequenced. 

Plasmid DNA was digested with Nhel and Fspl and transformed into the 

rad13::ura4+ deletion strain RO4. Successful integration at the rad13 locus 

replaces the ura4+ cassette and renders the cells auxotroph for uracil. The 

transformed cells were plated on YEA, grown over night, and replica plated on 

YEA containing 5-fluoroorotic acid (5-FOA). This compound is toxic for uracil 

prototrophic cells, thereby allowing selection for ura- colonies. Genomic DNA of 

putative positive clones was prepared and correct integration of the fragment at 

the rad13 locus was checked by PCR using the primers R13s1 and R13s10rev. 

The resulting mutant strains were designated as follows (see also the strain list in 

the appendix) : RO133 for the P72H substitution, RO130 for the D77A 

substitution, RO123 for the 220SELF-AGLA223 (Box1) substitution, RO122 for 

the S407A (UIM) substitution, RO132 for the E779A substitution, RO120 for the 

A780V substitution, RO124 for the W939A (Box2) substitution, and RO121 for 

the FF987-988AA (PBS) substitution. To verify the sole presence of the 

introduced mutations, the rad13 alleles and the genomic sequence contained in 

the fragment used for transformation were sequenced. Prior to carrying out 

genetic experiments, these strains were crossed with a h- rad13::hphMX4 strain 

in order to cross out the ur4-018 marker. 

2.3.3.2. Construction of a rad13 allele with an N-terminal deletion 

We created an N-terminal deletion variant of Rad13, lacking the first 447 amino 

acids. First, the PCR fragment fRK20 was created using the primers Rad13-

prom-for and R 13-N-rev1 and genomic DNA as template. The reaction conditions 

were 98° for 30 seconds, followed by 30 cycles at 98° for 10 seconds, 54° for 30 

seconds and 72° for 20 seconds, and a final extension step at 72° for 10 minutes. 
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The sequence for eight amino acids starting with the first methionine after the 

Sa/I restriction site in the rad13+ open reading frame was included in the primer 

R13-N-rev1. The fragment therefore contained the promoter of rad13+, a start 

codon followed by the coding sequence as described above. Fragment fRK21 

was generated with the primers R 13-N-for2 and R 13-N-rev2 and genomic DNA 

as template. The primer R13-N-for2 is complementary to the primer R13-N-rev1 , 

generating an overlap with the fragment fRK20. Both fragments were fused to 

generate the fragment fRK22. In a first step, initial denaturation at 98° for 30 

seconds was followed by 5 cycles at 98° for 10 seconds, 54° for 30 seconds, 72° 

for 30 seconds and an extension step at 72° for 10 minutes. 20 pmol of each of 

the primers Rad13-prom-for and R13-N-rev2 were added, and the same cycling 

conditions were applied again for 28 amplification cycles. The fragment was gel 

purified and digested with Nhel. A heat inactivation step at 65° for 20 minutes 

was followed by further digestion with EcoRV. pRK10 was treated accordingly. 

The digested PCR fragment was cloned into the Nhel and EcoRV restriction 

sites, thereby deleting the Sa/I restriction site in the rad13+ coding sequence. The 

resulting vector was termed pRK21. The fragment used for transformation was 

excised from the naturally occurring restriction sites Nhel and Fspl , and 

transformed into the rad13::ura4+ deletion strain RO4. This strain was named 

RO129. Successful integration at the rad13 locus replaces the ura4+ cassette 

and renders the cells auxotroph for uracil. The transformed cells were plated on 

YEA, grown over night, and replica plated on YEA containing 5-fluoroorotic acid 

(5-FOA). Genomic DNA of putative positive clones was prepared and integration 

of the transformed fragment checked by PCR using R 13s 1 as forward primer and 

R 13s 1 0rev as reverse primer. 

80 



2.3.4. Construction of the rad13·N23U·3HA and rad13·N23U 

mutants 

2.3.4.1. Construction of the rad13·N23U·3HA mutant 

This mutant encodes a fusion peptide containing 23 N-terminal amino acids of 

Rad 13 followed by 8 random residues encoded by the ura4+ marker cassette, 

fused to a 3HA tag. The PCR fragment fRK53 was generated with the primers 

R13s1 and R13PUrev and genomic DNA of the rad13::ura4+ strain as template. 

This fragment contains the rad13 promoter, followed by the sequence encoding 

the first 23 amino acids of Rad13 followed by 24bp of the ura4+ cassette. The 

reaction conditions were 98° for 30 seconds, followed by 30° cycles at 98° for 15 

seconds, 50° for 30 seconds and 72° for 45 seconds, and a final extension step 

at 72° for 10 minutes. Fragment fRK54 contains the tagging module of pFA6a-

3HA-kanMX6 (Bahler et al. 1998), and has a small overlap with fragment fRK53 

as well as with the fragment fRK63 (see below). It was generated using the 

primers R13PU3HAfor and kanMXR13UTRrev, and DNA of the plasmid pFA6a-

3HA-kanMX6 as a template. The reaction conditions were 98° for 30 seconds, 

followed by 30° cycles at 98° for 15 seconds, 54° for 30 seconds and 72° for 45 

seconds, and a final extension step at 72° for 10 minutes. Via fusion PCR, the 

fragments fRK53 and fRK54 were fused. In a first step, where the reaction 

mixture contained DNA of the two fragments but no primers, initial denaturation 

at 98° for 30 seconds was followed by 5 cycles at 98° for 10 seconds, 48° for 30 

seconds, 72° for 100 seconds and an extension step at 72° for 10 minutes. 20 

pmol of each of the primers R13s1 and kanMXR13UTRrev were added, and the 

same cycling conditions were applied again, but this time with 30 amplification 

cycles. The resulting fragment was termed fRK55 and gel purified. The PCR 

fragment fRK63 was created using the primers Rad13-26 and R13-27 and 

genomic DNA as template. This fragment contains the sequence immediately 

downstream of the rad13 stop codon. The reaction conditions were 98° for 30 

seconds, followed by 30 cycles at 98° for 10 seconds, 50° for 30 seconds and 
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72° for 20 seconds, and a final extension step at 72° for 10 minutes. Fragments 

fRK55 and fRK63 were fused. In a first step, with 50 ng of each fragment serving 

as primers, initial denaturation at 98° for 30 seconds was followed by 15 cycles at 

98° for 10 seconds, 52° for 30 seconds, 72° for 100 seconds and an extension 

step at 72° for 10 minutes. 40 pmol of each of the primers R13s1 and R13-27, 

and 1 unit of Phusion™ DNA polymerase were added, and 32 amplification 

cycles were run at the same conditions. The resulting fragment, termed fRK64, 

was gel purified and digested with Nhel (NEB) and Spel (Promega) in buffer C 

(Promega) in the presence of BSA. The vector pRK10 (see above) was digested 

with Nhel and Spel as described for fragment fRK64, and run on an agarose gel. 

The 2.4kb band containing the vector backbone was gel purified and ligated to 

the digested fragment fRK64. The ligation was transformed into E.coli T10 cells, 

and plated on LB+kanamycin. Vector DNA of one positive clone, termed RK25.2 

was digested with Nhel and Aval and transformed into the S.pombe strain h+ 

his3-01 ura4-018. The cells were plated on YEA, incubated over night at 30° and 

then replica plated onto YEA+G418. Integration of the fragment at the rad13+ 

locus was checked by PCR using the primers R13s30 and R13s29rev which 

anneal outside of the transformed fragment. The resulting strain was termed 

RO273. To ensure, that no mutations have arisen during the construction 

procedure the relevant regions were sequenced. 

2.3.4.2. Construction of the rad13·N23U mutant 

This mutant encodes a fusion peptide containing 23 N-terminal amino acids of 

Rad13 followed by 8 random residues encoded by the ura4+ marker cassette. 

The generation of fK53 is described above. Fragment fRK58 contains the 

S.cervisiae ADH1 terminator, the kanamycin resistance cassette, but no tag, of 

the tagging module of pFA6a-3HA-kanMX6 (Bahler et al. 1998), and has a small 

overlap with fragment fRK53 as well as with the fragment fRK63 (see above). 

fRK58 was generated using the primers R13PUTADHfor and kanMXR13UTRrev, 

and DNA of the plasmid pFA6a-3HA-kanMX6 as a template. The reaction 

conditions were 98° for 30 seconds, followed by 30° cycles at 98° for 15 seconds, 
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54° for 30 seconds and 72° for 45 seconds, and a final extension step at 72° for 

10 minutes. Via fusion PCR, the fragments fRK53 and fRK58 were fused 

essentially as described above for the generation of fRK55. The resulting 

fragment was termed fRK59 and gel purified. The PCR fragment fRK66 was 

created using the primers Rad13-26 and R13-28 (with an added Bg/1 restriction 

site) and genomic DNA as template. This fragment contains the sequence 

immediately downstream of the rad13 stop codon. The reaction conditions were 

98° for 30 seconds, followed by 30 cycles at 98° for 10 seconds, 52° for 30 

seconds and 72° for 30 seconds, and a final extension step at 72° for 10 minutes. 

This fragment was fused to fRK58. In a first step, with 50 ng of each fragment 

serving as primers, initial denaturation at 98° for 30 seconds was followed by 5 

cycles at 98° for 10 seconds, 48° for 30 seconds, 72° for 100 seconds and an 

extension step at 72° for 10 minutes. 20 pmol of each of the primers 

R13PUTADHfor and R13-28, and 1 unit of Phusion™ DNA polymerase were 

added, and 30 amplification cycles were run at the same conditions. The 

resulting fragment, termed fRK70, was gel purified, and fused to fRK59, yielding 

fragment fRK72. In a first step, with both fragments serving as primers, initial 

denaturation at 98° for 30 seconds was followed by 5 cycles at 98° for 15 

seconds, 50° for 30 seconds, 72° for 100 seconds and an extension step at 72° 

for 10 minutes. 20 pmol of each of the primers R13s1 and R13-28 were added, 

and 30 amplification cycles were run at the same conditions. The fragment was 

gel purified and digested with Nhel in buffer 2 in the presence of BSA (buffer, 

BSA and enzyme from NEB). After heat inactivation at 65° for 20 minutes, the 

fragment was purified using the PCR purification kit (Qiagen), and eluted in 

water. The eluted fragment was digested with Bg/1 (NEB) in buffer 3 (NEB). The 

buffer was exchanged for water using the Qiagen PCR purification kit. The vector 

pRK10 (see above) was digested with Nhel. The linearized vector was gel 

purified and partially digested with Spel and run on an agarose gel. The 2.4kb 

band containing the vector backbone was gel purified and ligated to the digested 

fragment fRK72. The ligation was transformed into E.coli T10 cells, and plated on 

LB+ampicillin. Vector DNA of one positive clone, termed RK28.C1 was digested 
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with Nhel and Aval and transformed into the S.pombe strain h+ his3-01 ura4-

018. The cells were plated on YEA, incubated over night at 30° and then replica 

plated onto YEA+G418. Integration of the fragment at the rad13+ locus was 

checked by PCR using the primers R 13s30 and R 13s29rev which anneal outside 

of the transformed fragment. The resulting strain was termed RO274. To ensure, 

that no mutations have arisen during the construction procedure the relevant 

regions were sequenced. 

2.3.5. Construction of a TAP-tagged rad13+ gene under the 

control of a regulatable promoter at the rad13 locus 

2.3.5.1. Construction of a C-terminally TAP-tagged rad13+ gene under the 

control of the nmt1 promoter at the rad13 locus 

Three PCR fragments termed fRK90, fRK91 and fRK93 (see Fig. 36) were 

generated in independent PCR reactions and the fragments were gel purified. 

The reaction mixtures are described in section 2.2.2.11. Fragment fRK90 is 

homologous to the rad13 promoter immediately upstream of the start codon .. It 

was generated using the primers R 13s21 and R 13-25, and genomic DNA from 

the wild-type strain 975 as a template. Fragment fRK93 is homologous to the 

rad13 open reading frame starting with the start codon. It was generated using 

the primers R 13-ORF and R 13c1-R, and genomic DNA from the wild-type strain 

975 as a template. The reaction conditions for these two fragments were 98° for 

30 seconds, followed by 30 cycles at 98° for 10 seconds, 58° for 30 seconds and 

72° for 20 seconds, and a final extension step at 72° for 10 minutes. The 

fragment fRK91 was generated using the primers P1 and P2, and the plasmid 

pFA6a-natMX6-P3nmt1 (Van Driessche et al. 2005) as a template. This plasmid 

bears a construct consisting of the nourseothricin resistance cassette (Hentges 

et al. 2005) and the thiamine regulatable S.pombe promoter nmt1. The reaction 

mixture to generate this PCR fragment contained 1x buffer GC (Finnzymes) 

instead of buffer HF. The reaction conditions were 98° for 30 seconds, followed 
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by 30 cycles at 98° for 15 seconds, 53° for 30 seconds and 72° for 72 seconds, 

and a final extension step at 72° for 10 minutes. Via fusion PCR, the fragments 

fRK90 and fRK91 were fused. The reaction mixture with a volume of 46 µI 

contained 1x buffer GC (Finnzymes), MgCl2 (Finnzymes) at a concentration of 

2.17mM, 200 mM dNTPs (Promega), 1 unit DNA polymerase and 60ng of each 

fragment. In a first step, initial denaturation at 98° for 30 seconds was followed by 

5 cycles at 98° for 10 seconds, 58° for 30 seconds, 72° for 75 seconds and an 

extension step at 72° for 10 minutes. 20 pmol of each of the primers R13s21 and 

P2 were added and 30 amplification cycles of 98° for 15 seconds, 53° for 30 

seconds, 72° for 75 seconds were carried out and followed by an extension step 

at 72° for 10 minutes. The resulting fragment fRK94 was gel purified. 

Via fusion PCR, the fragments fRK91 and fRK93 were fused. The reaction 

mixture with a volume of 46 µI contained 1x buffer GC (Finnzymes), MgCl2 

(Finnzymes) at a concentration of 2.17mM, 200 mM dNTPs (Promega), 1 unit 

DNA polymerase and 60ng of each fragment. In a first step, initial denaturation at 

98° for 30 seconds was followed by 5 cycles at 98° for 15 seconds, 58° for 30 

seconds, 72° for 75 seconds and an extension step at 72° for 10 minutes. 20 

pmol of each of the primers P1 and R 13c1-R were added and 30 amplification 

cycles were run at the same conditions followed by an extension step at 72° for 

10 minutes. The resulting fragment fRK96 was gel purified. The fragments fRK94 

and fRK96 were fused. The reaction mixture was as described to generate 

fRK94. In a first step, with 50ng of each fragment serving as primers, initial 

denaturation at 98° for 30 seconds was followed by 5 cycles at 98° for 15 

seconds, 58° for 30 seconds, 72° for 85 seconds and an extension step at 72° for 

10 minutes. 20 pmol of each of the primers R13s21 and R13c1-R were added, 

and 30 amplification cycles of 98° for 15 seconds, 60° for 30 seconds, 72° for 75 

seconds were run and followed by an extension step at 72° for 10 minutes. The 

resulting fragment fRK98 was used to transform the strain RO303.1 carrying the 

rad13+ gene with a C-terminal TAP-tag (Fig. 28). The cells were plated on YEA, 

incubated over night at 30° and then replica plated onto YEA plates containing 

nourseothricin (clonNAT, Werner Bioagents). Integration of the fragment at the 
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rad13+ locus was checked by PCR using the primer pairs R13s21/Rc and Pc/Re 

which anneal outside of the transformed fragment. The resulting strain was called 

RO360. 

2.3.5.2. Construction of a C-terminally TAP-tagged rad13+ gene under the 

control of the nmt41 promoter at the rad13 locus 

The generation of the PCR fragments fRK90 and fRK93 is described above. The 

fragment fRK92 was generated essentially as described above for fRK91 except 

that the plasmid pFA6a-natMX6-P41 nmt1 (Van Driessche et al. 2005) was used 

as a template for the PCR reaction. This plasmid bears the S.pombe promoter 

nmt41 instead of nmt1. The fragments fRK95, fRK97 and fRK99 were generated 

essentially as described above for the fragment fRK94, fRK96 and fRK98, 

respectively. The fragment fRK99 was used to transform the strain RO303.1. 

Selection on nourseothricin and checking of transformants for correct integration 

of fRK99 at the rad13+ locus was carried out as described above. The resulting 

strain was called RO361. 
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3. RESULTS 

3.1. Epistasis analysis with a rad13: :ura4+ disruption 
strain 

To investigate putative NER-independent functions of Rad13 we carried out 

epistasis analysis with mutants defective in the following pathways: NER, base 

excision repair (BER), alternative UV damage repair (UVDR), translesion 

synthesis (TLS), homologous recombination (HR), and replication (see Tab. 1 ). 

An overview of the relationship of homologous nucleotide excision repair proteins 

in different organisms is given in the Supplementary table S1 in Appendix D. In 

some experiments we also included msh3, which is a MutS homologue, but does 

not have a function in mismatch repair (MMR) (Marti et al. 2002). Double mutants 

were constructed by crossing swi10, rhp14, rhp7, rhp26, nth1, mag1, rad2, rev3, 

rhp51, mus81 and rqh1 mutants with a rad13 strain. This rad13 mutant was 

based on the disruption strain made by Carr et al. ( 1993), where the rad13+ 

coding sequence was partially replaced with an ura4+ marker cassette. To 

construct the rad13 msh3 double delete, a strain containing an msh3::ura4 

disruption (Fleck et al. 1992) was crossed with a rad13 mutant, where the rad13 

open reading frame was partially replaced with a kanamycin resistance cassette 

(Kunz and Fleck, 2001 ). 

Survival upon DNA damage was assessed by spotting serial dilutions of cell 

cultures on plates containing various concentrations of different DNA damaging 

agents or spotting cells on plates prior to UV irradiation. 

3.1.1. Epistasis analysis with mutants defective in NER 

To determine if Rad1 3 and other NER proteins have NER-independent functions 

in response to different types of DNA damage, we treated NER single and double 

mutants with various DNA damaging agents. 

UV radiation can cause various types of DNA damage. The most frequent and 

biologically relevant lesions are cyclobutane pyrimidine dimers (CPDs) and 
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pyrimidine-pyrimidone (6-4) photoproducts, caused by covalent linkage of two 

adjacent pyrimidines. UV irradiation served as a control in our experiments. 

Since we do not expect NER-independent functions of NER proteins in response 

to UV, the NER single mutants rad13, swi10 and rhp14 as well as the respective 

double mutants should be equally sensitive to UV, and display an epistatic 

relationship to each other. D~uble mutants being impaired in NER and other 

pathways involved in the repair of UV lesions would be expected to show a 

synergistic interaction. This would validate an observation of putative epistasis 

between rad13 and a second mutated gene for sensitivity to an agent different 

from UV. 

Upon UV irradiation none of the double mutants rad13 swi10, rad13 rhp14 and 

rhp14 swi10 were more sensitive than either single mutant, displaying epistasis 

to each other (Fig. 1a, left panel). That the double mutant rad13 swi10 is not 

more sensitive to UV than the respective single mutants is in agreement with 

data by Kunz and Fleck (2001). The rhp7 and rhp26 single mutants are only 

slightly sensitive at high UV doses of 100-150 J/m2 (data not shown). Whereas 

the rad13 rhp7 strain is not more sensitive than the rad13 single mutant, rad13 

rhp26 cells show a synergistic effect. The double mutants rhp14 rhp26 and swi10 

rhp26 are also more sensitive than either single mutant (Fig 1 a, right panel). This 

increased sensitivity is likely to be attributed to loss of an Rhp26 function in an 

NER-independent process. Because of its homology to S.cerevisiae Rad26, 

which is generally required for elongation by RNA polymerase II in the absence 

of DNA damage (Lee et al. 2001), an analogous role for fission yeast Rhp26 is 

conceivable. 

Methyl methanesulfphonate causes base alkylation and DNA single strand 

breaks. Encounter of a moving replication fork with a nick on the parental DNA 

can give rise to potentially harmful intermediates like a one-ended double strand 

break and can lead to fork collapse. The NER single mutants rad13, swi10 and 

rhp14 were equally sensitive to methyl methanesulphonate (MMS), whereas 

rhp26 cells were sensitive but less than the before mentioned NER mutants (Fig. 

1 b). The rhp7 strain was as resistant to MMS as wild type which can be 
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explained by no or only a marginal role of global genome repair in response to 

MMS induced damage. The double mutant rad13 rhp7 displayed a rad13 

phenotype. Combinations of all other NER mutations rendered the cells more 

sensitive than each respective single mutant, with the exception of rad13 rhp14 

where epistasis could be observed. The behaviour of all other double mutants is 

in contrast to UV treatment where only double mutants involving rhp26 were 

more sensitive than either single mutant. This observation suggests that upon 

MMS induced damage, the rad13, swi10 and rhp26 mutants are impaired in 

NER-independent functions. 

The antitumor agent cis-diamminedichloroplatinum(II), also called cisplatin, 

exerts its cytotoxic effects by forming primarily intrastrand as well as interstrand 

crosslinks between purines (Siddik 2003). The swi10 mutant was the most 

sensitive NER deficient strain, and showed epistasis with rad13 (Fig . 2a, upper 

panel). The combination of swi10 with rhp14 or rhp26 rendered the cells slightly 

more sensitive than the swi10 single mutant (data not shown). This points 

towards an additional unique and NER-independent role of Swi10 in response to 

cisplatin. The rad13 rhp14 double mutant was as sensitive as either single 

mutant. The rhp7 and rhp26 mutants did not show any sensitivity towards 

cisplatin at a concentration of 0.6 mM (Fig. 2a, lower panel). However, a slight 

sensitivity of rhp7 at a concentration of 0.8 mM was observed (data not shown). 

The double mutants rad13 rhp7 and rad13 rhp26 showed the same sensitivity as 

the rad13 single mutant. In contrast, deletion of rhp26 in an rhp14 strain even 

seemed to slightly releave its sensitivity (data not shown). 

Mitomycins and their analogues cause DNA interstrand cross-links (ICLs) (Rajski 

and Williams, 1998) and are used as chemotherapeutic agents. Impeding the 

unwinding of the DNA which is required in cellular processes like transcription 

and replication, ICLs are very toxic lesions if left unrepaired in proliferating cells. 

Although the so far identified pathways involved in ICL repair are conserved, 

different organisms repair ICLs in different ways through the concerted action of 

NER, HR and damage tolerance pathways (Noll et al. 2006). Moreover, the 

choice of the repair pathways is cell-cycle specific in eukaryotes. Here, we tested 
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the sensitivity of rad13, swi10 and rhp14 single and double mutants to mitomycin 

C from Streptomyces caespitosus. The swi10 mutant proved to be the most 

sensitive strain , whereas the rad13 mutant was the least sensitive (Fig. 2b) . 

However, the double mutant rad13 swi10 was slightly more sensitive than either 

single mutant, indicating NER-independent functions of Rad13 and Swi10. While 

the rhp14 mutant was more sensitive than the rad13 strain, the respective double 

mutant revealed an epistatic relationship between these genes at a mitomycin C 

dose of 0.1 mM. The swi10 rhp14 double mutant was the most sensitive strain 

tested, and more sensitive than either single mutant. This indicates an NER

independent function of Swi10 as well as Rhp14 in response to mitomycin C. 

Hydroxyurea (HU) inactivates ribonucleotide reductase, thereby blocking the 

synthesis of deoxynucleotides. This leads to inhibition of DNA synthesis. The 

rad13, swi10 and rhp14 mutants were equally sensitive (Fig. 2c). The 

combination of swi10 with any other NER mutant rendered the cells clearly more 

sensitive than either single mutant. Also the rad13 rhp14 double mutant was 

slightly more sensitive than the respective single mutants. The rhp7 strain was 

not more sensitive to HU than wild-type and the rad13 rhp7 double delete was as 

sensitive as the rad13 single mutant (data not shown). Although the rhp26 

mutant did not show increased sensitivity compared with wild-type, the deletion 

of rhp26+ in a rad13 or rhp14 background decreased survival compared with the 

respective single mutants. This weak increase in sensitivity is probably due to the 

loss of an NER-independent role of Rhp26 in response to HU treatment. 

S.cerevisiae Rad2, the homologue of human XPG, has a function in transcription 

by RNA polymerase II (Lee et al. 2002a). An analogous role for fission yeast 

Rad13 is therefore conceivable. To investigate this, we carried out spot tests on 

plates containing 6-azauracil (6AU). This base analogue is inhibitory to 

nucleotide metabolism and leads to depletion of the RNA precursors GTP and 

UTP. Mutants impaired in transcription are more severely affected than wild-type. 

The rad13::ura4+ disruption strain is clearly sensitive, whereas the rad13::kanMX 

disruption is resistant (data not shown). Double mutants carrying the rad13 

deletion and with mating-type h- are sensitive to 6AU, but not if the mating-type is 
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h+. No such bias was observed for double mutants with the wild-type rad13+ 

allele. It is questionable, if this variability occurs just accidentally or is indeed 

caused by the mating-type background. To further investigate a possible role of 

Rad13 in transcription, an RNA recovery assay could be carried out as described 

in Marti et al. (2003a), but without UV irradiation. 

So far, we identified NER-independent functions of Rad13 in response to 

treatment with MMS, mitomycin C, HU and possibly 6-azauracil. Furthermore, the 

data show that Swi10 and Rhp14 have a role different from NER in response to 

MMS, cisplatin, mitomycin C and HU. 

3.1.2. Epistasis analysis with mutants defective in UVDR, BER 

and TLS 

S.pombe Rad2 is involved in the alternative UV damage repair pathway (UVDR) 

(Yonemasu et al 1997). The rad2 mutant was less sensitive to UV than the rad13 

mutant, but the combination of the two defective genes rendered the cells highly 

sensitive. A slight slow growth phenotype of the double mutant was observed 

(data not shown). A synergistic effect of the rad13 rad2 double mutant is 

expected when both NER and UVDR are abolished. Additional functions of Rad2 

in replication and BER were reported or assumed because of its homology with 

the human flap-endonuclease 1 (FEN 1) (Murray et al. 1994, Klungland and 

Lindahl 1997, Alleva and Doetsch 2000, Kunz and Fleck 2001 , Alseth et al. 2005, 

Tsutsui et al. 2005). Loss of these functions could also account for the 

hypersensitivity of the double mutant to UV treatment. The BER mutants nth1 

and mag1 are not sensitive to UV (data not shown). The double mutants rad13 

nth1 and rad13 mag1 are as sensitive as the rad13 single mutant. The rad13 

nth1 strain shows a slight slow growth phenotype (data not shown). The rev3 

mutant is slightly sensitive at doses higher than 75 J/m2
. The rad13 rev3 double 

mutant shows synergism even at low doses (data not shown). This likely reflects 

the inability of such cells to cope with UV induced DNA lesions when both, repair 
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and bypass of such lesions are impaired, as was shown for S. cerevisiae (Harte 

and Jinks-Robertson 2000). 

While even at a high MMS concentration, the base-excision repair mutant mag1 

was not more sensitive than wild-type, a synergistic effect in the rad13 

background was observed (Fig. 3a). The nth1 and rad2 single mutants only 

became sensitive at concentrations higher than 0.01 %, but the double mutants 

rad13 nth1 and rad13 rad2 were hypersensitive. The synergistic behaviour of 

rad13 mag1, rad13 nth1 and rad13 rad2 suggests that the two distinct pathways 

NER and BER are both involved in repair of MMS induced lesions. These data 

are in agreement with previous reports, which showed overlapping substrate 

specificity of nucleotide excision repair, homologous recombination and base 

excision repair for DNA base damage caused by MMS in fission yeast 

(Memisoglu and Samson 2000, Osman et al. 2003, Alseth et al. 2005). Whereas 

the rev3 mutant was only slightly sensitive at high MMS concentrations, the 

double mutant rad13 rev3 displayed a synergistic phenotype (Fig . 3a). In 

summary, no epistasis of rad13 with any other of the tested mutated genes was 

observed in response to MMS induced DNA damage. Thus, the observed NER

independent function of Rad 13 can not be assigned to BER or TLS. 

In response to treatment with cisplatin, the base excision repair mutants nth1 and 

mag1 were as resistant as wild-type (Fig. 3b, left panel). While the rad13 nth1 

double mutant was slightly more sensitive than the rad13 single mutant, the 

rad13 mag1 double delete showed the same sensitivity as the rad13 strain. The 

observation that the NER deficient rhp14 nth1 strain is not more sensitive than 

the rhp14 mutant alone shows that the weak increase in sensitivity of the rad13 

nth1 double mutant is not due to a NER deficient background in general, but 

specific for a rad13 deletion background. This indicates that Nth1 (but not Mag1) 

has a role in processing cisplatin induced lesions in a rad13 background. 

Conversely, Rad13 might exert an NER-independent function upon treatment 

with cisplatin in an nth1 deficient strain. 

The rad2 strain did not display sensitivity. However, a synergistic phenotype 

could be seen for rad13 rad2 cells (Fig. 3b, right panel). The rev3 mutant, 
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impaired in translesion synthesis, is slightly less sensitive than the rad13 mutant, 

and shows synergism if the two mutations are combined (Fig. 3b, right panel). In 

summary, no epistasis of rad13 was found with mutants defective in BER, UVDR, 

replication and TLS. This indicates that Rad 13 is not involved in these pathways 

in response to cisplatin. 

The nth 1 and mag1 mutants were not more sensitive than wild-type in response 

to HU, and the double mutants rad13 nth1 and rad13 mag1 were as sensitive as 

the rad13 single mutant (data not shown). The rad2 mutant showed a sensitivity 

similar to rad13, and the respective double mutant proved to be not more 

sensitive than either single mutant (Fig. 3c). To further investigate this putative 

epistatic relationship, the experiment should be repeated with independent 

clones, also including swi10 rad2 and rhp14 rad2 mutants. The rev3 strain was 

as resistant as wild-type, but showed an additive effect when combined with a 

rad13 deletion (Fig. 3c). 

3.1.3. Epistasis analysis with mutants impaired in HR 

Homologous recombination plays an important role in processing perturbed 

replication forks (McGlynn and Lloyd 2002, Ahn et al. 2005, Lambert et al. 2007, 

Sun et al. 2008). Mus81 is believed to cleave DNA structures arising at stalled 

forks, thereby creating DNA intermediates which are further processed by 

homologous recombination (Osman and Whitby 2007, Ciccia et al. 2008). Rqh1 

and Sgs 1 are members of the RecQ DNA helicase family in fission yeast and 

budding yeast, respectively, and are implied in acting on stalled forks in a non

recombinogenic way (Doe et al. 2000, Doe et al. 2002, Ira et al. 2003, Cobb et al. 

2005). We checked epistasis of rad13 with mus81 and rqh1 deletions. While 

rad13 is synergistic with rqh1, it is epistatic with mus81 in response to MMS and 

HU (Figs. 4a and 5b). This suggests that Rad13 has a NER-independent role in 

processing stalled or collapsed replication forks in a Mus81-dependent pathway. 

In contrast, synergism of rad13 and mus81 or rhp51 could be obseNed in 

response to cisplatin (Fig. 4b) and mitomycin C (Fig. 5a). These chemicals cause 
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base adducts, which generally constitute a substrate for NER, and intra- and 

interstrand crosslinks (ICLs). Distinct but overlapping pathways act on ICLs in 

budding yeast and mammalian cells. Given that many repair pathways and 

strategies to deal with DNA damage are considerably conserved in different 

organisms, the situation for ICL repair in fission yeast could be similar. The 

complexity of this situation could make it difficult to detect epistasis of rad13 with 

a mutated gene acting in another pathway involved in the repair of ICLs, since 

such a double mutant would likely by more sensitive than either single mutant. 

3.1.4. Epistasis analysis with an msh3 mutant 

Msh2 and Msh3 of budding yeast are involved in the repair of double strand 

breaks (Sugawara et al. 1997) and the localization of Msh2 to recombination 

intermediates in vivo requires Msh3 (Evans et al. 2000). Preliminary results in our 

group indicate epistasis between S.pombe msh3 and rhp51 in response to HU, 

indicating a role of Msh3 in homologous repair (Cyril Privezentzev, personal 

communication). We checked if rad13 is epistatic with msh3. Interestingly, 

deletion of msh3+ in a rad13 background leads to a weak rescue phenotype in 

response to high concentrations of cisplatin and HU (Figs. 4b lower panel, and 

5b lower panel). In contrast, Msh3 does not seem to have a function in repair of 

mitomycin C induced lesions, and the double mutant rad13 msh3 is as sensitive 

as the rad13 single mutant (Fig. 5a). 

3.1.5. Summary 

In order to discover NER-independent functions of Rad13 and to assign such 

functions to defined pathways, epistasis analysis was carried out with double 

mutants, bearing a rad13 deletion and a disrupted gene involved in nucleotide 

excision repair, base excision repair, alternative excision repair, translesion 

synthesis and homologous recombination. The rad13 mutant used in this 

epistasis analysis was based on a disruption strain where most of the rad13+ 

open reading frame was replaced with an ura4+ marker cassette (Carr et al. 
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1993). In some cases an msh3 mutant was also included in the epistasis 

analysis. 

The mutants were tested for sensitivity to the toxic agents UV, methyl 

methanesulfonate, cisplatin, hydroxy urea, mitomycin C and 6-azauracil. The 

findings are summarised in Tab. 2. Putative NER-independent function(s) of 

Rad13 could be observed in response to MMS, HU, mitomycin C and 6-

azauracil. In response to MMS and HU, the rad13 mutation was epistatic with a 

mus81 deletion, but not with an rqh1 deletion. In contrast, in response to 

mitomycin C and cisplatin, the rad13 mutation conferred a synergistic phenotype 

to the cells if combined with mus81, rqh1 or rhp51 deletions. Furthermore, 

putative epistasis of rad13 with msh3 could be seen in response to cisplatin and 

HU. 
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Table 1. Compilation of genes included in the epistasis analysis and their assignment to 
pathways. 

NER UVDR BER TLS HR Replication 

Swi10 a) Rad2 Rad2 Rev3 Rhp51 Rad2 cJ 

Rhp14 Nth1 Mus81 

Rhp7 Mag1 Rqh1 

Rhp26 bl 

Abbreviations: NER, Nucleotide excision repair; UVDR, alternative UV excision repair; BER, base 

excision repair; TLS, translesion synthesis; HR, homologous recombination a) Swi10 (and Rad16) 

also have a function in single-strand annealing bl Rhp26 may have an additional role in 

transcription as the homologue Rad26 of S.cerevisiae. c) Due to homology with human FEN1, 

which processes Okazaki-fragments, Rad2 is assumed to carry out an analogous function during 

replication in S.pombe. 
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Fig. 1. Spot tests showing epistatic and synergistic interactions of NER mutants in response to 

UV irradiation and MMS. a) Left panel : epistasis for the NER mutants rad13, swi10 and rhp14 to 

UV treatment. Right panel: synergistic interactions of rhp26 with rad13, swi10 and rhp14 in 

response to UV. b) Sensitivity of S.pombe single and double mutants deficient for nucleotide 

excision repair to chronic treatment with MMS. The single mutants rad13, rhp14 and swi10 are 

equally sensitive. The rad26 mutant displays a somewhat decreased sensitivity compared with 

the mutants lacking the NER core proteins. The rhpl mutant is not sensitive to MMS. A slightly 

increased sensitivity of the rad13 swi10 double mutant compared to either single mutant can be 

observed. 
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Fig. 2. Sensitivity of S.pombe NER mutants to chronic -treatment with the crosslinking chemicals 

cisplatin and mitomycin C, and the replication fork stalling agent hydroxyurea. a) Sensitivity of 

NER single and double mutants to cisplatin . swi10 is the most sensitive NER mutant and epistatic 

with rad13. An epistatic relationship of rad13 with rhp14 can also be observed. b) Epiastasis 

analysis of rad13, swi10 and rhp14 single and double mutants in response to mitomycin C. The 

increased sensitivity of the rad13 swi10 and swi10 rhp14 double mutants compared with either 

single mutant indicates putative NER-independent functions of each protein encoded by these 

genes. c) Epistasis analysis of NER mutants in response to HU. Combining inactivated rad13·>, 

swi10+, rhp14+ and rhp26+ genes renders the cells more sensitive to HU compared with each 

single mutant. This suggests NER-independent functions of the NER core proteins as well as for 

Rhp26 in response to HU treatment. 
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Fig. 3. Epistasis analysis of a rad13::ura4+ disruption with mutants impaired in base excision 

repair, translesion synthesis and presumably in replication to MMS, cisplatin and HU. a) The 

combination of rad13 with nth1, mag1 , rad2 and rev3 mutants revealed synergistic effects upon 

treatment with MMS. b) Additive or synergistic interactions of rad13 can be seen with nth 1, rad2 

and rev3. The base excision repair protein Mag1 does not seem to have a function in the repair of 

cisplatin induced lesions. c) Epistasis analysis of rad13 with rad2 and rev3 in response to HU. 

Whereas the rad13 rev3 double mutant was more sensitive than the single mutants, rad13 is 

epistatic with rad2. 
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Fig. 4. Epistasis analysis of rad13 with mutants impaired in homologous recombination upon 

chronic treatment with MMS (a) and cisplatin (b). While rad13 is epistatic with mus81 in response 

to MMS, the two mutations are synergistic if the cells are exposed to cisplatin. rad13 is also 

synergistic with rhp51 in response to cisplatin . Inactivation of msh3+ in a rad13 background 

slightly relieves the sensitivity of the rad13 single mutant at high doses of cisplatin. 
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Fig. 5. Epistasis analysis of rad13 with mutants defective in homologous recombination in 

response to mitomycin C and hydroxyurea. a) Analogous to treatment with cisplatin, rad13 

displayed a synergistic interaction with mus81, rhp51 and rqh1 in response to the crosslinking 

agent mitomycin C. b) In contrast, the rad13::ura4+ dis·ruption seems to be epistatic with mus81 

but not with rqh1 to treatment with HU which causes replication fork stall ing. While msh3 cells are 

more sensitive to HU than rad13 cells, concomitant deletion of the two genes renders the cells 

slightly less sensitive than the msh3 single mutant. 
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Table 2. Summary of the epistasis analysis with a rad13 mutant and mutants defective in distinct repair pathways. 

UV MMS cisplatin HU MMC 

NER swi10 E s E s s 
rhp14 E E E s E 

rhpl E 13 E 13 

rhp26 s s 13 s 
UVDR, 
R, BER rad2 s s s E 

BER mag1 13 s 13 13 

nth1 13 s s s 

TLS rev3 s s s s 
rhp51 s s 

HR mus81 E s E s 
rqh1 s s s s 

MMR msh3 E / R aJ E /Rb) 13 

An additive or synergistic phenotype, indicative for putative NER-independent functions of Rad13, can be observed in response to MMS, HU, and 

mitomycin C (indicated in bold letters). Upon treatment with MMS and HU, epistasis of rad13 with mus81 can be seen. The rad13 mutant was 

based on the deletion strain made by Carr et al. (1993), where the rad13+ coding sequence was partially replaced with an ura4+ marker cassette, 

except for the rad13 msh3 double mutant, where rad13 was partially replaced with a kanamycin resistance cassette (Kunz and Fleck, 2001 ). 

Abbreviations: E, epistatic; S, additive or synergistic; R, rescue; 13, same phenotype as the rad13 single mutant; 3, same phenotype as the msh3 

single mutant; MMC, mitomycin C. a) rad13 is epistatic with msh3 at a concentration of 0.4mM cisplatin, but the double mutant is slightly less 

sensitive than the rad13 single mutant at higher cisplatin concentrations. bl rad13 shows an epistatic interaction with msh3 at a concentration of 0.2 

mM hydroxyurea, but at higher concentrations, the sensitivity of the double mutant seems slightly decreased compared with the msh3 single 

mutant. 
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3.2. Sensitivity of the rad13::ura4+ mutant to 
camptothecin 

Topoisomerases are essential enzymes in transcription , replication, 

recombination and chromosome segregation, thereby maintaining genome 

stability (Wang 1996, reviewed in Nitiss 1998). Their mode of action involves the 

creation of nicks or double-strand breaks in the DNA, strand passage/rotation of 

catenated or supercoiled DNA, and subsequent religation. Topoisomerases 

became targets for various antitumor agents, blocking the enzymes after the 

cleavage step and leaving the cell with unrepaired strand breaks. Accumulation 

of these breaks is toxic and induces apoptosis. Camptothecin (CPT) is a 

topoisomerase I targeting drug, which stabilizes the DNA-topoisomerase I 

cleavage complex and prevents subsequent ligation of the nicked DNA. 

Additionally, there is emerging evidence, that DNA damage has a stimulatory 

effect on the incision activity of topoisomerases, increasing the amount of DNA 

strand breaks (reviewed in Kingma and Osheroff 1998). In regard for a better 

understanding of the effect of anticancer drugs, it is of considerable interest to 

elucidate the cellular mechanisms dealing with topoisomerase mediated strand 

breaks. 

We decided to carry out epistasis analysis in response to camptothecin with 

mutants defective in different repair pathways as outlined in the introduction to 

chapter 3.1. As explained there, the double mutants rad13 nth1 and rad13 msh3 

were made with a partial disruption of the rad13 coding sequence with a 

kanamycin marker described by Kunz and Fleck (2001 ). In all other cases, the 

mutated rad13 allele used in the analysis described below was the rad13::ura4+ 

disruption (Carr et al. 1993). Surprisingly, this disruption strain is sensitive to 

camptothecin while the kanamycin based disruption strain is as resistant as wild

type (Fig. 6a). 
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3.2.1. Epistasis analysis with mutants defective in NER 

Of the single NER mutants rad13, swi10, rhp14 and rhp26, only rad13 was 

sensitive to CPT, which pointed to a unique NER independent function of Rad13 

in response to this drug (Fig. 6b). The double mutant rad13 swi10 was slightly 

more sensitive at a CPT concentration of 40 µM (data not shown), and this 

phenotype was confirmed with an independent clone. In contrast, the deletion of 

rhp14 in a rad13 background even seemed to partially rescue the rad13 

phenotype, which , however, has to be confirmed. While the swi10 and rhp14 

single mutants were as resistant as wild type, the double mutant was clearly 

sensitive (Fig. 6b). This indicates an NER independent function of Swi10 as well 

as Rhp14. Compared to wild type, the rhpl mutant was even slightly more 

resistant at high CPT concentrations, and also rendered the double mutant rad13 

rhp7 somewhat less sensitive than the rad13 single mutant (data not shown). 

The rad13 rhp26 double delete was as sensitive as the rad13 single mutant. 

While the rhp14 and rhp26 single mutants were as resistant as wild type, the 

double mutant was clearly sensitive. 

3.2.2. Epistasis analysis with mutants defective in BER 

The base excision repair mutants mag1 and nth1 were not more sensitive than 

wild-type (Fig. 6c). The disruption of mag1 in a rad13 background seemed to 

slightly suppress the sensitivity conferred by rad13. The rad13::kanMX6 

nth1::ura4+ double mutant showed a weak sensitivity. Thus the rad13::kanMX6 

disruption, which on itself did not confer sensitivity to camptothecin, rendered the 

strain sensitive if combined with the nth1 deletion. An even more pronounced 

effect was seen with the rhp14 nth1 double mutant. These data indicate that Nth1 

as well as Rad 13 and Rhp14 have a function in response to CPT. The rad2 

single mutant showed a slightly less pronounced sensitivity than rad13, but the 

rad13 rad2 double mutant was more sensitive than either single mutant, 

indicating that the respective gene products act in different CPT-responding 

pathways (data not shown). The rev3 mutant displays weak sensitivity compared 
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with wild type, and the double mutant rad13 rev3 shows a faint increase of 

sensitivity compared with the rad13 single mutant (data not shown). This 

indicates that translesion synthesis only has a minor role in response to CPT 

induced DNA damage. 

3.2.3. Epistasis analysis with mutants defective in HR 

The concurrence of a replication fork with a (topoisomerase I induced) single 

strand break leads to the collapse of the replication fork and gives rise to a 

double strand break (DSB), which can be repaired by homologous recombination 

(Lambert et al. 2007). In S.cerevisiae, the gene products encoded by RAD52, 

MRE11 and MUS81 , amongst others, have been identified to act on CPT 

induced damage in budding yeast (Liu et al. 2002, Vance and Wilson 2002, Deng 

et al. 2005). Genetic and biochemical studies suggest that the endonuclease 

Mus81 is involved in processing stalled and collapsed replication forks, though its 

precise in vivo mode of action still remains unclear (Haber and Heyer 2001, Doe 

et al. 2002) . In fission yeast, Mus81 and the helicase Rqh1 have functions in 

recovery from replication arrest (Doe et al. 2002, Kai and Wang 2003, Hope et al. 

2005). 

Based on these findings, we investigated if there is an epistatic relationship 

between rad13 and rhp51 (the fission yeast homologue of RAD51) , mus81 and 

rqh1 . The rhp51, mus81 and rqh1 deletion strains showed slow growth. This 

phenotype was not further increased in the rad13 rhp51 and rad13 mus81 double 

mutants (Fig. 6d). In contrast, the rad13 rqh1 double mutant showed slightly 

reduced growth . Putative epistasis could be observed between rad13 and all 

three mutated homologous recombination genes. This result is surprising, since 

mus81 and rqh1 deletions are synthetically lethal, indicating that the respective 

gene products act in alternative pathways processing the same substrate (Boddy 

et al. 2000). Because of the different sensitivities of the rad13 mutant and the 

mutants impaired in homologous recombination , a quantitative epistasis analysis 

would be required to confirm these results. It should be noted that the rhp51 
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single mutant was constructed in a smt-0 background, but the rad13 rhp51 

double mutant wash+. 

Sugawara et al. (1997) found that Msh2 and Msh3 of budding yeast are involved 

in HO endonuclease induced gene conversion repair of double strand breaks. 

The authors proposed that these two repair proteins act on branched DNA 

structures with a free 3' tail. Such tails can be used for strand invasion, an 

essential step of recombinational repair. Furthermore, the localization of Msh2 to 

recombination intermediates in vivo requires Msh3 (Evans et al. 2000). An 

analogous function of the respective fission yeast homologues is indicated by a 

previous study (Rudolph et al. 1999). Unpublished data from our lab indicate 

epistasis between S.pombe msh3 and rhp51 in response to HU (Cyril 

Privezentzev, personal communication). HU leads to stalled replication forks 

which are a substrate for recombinational repair. We therefore carried out 

epistasis analysis for rad13 and msh3. As mentioned in the introduction to 

chapter 3.1., the rad13 msh3 double delete was constructed by crossing a strain 

containing an msh3::ura4 disruption (Fleck et al. 1992) with the rad13 mutant, 

where the rad13 open reading frame was partially replaced with a kanamycin 

resistance cassette (Kunz and Fleck, 2001). Out of four rad13 msh3 clones 

originating from the same cross (where free spores were plated on selective 

media) , one showed weak sensitivity to CPT, whereas the others were as 

sensitive as the msh3 single mutant (data not shown). A possible explanation is 

that the observed resistance of one clone was due to a suppressor, and the 

phenotype of the other three clones was due to the msh3 mutation conferring 

sensitivity to camptothecin . 

To summarize, we found that (1) Rad13 is involved in the repair of camptothecin 

induced damage, based on the observation that the rad13 nth 1 double mutant 

was sensitive while the single mutants showed wild-type resistance, (2) the 

glycosylase Nth1 has a role in resistance to camptothecin, detectable in NER

deficient cells, (3) Swi10 and Rhp14 have an NER-independent function in 

response to camptothecin, (4) the rad13::ura4+ mutant is sensitive to 
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camptothecin, while the rad13::kanMX6 disruption strain is as resistant as wild

type, and (5) the rad13::ura4+ mutant is putatively epistatic to the rhp51, mus81 

and rqh 1 deletions. 

3.2.4. Further investigation into the camptothecin sensitivity of 

the rad13::ura4+ mutant 

In following chapters of this thesis we report the construction and caracterization 

of (1) deletion mutants of rad13 with a complete deletion of the coding sequence, 

(2) point mutant alleles of the rad13+ gene, including the base substitution P72H, 

which conferred a deletion phenotype to cells exposed to DNA damaging agents, 

and (3) an N-terminal deletion mutant of rad13+, which also showed a phenotype 

indistinguishable from that of a deletion strain. The construction of these mutants 

involved transformation of the camptothecin sensitive rad13::ura4+ strain with 

DNA fragments containing the mutated rad13 alleles or the marker cassette, 

flanked by genomic sequences up- and downstream of the rad13+ gene (Fig. ?a). 

The transformants were all resistant to treatment with camptothecin. Since the 

source of the genomic DNA used as a template in PCR reactions to generate the 

transformed DNA fragments was different from the rad13::ura4+ strain, we 

reasoned that this strain may have acquired a mutation which got corrected to 

wild-type information by the integration of the transformed DNA fragments. We 

therefore sequenced the genomic sequences up- and downstream of the rad13+ 

locus both of the rad13::ura4+ mutant and of the wild-type strain 975 (strain 

collection of the Institute of Cell Biology, Bern, Switzerland). Both sequences 

were identical, indicating that the observed camptothecin sensitivity is not due to 

a mutation in the questionable regions. 

The replacement of a 3.2kb Hpal-Hindlll fragment of the rad1-3+ coding region by 

the ura4+ marker cassette left the sequence encoding the N-terminal 23 amino 

acid residues of Rad13 unaffected. That also the sequence of the rad13+ 

promoter is intact, raises the possibility that transcription can initiate normally and 

generate an mRNA containing information for a truncated Rad13 protein followed 
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by sequence information from the regulatory part of the ura4+ cassette. 

Translation of such a transcript could generate a fusion peptide consisting of 23 

amino acids of Rad13 followed by 8 random residues before a stop codon is 

encountered (Fig. 7b). To test if such a peptide would sensitize the cells to 

treatment with camptothecin we constructed two strains coding for this 

hypothetical peptide at the rad13+ locus (Fig. 8a). In one strain the sequence 

coding for the fusion peptide is followed by the pFA6a-3HA-kanMX6 tagging 

module, containing the 3HA tag, the S.cerevisiae ADH1 terminator sequence and 

a selectable marker (Bahler et al. 1998). In this way the tag is added to the fusion 

peptide. In the second strain, the sequence for the fusion peptide is directly 

followed by the ADH1 terminator sequence and the selectable marker. The rad13 

locus of positive transformants was checked by PCR. To ensure that no 

mutations have been introduced during the strain construction, the relevant 

regions of one correct transformant for each construct was sequenced. These 

transformants were checked for UV sensitivity and found to be as sensitive as a 

rad13 null mutant (data not shown). The strains were then crossed with wild type 

to cross out nutritional markers. Two clones of each resulting strain were tested 

for sensitivity to camptothecin , and found to be as resistant as wild type (Fig. 8b). 

This argues against the hypothesis that the predicted fusion peptide sensitizes 

the cells to camptothecin. However, it should be noted that we did not check 

mRNA levels and protein expression of the fusion peptides. Assuming a 

dominant negative effect of such peptides, the lack of expression would also lead 

to a wild-type phenotype in response to camptothecin. 

However, it is conceivable, that the observed sensitivity to camptothecin of the 

rad13::ura4+ disruption strain is not related to the presence or absence of Rad 13, 

but possibly related to the locus of rad13+ and its neighboured gene with the 

systematic name SPBC3E7.09. It could be that insertion of the ura4+ marker into 

the rad13+ locus has an effect on the expression of neighboured genes (like 

SPBC3E7.09). We reported that the rad13::ura4+ disruption strain is slightly 

sensitive to 6-azauracil and hydroxyurea, whereas a rad13::hphMX4 deletion 

strain is as resistant as wild-type. We also observed that the insertion of the 
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thiamine regulatable nmt41 promoter between the endogenous, shared 

rad13+/SPBC3E7.09 promoter and the rad13+ coding region leads to a thiamine 

dependent increase in sensitivity to HU, which is more pronounced than the 

sensitivity of the rad13::ura4+ disruption strain (Fig. 19). So far we did not test if 

the same strain also becomes sensitive to 6-azauracil and camptothecin in a 

thiamine dependent way. It is currently not known if and how these observations 

are related. 
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Fig. 6. Sensitivity of single and double mutants impaired in nucleotide excision repair, base 

excision repair and homologous recombination , in response to chronic exposure to camptothecin. 

a) Sensitivity of NER single and double mutants. The rad13::ura4+ deletion strain is the only 

sensitive single mutant. However, concomitant deletion of certain NER genes renders the cells 

hypersensitive. b) Analysis with mutants defective in base excision repair. c) Resistance to 

camptothecin of a rad13 mutant with a partial deletion of the open reading frame with a 

kanamycin resistance cassette. d} Epistasis analysis of rad13 with rhp51, mus81 and rqh1 

deletions. 
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Fig. 7. Sensitivity of the rad13::ura4+ mutant to camptothecin. a) The camptothecin sensitive 

rad13::ura4+ strain was transformed with DNA fragments carrying complete deletions of the 

rad13+ open reading frame or rad13 alleles with point ~utations (represented by vertical bars in 

the rad13+ open reading frame). A diagram of the resulting rad13 locus in each case is given. The 

resulting strains were resistant to camptothecin. SPBC3E7.09 is an uncharacterized gene, 

containing a SUN (Sad1-UNC-like) domain, and is encoded on the opposite strand of rad13+. 

Both genes share a common promoter. b) Transcription in the rad13::ura4+ strain presumably 

initiates normally from the rad13+ promoter and generate an mRNA containing information for a 

truncated Rad13 protein followed by sequence information from the regulatory part of the ura4+ 

cassette. Translation of such a transcript could generate a fusion peptide consisting of 23 amino 

acids of Rad13 followed by 8 random residues before a stop codon is encountered. The predicted 

sequence of this hypothetical peptide is given in single amino acid letters above the drawing. The 

eight random amino acid residues encoded by the regulatory part of the ura4+ cassette are 

underlined. Abbreviations: N, Nhel ; F, Fspl; CPTR, camptothecin resistant; CPTs, camptothecin 

sensitive. The diagrams are not drawn to scale. 
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Fig. 8. Construction and sensitivity of the rad13·N23U and rad13·N23U3HA mutants. a) 

Schematic depiction of the rad13 locus of strains expressing an untagged (rad13·N23U) or 3HA

tagged (rad13·N23U3HA) peptide as described in the text. The box labelled with rad13 

represents the sequence encoding the first 23 amino acid residues of Rad13. The box labelled 

with u represents the sequence of the regulatory part of the ura4+ cassette, encoding eight 

random amino acid residues. TAoH1 and kanMX6: S.cerevisiae ADH1 terminator and kanamycin 

resistance cassette of the pFA6a-3HA-kanMX6 tagging module (Bahler et al. 1998). b) Strains 

expressing the untagged or tagged peptide as shown in a) are resistant to CPT. 
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3.3. Construction of new rad13 deletion strains 

Based on four reasons, we decided to construct new rad13 deletion strains: (1) 

So far, two rad13 disruption strains were available: in one strain the rad13+ 

coding sequence was partially replaced with an ura4+ marker cassette (Carr et al. 

1993); in the other strain the rad13 open reading frame was partially replaced 

with a kanamycin resistance cassette (Kunz and Fleck, 2001 ). In order to allow 

for selection of new double and triple mutants, where these two markers were 

already used, rad13 deletion strains with other selectable markers were required; 

(2) Both existing disruptions of rad13+ left parts of the open reading frame intact; 

(3) whereas the rad13::ura4+ disruption strain was sensitive to camptothecin, the 

kanamycin based rad13 disruption strain was as resistant as wild-type (see 

chapter 3.2); (4) while two strains, carrying either an N-terminal deletion of 

rad13+ or a rad13 allele with a P72H point mutation, were as sensitive to UV, 

MMS and cisplatin as the rad13: :ura4+ and rad13::kanMX4 disruption strains, 

they were as resistant as wild-type in response to treatment with camptothecin 

(see chapter 3.5); this is in sharp contrast to the observed camptothecin 

sensitivity of the rad13::ura4+ disruption strain. We therefore decided to construct 

additional rad13 deletion strains by replacing all of the coding region with either a 

hygromycin B or kanamycin resistance cassette or a his3+ marker. 

The constructions of these deletion strains are described in Material and 

Methods, for a schematic representation of the constructions see Figs. 9 and 10. 

In brief, to construct rad13 deletion strains with the hygromycin and kanamycin 

resistance cassettes, we first generated a PCR fragment containing the region 

immediately upstream of the rad13+ open reading frame. Via fusion PCR this 

fragment was fused to a fragment containing the respective resistance cassette, 

and the resulting fragment further fused with a fragment containing the 3· 

untranslated region of rad13 immediately downstream of the stop codon. 

Subsequent transformation yielded the strains RO119 (rad13::hphMX4) and 

RO131 (rad13::kanMX6) (Fig. 9). 

To construct the rad13 deletion strain with the his3+ marker (Fig. 10), we fused a 

PCR fragment containing the his3+ marker with a fragment containing the region 
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immediately upstream of the rad13+ open reading frame, and, in a separate 

reaction, with a fragment containing the 3' untranslated region of rad13 

immediately downstream of the stop codon. Via fusion PCR the resulting 

fragments were fused to yield the fragment fRK33 which was used for the 

transformation, yielding the strain RO140. Correct integration of the transformed 

fragments was confirmed by PCR using primers with annealing sites outside of 

the transformed fragment. Sequencing confirmed that no mutations have arisen 

in the regions up- and downstream of the deleted coding sequence during the 

PCR or transformation. Several clones of each deletion strain were tested for 

sensitivity to UV, MMS, cisplatin and camptothecin. The results for representative 

clones are shown in Fig. 11 . All new deletion strains were equally sensitive to UV, 

MMS and cisplatin (Fig . 11 a). However, they are as resistant as wild-type to 

treatment with camptothecin (Fig. 11 b, and data not shown). 
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Fig. 9. Construction of rad13 deletion strains using hygromycin B and kanamycin resistance cassettes. New rad13 deletion strains were 

constructed by replacing the entire open reading frame with either a hygromycin or kanamycin resistance cassette. The primers used are given as 

arrows above and below the bars representing the fragments. The diagrams are not drawn to scale. a) Construction of a rad13 deletion strain by 

replacing the coding sequence with a hygromycin resistance cassette. The PCR fragments fRK 14, fRK15 and fR 16 were generated in 

independent PCR reactions. Fragment fRK14 is homologous to the rad13 promoter immediately upstream of the stop codon, and has a small 

overlap with fragment fRK15. This fragment was generated using the plasmid pAG32 as a template. This plasmid contains a hygromycin 

resistance cassette. Fragment fRK16 is homologous to the 3· untranslated region (UTR) of rad13, and has a small overlap with fragment fRK15. In 

subsequent fusion PC Rs, the three fragments were combined, yielding the linear fragment fRK18, which was used for transformation. The 

resulting strain was termed R0119. b) Construction of a rad13 deletion strain by replacing the open read ing frame with a kanamycin resistance 

cassette. The construction is essentially the same as described in a). To generate fRK25, which has a small overlap with fragments fRK14 and 

fRK16, respectively, the plasmid pFA6a-kanMX6, containing the kanamycin resistance cassette, served as template for the PCR. The resulting 

rad13 deletion strain was termed RO 131 . 
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Fig. 10. Construction of a rad13 deletion strain using a his3+ marker. The PCR fragments fRK 29, 

fRK30 and fR31 were generated in independent PCR reactions. Fragment fRK29 is homologous 

to the rad13 promoter immediately upstream of the stop codon, and has a small overlap with 

fragment fRK30. This fragment was generated using the plasmid pRU24, which bears a his3+ 

marker cassette, as a template. Fragment fRK31 is homologous to the 3· untranslated region 

(UTR) of rad13, and has a small overlap with fragment fRK30. (1) Through fusion PCR, 

fragments fRK29 and fRK30 were combined yielding fRK32. (2) fRK30 was fused to fRK31 

producing fRK34. (3) In a third fusion PCR, the fragments fRK32 and fRK34 were combined, 

yielding the linear fragment fRK33, which was used for transformation. The resulting strain was 

termed RO140. The primers used are given as arrows above and below the bars representing the 

fragments. The diagram is not drawn to scale. 
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Fig. 11. Characterization of rad13 deletion strains. The rad13 deletion strains, where the entire 

open reading frame was replaced with either a hygromycin or kanamycin resistance cassette or 

with a his3• marker, were checked for sensitivity to UV, MMS, cisplatin and camptothecin . a) 

Sensitivity of different rad13 deletion strains to UV, MMS and cisplatin. The genotypes of the 

strains are: wt: h+ ura4-D18; rad13::his3•: h+ rad13::his3• his3-D1 ura4-D18; rad13::hphMX4: h+ 

rad13::hphMX4 his3-D1 ura4-D18; rad13::kanMX6: h + rad13::kanMX6 his3-D1 ura4-D18 .. 

Abbreviations: wt: wild-type; MMS: methyl methanesulphonate. b) Comparison of the sensitivity to 

camptothecin of the rad13::ura4• disruption with the rad13::hphMX and rad13::his3• deletion 

strains. The genotypes of the strains are: wt: h\ rad13::ura4•: h+ rad13::ura4• ura4-D18. The 

genotypes of the other strains are as in a). Abbreviation; CPT: camptothecin. 
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3.4. Epistasis Analysis with a rad13::hphMX4 deletion 
strain 

Whereas the rad13::ura4+ disruption strain was sensitive to camptothecin , the 

rad13::hphMX4, rad13::kanMX6 and rad13::his3+ deletion strains were as 

resistant as wild type (Fig. 11 b, and data not shown). We therefore wanted to 

test if an epistasis analysis with the rad13::hphMX4 mutant would give the same 

results as the analysis with the rad13::ura4+ strain. To this end we repeated the 

epistasis analysis with mutants listed in Tab. 1 with two amendments: (1 ) the 

mutants nth 1, mag1 and rev3 were omitted from most of the analysis, and (2) the 

mutants rad22 and rad32 (the fission yeast homologues of RAD52 and MRE11, 

respectively) were included in the analysis on MMS sensitivity. Furthermore, 

rad13, swi10 and rhp14 single and double mutants were tested for sensitivity to 

ionizing irradiation, 4-Nitroquinoline N-oxide (4-NQO), N-methyl-N'-nitro-N

nitrosoguanidine (MNNG) and a variety of oxidative agents. The findings are 

summarised in Tabs. 3 and 4 . 

3.4.1. Epistasis analysis with mutants defective in NER 

3.4.1.1 . Sensitivity to UV, MMS, cisplatin, mitomycin C, HU, camptothecin 

and GAU 

Upon UV irradiation the rad13, swi10 and rhp14 mutations were epistatic to each 

other (Fig. 12a). In contrast, the rad13 rhp26 double mutant was more sensitive 

than either single mutant (data not shown). Deletion of the rad2+ gene in a rad13 

background showed a synergistic effect (data not shown). 

In response to MMS, the rad13::hphMX4 single mutant was as sensitive as the 

swi10 and rhp14 mutants (data not shown). A rad13 swi10 double delete was 

slightly more sensitive than either single mutant. This finding was confirmed 

using several independent clones, being either h+ or h- for mating type. A 

synergistic interaction could be observed between the rad13 and rhp26 mutants, 

as well as between the swi10 and rhp14 deletions (data not shown). The rhp7 
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strain was as resistant to MMS as wild type and the double mutant rad13 rhp7 

displayed a rad13 phenotype (data not shown). These data confirmed the results 

from the previous epistasis analysis. 

In regard to the genetic relationship between the NER mutants rad13, swi10 and 

rhp14 in response to cisplatin, the same results were obtained as with the 

rad13::ura4+ deletion strain: rad13 is epistatic with swi10 (the most sensitive NER 

mutant tested) and rhp14 (data not shown). Surprisingly, the double mutant 

rad13 rhp7 was more sensitive than the rad13 single mutant (data not shown) . 

This finding is in contrast to the previous data, and points towards an additional 

role of Rhp? in the repair of cisplatin induced lesions. The rad13 rhp26 mutant 

was as sensitive as the rad13 deletion strain (data not shown). 

If treated with mitomycin C the rad13 strain was more sensitive than wild type, 

but not as sensitive as the swi10 and rhp14 mutants (Fig. 12b). However, the 

double mutant rad13 swi10 was clearly more sensitive than either single mutant, 

confirming the data from the epistasis analysis with the rad13::ura4+ disruption. 

At a mitomycin C concentration of 0.1 mM the rad13 rhp14 double mutant was as 

sensitive as the rhp14 single mutant. However, at a higher dose, the double 

mutant became more sensitive to mitomycin C than the single mutants, revealing 

an additive or synergistic interaction of the two mutations. 

When the cells were exposed to hydroxyurea, the rad13 strain was not more 

sensitive than wild type (Fig. 12c), which is in contrast to the phenotype observed 

for the rad13::ura4+ disruption strain. The NER mutants swi10 and rhp14 were 

more sensitive than wild type. The double mutants rad13 swi10 and rad13 rhp14 

were as sensitive as the swi10 and rhp14 single mutants, respectively. It 

therefore seems that the replacement of a 3.2kb Hpal-Hindlll fragment of the 

rad13+ coding region by the ura4+ marker cassette renders the single mutant 

slightly sensitive to HU and increases the sensitivity of the rad13 swi10 and 

rad13 rhp14 double delete; in contrast, the complete deletion of the rad13+ open 

reading frame by the insertion of a hygromycin B resistance cassette does not 

have any effect in response to HU. Interestingly, although the rad13 and rhp26 
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strains are not more sensitive than wild type, concomitant deletion of these 

genes renders the double mutant more sensitive than wild type (data not shown). 

We have previously observed that a rad13::ura4+ disruption strain is sensitive to 

the transcription inhibitor 6-azauracil, irrespective if the mating-type is h+ or h-. In 

contrast, the rad13::kanMX6 disruption, where the rad13 coding region is partially 

replaced by a kanamycin marker, was not more sensitive to 6AU than wild type. 

We therefore checked if the newly constructed rad13::hphMX4 deletion strain is 

sensitive to this inhibitor. Regardless of the mating-type this deletion of the 

rad13+ gene did not confer sensitivity to 6AU (data not shown). This suggests, 

that the sensitivity to 6AU is specific for the rad13::ura4+ strain. 

Furthermore, we also tested NER core mutants for sensitivity to the antitumor 

drug camptothecin. While the rad13, swi10 and rhp14 single mutants as well as 

the rad13 swi10 and rad13 rhp14 double mutants showed no sensitivity at a 

concentration of 15µM, the swi10 rhp14 double mutant was clearly sensitive 

(data not shown). However, it can not be ruled out, that some of the mutants 

become sensitive at higher camptothecin concentrations. 

So far, we have confirmed with a new rad13 deletion strain that Rad13 has 

putative NER-independent functions in response to treatment with MMS and 

mitomycin C. However, the sensitivity to HU, 6AU and camptothecin observed 

with the rad13::ura4+ mutant could not be reproduced with the rad13::hphMX4 

deletion strain. 

3.4.1.2.Sensitivity to 4-NQO, MNNG, ionizing radiation and oxidizing agents 

To test if the NER proteins Rad13, Swi10 and Rhp14 have putative NER

independent functions in response to other DNA damaging agents, we extended 

this epistasis analysis to 4-Nitroquinoline N-oxide (4-NQO), N-methyl-N'-nitro-N

nitrosoguanidine (MNNG), ionizing radiation and oxidizing agents. 

4-NQO causes base adducts and 8-oxoG lesions (Friedberg et al. 2005). The 

tested NER single and double mutants were all equally sensitive to this agent 

(Fig. 13a). This suggests that the core NER proteins either do not have NER-
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independent functions in response to 4-NQO, or that the loss of such NER

independent functions could be compensated for by other repair pathways. 

MNNG is a direct-acting methylating agent predominantly causing 7-

methylguanine (Beranek 1990). The rad13, swi10 and rhp14 single mutants as 

well as the double mutants were equally sensitive (Fig. 13a). That the rad13 

swi10 and swi10 rhp14 double mutants were not more sensitive to MNNG than 

the respective single mutants is in contrast to the phenotypes observed in 

response to the methylating agent MMS. 

Ionizing radiation produces a variety of harmful DNA lesions like single-strand 

breaks, double-strand breaks and oxidative damage. To see if the S.pombe NER 

genes swi10+, rad13+ and rhp14+ are involved in processing ionizing radiation 

induced DNA . damage, we checked survival of respective single and double 

mutants upon irradiation with a gamma source. Cells grown to stationary phase 

were serially diluted in 0.85% NaCl, 300µ1 of each dilution were irradiated and 

aliquots were spotted on YEA plates. Whereas the swi10 mutant was clearly 

sensitive, the rad13 and rhp14 strains showed only a marginal sensitivity at a 

dose of 1000 Gy (Fig. 13b). The double mutants rad13 swi10 and swi10 rhp14 

appeared to be slightly more sensitive than the swi10 single mutant. To clarify if 

this is indeed the case, independent clones of these strains should be tested in a 

future experiment. These results indicate an NER-independent function of Swi10 

in response to ionizing radiation. It is currently unclear if Rad13 and Rhp14 are 

involved in repairing ionizing radiation induced DNA damage. 

Oxidative damage is a very common and abundant form of DNA damage (Henle 

and Linn 1997, Beckman and Ames 2007). Experiments with mammalian cell 

extracts suggest that some oxidative lesions are substrates for nucleotide 

excision repair (Brook et al. 2000, Kuraoka et al. 2000). Two in vitro studies 

implied XPG in stimulating the processing of thymine glycol by the human DNA 

glycosylase hNth1 (Bessho 1999, Klungland et al. 1999). The latter study also 

showed a stimulation of S.pombe Nth1 acting on dihydrouracil in vitro. We 

therefore wondered if the fission yeast NER proteins in general, and Rad13 in 
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particular, have a role in the repair of oxidative DNA damage. NER single and 

double mutants were subjected to treatment with different oxidative agents. None 

of the strains tested showed an increased sensitivity compared to wild type (Fig. 

14a). This suggests that Rad13, Swi10 and Rhp14 are not involved in the repair 

of oxidative damage, at least when other, and probably overlapping, repair 

pathways are intact. To investigate a putative genetic relationship between 

Rad13 and Nth1, we also tested an nth1 single and rad13 nth1 double mutant. 

Neither of the mutants was more sensitive than wild type (Fig. 14b). So far, we 

could not find any indication for an in vivo function of Rad13 in the repair of 

oxidative damage. 

3.4.1.3. Summary of the epistasis analysis with NER mutants: 

The findings for the epistasis analysis with the NER mutants rad13, swi10 and 

rhp14 are summarized in Tab. 3. A rad13 mutant showed an additive effect 

towards treatment with MMS and mitomycin C if combined with a swi10 deletion. 

This is in agreement with the results obtained from the epistasis analysis using 

the rad13::ura4+ disruption. The rad13 rhp14 double mutant showed an 

increased sensitivity compared to either single mutant only upon treatment with 

mitomycin C. This phenotype can be observed at a mitomycin C concentration of 

0.15 mM. At a concentration of 0.1 mM the two deletions seemed to be epistatic 

as was seen in the previous epistasis analysis. 

In contrast to the double mutants swi10 rad13 and rhp14 rad13, the double 

delete swi10 rhp14 showed a synergistic sensitivity, compared to the respective 

single mutants, to MMS, cisplatin, hydroxyurea, mitomycin C, and also 

camptothecin (see Fig. 6b) . This suggests that these two proteins have NER

independent functions in the cellular response to a variety of chemicals which 

impose different obstacles to DNA metabolism. 
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3.4.2. Epistasis analysis with mutants impaired in HR 

In order to confirm and extend the genetic data of the previous analysis on the 

involvement of Rad13 in homologous recombination in response to MMS, we 

checked epistasis of rad13 with rad22, rad32, rhp51, mus81 and rqh1 deletions. 

All strains carried the smto mutation in the mating-type locus. Deletion of genes 

encoding for proteins involved in homologous recombination confers slow growth 

to the cells. This phenotype was not further exacerbated by concomitant deletion 

of rad13+ (Fig. 15a). Among the single mutants, rad22 turned out to be the most 

sensitive one. The rhp51, mus81 and rqh1 single mutants were about equally 

sensitive. The rad22 rad13 double mutant was as sensitive as the rad22 single 

mutant. Deletion of rad13+ in an rhp51 background produced a synergistic effect 

and rendered the cells as sensitive as a rad22 rad13 double mutant, while the 

mus81 rad13 strain was as sensitive as the mus81 single mutant. The 

observation was confirmed using independent rhp51 rad13 and mus81 rad13 

clones. This indicates epistasis of rad13 with mus81, and places Rad13 in a 

Rad22- and Mus81-dependent but Rhp51-independent pathway. This finding 

was supported by preliminary data from a quantitative survival assay upon acute 

treatment with MMS (0. Fleck, personal communication). While the sensitivity of 

a rad13 rhp51 double mutant synergistically increased compared to the single 

mutants, deletion of rad13+ in a mus81 background only slightly increased the 

sensitivity compared with the mus81 single mutant. This increased sensitivity 

could be explained by the contribution of Rad13-dependent NER to the repair of 

MMS induced lesions which is not visible in a qualitative assay. Alternatively, it 

might reflect a slightly different cellular response to acute treatment with MMS 

compared to chronic treatment. As a control, the rad13, rhp51 and mus81 single 

mutants as well as the rhp51 rad13 and mus81 rad13 double mutants were 

irradiated with UV. As expected for double mutants being impaired in NER and 

homologous recombination, both double deletes showed a synergistic increase in 

sensitivity compared with the respective single mutants (data not shown). 

Consistent with Rad 13 having a function in a Mus81 -dependent pathway, we 

observed a synergistic interaction of rad13 with rqh1 (Fig. 15a). We then asked if 
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this putative epistasis of rad13 with mus81 is specific for the rad13 deletion, or if 

epistasis of swi10 or rhp14 with mus81 could also be observed. We checked the 

sensitivity of double and triple mutants impaired in NER and homologous repair 

in response to MMS. Deletion of rhp14 or concomitant deletion of swi10 and 

rad13 in an rhp51 background decreased cell survival (Fig. 15b). This effect was 

not seen in a mus81 background. The mus81 swi10 and mus81 rhp14 double 

mutants were slightly more sensitive than the mus81 and mus81 rad13 deletion 

strains. The same sensitivity seen for these double mutants could be observed 

for the mus81 rad13 swi10 and mus81 rad13 rhp14 triple mutants. All tested 

double and triple mutants with concomitant deletion of one or more NER genes in 

a mus81 background were less sensitive than the analogous strains with an 

rhp51 background. One possible explanation is that not only Rad13, but also 

Swi10 and Rhp14 may have a function in a Mus81-dependent pathway. The 

slightly increased sensitivity of the mus81 swi10, mus81 rhp14, mus81 rad13 

swi10 and mus81 rad13 rhp14 mutants, compared to the mus81 rad13 strain, 

could be explained in the way that Swi10 and Rhp14 have an additional function 

in yet another repair pathway. 

Hohl et al. (2003) investigated the substrate requirements of recombinant XPG 

for DNA binding and cleavage activity. XPG bound and cleaved branched DNA 

structures such as Y-shaped and flap substrates. Although XPG even showed 

increased binding of three-way junctions compared to flap substrates, only weak 

or no incision activity could be detected on the three-way junctions (see Fig. 41 ). 

This indicates that the DNA binding and cleavage activity of XPG are separable. 

We therefore asked if Rad13 serves a structural role in the Mus81-dependent 

pathway or if its nuclease function is required. Because the rad13 deletion is 

epistatic with mus81 we could not directly test the effect of rad13 point mutations 

in a mus81 background. We reasoned that if Rad13 provides a structural 

function, a nuclease defective rad13 allele should not compromise the Mus81-

dependent pathway, given that the point mutation does not alter the Rad13 

conformation . A rad13-nuclease defective rhp51 strain would then be expected to 

be not more sensitive than the rhp51 single mutant. Conversely if Rad13 has an 
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enzymatic role, the combination of the rhp51 deletion with a mutation in rad13+ 

which impairs its nuclease function, should render the cells as sensitive as an 

rhp51 rad13 double delete, since both , the Rhp51-dependent and the Mus81-

dependent pathway, would be affected. The construction and characterization of 

the rad13 nuclease mutants is described in chapter 3.5. Indeed, the combination 

of the rad13·O77A and rad13-E779A mutant alleles with the rhp51 deletion 

rendered the strains as sensitive to MMS as the rhp51 rad13 double delete (Fig . 

16a). Combination of the rad13·A780V allele with the rhp51 deletion did not 

further increase the sensitivity of the rhp51 mutant, consistent with the 

observation that this point mutation did not impair the nuclease activity of Rad 13. 

The experiment was repeated with independent clones and the same effects 

could be observed. Unexpectedly, the rad13D77A and rad13·E779A alleles 

impaired survival of the rhp51 deletion strain upon exposure to hydroxyurea (Fig. 

16b). This dominant negative effect is surprising since the rad13::hphMX4 

deletion strain is not sensitive to HU. This result would need to be confirmed 

using independent clones. 

The sensitivity of the rad13, rhp51, mus81, rqh1, rad13 rhp51, rad13 mus81 and 

rad13 rq1 h mutants towards the crosslinking agents cisplatin and mitomycin C 

was also tested. In agreement with the previous epistasis analysis all double 

mutants showed a synergistic effect compared to the respective single mutants 

(data not shown). In response to 0.6 mM cisplatin, the deletion of msh3 in a 

rad13 background slightly reduced the sensitivity seen with the rad13 single 

mutant (data not shown). These results support the data from the previous 

epistasis analysis. 

3.4.3. Summary 

The results of the epistasis analysis using the rad13::hphMX4 deletion are 

summarized in Tab. 4. Generally, the findings obtained with the former epistasis 

analysis could be confirmed. The rad13 swi10 double mutant showed an 

increased sensitivity compared with either single mutant in response to MMS and 
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mitomycin C. An increased sensitivity towards treatment with mitomycin C could 

also be observed for the rad13 rhp14 strain. Unlike seen with the previous 

analysis, the rad13::hphMX4 deletion strain was not sensitive to hydroxyurea, 

and the double mutants rad13 swi10 and rad13 rhp14 showed the sensitivity of 

the swi10 and rhp14 single mutants. Furthermore, a slightly increased sensitivity 

of the rad13 rhp7 mutant compared with the respective single mutants could be 

seen. Interestingly, putative epistasis of rad13 with rad22, rad32 and mus81 in 

response to MMS was observed. The epistatic relationship of rad13 with mus81 

was shown to be specific for MMS, since these deletions were synergistic to 

treatment with UV, cisplatin and mitomycin C. 

126 



a) 

c) 

wt 

rad13 

swi10 

rhp14 

rad13 swi10 

rad13 rhp14 

swi10 rhp14 

wt 

rad13 

swi10 

rhp14 

rad13 swi10 

rad13 rhp14 

swi10 rhp14 

UV 

control 25 J/m2 

control 8 mM, 3days 

b) 
Mitomycin C 

wt 

rad13 

swi10 

rhp14 

rad13 swi10 

rad13 rhp14 

swi10 rhp14 

control 0.1 mM 0.15 mM 

HU 

8 mM, 6 days 

Fig. 12. Sensitivity of N ER mutants to DNA damaging agents. For these experiments the rad13 

deletion mutant was constructed by replacing the entire coding region with a hygromycin B 

resistance marker. a) Sensitivity of NER single and double mutants to UV. The single mutants 

were equally sensitive and epistatic to each other. b) Sensitivity to chronic treatment with 

mitomycin C. swi10 was the most sensitive, while rad13 was the least sensitive NER mutant. All 

double mutants were more sensitive than the single mutants, revealing NER-independent 

functions of Rad13, Swi10 and Rhp14. c) Sensitivity of NER single and double mutants to chronic 

exposure to the replication inhibitor hydroxyu rea. The swi10 and rhp14 mutants displayed 

moderate sensitivity, while the rad13 strain was as resistant as wild-type. The increased 

sensitivity of the swi10 rhp14 double mutant suggests a function of Swi10 and Rhp14 outside 

NER in response to hydroxyurea. 

127 



a) 

wt 

rad13 

swi10 

rhp14 

rad13 swi10 

rad13 rhp14 

swi10 rhp14 
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Fig. 13. Sensitivity of NER mutants to 4-NQO, MNNG and ionizing radiation. Also for these 

experiments the rad13::hphMX4 deletion mutant was used. a) Epistasis analysis in response to 4-

NQO and MNNG. The single mutants were equally sensitive, and epistatic with each other. This 

is in contrast to treatment with MMS, where the rad13 swi10 and swi10 rhp14 double mutants 

were more sensitive than either single mutant. b) Sensitivity to ionizing radiation. Cells were 

grown to stationary phase, aliquots of a serial dilution in 0.85% NaCl were irradiated with a 

gamma source, and aliquots were spotted on YEA plates. While the swi10 strain was clearly 

sensitive, the rad13 and rhp14 deletion mutants showed only a marginal sensitivity. 
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Fig. 14. Sensitivity of S.pombe mutants to treatment with oxidative agents. a) Sensitivity of NER 

single and double mutants to hydrogen peroxide, tert-butyl hydroperoxide, menadione and 

paraquat (methyl viologen). b) Sensitivity of rad13 and nth1 single and double mutants to 

oxidizing agents. 
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Table 3. Summary of the epistasis analysis with the rad13::hphMX4 deletion and the NER mutants swi10 and rhp14 

UV MMS Cisplatin HU MMC 4-NQO MNNG IR Oxid. 

rad13 swi10 E s E 10 s E E E wt 
rad13 rhp14 E E E 14 s E E E wt 
rhp14 swi10 E s s s s E E E wt 

Abbreviations: MMS, methyl methansulphonate; HU, hydroxyurea; MMC, mitomycin C; 4-NQO, 4-Nitroquinoline N-oxide; MNNG, N-methyl-N'-
. . 

nitro-N-nitrosoguanidine; IR, gamma irradiation; Oxid ., oxidative agents (hydrogen peroxide, tert-butyl hydroperoxide, menadione, paraquat); E, 

epistatic; S, additive or synergistic; 10, as sensitive as the swi10 single mutant; 14, as sensitive as the rhp14 single mutant; wt, as resistant as wild 

type. 
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a) wt wt wt 
13 13 13 
22 22 13 22 22 13 22 22 13 
51 51 13 51 51 13 51 51 13 
32 32 13 32 32 13 32 32 13 
81 81 13 81 81 13 81 81 13 
qt qt 13 qt qt 13 qt qt 13 

control 0.0008 % MMS 0.0075 % MMS 

b) 51 81 51 81 51 81 

5113 8113 51 13 8113 5113 8113 

5110 8110 51 10 8110 5110 8110 

5114 8114 5114 8114 5114 8114 

51 13 10 81 13 10 51 13 10 8113 10 5113 10 81 13 10 

51 13 14 81 13 14 51 13 14 81 1314 51 13 14 81 13 14 

control 0.0004 % MMS 0.0008 % MMS 

Fig. 15. Epistasis analysis with the rad13::hphMX4 deletion and mutants impaired in homologous recombination. a) Combination of the rad13 

deletion with mus81, rqh1 and mutants of the rad22 epistasis group. wt, wild type; Designation of the mutants: 13, rad13; 22, rad22; 51, rhp51; 32, 

rad32; 81, mus81; q1, rqh1; combinations of numbers indicate concomitant deletion of the respective genes as described above. b) Epistasis 

analysis of NER mutants with rhp51 and mus81. Designation of the mutants: 10, swi10; 14, rhp14; and analogous to a). 
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rhp51t1 

rhp51L1 rad13t1 
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Fig. 16. Sensitivity of rad13 nuclease mutants to MMS (a) and hydroxyurea (b) in an rhp51 

deletion background. The genotypes of the strains are: smt0 rhp51::his3+ rad13-3HA his3-D1 

(rhp51); smto rhp51 ::his3+ rad13: :hphMX4 his3-D1 (rhp51 rad13); smto rhp51 ::his3+ 

rad13D77A-3HA his3-D1 (rhp51 rad13D77A); smto. rhp51: :his3+ rad13-E779A ·3HA his3-O1 

(rhp51 rad13·E779A); smto rhp51 ::his3+ rad13·A780V-3HA his3-D1 (rhp51 rad13·A780V) . 
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Table 4. Summary of the epistasis analysis with rad13::hphMX4 and mutants defective in various repair pathways. 

UV MMS cisplatin HU MMC 

NER swi10 E S a) E a> 10 s 
rhp14 E E a> E a> 14 5 c) 

rhpl 13 a) S a,b) wt a) 

rhp26 Sa) Sa) 13 a) Sa) 

UVDR, R, 
Sa) Sa) Sa) BER rad2 

rad32 E 

rad22 E 

HR rhp51 s s Sa) s 
mus81 s E Sa) s 
rqh1 Sa) s Sa) s 
msh3 Sa) s E / R a.d) 

An additive or synergistic phenotype pointing to putative NER-independent functions of Rad13 is indicated in bold letters. Letters and numbers in 

italic indicate findings which differ from the data of the previous epistasis analysis with a rad13::ura4+ disruption strain. aJ These data were 

produced by Darren Rowlands, master student in our group. bl An increased sensitivity of the double mutant rad13::hphMX4 rhp7::kanMX6 at 

cisplatin concentrations of 0.6 mM and 0.8 mM can be observed compared to the rad13 single mutant. This is in contrast to the previous epistasis 

analysis with the rad13::ura4+ disruption, which showed epistasis with rhpl. c> The synergistic relation of the rad13 and rhp14 deletions was only 

revealed at a mitomycin C concentration of 0.15 mM. At a dose of 0.1 mM, the two mutations seemed epistatic to each other as seen in the 

previous epistasis analysis. dJ rad13 and msh3 appeared epistatic at lower cisplatin concentrations, but the double mutant is slightly less sensitive 

than the rad13 sing le mutant at a cisplatin concentration of 0.6 mM. Abbreviations: E, epistatic; S, additive or synergistic; R, rescue; 13, same 

phenotype as the rad13 single mutant; 10, same phenotype as the swi10 single mutant; 14, same phenotype as the rhp14 single mutant; wt, same 

resistance as wild type. 
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3.5. Characterization of mutated rad13 alleles 

XPG contains two conserved nuclease domains (Lieber 1997), and an ubiquitin

interacting motif (UIM) and a PCNA-binding site (PBS) have been identified. 

Through sequence comparison, Houle and Friedberg (1999) identified two further 

domains, one in the spacer region in between the two nuclease domains, and 

one towards the C-terminus of XPG. Both domains are highly conserved in 

higher eukaryotes, and to a lesser extent also in S.pombe and budding yeast. 

While the first domain has been shown to be required for recruitement of XPG to 

foci at UV lesions (Dunand-Sauthier et al. 2005), the function of the second 

domain is still unknown. We wanted to study the effects of mutated conserved 

amino acid residues within these domains. In order to purify wild-type and 

mutated Rad 13 protein as well as to monitor the endogenous expression levels 

with a commercially available tag-specific antibody, we decided to create 

mutated rad13 alleles bearing a tag. The tagged wild-type gene, cloned into a 

plasmid, will be used as a substrate for site-directed mutagenesis. 

3.5.1. Tagging of rad13+ with an N-terminal tandem affinity 

purification (TAP) tag 

N-terminal tagging of Rad13 was performed adopting the method described by 

Werler et al. (2003). For a description of the principle see Figs. 17 and 18. For 

mutagenesis on a plasmid, this procedure includes the amplification of the 

tagged gene from chromosomal DNA and cloning into a suitable plasmid. The 

construction of the NTAP-tagged strain is described in Materials and Methods. 

Briefly, a PCR fragment with homology to the upstream region of Rad13 and a 

fragment with homology to the open reading frame of Rad13 were obtained in 

separate PCR reactions using genomic wild-type DNA as template. The PCR 

fragment with the TAP tag, the suppressor and the nmt41 promoter (a derivative 

of the nmt1 promoter, Basi et al. 1993) was obtained using the plasmid pW13 as 

template. In one subsequent fusion PCR reaction , the fragment for the 

transformation was generated, and transformed into the strain 501 (h- leu1-32 
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ura4O-18 ade6-704). Genomic DNA was prepared and correct integration of the 

fragment was checked by PCR (data not shown). The resulting strain was termed 

RO100. RO100 was transformed with pREP2 encoding the Cre recombinase, 

resulting in strain RO101 . Genomic DNA of transformants was prepared and 

loop-out of the sup3-5 marker and the nmt41 promoter was checked by PCR 

(data not shown). To check for functionality of the tagged Rad13, the strains 

RO100 and RO101 were tested for resistance to UV, MMS and HU, and 

compared to wild-type and the rad13: :ura4+ deletion strain. Data for 

representative clones of each strain are given in Fig . 19b. The strain RO100 is 

less sensitive in response to UV and MMS than the rad13 deletion mutant, but 

more sensitive than the strain RO101 , where the rad13+ gene is placed back 

under the control of its endogenous promoter. This could be due to the presence 

of thiamine in the YEA medium, which partially suppresses expression of Rad13 

controlled by the nmt41 promoter. For an alternative explanation see chapter 4. 

However, the tagged Rad 13 controlled by its endogenous promoter in strain 

RO101 only partially restored resistance to UV and MMS. It is conceivable that 

an N-terminal tag , which is in close proximity to the nuclease domain, interferes 

with its nuclease function. For comments on the reduced growth of strain RO101 

see the legend of Fig. 19. Interestingly, we noticed that the strain RO100, with 

the rad13+ gene under the control of the nmt41 promoter, was more sensitive to 

HU than the rad13::ura4+ deletion strain (Fig. 19b). This effect was confirmed by 

repeating this assay, using two additional independent clones of RO100, in 

response to HU on EMM plates with increasing concentrations of thiamine. The 

result for one representative clone of the strain RO100 and for the highest 

thiamine concentration used, is shown in Fig. 19c. The sensitivity of this strain 

increased with increasing concentrations of thiamine in the medium which 

causes decreased expression of untagged Rad 13. However, as the strains with 

untagged Rad13 under the control of the nmt41 promoter were more sensitive 

than the rad13 deletion mutant, this effect is likely not due to changes in 

expression of Rad 13. The rad13+ gene shares the promoter with a gene encoded 

on the other strand than rad13+ and starting 277bp distant from the rad13+ start 
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codon. This yet uncharacterized open reading frame with the systematic name 

SPBC3E7.09 (Sanger Institute, Schizosaccharomyces pombe gene data base, 

http://www.genedb.org/qenedb/Search?name=SPBC3E7.09&organism=pombe> encodes a predicted 

Sad1-UNC like protein. The Sad1 and UNC (SUN) domain has been found in the 

S.pombe protein Sad1 (§pindle §.rchitecture gisrupted, Hagan and Yanagida 

1990, Hagan and Yanagida 1995) and in UNC-84 in Caenorhabditis elegans 

where it has been implicated in nuclear anchoring and nuclear migration (Malone 

et al. 1999). SUN domain containing proteins have also been identified in 

mammals (Malone et al. 1999). It is conceivable, that a reduced expression level 

of this predicted Sad1-UNC like protein in the strain RO100 due to repression by 

thiamine, has an effect on cell survival. For further comments on this observation 

see the chapter Discussion. 

3.5.2. C-terminal tagging of rad13+ with a 3HA- and GST-tag, 

employing a one-step PCR approach 

We also tagged the rad13 gene on its C-terminus with 3HA and GST, adopting 

the method described by Bahler et al. (1998). In a first attempt to test whether 

these tags abrogate Rad13 function, we tried a one-step PCR based tagging 

strategy. This employs long primers, having eighty nucleotides homology to the 

target sequence in the genome. The forward primer has homology to the rad13 

ORF 3' end without stop codon, while the reverse primer has homology to rad13 

3' untranslated region, beginning immediately after the stop codon. The 

remaining twenty nucleotides of both primers are homologous to the plasmids 

bearing the tags. Using these primers, we amplified the 3HA and GST tags 

together with a kanMX6 module (a selectable marker conferring resistance to 

G418) from the plasmids pFA6a-3HA-kanMX6 and pFA6a-GST-kanMX6 

(Longtine et al. 1998). This fragment was transformed into an S.pombe wild-type 

strain and selected on plates containing G418. All obtained transformants proved 

to be false positives, having the PCR fragment ectopically integrated (data not 

shown). Therefore we persued a cloning strategy. This also has the advantage of 
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directly yielding the tagged gene on a plasmid for mutagenesis. The construction 

of a rad13-3HA tagged strain will be described first, followed by the description of 

the GST-tagging procedure. 

3.5.3. C-terminal tagging of rad13+ with a 3HA-tag by a cloning 

procedure 

The construction of the plasmid bearing the 3HA-tagged rad13 gene and the 

construction of the tagged S.pombe strain is described in Materials and Methods. 

For an overview of the construction procedure see Fig. 20. Briefly, a PCR 

fragment with homology to the 3· UTR of rad13, using genomic wild-type DNA as 

template, was cloned into the Bg/1I and Spel site of pFA6a-3HA-kanMX6, thereby 

replacing the kanMX6 marker cassette. By removing the kanMX6 marker we 

have the advantage to use other kanamycin resistance based gene disruptions 

when constructing double mutants. The PCR fragment fRK2, also using genomic 

wild-type DNA as template, was cloned into the BamHI sites of the polylinker and 

the tag, yielding pRK10. The fragment used for transformation was excised from 

the naturally occurring restriction sites Nhel and Fspl, and transformed into the 

rad13::ura4 deletion strain RO4 (Fig. 20a, (Ill)). The resulting strain was named 

RO102. Genomic DNA of putative positive clones was prepared and integration 

of the transformed fragment checked by PCR. 

The entire construct in plasmid pRK10 was sequenced. The obtained sequence 

was compared to two sequences retrieved from databases, covering the rad13 

open-reading frame and up- and downstream genomic sequence. One 

(accession no. X66795) was deposited in the EMBL database by A.R. Lehmann, 

(http://www.ebi.ac.uk/cqi-bin/emblfetch?style=html&id=X66795) (Carr et al. 1993). The other, 

deposited in the NCBI nucleotide database, originates from the European 

Schizosaccharomyces genome sequencing project, carried out by the Sanger 

I nstitut (http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=3130026) (Wood et al. 

2002). These sequences differ at two positions in the open-reading frame (Fig . 

21) and at two positions up- and downstream, respectively, of the open-reading 

137 



frame. The sequence of pRK10 corresponded to the sequence obtained by 

Lehmann/Carr at position +22 relative to the start codon of rad13. At position 

+2210 and following nucleotides, the sequence we obtained corresponded to the 

sequence provided by the Sanger Institute. The sequences by Lehmann and the 

Sanger Institute differ at two additional positions: at nucleotide -59 relative to the 

start codon, and at 88 nucleotides downstream from the stop codon. In these two 

cases, the sequence we obtained was in agreement with the sequence deposited 

by the Sanger Institute (data not shown). Sequencing of an independently 

constructed plasmid with a GST tag (see below), yielded the same sequences for 

the questionable positions that we obtained with pRK10.1. We therefore assume, 

that the rad13 sequence of this construct is correct, i.e. that it is identical with the 

genomic sequence. 

To check for functionality of the tagged Rad 13 protein, several clones of the 

strain RO102 were tested for resistance to UV, MMS and cisplatin. The results 

for two representative clones upon treatment with UV and MMS are shown in Fig. 

22. All clones were as resistant as wild-type against UV irradiation at a dose of 

25 J/m2
. Upon treatment with MMS and cisplatin, the 3HA tag conferred weak 

sensitivity to all tested clones (Fig. 22, and data not shown). These results 

suggest, that the tagged Rad 13 protein is functional. However, the possibility 

could not be ruled out that the tagged Rad13 confers wild-type resistance to the 

cells, because the tag could have acquired a mutation that renders the tag non 

functional (e.g. by creating an early stop codon within the tag). Therefore, the tag 

as well as the insertion boundaries of the transformed fragment in the genomic 

DNA (Nhel and Fspl restriction sites) from the clone RO102.4 were sequenced 

and found to be unaltered. Western blot analysis with an antibody against the tag 

showed, that the tagged rad13 wild-type gene was expressed during logarithmic 

growth as well as in stationary phase (data not shown). This strain was crossed 

with a h- rad13::hphMX4 strain to cross out the ura4-018 marker. The resulting 

strain with the genotype rad13-3HA was used as a "wild-type" control in genetic 

experiments with strains carrying tagged mutated rad13 alleles. 
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3.5.4. C-terminal tagging of rad13+ with a GST-tag by a cloning 

procedure 

Simultaneously to tagging of Rad13 with the 3HA tag, we attempted to create an 

analogous construct with a GST tag (Fig. 23). Two clones of the resulting strain 

RO103 were tested for sensitivity to UV, and found to be almost as sensitive as 

the rad13::ura4+ deletion strain at a dose of 20J/m2 (data not shown). 

Sequencing of the tagged rad13 gene in the plasmid pRK12 revealed a point 

mutation (C to A) leading to the substitution of alanine to glutamic acid at the 

118th amino acid position of the rad13+ open reading frame. Since the Rad13-

3HA protein proved to be functional, we decided to use the hemagglutinin tagged 

rad13+ gene on plasmid pRK10 as a substrate for site-directed mutagenesis. 

3.5.5. Characterization of mutated rad13 alleles 

To characterize the functions of Rad13, defined mutations in highly conserved 

domains as well as an N-terminal deletion of the first 447 amino acids were 

introduced into a 3HA-tagged rad13 gene (Fig. 24). Point mutations were 

generated by site-directed mutagenesis using the hemagglutinin tagged rad13+ 

gene on plasmid pRK10 as a substrate. The construction of strains with mutated 

alleles of the rad13 gene is described in Materials and Methods. In order to see if 

mutating the rad13 gene affects the expression level of the mutated alleles, 

expression of wild-type and mutated forms of Rad 13 was checked by Western 

blot using an antibody against the tag. The wild type form and variants of Rad1 3 

with point mutations were equally expressed (Fig. 25a). A slightly reduced 

expression level of the truncated Rad1 3 (LlN447) could be observed. Next, we 

checked the point mutants and the N-terminal deletion mutant of Rad13 for 

sensitivity to UV, MMS and cisplatin (Fig . 25b). The rad13 strain with P72H, a 

point mutation found in XP-G/CS patients and believed to destabilise the protein, 

rendered the cells as sensitive as a deletion mutant. The strains with 077 A and 

E779A mutations in the nuclease domains were sensitive to UV, MMS and 

cisplatin , but clearly less than a rad13 deletion mutant. Surprisingly, the A780V 
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substitution, found to reduce the nuclease activity in XP-G patients, did not have 

an effect in response to any of the tested DNA damaging agents. Point mutations 

in the UIM, PBS, Box1 and Box2 domains did not confer sensitivity to UV or 

MMS. In response to cisplatin, a weak sensitivity of the strain mutated in the 

Box1 domain could be observed, while mutations in the UIM, PBS and Box2 

domains did not decrease resistance to this agent. The N-terminal deletion 

rendered the strain as sensitive as a complete deletion (rad13LI). These findings 

were confirmed with an independent clone for each mutant (data not shown). 

None of the point mutations, including the P72H substitution which confers a 

deletion phenotype to the cells in response to UV, MMS and cisplatin, nor the N

terminal deletion of rad13+ rendered the strains sensitive to camptothecin (data 

not shown). This confirms results obtained with rad13 deletion mutants (see Fig. 

11) suggesting that Rad13 is not required for the repair of camptothecin induced 

lesions when repair pathways other than NER are functional. 

That the nuclease mutants with the D77 A and E779A substitutions were sensitive 

to UV, MMS and cisplatin, but not to the same extent as the rad13 deletion strain, 

indicates that these mutants either retain some nuclease activity or that another 

nuclease with similar substrate specificity substitutes for the loss of Rad13. 

Indeed, it has been shown in S.cerevisiae that overexpression of FEN-1 family 

nucleases can suppress some of the phenotypes associated with null alleles of 

other members of this family in S. cerevisiae (Sun et al. 2003). It is conceivable 

that a nuclease defective Rad 13 protein exerts a structural role in NER 

(analogous to XPG) in positioning the 5'endonuclease Swi10-Rad16 thereby 

leading to 5' uncoupled incision. This would generate a 5'-flap structure which 

could be cleaved by an endonuclease or degraded by a single-strand 

exonuclease. The S.pombe FEN-1 homologue Rad2 possesses 5' to 3' double

strand exonuclease and 5' -flap endonuclease activity (Alleva and Doetsch 1998). 

We therefore hypothesized that Rad2 substitutes for Rad13 in mediating the 

incision 3' to the DNA damage. This predicts that the rad13 nuclease mutants 

(rad13nuct) in a rad2 background would be as sensitive as the rad13LI rad2LI 
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double deletion mutant (with a complete deletion of the rad13+ gene). Fig. 26 

shows that this was not the case, indicating that (1) still another nuclease can 

partially substitute for the loss of both Rad13 and Rad2, or (2) that the increased 

survival of the rad13nucl rad2 mutant, compared to the rad13L1 rad2L1 strain , is due 

to retained nuclease activity in the mutated Rad13. The latter hypothesis could 

be verified by assessing the incision activity of purified nuclease mutant forms of 

Rad13 on model substrates in vitro. S.pombe Exo1 has double-strand 

exonuclease as well as weak ssDNA exonuclease activity, and, like Rad13 and 

Rad2, belongs to the FEN-1 family (Szankasi and Smith 1992, Szankasi and 

Smith 1995, Tishkoff et al. 1997). Exo1 of S.cerevisiae (Fiorentini et al. 1997, 

Tran et al. 2002) and of humans (Wilson 3rd et al. 1998, Qiu et al. 1999, Lee and 

Wilson 3rd
, 1999) show 5'-3' exonuclease and, importantly, 5' flap endonuclease 

activity. These findings highlight the strong sequence and functional conservation 

of members of the FEN-1 nuclease family. This renders fission yeast Exo1 a 

suitable candidate to substitute for Rad13. However, concomitant deletion of 

EX01+ and RAD2T in S.cerevisiae, and exor and rad2+ in S.pombe is lethal 

(Tishkoff et al. 1997, Mccready et al. 2000). We did therefore not pursue further 

genetic approaches concerning this matter. 

Lee et al. (2002a) implied S.cerevisiae Rad2, the homologue of XPG, in RNA 

polymerase I I-dependent transcription. We have checked the sensitivity of fission 

yeast NER double and single mutants to the transcription inhibitor 6-azauracil. As 

reported in chapter 3.1. we obtained inconsistent results: NER double mutants 

with the rad13::ura4+ deletion were only sensitive in a mating-type h" background. 

Furthermore, while the rad13::ura4+ single mutant was sensitive to 6-AU 

irrespective of the mating type, rad13 mutants with a partial deletion of the coding 

sequence with a kanamycin resistance marker or with a complete deletion of the 

open reading frame with a hygromycin B resistance marker displayed no 

sensitivity to 6-azauracil. However, Horibata et al. (2004) reported that a patient 

suffering from UV-sensitive syndrome (UV8S) was homozygous for a null 

mutation in the CSB gene. This was surprising since this patient did not show 

any of the severe symptoms asscociated with Cockayne syndrome. This led the 
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authors to speculate that not the absence of CSB per se, but rather mutations in 

the CSB gene (which were found in CS patients) confer a dominant negative 

effect and lead to the observed symptoms. We therefore wondered, if point 

mutations in the rad13 gene confer sensitivity to 6-azauracil. Preliminary results 

indicated that the A780V nuclease mutant, the Box1 and Box2 mutants (all h+) 

might be sensitive to 6-AU (data not shown). We therefore repeated the 

experiment including independent clones with an ff mating-type. The results are 

shown in Fig. 27. A weak effect of the P72H amino acid substitution can be seen 

in the strain with the mating-type h-. While the A780V and Box1 mutants were 

sensitive in an h+ background, they were as resistant as wild type if the mating

type was h-. The Box2 mutant showed sensitivity in an h- background, but not if 

the mating-type was h+. The latter observation is in contrast to the previous 

observation mentioned above. Again, these data are inconsistent, and a putative 

deficiency of rad13 mutants in transcription was not further investigated. 
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s· 24 bp 
( 1) 

TAP Tag Sup3-5 nmt1 Gly 
(2) 

LoxP LoxP 
ATG 

ORF 

(3) 24 bp 

1 
ATG 

TAP Ta Su 3-5 nmt1 & ORF 

(4) 
LoxP LoxP 

Fig. 17. Strategy to create a PCR product to tag a protein using the Cre-/oxP method for N

terminal tagging of S.pombe proteins. The PCR fragments numbered (1 )-(3) are generated in 

independent PCR reactions. Fragment (1) is homologous to the region immediately upstream of 

the start codon of the target gene, and has a small overlap with fragment (2). This fragment is 

generated using the plasmid pGEM-NTAP as a template. This plasmid bears a construct 

consisting of the TAP-tag, a /oxP site, a selectable marker, an exogenous nmt1 promoter followed 

by a second loxP site and a glycin linker. Fragment (3) is homologous to the ORF of the target 

gene including the start codon, and has a small overlap with fragment (2). In a fusion PCR, all 

three fragments are combined, yielding the linear fragment (4) , which is used for transformation. 

Once integrated in the genome, the marker sup3-5 in the transformed fragment suppresses an 

ade6-704 nonsense mutation and allows for selection of Ade• colonies on Edinburgh minimal 

medium without adenine (EMM -ade). Abbreviation : Gly, glycine linker. 
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Fig. 18. Tagging of a protein using the Cre-loxP method for N-terminal tagging of S.pombe 

proteins. After integration of the PCR product (bearing the tag, the selectable marker sup3-5 and 

the repressible nmt1 promoter) into the genome, the target gene is under the control of the nmt1 

promoter and expression of the respective protein can be regulated by the thiamine concentration 

in the medium (I). In a second transformation, a plasmid encoding the Cre recombinase is 

brought into the cells (II). The recombinase excises the marker, the nmt1 promoter and one /oxP 

site by a loop-out recombination at the /oxP sites. The tagged gene is under the control of its 

endogenous promoter (Ila), and the circularized excision fragment is lost (llb). This allows for 

selection of red Ade- colonies on EMM containing a small amount of adenine. Uracil is omitted 

from the medium to allow for selection of the plasmid encoding the recombinase. 
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Fig. 19. Drop tests to check for functionality of NT AP-tagged Rad13 in response to UV, MMS and 

HU. a) Schematic depiction of the rad13 locus. In the strain RO100, the rad13 gene is under the 

control of the thiamine repressible promoter nmt41. In RO101 , rad13+ is controlled by its 

endogenous promoter (see also Fig NTAP). b) Survival of strains with an NTAP-tagged rad13• 

gene. The nutritional markers of RO100 and RO101 are Jeu1-32 ura4D-18 ade6-704. 10 pl of 

serially diluted cell suspensions were spotted onto YEA supplemented with the growth factors 

leucine, histidine, arginine and uracil at a concentration of 100 mg/I. The media for the control 

plate and for UV irradiation was additionally supplemented with adenine at a concentration of 100 

mg/I. The low concentration of adenine in YEA accounts for the reduced growth and change of 

colour (to red) of RO101 on plates containing MMS and HU. In RO100, the ade6-704 mutation is 

suppressed by sup3-5. c) Survival in response to HU in the absence or presence of thiamine of a 

strain with an untagged rad13+ gene under the control of the nmt41 promoter. Abbreviations: Thi, 

thiamine ; HU, hydroxyurea. 
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Fig. 20. C-terminal tagging of the rad13 gene with three copies of the influenza virus 

hemagglutinin epitope (3HA). a) Construction scheme. The PCR fragment fRK1 with homology to 

the rad13 3· UTR, beginning immediately downstream of the stop codon, was cloned into the 

Bg/II and Spel site of the plasmid pFA6a-3HA-kanMX6, replacing the kanMX6 cassette (I). 

Subsequently, fragment fRK2, encompassing the rad13 coding sequence with 473 bp upstream 

homology and a partial 3HA tag on its 3'end, was cloned into the BamHI site, yielding the plasmid 

pRK10 (II). After excision with Nhel and Fspl, the fragment depicted in (Ill) was transformed into a 

rad13::ura4+ deletion strain, replacing the ura4+ cassette. Ura- colonies were selected on YEA 

containing 5-fluoroorotic acid (5-FOA). Nhel and Fspl are naturally occurring restriction sites in 

the genome. Restriction sites: B=BamHI; Bg=Bg/II ; f:=Fspl ; N=Nhel ; S=Spel. b) Schematic 

depiction of the genomic DNA at the rad13 locus of RO4 (rad13::ura4+ deletion) and after 

successful integration of the tagged rad13 gene at its original locus. Arrows indicate primers used 

to check for successful integration of the tagged rad13 gene. Expected fragment sizes for the 

rad13 locus in RO4 and RO102 are given on the right. 
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Fig. 21. Differences in rad13 sequences deposited by A.R. Lehmann (EMBL database) and by 

the Sanger Institute (NCBI nucleotide database). The _numbers on the left indicate the positions 

of the first nucleotides shown relative to the start codon of rad13. The amino-acid single letter 

codes are given above respectively below the codons. A=alanine; D=aspartic acid; E=glutamic 

acid; G=glycine; K=lysine; L=leucine; N=asparagine; Q=glutamine; R=arginine; S=serine. The 

upper panel shows the difference of one base at position +22 relative to the start codon. The 

frameshift, starting at amino acid 738, and subsequent restoration of the open reading frame is 

depicted in the lower panel. 
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Fig. 22. Spot tests to check functionality of Rad13 tagged with 3HA on its C-terminus. The 

sensitivity to UV (upper panel) and MMS (lower panel) of different clones of the strain RO102 

(rad13-3HA) was compared with wild type (wt) and the rad13::ura4+ disruption strain. 
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Fig. 23. C-terminal tagging of the rad13 gene with a glutathione S-transferase (GST) tag, 

analogous to the construction of the rad13-3HA tagged gene (see Fig. C3HA). The PCR fragment 

fRK1 with homology to the rad13 3' UTR, beginning immediately downstream of the stop codon, 

was cloned into the Bg/II and Spel site of the plasmid pFA6a-GST-kanMX6, thereby replacing the 

kanMX6 cassette (I). Subsequently, fragment fRK3, encompassing the rad13 coding sequence 

with upstream homology, was cloned into the BamHI site, yielding the plasmid pRK12 (II). 

Following excision with Nhel and Fspl , the fragment depicted in (Ill) was transformed into a 

rad13: :ura4 deletion strain, thereby replacing the ura4 cassette. Restriction sites: B=BamHI; 

Bg=Bg/II ; F=Fspl ; N=Nhel; S=Spel. 
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designation 
P72H VIM E779A A780V Box2 PBS of mutant O77A Box1 

LlN447 

Fig. 24. Domain structure of XPG and its S.pombe homologue Rad13 and the mutations introduced into the 3HA-tagged Rad13. 

XPG-N and XPG-I: highly conserved nuclease domains common to all members of the FEN-1 endonuclease family. The P72H mutation was 

found in XP-G/CS patients; the A792V substitution was found in XP-G patients and abolishes the nuclease activity. Numbers in brackets indicate 

the amino acid positions in S.pombe. UIM: putative ubiquitin-interacting motif. PBS: PCNA (proliferating cell nuclear antigen) binding sequence. 

For UIM and PBS, the consensus sequence is given in brackets below the domain structure; ct>: hydrophobic residue, x: any amino acid, Ac: acidic 

residue. Box 1: conserved motif, which is required for recruitement of mammalian XPG to foci at UV lesions; this motif is less conserved in 

budding and fission yeast. Box 2: conserved motif with unknown function; an arginine residue within this motif in Rad13 was shown to confer 

sensitivity to the antitumor agent trabectedin (Herrero et al. 2006). 

150 



a) 

b) 
wt 
rad13L1 

P72H 

077A 
E779A 
A780V 

PBS 
UIM 

Box1 
Box2 
£\N447 

Rad13-3HA 

Cdc2 

UV 

control 25 J/m2 

- 148 kOa 

- 98kDa 

MMS ••• ~ ••&·:.. 
0 
0 
e g ·" r,:i
• o-~;, , o · ·•)}- .. ,~--· ··•~: •••if~', · ··~ ••t.t -.:· • •• ;:.:: • • ·(.~ i. ··@~ •• Igo • 
0.01 % 0.0125 % 

cisplatin 

0.5 mM 0.6 mM 

Fig. 25. Characterization of mutated forms of Rad13. a) Expression of 3HA-tagged wild-type (wt) 

and mutated Rad13 proteins. Soluble protein extracts from logarithmically growing cells were run 

on an SOS-PAGE gel and probed with antibodies against the hemagglutinin epitope (upper panel) 

and against Cdc2 as a loading control (lower panel). Designations of the mutants are as in Fig. 

POINT1. b) Sensitivity of point mutants and an N-terminal deletion mutant of Rad13 to UV, MMS 

and cisplatin . The mutations were introduced into a functional 3HA-tagged rad13 gene as 

depicted in Fig . POINT1 . Wild-type: strain bearing the tagged wild-type gene. rad13.d: complete 

deletion of the coding sequence with a hygromycin B resistance cassette. 
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Fig. 26. Sensitivity of strains with rad13 alleles mutated in the nuclease domains, in a rad2 

deletion background. The point mutations have been introduced into a 3HA-tagged rad13 gene; 

the wild type (wt) and the rad2 deletion strain bear a tagged rad13+ wild-type gene. 
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Fig. 27. Sensitivity of strains encoding mutated forms of Rad13 to the transcription inhibitor 6-

azauracil. h • and h- indicate the mating-type. 
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3.6. Tandem affinity purification of Rad13 complexes 

3.6.1. C-terminal tagging of rad13+ with a tandem affinity 

purification (TAP) tag 

In order to purify Rad13 containing protein complexes and to identify putative 

interaction partners of Rad 13, we decided to employ the tandem affinity 

purification (TAP) method designed by Rigaut et al. (1999). The authors originally 

used this system to purify proteins from S. cerevisiae. The method involves the 

fusion of two affinity tags to the protein of interest. The two tags, consisting of 

lgG binding units of Staphylococcus aureus protein A and a Calmodulin-binding 

domain, are separated by the recognition site for the site-specific Tobacco Etch 

Virus (TEV) protease. In a first step, the cell extract is incubated with lgG coated 

beads, and the bound material is released by digestion with TEV protease. The 

sample is further incubated with Calmodulin coated beads in the presence of 

calcium, and eluted by adding EGTA. This method has been adapted to purify 

protein complexes from fission yeast, as described by Gould et al. (2004). 

Since an N-terminal TAP tagged rad13 gene rendered the cells sensitive to UV 

and MMS, we consequently tagged Rad13 on its C-terminus. The construction of 

the Rad 13-CTAP strain is described in Material and Methods, for a schematic 

representation of the construction strategy see Fig. 28. In brief, we firstly 

generated a PCR fragment containing the Calmodulin binding domain, the TEV 

cleavage site, two copies of the Protein A unit and a kanamycin resistance 

cassette, using the vector pFA6a-CTAP-MX6 (Tasto et al. 2001 ) as a template. 

This PCR product was fused to a fragment containing the 3' untranslated region 

of rad13. The resulting fragment was further fused to a fragment containing the 

C-terminal part of the rad13 open reading frame (without the stop-codon) and 

transformed into the wild-type strain 975. Correct integration of the fragment was 

confirmed by PCR using primers with annealing sites outside of the transformed 

fragment. The rad13 gene and the tag was sequenced, and the strain termed 

RO303. To see if the C-terminal tag affects the function of Rad13, ten clones 

154 



were tested for sensitivity to UV and MMS. The result for one representative 

clone (RO303.1) is shown in Fig. 29a. At an UV dose of 25 J/m2
, where the 

rad13 deletion strain is already severely affected, the tagged strain shows no 

sensitivity compared to wild-type. At 100 J/m2 the tagged strain shows a slight 

sensitivity. No sensitivity of the rad13-CTAP strain to the high dose of 0.015% 

MMS can be observed. Expression of the tagged Rad13 protein was verified by 

western blot with trichloroacetic acid precipitated extracts of several clones of the 

strain RO303 (Fig. 29b). Extract from the untagged wild-type strain 975 served 

as a negative control, while extract from a strain encoding N-terminally tagged 

Rad4 protein (a kind gift from M. Poitelea) was used as a positive control. That 

equal amounts of protein was loaded was checked by additionally running the 

samples on a 10% gel and probing the blot with an anti-Cdc2 antibody (data not 

shown). All clones of RO303 expressed the tagged Rad13 protein (lanes 2-8). 

The extract from the clone RO303.1, which was used for subsequent 

experiments, was run in lane 2. We noticed that the tagged Rad 13 protein 

migrated more slowly than expected based on the predicted molecular weight of 

about 150kDa. 

3.6.2. Solubility and stability of Rad13 protein in different buffers 

In a first step, we attempted to check solubility and stability of the tagged Rad13 

protein in different buffers. Using a cell disrupter we prepared whole cell extracts 

from the strain RO303.1 in Tris buffer and Potassium phosphate buffer. Aliquots 

of the soluble (supernatant) and insoluble (pellet) fraction were run on a SOS

PAGE gel. Rad13 protein was detected with an antibody against the protein A 

domain in the tag . The amount of soluble protein and the stability, judged from 

the presence of faster migrating bands likely constituting degradation products, 

were similar in both buffers (data not shown). 
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3.6.3. Expression level of Rad13 protein 

To determine the expression level of Rad13 relative to other proteins involved in 

DNA repair, we first compared the protein level of Rad13 with that of Rad 50. This 

protein was chosen because it is a DNA repair nuclease and of a similar size as 

Rad13. This allows a more reliable comparison of the signal on a Western blot, 

since the protein size can affect the transfer efficiency during the blotting 

procedure. We compared the protein levels both in whole cell extract before 

centrifugation (to pellet the insoluble protein) as well as in the soluble fraction. It 

became apparent that the expression of Rad13 was very low compared to the 

expression of Rad50. The Western blot with the soluble fraction of the extract is 

shown in Fig. 30. Simliar results were obtained when comparing the expression 

level of Rad13 with that of the TAP-tagged signalosome protein Csn2 (data not 

shown) (the strain with the tagged csn2+ gene is a kind gift from C. Liu). 

3.6.4. lnducibility of Rad13 expression level by treatment with 

MMS 

Since deletion of the rad13+ gene renders cells sensitive to treatment with MMS, 

we wondered if the expression of Rad13 can be induced by MMS. Aliquots of cell 

cultures of the strain RO303.1 and of an untagged wild-type strain were treated 

with 0.02% or 0.06% MMS for one hour or incubated without MMS. Aliquots of 

the supernatant and solubilized pellet of whole cell extracts were run on an SOS

PAGE gel. Rad13 protein was detected on a Western blot with an antibody 

against the protein A domain of the TAP tag. We noticed that a significant 

fraction of Rad 13 was insoluble under the experimental conditions used. Beside 

technical reasons, one possible explanation is that many Rad 13 molecules are 

chromatin bound. Upon treatment with MMS, a minor increase in the amount of 

soluble as well as insoluble protein could be detected (data not shown). This 

indicates that the expression of Rad13 is marginally inducible by acute treatment 

with MMS. However, because of the merely faint induction by MMS this 
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treatment is not suitable to significantly increase the soluble amount of Rad 13 for 

purification purposes. 

3.6.5. Benzonase treatment does not increase the amount of 

soluble Rad13 protein 

In the previous experiment, a significant fraction of Rad13 was found in the pellet. 

It is conceivable that chromatin bound Rad13 protein precipitates with high 

molecular weight DNA. We therefore reasoned that treating the cell extract with 

the endonuclease benzonase (which is generally used in protein purification 

procedures to reduce the viscosity of the extract) might increase the amount of 

Rad13 in the precleared supernatant. Whole cell extract of RO303.1 and of 

untagged wild-type strain grown to mid-log phase were prepared and either mock 

treated, treated with 50 units of benzonase or treated with 50 units of benzonase 

in the presence of 150mM NaCl for 30 minutes at 4°C prior to centrifugation. 

Aliquots of supernatant and solubilized pellet were run on an SOS-PAGE gel and 

Rad13 protein was detected by Western blot. Supernatant of untreated and 

benzonase treated samples were additionally run on an ethidium bromide stained 

agarose gel to determine the DNA amount and fragment size. The amount of 

DNA with a size of several kilobases was equal in untreated and benzonase 

treated samples (data not shown). The size of the DNA fragments in untreated 

extract varied from 1.5kb to 6kb, whereas the size range of DNA in benzonase 

treated samples covered 1 kb to 3kb (data not shown). Benzonase treatment 

therefore only approximately halved the size of the bulk DNA fragments and did 

not reduce the amount of DNA fragments of that size. No increase in the amount 

of soluble Rad13 could be detected upon benzonase treatment. However, the 

amount of Rad13 in the pellet of the sample treated with benzonase in the 

presence of 150mM NaCl seemed slightly reduced (data not shown). This 

suggests that benzonase treatment with an increased salt concentration releases 

chromatin bound Rad 13 to some extent, although without a detectable 

concomitant increase of soluble Rad13. These data together with the possible 
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interference in biochemical assays of benzonase traces in protein sample 

preparations renders benzonase treatment unsuitable to increase the amount of 

soluble Rad13 protein in order to purify endogenously expressed Rad13 for in 

vitro assays. 

3.6.6. High salt concentrations do not increase the amount of 

soluble Rad13 protein 

We wondered if increasing the salt concentration in the extract would solubilize 

chromatin bound Rad13. Cells of RO303.1 and of untagged wild-type strain were 

grown to mid-log phase and whole cell extracts were prepared. The samples 

were either mock treated or the NaCl concentration was adjusted to 0.5M or 1 M, 

followed by incubation at 4 °C for 30 minutes. No increase in the amount of 

soluble Rad13 could be detected (data not shown). 

3.6.7. Rad13 is unstable in DNase I treated cell extracts 

Because treatment with benzonase did not have the desired effect on the 

reduction of DNA fragment size, we tested whether digestion with DNase I would 

increase the amount of soluble Rad13. Cells of RO303.1 and of untagged wild

type strain were grown to mid-log phase and whole cell extracts were prepared. 

After the cell lysis cell debris were precipitated by centrifugation at 2' 000rpm for 

1 minute in a table top centrifuge. An aliquot of the supernatant was removed for 

analysis on an agarose gel. The extracts were then either mock treated, or 

treated with DNase I at a final concentration of 0.1 mg/ml or 1 mg/ml for 30 

minutes on ice. Treatment with DNase I effectively reduced the average size of 

the DNA fragments from about 1.5kb to approximately 200bp (Fig. 31 a). The 

amount of tagged Rad13 in the samples was detected by Western blot and the 

results are shown in Fig. 31b. While the samples in lanes 1-4 were prepared in 

lysis buffer T, the samples in lanes 5-8 were prepared in lysis buffer D optimized 

for the requirements of DNase I (see Materials and Methods). Full length tagged 
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Rad 13 protein could be detected in untreated extract prepared from RO303.1 

(rad13-TAP) (lanes 2 and 6). Incubation with DNase I at a concentration of 

0.1mg/ml led to a marked decrease of full length Rad13 with the concomitant 

appearance of a band with the approximate molecular weight of 80kDa (lanes 3 

and 7), suggesting DNase I dependent proteolysis of Rad13. Treatment with 

DNase I at a concentration of 1 mg/ml resulted in the complete disappearance of 

the signal indicative for full length Rad 13 and its presumable degradation product 

(lanes 4 and 8). Cdc2 could be detected in all samples, suggesting that the 

susceptibility for DNase I treatment was specific to Rad13. After centrifugation of 

the extract to pellet insoluble proteins, an aliquot of the supernatant was run on 

an SOS-PAGE gel and a Western blot was carried out. The TAP-tagged Rad13 

protein could no longer be detected in DNasel treated samples (data not shown) 

indicating that the signal shown in Fig. 31 b stems from chromatin bound Rad13. 

Unchanged levels of Cdc2 could be detected. These results suggest that Rad13 

is mostly DNA bound, requires DNA to be stable, and that unbound Rad13 is 

intrinsically unstable or gets actively degraded. 

3.6.8. Binding properties of Rad13 protein to different resins 

In order to devise a scheme to purify Rad13 to homogeneity we investigated the 

binding properties of tagged Rad13 to different resins commonly used in protein 

purification procedures. Specific binding to a resin and elution of Rad13 under 

rather mild elution conditions (to maintain intact protein complexes) could also 

provide an alternative to one of the steps of the tandem affinity purification 

procedure. 

3.6.8.1. Binding of Rad13 to Heparin 

Because of its negatively charged surface, heparin is commonly used for the 

purification of DNA binding proteins. Cell extract of the strain RO303.1 was 

prepared as described in section 2.2.2.17 using a Freezer Mill and applied to a 

Heparin column on a fast protein liquid chromatography (FPLC) system as 
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described in Materials and Methods. A lot of Rad13 could be detected in the flow 

through (Fig. 32, lower panel, lane 2), reflecting either unfavourable binding 

conditions or an insufficient binding capacity of the column. The latter could be 

addressed by using columns holding a larger volume of Heparin. The tagged 

Rad13 protein eluted over a wide range of NaCl concentration (Fig. 32, lower 

panel). The elution of full length Rad13 as well as its presumable degradation 

products peaked in fractions 13-16 (lanes 17-20) at a salt concentration of 

600mM to 800mM. The silver staining shown in the upper panel of Fig. 32 

revealed that the bulk of proteins bound to the resin eluted at milder conditions. 

The high salt concentration would likely disrupt weak protein interactions and 

could therefore be used to dissociate Rad13 from putative protein complexes and 

to remove unrelated proteins. This would be required to purify Rad13 to 

homogeneity for in vitro experiments. Since only a minor amount of Rad 13 elutes 

at lower salt concentrations, the application of Heparin for the purification of 

protein complexes would rather be unsuitable. 

3.6.8.2. Binding of Rad13 to Mono Q 

Next we checked the binding of Rad13 to an ion exchange matrix. Because the 

isoelectric point of Rad13 is at pH 4.8, the protein would be negatively charged in 

a buffer with the more physiological pH 7.6. We therefore used Mono Q as an 

anion exchanger. Cell extract was applied to a Mono Q HR 5/5 column and 

bound proteins were eluted with a continuous NaCl gradient from 50mM to 

500mM. The column was then washed with buffer containing 1 M NaCl. The 

result is shown in Fig . 33. Again, a considerable amount of unbound Rad13 can 

be detected in the flow through (lane 2). The majority of bound Rad13 eluted in 

fractions 6-8 (lanes 11-13) as detected on the Western Blot, together with many 

other bound proteins (as visualized by silver staining). A purification procedure 

with a stepwise elution would be conceivable: after a first elution step at 250mM 

NaCl, Rad13 could be eluted by increasing the salt concentration to 350-400mM, 

potentially leaving strong protein-protein interactions unaffected. Elution of 

Rad13 under these conditions, combined with the high binding capacity of larger 
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columns, renders ion exchange with Mono Q a suitable step in procedures to 

purify Rad13 and Rad13 containing complexes. 

We also asked if Rad13 eluted from Heparin could be further purified by Mono Q. 

The salt concentration of the Heparin fraction with a NaCl content of 725mM 

(lane 19 in Fig. 32) was adjusted to 50mM, and the sample was loaded on the 

Mono Q HR 5/5 column. Bound proteins were eluted with a NaCl gradient from 

50mM to 500mM. Western blotting revealed that Rad 13 eluted at a salt 

concentration of 275-375mM (Fig. 34). However, comparison with lane 19 in Fig. 

32 upper panel shows that the subsequent application of Mono Q to the Heparin 

fraction does not lead to a considerable removal of other proteins. Thus, the 

combination of these two resins does not considerably improve purification. 

3.6.8.3. Binding of Rad13 to a phenyl superose column 

Next we tested if Rad13, eluted from Heparin with high salt, could be further 

purified using hydrophobic interaction chromatography (HIC). The salt 

concentration of the Heparin fraction with a NaCl content of 775mM was adjusted 

to 1 M, the sample was loaded to a phenyl superose column, bound proteins were 

eluted with a decreasing salt gradient, followed by washing the column with a low 

salt buffer. Fig . 35a shows that Rad13 eluted at a salt concentration below 

430mM. A significant amount of Rad13 is also present in the first two fractions 

collected while washing the column with a buffer containing 1 0mM NaCl. That 

most Rad13 elutes with the bulk of the bound proteins renders HIC not feasible 

for further purification of Rad13 after an initial purification step on Heparin. 

3.6.9. Ammonium sulphate precipitation 

Ammonium sulphate precipitation is a commonly used technique to enrich the 

sample for the protein of interest and to remove unwanted proteins. Using three 

ammonium sulphate concentrations (25%, 50% and 75%) we determined at 

which concentration the tagged Rad 13 protein precipitates. Whole cell extract 

was ultracentrifuged, the supernatant was removed and ammonium sulphate in 
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powder form was added to the supernatant to a final concentration of 25% (w/v). 

After centrifugation, the supernatant was removed and ammonium sulphate was 

added to a final concentration of 50% (w/v). The procedure was repeated once 

more, to obtain an ammonium sulphate concentration of 75%. The pellets were 

solubilised and separated by SOS-PAGE. Fig. 35b shows that the majority of 

Rad13 precipitates at an ammonium sulphate concentration of 25-50%. 

3.6.10. Overexpression of Rad13 

In order to purify protein complexes, the endogenous expression level of Rad13 

should be maintained. However, to purify a sufficient quantity of homogeneous 

Rad13 for in vitro assays, a higher expression level is desirable. As shown above 

the cellular amount of Rad13 is low (Fig. 30). We therefore attempted to 

overexpress Rad13 from the expression vectors pREP2 and pREP42 (Maundrell 

1990, Basi et al. 1993). However, we were unable to clone the tagged rad13+ 

gene into these vectors. All plasmids recovered from E.coli clones were of 

smaller size than the pREP vectors, and had lost the Ndel restriction site which 

was used for cloning (data not shown). Since we have successfully cloned an 

untagged rad13 gene into the pFA6a-3HA-kanMX6 vector, it is unclear whether 

the TAP tagged rad13+ sequence is somehow refractory to cloning into a pREP 

vector or if it interferes with the propagation of the vector in the E.coli host strain. 

We then constructed strains where the TAP tagged rad13+ gene is expressed 

from its endogenous locus, but under the control of the nmt1 or nmt41 promoter 

(Maundrell 1990, Basi et al. 1993). A schematic representation of the 

construction scheme is given in Fig. 36a. Two PCR fragments were generated 

using the plasmids pFA6a-natMX6-P3nmt1 or pFA6a-natMX6-P41 nmt1 (Van 

Driessche et al. 2005) as templates. These plasmids bear a construct consisting 

of the nourseothricin resistance cassette (Hentges et al. 2005) and the thiamine 

regulatable S.pombe promoter nmt1 (pFA6a-natMX6-P3nmt1 ) or nmt41 (pFA6a

natMX6-P41 nmt1 ). These fragments were then fused to fragments encoding the 

rad13 promoter and part of the open reading frame starting with the start codon, 
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and transformed into the strain RO303.1. Strains overexpressing Rad13 were 

grown in EMM in the absence or presence of thiamine. The strains RO303.1 

(with the tagged rad13+ gene under the control of its endogenous promoter) and 

RO100 (with the untagged rad13+ gene under the control of the nmt41 promoter) 

were used as controls. The amount of soluble Rad 13 was checked by Western 

blot (Fig. 36b). Under conditions of full expression (i.e. no thiamine, lane 1 ), the 

expression level of full length Rad 13 under the control of the stronger nmt1 

promoter (lane 1) was similar to the expression level of full length Rad13 if 

expressed from the nmt41 promoter (lane 5). However, the amount of some of 

the faster migrating bands, likely degradation products, was higher in lane 1. No 

signal could be detected in cell extract from the strain expressing untagged 

Rad13 from the nmt41 promoter (lane 4). The presumable degradation products 

produce a distinct band pattern which we also observed in cell extract 

preparations from strains expressing Rad 13 from its endogenous promoter, as 

well as in elution fractions from gel filtration (see below). This suggests that 

Rad13 is intrinsically unstable rather than that its protein level is downregulated 

by proteolytic cleavage. Addition of thiamine to a final concentration of 0.05µM 

only had a minor effect on expression from the stronger promoter (lane 2), while 

a noticeable decrease in the Rad13 level occurred under fully repressed 

conditions (lane 3) . In contrast, the presence of thiamine in the media repressed 

expression driven by the nmt41 promoter to a great extent. Only a very faint 

signal could be detected on the Western Blot (Fig. 36b, lanes 6 and 7). However, 

an overnight exposure revealed a certain expression level even under repressed 

conditions (Fig. 36c) . The amount of Rad13 expressed from its endogenous 

promoter was too low to be detected on the short exposure (Fig. 36b, lane 8). 

While no full length protein but degradation products could be detected on the 

long exposure, the signal seemed to be even weaker than for the nmt41 driven 

expression under repressive conditions (Fig. 36c). Only weak bands migrating at 

the expected size of tagged and untagged Rad13 could be detected on a silver 

stained gel (data not shown). 
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3.6.11. Size exclusion chromatography 

Employing different experimental techniques, interactions of XPG with PCNA 

(Gary et al. 1997, Mocquet et al. 2008), RNA polymerase II (Sarker et al. 2005), 

CSB (Iyer et al. 1996, Sarker et al. 2005) and TFIIH (Iyer et al. 1996, Winkler et 

al. 2001 , Thorel et al. 2004, Dunand-Sauthier et al. 2005, Sarker et al. 2005, 

lotter et al. 2006, Ito et al. 2007, Mocquet et al. 2008) have been reported. Thus, 

we attempted to see if Rad13 forms part of a protein complex in an NER

proficient and NER-deficient strain by using size exclusion chromatography. Our 

genetic data suggest that Swi10 and Rhp14 have NER-independent functions in 

response to a variety of DNA damaging agents. Furthermore, Marti et al. (2003) 

showed that the concomitant deletion of rhp41+ and rhp42+ abolishes both 

subpathways of NER, global genome and transcription-coupled repair. We 

therefore decided to use this double deletion to provide an NER-deficient genetic 

background in subsequent experiments. Surprisingly, the rhp41 rhp42 double 

deletion strain was more sensitive than the rad13 single mutant upon chronic 

treatment with MMS (data not shown). However, the rad13 rhp41 and rad13 

rhp41 rhp42 mutants were as sensitive as the rhp41 rhp42 double mutant, 

indicating epistasis. A strain with the tagged rad13+ gene was crossed with a 

rad13 rhp41 rhp42 triple mutant, and successful integration of the tagged allele at 

the rad13 locus in an rhp41 rhp42 deletion background was checked by PCR. 

We first prepared extracts from untreated NER-proficient and NER-deficient 

strains. 500 µI (2% of the column volume) of ultracentrifuged soluble extracts with 

10 mg of total protein were loaded on a Superdex 200 column. In both samples 

the elution of Rad 13 peaked in fractions 6 and 7 in the void volume as 

determined by Dextran 2000 (Fig. 37a). A weaker signal was detected in 

fractions 8-11 . This suggests that Rad 13 is part of a high molecular weight 

complex, both in NER-proficient and -deficient backgrounds. When exponentially 

growing cells were treated with 0.06% MMS for 75 minutes, a slightly altered 

elution profile of Rad13 could be observed (Fig . 37b). Rad13 molecules still 

eluted with the void volume, but an increased amount of Rad13 could be 
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detected in fractions 8 to 10 when compared with fraction 7. This indicates that 

treatment with MMS dissociates some Rad13 from the putative complex seen in 

untreated cells. Next we tested the stability of the complex by treatment with high 

salt concentrations. Therefore, cell extract from the NER-deficient strain was 

prepared with buffer containing either 0.5 M or 1 M NaCl, and loaded on the gel 

filtration column equilibrated with the same buffers. While the salt concentration 

of 0.5 M did not lead to an altered elution profile, 1 M salt caused an increase of 

the Rad 13 signal in fractions 10 and 11, and the signal in fraction 10 was now 

stronger than the signal in the void volume fractions (Fig. 37c), suggesting that 

Rad13 molecules dissociated from the putative complex. However, in all these 

experiments with exposures of the blots to X-ray film for 12 hours, we could not 

detect the monomeric form of tagged Rad 13, expected to elute in fractions 14-16. 

One possibility is that all Rad13 is tightly bound in a protein complex. To address 

this question we carried out the experiment with extract from the strain RO361 , 

where the tagged Rad13 is expressed at its endogenous locus from the nmt41 

promoter (see above). The extract was either left untreated (100 mM NaCl) or 

adjusted to a final NaCl concentration of 1 M and incubated for one hour prior to 

loading on the column. Already an exposure of the Western blot for a few 

minutes gave a clear signal in fractions 12 and 13 (Fig. 37d, uppermost panel). 

On an exposure for 30 minutes, Rad13 could also be detected in later fractions 

(second panel from top). Incubation with 1 M NaCl had little effect on the elution 

profile and did not further increase the amount of monomeric Rad13 (Fig. 37d) 

bottom panels). Since expression from the nmt41 promoter only leads to a 

moderate overexpression, it could still be possible, that most Rad13 is bound in 

protein complexes. 

The experiment could also be carried out with the N-terminal deletion mutant of 

Rad 13. In this mutant, the N-terminal nuclease domain and two thirds of the 

spacer region are deleted. The spacer region of XPG has been shown to be 

important for protein-protein interactions. In analogy to this, we would expect that 

the truncated Rad13 protein is impaired in protein complex formation, and that 

this would lead to the disappearance of the signal in early elution fractions. 
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Since we observed putative epistasis of the rad13 and mus81 deletions in 

response to MMS, it could be possible that Rad 13 and Mus81 are part of the 

same protein complex acting on the MMS induced lesion. It would therefore be 

worthwhile to carry out a size exclusion experiment in a mus81 background, with 

and without MMS treatment. 

3.6.12. Adaptation of the TAP procedure 

In order to identify putative protein interaction partners of Rad13, we attempted to 

purify protein complexes by tandem affinity purification with C-terminally TAP

tagged Rad13. Foremost, we aimed at establishing the first affinity step of the 

purification procedure which consists of adsorption of the tagged Rad 13 protein 

in whole cell extract to lgG coated magnetic beads, followed by cleavage with 

TEV protease. We precleared cell extracts of the rad13-CTAP strain (RO303.1) 

and an untagged control strain by centrifugation in an SS34 rotor, and incubated 

the supernatant with lgG coated beads. The bead-to-protein content ratio was 

2.5· 105 beads / mg total protein of the extract, as suggested by a protocol which 

has been successfully used to identify COP9 signalosome subunits (C. Liu, 

personal communication). After collection and washing of the beads with 

washing buffers of different ionic strength and subsequent cleavage with TEV 

protease, the eluates were precipitated, run on SOS-PAGE gel and visualized by 

silver staining. Aliquots of samples of each step of the purification were analyzed 

by SOS-PAGE and Western blotting or silver staining. Western blotting indicated 

that some Rad13 which has bound to the beads was lost during washing of the 

beads, and we were repeatedly unable to detect on silver stained gels a band 

indicative of tagged Rad13 in the eluate. We carried out a control purification with 

extract containing TAP-tagged Rad50. In the eluate obtained from extract with 

the rad50-TAP strain , a distinct band of the expected size of 170 kOa could be 

seen, which was not present in the eluate of wild-type cells (Fig. 38a). We then 

carried out purification experiments in parallel with extracts from the csn2-TAP 

strain, an untagged control strain and the rad13-TAP strain. Again, some Rad13 

was lost while washing the beads while only minor losses for Csn2 occurred, as 
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observed by Western blotting (data not shown). We observed a distinct band 

pattern in the Csn2-eluate not present in the other protein preparations (data not 

shown). These experiments indicated that either an insufficient amount of tagged 

Rad 13 was captured in the first affinity step, and/or the binding of Rad 13 to the 

beads was not strong enough to withstand the washing procedure. Since we also 

noted that unspecific binding of untagged proteins to the beads lead to a 

considerable background, reducing the ionic strength of the washing buffers or 

reducing the number of washing steps was not feasible. To prevent substances 

like lipids from interfering with binding of Rad 13 to the beads, we further cleared 

the extract in subsequent preparations by ultracentrifugation and the supernatant 

was removed with leaving the lipid layer at the top undisturbed. Samples of the 

supernatants and the pellets before and after ultracentrifugation were taken and 

analyzed by Western blotting and on an agarose gel. We noticed that a 

considerable amount of Rad13 pelleted with the majority of DNA during 

ultracentrifugation (data not shown). The average size of DNA fragments in the 

supernatant after ultracentrifugation was 2-2.3 kb. In order to capture more 

Rad13 we aimed at optimising the ratio of bead-to-protein content. We prepared 

extracts from the rad50-TAP and rad13-TAP strains and incubated aliquots of the 

supernatants (each 1 mg of total protein) with an increasing amount of lgG 

coated beads. Although affinity capture allowed enrichment for Rad 13 and to 

some extend compensated for its low expression level, generally less Rad13 

than Rad50 was bound to the beads (Fig . 38b). While increasing the number of 

beads from 1·105 to 2.5·106 lead to significantly more bound tagged protein , 

another 5-fold increase of beads did not considerably increase the amount of 

captured protein. Based on this observation and bearing economical reasons in 

mind, further experiments were carried out with a bead-to-protein content ratio of 

2.5·106 
/ mg total protein . 

We aimed at purifying Rad 13 containing protein complexes both from an NER

proficient (rad13-TAP) and NER-deficient (rad13-TAP rhp41 L1 rhp42L1) strain. An 

untagged control strain (rhp41 L1 rhp42L1) served as a control. We applied the so 

far amended protocol of the first affinity purification step to extracts prepared 
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from twenty liters of logarithmically growing cells of these strains. The result is 

shown in Fig. 38c. A prominent band of around a 170 kDa (denoted by an arrow) 

can be seen only in samples obtained from the tagged strains. These bands 

were analyzed by mass spectrometry and identified as Rad 13. The bands 

denoted by dashed arrows were identified as Rad 13 degradation products. Minor 

differences in the band pattern obtained with samples from the tagged strains 

could be detected. However, these bands were too faint and the background too 

high to yield reliable mass spectrometry data. Furthermore, we observed that a 

considerable amount of Rad13 was still bound to the beads (data not shown). It 

was unclear whether this resulted from insufficient cleavage of the tag by the 

TEV protease or if Rad 13 unspecifically bound to the beads after cleavage. In 

subsequent experiments the TEV cleavage buffer was supplemented with 0.1 % 

lgepal CA-630 to reduce non-specific adsorbtion of TEV cleaved Rad 13 to the 

lgG coated beads, and the amount of TEV protease and the incubation time for 

the cleavage step were increased. 

Besides increasing the amount of Rad13 in the eluate, we attempted to further 

increase the amount of Rad 13 bound to the lgG coated beads and to significantly 

reduce the background. This could be achieved by (1) removing unrelated 

proteins prior to binding to lgG, e.g. by ammonium sulphate precipitation of 

Rad13 containing complexes, (2) reducing unspecific binding of not related 

proteins to the beads, (3) improving coating of the beads with lgG, and/or (4) 

carrying out a further purification step after cleavage with TEV protease. We 

have shown in Fig . . 35b that almost all tagged Rad13 precipitates at an 

ammonium sulphate concentration of 50%. Proteins in extract from the rad13-

TAP strain were precipitated with 50% ammonium sulphate, the precipitate was 

dialysed and incubated with lgG coated beads. The eluate from the TEV 

cleavage step was run on a gel and visualized by silver staining. No significant 

reduction of background level could be detected (data not shown). In order to 

reduce unspecific binding of proteins to the beads, we carried out the first affinity 

step in the presence of 250 mM NaCl. This neither decreased the background 

nor increased the amount of Rad13 in the eluate. To improve the bead coating by 
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increasing the amount of covalently linked lgG to the active groups on the beads, 

we performed the coating procedure (a) with three times more lgG, and (b) with 

the standard amount of lgG, but in the presence of 1.2 M ammonium sulphate, 

as suggested by the bead manufacturer. While the latter did not show an effect 

on the amount of captured Rad13, increasing the amount of lgG in the coupling 

reaction lead to a slight increase in the amount of Rad 13 bound to the beads, as 

detected by Western blotting (data not shown). 

We next aimed at establishing the second affinity purification step of the TAP 

procedure. This step consists of incubating the TEV eluate with calmodulin 

coated beads in the presence of calcium ions. Calcium induces a conformational 

change of the calmodulin which then interacts with the calmodulin binding 

domain of the TAP tag through hydrophobic interaction. The protein of interest is 

eluted by addition of EGTA, which chelates the calcium ions and leads to 

reversion of the conformational change of the calmodulin with subsequent 

release of the tagged protein. We first performed this purification step with 

buffers as described in Gould et al. (2004) with one modification: the lgepal CA-

630 was omitted from the elution buffer to avoid interference with mass 

spectrometry. When analyzing the samples on a SOS-PAGE gel we noticed that 

a considerable amount of Rad13 was still adsorbed to the beads (data not 

shown). In further experiments we therefore increased the NaCl concentration in 

the elution buffer to 300 mM, and added the mass spectrometry compatible 

detergent octyl ~-O-glucopyranoside to a final concentration of 1 %. 

3.6.13. Protein complex purification and analysis by mass 

spectrometry 

We envisaged to analyze by mass spectrometry (a) distinct bands cut from a 

SOS-PAGE gel, and (b) entire eluates of a purification (without separating the 

samples on a gel) . 

Cultures with a volume of 100 liters of the tagged NER-proficient (rad13-TAP), 

the tagged NER-deficient (rad13-TAP rhp41L1 rhp42L1) and the untagged control 
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strain (rhp41L1 rhp42L1) were grown to late logarithmic phase. Protein samples 

were prepared with the adapted TAP method as described above and in 

Materials and Methods. For separation on an SOS-gel, samples were prepared 

from whole cell extract obtained from 15-20 liters of culture from each strain. The 

precipitated eluates of three subsequent purifications were pooled and run on an 

SOS-PAGE gradient gel. Bands were excised from the gel as indicated in Fig. 39 

and analyzed by liquid chromatography/tandem mass spectrometry (LC-MS/MS). 

To analyze entire eluates, samples were prepared from 20 liters of culture per 

strain , precipitated and redissolved in mass spectrometry-friendly water. One 

third of the sample was loaded on a gel (data not shown) and two thirds were 

subjected to LC-MS/MS. 

3.6.13.1. Evaluation of data obtained by mass spectrometry from excised 

gel bands 

In all gel slices from all three samples a total of 114 different proteins were 

identified. The data as obtained with the program Scaffold 2 (with which the 

spectra were analyzed) showing the protein identification probability, the number 

of unique peptides and the percent coverage are given in Appendix C. 

All proteins which were also detected in the untagged control sample, were not 

considered for evaluation. After deduction of these proteins, the list was reduced 

to 70 hits and is given in Tab. 5. Rad13 peptides were (a) detected in all gel 

slices from these samples, indicating extensive degradation of Rad13, and (b) 

with about 30 unique peptides identified per gel slice, leading to a coverage of 

about 30%, amongst the most abundant peptides detected. Similar numbers of 

peptides were only found for the fatty acid synthase subunits Fas1 and Fas2, the 

ATP-dependent RNA helicase Sum3, some subunits of the translation initiation 

factor elF3, the heat shock proteins Ssa2 and Hsp70, and the putative 

OEAO/OEAH box helicase with the systematic name SPAC694.02. However, 

Fas2, Sum3 and the heat shock proteins were also found in the control sample. 
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Identification of putative contaminants 

Many of the identified proteins are involved, or are, based on their homology to 

characterized orthologues, predicted to be involved in biological functions like 

stress response (Usp (universal stress protein) family protein, heat shock 

proteins, RNA helicases), cell metabolism (fatty acid synthase (FAS), ATPases, 

Ade9), ribosome biogenesis and synthesis, and maturation and processing of 

rRNA (Rpc82, RNA methyltransferases, Fib1 (fibrillarin), Spb1 , Nuc1 , Rrp5, Mrd1, 

BOP1 NT, Rrp6, Nop2, Gar2, Has1 , Ppp1 , Rpf2 (Brix domain protein), RNAPII 

associated Paf1 complex, DEAD/DEAH box RNA helicases, ribosomal proteins), 

translation (tRNA ligases, translation initiation factors) and vesicular 

trafficking/intracellular protein transport (Nup211, Sec1 , Sec21 , Nog1 , Rix?, Ap14). 

It is difficult to rationalize a function of the DNA repair nuclease Rad13 in these 

biological processes at first glance. It might be that the detection of these 

proteins is due to unspecific interactions with Rad13 in the whole cell extract, 

possibly because of the sheer abundance of some proteins like ribosomal 

subunits. We therefore further analysed the data with the software Biological 

Networks Gene Ontology tool (BiNGO). This program assesses the 

overrepresentation of Gene Ontology categories in a defined set of genes (Maere 

et al. 2005). It basically answers the question "when sampling X genes (test set) 

out of N genes (reference set, either a graph or an annotation), what is the 

probability that x or more of these genes belong to a functional category C 

shared by n of the N genes in the reference set?" (cited from Maere et al. 2005). 

This analysis showed that many proteins detected in our sample preparations 

and which are annotated to the above mentioned biological processes are indeed 

overrepresented (data not shown), suggesting that their co-purification with our 

protein of interest is probably based on unspecific protein interactions. Also, 

several tRNA ligases and metabolic proteins, as well as ribosomal proteins, were 

detected in the control sample, further supporting the hypothesis of a potentially 

unspecific immunoprecipitation of these proteins. Furthermore, heat shock 

proteins and proteins involved in general cellular metabolism, as well as dozens 

of proteins involved in ribosome biogenesis and protein synthesis were identified 
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in control samples in two large studies aiming at the systematic identification of 

protein complexes in S.cerevisiae (Gavin et al. 2002, Ho et al. 2002). Two of 

these proteins, for example, are Fas1 and Fas2, the subunits of the fatty acid 

synthase FAS. Fas1 was identified in our study (gel slice 1), with 31 unique 

peptides detected in the samples from both tagged strains. Interestingly, while 

purifying a strand exchange activity from S.pombe, Kaeslin and Heyer (1994) 

identified FAS as a mediator of strand exchange in vitro. However, the 

S.cerevisiae homologue of fission yeast FAS shows no meiotic phenotype. 

Moreover, strains mutated in one of the two subunits of S. cerevisiae FAS show 

an absolute requirement for saturated long-chain fatty acids, clearly implying FAS 

in fatty acid metabolism (references in Kaeslin and Heyer, 1994). This questions 

an in vivo role for FAS in homologous pairing and strand exchange, and a link 

between fatty acid synthesis and DNA metabolism is indeed not obvious. This, 

together with our observation that the Fas2 subunit was also found in our control 

sample, led us to reject FAS as a putative interaction partner for Rad13. 

Some proteins detected in our sample preparations and without a biological 

function in conjunction with a repair nuclease being readily identifiable (like RNA 

helicases), still deserve further consideration. Based on available data from 

S.pombe, S.cerevisiae and human cells, they might be meaningful and of 

biological significance within the context of putative interaction partners for 

Rad 13, and are mentioned below and discussed in the next chapter. 

DEAD/DEAH box RNA helicases 

Besides being involved in RNA processing, remodeling of ribonucleoprotein 

complexes, ribosome biogenesis, nucleo-cytoplasmic transport of mRNA (Linder 

2006) and probably stress response (Chalupnikova et al. 2008), DEAD/DEAH 

box helicases have been implicated in transcriptional regulation in mammalian 

cells (reviewed in Fuller-Pace 2006). We detected four RNA helicases in our 

samples. While the RNA helicase Sum3 (with the synonyms Ded1 , Slh3, Moc2) 

was also detected in the untagged control sample, the three DEAD/DEAH box 

helicases Slh1 (gel slice 1), Has1 (slice 7) and the helicase encoded by the gene 
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with the systematic name SPAC694.02 (slice1), were only found in samples 

prepared from the tagged strains. 15 and 26 unique peptides of the latter gene 

product were detected in samples prepared from the NER-proficient and -

deficient strain, respectively. Apart from being possible contaminants or resulting 

from a stress response, these helicases might point towards a role for Rad13 in 

transcription. 

A putative Paf1-complex subunit 

With SPBC13E7.08 (gel slice 7), we detected an orthologue of S.cerevisiae Leo1 , 

which is a component of the Paf1 complex (Krogan et al. 2002). The Paf1 

complex has been implicated in transcription in budding yeast (Shi et al. 1996, 

Wade et al. 1996, Krogan et al. 2002, Squazzo et al. 2002) and in humans 

(reviewed in Mosimann 2006). In S.cerevisiae, the Paf1 complex is required for 

expression of a subset of genes, including PUR5 and the galactose-inducible 

genes GAL 7 and GAL 10 (Shi et al. 1996, Shi et al. 1997, Squazzo et al. 2002). 

Notably, these are the genes which showed reduced expression levels in a rad2 

mutant in the study by Lee et al. (2002a). 

It should be noted, that all subunits of the S.cerevisiae Paf1 complex have been 

found in the control sample in the proteome study conducted by Ho and 

coworkers (2002) employing a one-step purification strategy with the Flag 

epitope. However, although Gavin and colleagues (2002), who based their 

protein purification on a two-step TAP strategy, detected Fas1 , heat shock and 

ribosomal proteins as contaminants, none of the Paf1 complex subunits were 

found in their control purifications. This might indicate that the Leo1 protein we 

detected does not necessarily constitute a contamination. 

Proteins involved in RNA maturation and ribosome bioqenesis 

Recent reports indicate a posttranscriptional role for the Paf1 complex in gene 

regulation through RNA 3'end formation and RNA maturation (Penheiter et al. 

2005, Sheldon et al. 2005, Zhu et al. 2005, Nordick et al. 2008). This, and 

observations discussed in the next chapter, render it conceivable that Rad13 
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might be involved in posttranscriptional regulation of gene expression. This might 

then probably explain the detection of Nuc1 (DNA-directed RNA polymerase I 

complex large subunit), fibrillarin and Gar2 (nucleolar proteins involved in pre

rRNA processing), Rrp5 (U3 snoRNP associated protein), Ppp1 (a member of 

the pescadillo family BRCT domain proteins involved in ribosome biogenesis), 

Rpf2 (putatively involved in rRNA processing and ribosome biogenesis), Spb1 

and Nop2 (rRNA methyltransferases), Cdc5 (associates with U2, US and U6 

snRNAs and is required for pre-mRNA splicing), Rrp6 (exosome component), 

RNA binding protein Rbp28, and Rpc82 (DNA-directed RNA polymerase Ill 

complex subunit) . 

Transcription factor TFIIH core subunits 

The three TFIIH core subunits Ptr8 (gel slice 6), Tfb1 (slice 8) and Tfb4 (slice 10) 

were co-purified from the preparations of the NER-proficient and -deficient strains. 

This suggests that Rad13 interacts with TFIIH in an NER-independent manner or 

that Rad13 exists with TFIIH in a preassembled complex. That the TFIIH 

subunits were present in substoichiometric amounts compared to Rad13 might 

be due to transient interaction of Rad13 with TFIIH, or that this interaction is 

rather weak and did not withstand the purification procedure. Alternatively, only a 

subset of Rad13 molecules might interact with TFIIH. Equal numbers of unique 

peptides of Ptr8 were found in the samples from both tagged strains. Slightly 

more unique peptides of Tfb1 and Tfb4 were found in the samples from the NER

deficient strain . While eleven unique peptides of Rad16, one of the subunits of 

the heterodimeric nuclease carrying out the 5' incision during NER, were found in 

the preparation from NER-proficient cells, only three unique peptides were 

detected in the sample obtained from the NER-deficient strain (slice 5). Rad 1, the 

S.cerevisiae homologue of fission yeast Rad16, was shown to form a complex 

with Rad10 (Bailly et al. 1992, Bardwell et al. 1992, Bardwell et al. 1993). 

However, we did not detect any peptides of the S.pombe orthologue Swi10. An 

NER-independent interaction of Rad1 3 with TFIIH renders an involvement of 

Rad 13 in transcription conceivable. However, we did not detect any components 
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of the catalytic subunit of TFIIH, which phosphorylates the C-terminal domain 

(CTD) of the largest subunit of RNA polymerase II (Akoulitchev et al. 1995). It is 

interesting to note, that TFIIH has also been implicated in RNA polymerase I

dependent transcription (Hoogstraten et al. 2002, lben et al. 2002). 

Arp5, a putative subunit of the INO80 complex 

We detected one and four unique peptide(s) of Arp5 (gel slice 6) in samples from 

the NER-proficient and NER-deficient strain , respectively. Its homologues in 

S.cerevisiae and humans are subunits of the INO80 complex, also called 

INO80.com (Shen et al. 2000, Jin et al. 2005). While the yeast lno80 complex 

shares some subunits with the chromatin remodeling SWR1 complex and with 

the NuA4 histone acetyltransferase complex, the subunit Arp5 is specific to the 

INO80 complex (Bao and Shen 2007). This complex is involved in several 

diverse biological processes (reviewed in Conaway and Conaway 2008). Several 

studies have implicated the INO80 complex in transcription, both in budding 

yeast and in human cells. Moreover, INO80.com is involved in DSB processing, 

shows chromatin remodeling activities and recruits the MRX complex to DSBs. 

Some studies have reported defective DSB resection if subunits of the INO80 

complex have been mutated. Interestingly, INO80.com localizes to origins of 

replication, has a role in replication fork progression and the recovery of stalled 

replication forks, and a subunit of the human INO80 complex binds Y-structured 

DNA and Holliday-junctions in vitro (Cai et al. 2007). Unexpectedly, the complex 

has a function in sister chromatid cohesion, and was shown to be sensitive to a 

microtubule destabilizing drug. That we found peptides of Arp5, Rad50, Mcm7 

and of the cohesin protein Psm3 / Smc3 (see below) in our samples, together 

with our genetic data might indicate a role for Rad13 in a process dealing with 

replication stress. 

Rad50 

The sample prepared from the NER-deficient strain contained seven unique 

peptides of the MRN complex subunit Rad50 (gel slice 3). No such peptides were 
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found in the sample from the NER-proficient strain. The MRN complex is involved 

in DSB repair, DNA damage signaling, and notably has a structural function by 

tethering DSB ends together (Williams et al. 2007). Hartsuiker et al. (2001) 

demonstrated a role for fission yeast Rad50 in replication and that it genetically 

interacts with the cohesin protein Rad21 in reponse to MMS. Their findings led 

the authors to speculate that Rad50 might have a function in the recovery of 

replication after fork collapse. Experiments with Xenopus laevis egg extract 

demonstrated a requirement for Mre11 in restarting collapsed replication forks 

(Trenz et al. 2006). Unexpectedly, a rad50 mutant displayed a spindle checkpoint 

defect if combined with the tubulin mutant nda3-km311 or upon treatment with 

microtubule destabilizing drugs. Furthermore, this mutant showed a silencing 

defect in the mating-type region and at the centromere, and a reduced 

recruitment of Swi6 to the outer repeats of the centromere (H. Raji , PhD thesis, 

2008). 

Cohesin protein Psm3 / Smc3 

Cohesins are important for sister chromatid cohesion, proper chromosome 

segregation during mitosis, recombinational DNA repair, and function in the 

attachment of chromosomes to the spindle (Onn et al. 2008) . The cohesin protein 

Psm3 / Smc3 (gel slice 3) was detected in our sample from the NER-deficient 

strain, although only four unique peptides could be distinguished. Psm3 forms a 

complex with the cohesin proteins Rad21 and Psm1 which were found to localize 

to the outer centromeric regions (Tomonaga et al. 2000) . In two studies carried 

out in S.cerevisiae, Lengronne and coworkers found , that transcription leads to 

relocation of cohesin to the 3' end of a transcribed gene, and that certain proteins 

required for sister chromatid cohesion located to or travel with the replication fork 

(Lengronne et al. 2004, 2006). 

Condensin subunit Cut14 / Smc2 

Condensins function in mitotic chromosome organization and segregation, and in 

kinetochore-microtubule interactions, but also in non-mitotic processes like 
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transcriptional silencing, single-strand break repair and replication (Legagneux et 

al. 2004, Hirano et al. 2005, Heale et al. 2006). Twelve unique peptides of Cut14 

I Smc2 (slice 3) were identified in the extract prepared from the rhp41 rhp42 

double mutant, but none in the sample from the NER-proficient strain. Cut14, an 

SMC (§.tructural maintenance of _ghromosome) condensin subunit, has been 

shown to be required for chromosome condensation and segregation during 

mitosis (Saka et al. 1994). Purified Cut14 also displayed DNA renaturation 

activity (Sutani and Yanagida 1997). In this context it is interesting to note, that 

fission yeast Cnd2, another condensin subunit, is involved in Cds 1-mediated 

checkpoint activation in the presence of hydroxyurea (Aono et al. 2002). Cds1 is 

one regulator of Mus81 activity (Kai et al. 2005). Furthermore, cnd2-1 rad13 and 

cnd2-1 uve1 double mutants showed a synergistically increased sensitivity to UV 

compared to either single mutant (Aono et al. 2002). 

The spindle checkpoint component Alp14 / Mtc1 

In both samples from the tagged strains we found peptides of Alp14 / Mtc1 (slice 

6), a spindle checkpoint component. An a/p14 mutant is defective in bipolar 

spindle formation and chromosome segregation, and the alp14 mutation is 

epistatic with a mad2 mutation in response to the microtubule depolymerizing 

agent thiabendazole (Garcia et al. 2001) . Alp14 localizes to the kinetochore 

periphery, mitotic spindles and spindle poles and is required for the attachment of 

kinetochores to the spindles (Garcia et al. 2001 , 2002). 

The RNA binding protein Vgl1 / Vigilin 

Ten and fifteen unique peptides of the predicted Vigilin protein (slice 3) were 

found in the samples from the NER-proficient and -deficient strain, respectively. 

Vigilin is an RNA binding protein conserved from yeast to mammals, and has 

recently been implicated in heterochromatin formation (Zhou et al. 2008). Vigilin 

binds the histone methyltransferase SUV39H1 , which methylates histone H3 on 

lysine 9; H3K9 methylation serves as a binding site for the heterochromatin 

protein 1 (HP1) (Zhou et al. 2008, and references therein). In fission yeast, Swi6 
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is a HP1-like protein which localizes to regions of heterochromatin including 

centromeres, telomeres and the mating-type loci (Ekwall et al. 1995, and 

references therein). It is of interest in this context, as mentioned above, that a 

rad50 mutant was defective in recruiting Swi6 to the outer repeats of the 

centromere and in silencing at the centromere and the mating-type locus (H. Raji , 

PhD thesis, 2008). 

Mcm7 

Peptides of the replication factor Mcm7 (Liang and Forsburg 2001) were present 

in both tagged samples (gel slice 6), although more unique peptides were found 

in the sample from the rhp41 rhp42 mutant. XPG physically interacts with PCNA 

(Gary et al. 1997, Mocquet et al. 2008). Parlanti et al. (2007) reported the 

isolation of a protein complex containing base excision repair/single-strand break 

repair proteins, replication proteins including MCM7, and cyclin A. Our finding 

that MCM7 co-purifies with Rad 13 could be indicative for an involvement of 

Rad13 in replication-associated BER. 

Rad24, a 14-3-3 protein 

In gel slice 10 we detected peptides of Rad 24. This protein has been identified as 

a DNA damage checkpoint protein in fission yeast, with a function in the 

regulation of mitotic entry (Ford et al. 1994). Rad24 associates with Cdc25, 

thereby effecting the relocation of Cdc25 to the cytoplasm in response to DNA 

damage (Lopez-Girona et al. 1999), with Chk1 (Dunaway et al. 2004), and with 

the phosphatase Clp1/Flp1 to maintain its cytoplasmic localization in response to 

cytokinesis defects (Mishra et al. 2005). Flp 1 localizes to kinetochores, the 

spindles and spindle pole bodies, and is required to prevent sister chromatid 

cosegregation (Trautmann et al. 2004). Additionally, Flp1 acts in the checkpoint 

response to replication stress incurred by hydroxyurea by regulating the protein 

level and activity of Cds1 (Diaz-Cuervo and Bueno 2008). Moreover, the release 

of Flp1 from the nucleolus was dependent on Cds1 and Rad24, and the physical 

association of Rad24 with Flp1 increased with time during treatment with HU 
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(Diaz-Cuervo and Bueno 2008). If the co-precipitation of Rad24 with tagged 

Rad13 is indicative of an involvement of Rad13 in the cellular response to 

replication stress or in cytokinesis remains speculative at the time being. 

Nucleocytoplasmic transport proteins 

The TFIIH core subunit Ptr8, which encodes the fission yeast homologue of 

human XPB, has recently been implicated in nucleocytoplasmic transport of 

mRNAs (Mizuki et al. 2007). We also detected the ATPases Elf1 (slice 3) and 

Rix? (slice 6), which are involved in this process (Kozak et al. 2002). As 

mentioned above, some RNA helicases play a role in mRNA export from the 

nucleus to the cytoplasm. This might provide an alternative explanation for the 

detection of RNA helicases, and probably also for the nuclear pore complex 

associated protein Nup211 and the SNARE binding protein Sec1 , implicated in 

membrane fusion, in our sample preparations. 

3.6.13.2. Evaluation of data obtained by mass spectrometry from entire 

samples 

Analysis by LC-MS/MS detected peptides of 34 different proteins (data not 

shown). Three of them were also detected in the control sample. With 15 and 26 

unique peptides detected in the samples prepared from the tagged NER

proficient and -deficient strain, respectively, Rad 13 was the most abundant 

protein in the samples. The other proteins identified were heat shock proteins, 

several subunits of translation initiation factor elF3, ribosomal proteins and 

proteins involved in cellular metabolism (data not shown). For reasons outlined 

above, these proteins likely constitute contaminants due to unspecific protein 

interactions. 

3.6.13.3. Summary 

We optimized the TAP method for the purificiation of proteins interacting with 

tagged Rad 13. Analysis by mass spectrometry identified proteins involved in 

diverse biological functions. While proteins with a role in ribosome biogenesis, 
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protein synthesis and cellular metabolism most likely constitute contaminants, we 

identified proteins involved in transcription , replication , heterochromatin formation, 

spindle checkpoint and chromosome segregation. A schematic depiction of the 

detected proteins and the processes they are involved in is given in Fig. 40. 

Based on genetic data presented in this study and in the literature, a role of 

Rad13 in some of these processes might be conceivable, and deserves further 

genetic and biochemical investigation. 
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Fig. 28. C-terminal TAP-tagging of Rad13. Schematic depiction of the strategy to tag Rad13 with 

a C-terminal tandem affinity purification (TAP) tag. The PCR fragments fRK75, fRK76 and fRK77 

were generated in independent PCR reactions. Fragment fRK75 is homologous to the rad13 

open reading frame (ORF) immediately upstream of the stop codon, and has a small overlap with 

fragment fRK76. This fragment was generated using the plasmid pFA6a-CTAP-MX6 as a 

template. This plasmid bears a construct consisting of the Calmodulin-binding domain (CBD), the 

Tobacco Etch Virus (TEV) protease cleavage site, two copies of the Staphylococcus aureus 

Protein A units and the kanamycin resistance cassette. Fragment fRK77 is homologous to the 3· 

untranslated region (UTR) of rad13, and has a small overlap with fragment fRK76. In subsequent 

fusion PCRs, the three fragments were combined, yielding the linear fragment fRK81, which was 

used for transformation. The primers used are given as arrows above and below the bars 

representing the fragments. The diagram is not drawn to scale. 
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Fig. 29. Functionality and expression of C-terminally TAP-tagged Rad13. a) The rad13-CTAP 

strain was checked for sensitivity to UV and MMS. Serial dilutions of cells grown to stationary 

phase were spotted on YEA containing MMS or spotted on YEA and either irradiated with the 

indicated doses of UV or left untreated (control). b) Western blot to detect expression of C

terminally tagged Rad13 protein. Trichloroacetic acid precipitated extracts of several clones of the 

strain RO303 were run on a 6% polyacrylamidgel and probed with an antibody against the protein 

A part of the tag. 
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Fig. 30. Qualitative comparison of the expression levels of Rad13 and Rad50. Soluble extracts of 

an untagged control strain (lane 1 ), C-terminally tagged rad13+ strain (lane 2) and N-terminally 

tagged rad50+ strain (lane 3) were run on a 10% SOS-PAGE gel. The TAP tagged proteins were 

detected with an antibody against the protein A domain of the tag (upper panel). The molecular 

weight marker is given to the right. Cdc2, detected with an anti-Cdc2 antibody, served as a 

loading control (lower panel). 
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Fig. 31 . Stability of Rad13 upon DNasel treatment. a) Treatment of cell extract with DNasel 

effectively decreased the average DNA fragment size. Cell extracts were prepared from an 

untagged wild-type strain (lanes 1 and 5) or from the strain RO303.1 with the TAP-tagged rad13+ 

gene (lanes 2-4 and 6-8). The extracts were either prepared in Tris buffer (lanes 1-4) or in Tris 

buffer supplemented with MgCl2 and CaCl2 to insure optimal activity of DNasel (lanes 5-8). 

Aliquots of untreated (lanes 1, 2, 5 and 6) and DNasel treated (lanes 3, 4, 7 and 8) cell extracts 

were run on an ethidium bromide stained agarose gel. A DNA size standard was run in lane 9, 

and the size of the fragments is given on the right. b) Western blot of untreated and DNasel 

treated cell extracts. The samples and treatments are as in a). Tagged Rad13 was detected with 

an antibody against the protein A domain of the tag (upper panel). Cdc2, detected with an anti

Cdc2 antibody, served as a loading control (lower panel). The size of protein size standards is 

given on the right. 
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Fig. 32. Binding of Rad13 to Heparin. Whole cell extract was applied to Heparin and eluted with a 

NaCl gradient. Aliquots of the extract, flow through, wash fractions and elution fractions were run 

on an 10% SOS-PAGE gel , and either silver stained (upper panel) or analyzed by Western blot 

(lower panel) . Rad13 was detected on the Western blot with an antibody against the protein A 

domain in the tag. The size of the bands of a protein size marker is given on the left of the gels. 

Lane M (upper panel only), size marker; lane 1, Input (I); lane 2, flow through (FT); lane 3, wash 

fraction 1 (W1) ; lane 4, wash fraction 2 (W2) ; lanes 5-24,. elution fractions. 
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Fig. 33. Binding of Rad13 to Mono Q. Whole cell extract was applied to a Mono Q column and 

eluted with a NaCl gradient. Aliquots of the extract, flow through, wash fractions, elution fractions 

and wash fractions containing 1 M NaCl were run on an 10% SOS-PAGE gel, and either si lver 

stained (upper panel) or analyzed by Western blot (lower panel). Rad13 was detected on the 

Western blot with an antibody against the protein A domain in the tag. The size of the bands of a 

protein size marker is given on the left of the gels. Lane M (upper panel on ly), size marker; lane 1, 

Input (I); lane 2, flow through (FT); lanes 3-5, wash fractions 1 (W1), 2 (W2) and 3 (W3); lanes 6-

15, elution fractions; lanes 16-18, wash fractions (HS1_3) with buffer containing 1 M NaCl. 
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Fig. 34. Binding to Mono Q of Rad13 eluted from Heparin. The salt concentration in the Hep0.75 

fraction was adjusted to 50mM NaCl, loaded on a Mono Q column and eluted with a NaCl 

gradient. Aliquots of the flow through, of a wash fraction, of the elution fractions and of high salt 

washes were run on an 10% SOS-PAGE gel, and either silver stained (upper panel) or analyzed 

by Western blot (lower panel). Rad13 was detected on the Western blot with an antibody against 

the protein A domain in the tag. The size of the bands of a protein size marker is given on the left 

of the gels. Lane M (upper panel), size marker; lane 1, flow through (FT); lane 2, wash fraction 1 

(W 1); lanes 3-12, elution fractions; lanes 13 and 14, high salt wash fractions (HS1.2) containing 1M 

NaCl. 
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Fig. 35. Binding to a phenyl superose column of Rad13 eluted from Heparin, and ammonium 

sulphate precipitation of Rad13. a) The salt concentration in the Hep0.8 fraction was adjusted to 

1 M NaCl, the fraction was applied to a phenyl superose column and eluted with a decreasing 

NaCl gradient. Aliquots of the flow through, wash fractions, elution fractions and low salt washes 

were run on an 10% SOS-PAGE gel, and either silver stained (upper panel) or analyzed by 

Western blot (lower panel). Rad13 was detected on the Western blot with an antibody against the 

protein A domain in the tag. The size of the bands of a protein size marker is given on the left of 

the gels. Lane M (upper panel), size marker; lane 1, flow through (FT); lanes 2-4: fractions of 

washes with high salt buffer (W1.3) ; lanes 5-14: elution fractions; lanes 15-17, fractions of washes 

with low salt buffer (LS1•3). b) Precipitation of tagged Rad13 with ammonium sulphate. The 

concentration (w/v) of ammonium sulphate added is given above the gel. Aliquots of solubilized 

pellets were run on a 6% SOS-PAGE gel and analyzed by Western blot. Rad13 was detected as 

described in a). A short exposure (upper panel) and long exposure (lower panel) to X-ray film is 

shown. The size of the bands of a protein size marker is given on the left of the gels. 

188 



a) 

b) 

Tliamn e (pMJ 

[kDa] 
170 -
130 -

95 -

72 -

55 -

IRK 90 

R13s21....,_ ---~ rad13 5· 

' ' ' ' .,_ 

1 rac113 5· 

.,, .. ,_\ E 

,Fi 

RU-ORF :;;. IRK 93 

[rwc1130RF I 
~ R13c1.ft 

IRK 91 / 92 

p nmt1 I nmt41 I I· _., 
IRK 98 / 99 

Pnmt1 lnmt41 

ATG 

~a>ORFI 

rad13°0RF M2·t-MH 

c) 

0.05 15 - 0.05 15 - 0.05 15 

-Rad13-TAP 

5 6 7 

2 3 4 5 6 7 8 

Fig. 36. Construction of strains with the TAP-tagged rad13+ gene placed at its endogenous locus 

under the control of the thiamine regulatable nmt1 or nmt41 promoter of S.pombe. a) Schematic 

depiction of the strategy involving fusion PCR. PCR fragments bearing the nourseothricin 

resistance cassette and the promoter nmt1 or nmt41 were generated and fused to fragments 

encoding the rad13 promoter and the beginning of the open reading frame, respectively. The 

resulting fragment was transformed into the strain RO303.1 . b) Expression levels of Rad13 under 

derepressed and repressed conditions. Rad13 was detected with an antibody against the protein 

A part of the tag The molecular weight of protein size standards is given on the left. c) An 

overnight exposure of lanes 5-8 of the same Western Blot as in b) 
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Fig . 37. Size exclusion experiment on a Superdex 200 column. The genotypes of the strains used 

to prepare the extracts are given on the left of the panels. Rad1 3 was detected with an antibody 

against the protein A part of the tag. a) Cell extract from an untreated NER-proficient (rad13-

CTAP) and NER-deficient (rad13-CTAP rhp41LJ rhp42LJ) strain was run on the column. b) The 

cells were transiently treated with 0.06% MMS. c) Extract from the NER-deficient strain was 

prepared in buffer containing different salt concentrations. d) Cell extract was prepared from a 

strain expressing the tagged rad13+ gene at its endogenous locus, but under the control of the 

nmt41 promoter in derepressed conditions. 
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Fig. 38. Optimization of the procedure for the purification of Rad13 containing protein complexes. a) Control purification of TAP-tagged Rad50. 

Whole cell extracts from an untagged wild-type strain and a strain with a TAP-tagged rad50+ gene were incubated with lgG coated beads, bound 

proteins were eluted by cleavage with TEV protease and precipitated. The samples were run on SOS-PAGE gels and visualized by silver staining. 

The relevant genotypes of the strains used to prepare the extracts are given above the gel. The arrow indicates Rad50. The size of protein size 

standards, run in lane 3, are given on the right. b) Optimization of the ratio of lgG coated beads to the protein content of the extract. Aliquots of 

extract containing 1 mg of total protein were incubated with increasing amounts of magnetic beads. The beads were collected, boiled in SOS 

loading buffer and run on a SOS-PAGE gel. TAP-tagged Rad13 and Rad50 proteins were detected with an antibody against the tag. c) TAP

purification of Rad13 containing protein complexes. Protein samples were prepared from an untagged control strain (rhp41t1 rhp42t1, lane 2), and 

strains carrying a TAP-tagged rad13 gene (rad13-TAP, NER proficient, lane 3; rad13-TAP rhp41t1 rhp42t1, NER deficient, lane 4), run on a 4-15% 

gradient SOS-PAGE gel and silver stained. Protein size standards are in lane 1. Asterisk: TEV protease. Dashed arrows: degraded Rad13. 
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Fig. 39. Protein complex purification experiment with TAP-tagged Rad13. Protein samples were 

prepared from the untagged control strain (rhp41L1 rhp42L1, lane 1) and from the NER-proficient 

(rad13-TAP, lane 2) and the NER-deficient (rad13-TAP rhp41L1 rhp42L1, lane 3) tagged strains. The 

samples were separated on an SDS-PAGE gradient gel and the bands were visualized by silver 

staining. Gel slices were excised as indicated with numbers 1-8 and 10, and submitted for mass 

spectrometry. Protein size standards were run in lanes 4 and 5. 
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Table 5. Identification of proteins co-immunoprecipitating with TAP-tagged Rad13. 

rad 3,CTAP rad13-CTAE4Ll 42A 
1 

Qe1 slice Identification 
I 

unique peptides I %coverane umque peptides %coveraoe 

1 Fas1 31 18 31 18 
DEAO/OEAH box helicase 15 I 96 26 18 
Rad1J 29 29 29 28 
Nuc1/Rpa1 {DNA-directed RNA polymerase I i 

.~.E!!].e'_ex larne subunitl 5 ! 4.1 
Rrof iUJ snoRNP-associated N01einl i 5 ! 4 

Nuo211 5 I 39 1 I 0.82 
Slh1 !ATP-deoendent RNA hehcasel ! 5 ! J 
Tlf471 <Translation 1nitiat1on factor elF4Gl 5 I 5 J 5 I 45 

J Rad1J 42 I 38 35 I 34 
YJl11Niailin 10 ! 9 7 15 I 15 
Elfl fAAA familv ATPas e\ 5 I 6 2 2 I 2.4 
Rad50 ! 7 I 7 
PsmJ/Smc3 cohesin subunit i 4 I •-·"!,_1_ 
Cut14/Smc2 condensin subunit I 12 13 

4 Rad13 40 ! 35 38 35 
Tif32/elFJa JO I JO JO 31 
Tif3J/elF3c 26 31 28 31 
Sec21 lCoatomer namma subunil 9 12 4 i 5 9 
Mrd1 (RNA binding Notein\ 6 11 7 ! 13 
Alaxin-2 homolonue 4 77 
BOP1MTIWD40 reoeat NOtein 2 V 4 1 4 5 

5 Rad1J JG 34 JO 30 
Rad16 11 15 J I 4 
Ade9 {C-1-tetrahvdro!olatesvnthasel 8 96 i 

.B,r.e§ IExosome subunit\ 4 6 9 5 ! 66 
Sob1 !rRNA methvltransferase 4 6 7 4 i 65 

Cdc5 4 ! 7 J ! 58 

6 Rad13 28 I JO 26 I 27 

P1r8 11 I 15 11 I 16 
Rix 7 !AAA familv ATP~se' 10 ! 13 9 ! 11 

~ (AP-1 ada~or come!ex gamma subunitt 10 15 8 I 13 
Alp141Mtc1 (Mad2-dependent spmdle 
checkooint comoonentl 4 74 J 5 9 

Mcm7 2 36 9 I 14 
tJ2..e?. tRNA methvltransferase) 7 13 6 11 
Conserved eukarvotic nrotein 6 11 6 11 
Aro5 fActin hke o,otein\ 1 1.2 4 6.2 

2 Rad13 34 35 36 34 
TI1s1 fThreomne-tRNA linase\ a I 14 7 I 11 
Methionine tRNA linase J 47 5 : 6 1 
Gar2 IGAR famrlv\ 8 i 13 8 i 13 
Sec 1 I SNARE bindmn .riroteml 4 I as 4 I as 
Poo1 !Pescadillo-famil~I 2 I 4 1 5 8.9 

7 Radl J 27 I 23 31 29 

.11£Q.U(,,JP t.nd.J!,.9.._~oteinl 8 ! 16 9 18 
Uso 7 i 14 4 10 
Has1 !ATP-de=ndent RNA helicase\ 6 I 14 5 12 
RNAPII associated Paf1 comnlBX J I 9.3 4 12 

Stnatin homoloaue 2 46 5 11 
Rpc82 (DNA-directed RMA polymerase Ill I ! comotex subunit\ 4 78 

8 Rad13 26 25 25 I 25 

Tlbl 7 19 10 ! 22 

lntG/elFJe 4 I 12 2 i 6 
Ato2 ffl -ATPase beta subunit\ ! 4 I 9 5 

10 Rad13 4 T 47 9 I 10 

Tlb4 2 8 1 5 I 18 
Rad24 2 9.3 4 ! 18 
RboJ8 IRNA-t.ndinn NQteinl 4 i 16 
·R..el!J!lrix _domain N01ein' 4 I 19 
Fib1 / fibrillarin J 13 6 28 
L35 {mitochondrial ribosomal orotein subunit} 2 I 7 5 i 16 
60S ubosomal o,otern L2/Rni402 I 7 I 28 
.GOS ribosomal nrotein L7/Rni701 5 22 
GOS ribosomal ™Otein L7a/Rnl8 6 25 4 ! 17 
40S ribosomal nrotem S0A 4 ·1J 

-
40S nbosomal tvoleIn S3 7 28 9 29 

40S ribosomal nrotein S3a 5 I 19 7 I JJ 
40S ribosomal l"',rolein S4 4 I 18 

elF3h 2 I 8.1 4 I 15 

Tif34/elF3i 12 ! 47 14 I 49 

elf3F 4 i 15 6 20 
Tif35/elFJo 2 11 4 i 21 

The gel slices indicated in Fig. 39 were subjected to liquid chromatography/tandem mass 

spectrometry (LC-MS/MS) analysis. Proteins which were also detected in the untagged 

control sample were omitted from the list. 
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4. DISCUSSION 
The aim of this study was to find putative nucleotide excision repair (NER)

independent functions of Rad 13, to assign these functions to defined pathways 

and to determine the function of conserved amino acids within certain domains of 

Rad13. Furthermore, we attempted to check if Rad13 is part of a protein complex 

in a NER-deficient strain background, and to identify protein interaction partners. 

To this end we carried out genetic and biochemical experiments. 

In order to discover an involvement of Rad13 in pathways other than NER, we 

carried out epistasis analysis with mutants defective in the alternative UV 

damage repair, base excision repair, translesion synthesis, homologous 

recombination, replication and NER (see Tab. 1). At first, we used a rad13 

disruption in which the 3.2kb Hpal-Hindlll fragment of the rad13+ coding region 

was replaced by the ura4+ marker cassette (Carr et al. 1993). In spot test assays, 

the double mutants were tested for sensitivity to a variety of toxic agents. 

Putative NER-independent functions of Rad13 were found in response to MMS, 

HU, mitomycin C, camptothecin and 6-azauracil (6AU). Treatment with 6AU gave 

ambiguous results and the effects seemed to depend on the mating-type. During 

the course of further genetic experiments involving rad13 alleles carrying point 

mutations or rad13 deletions where all of the open reading frame was replaced 

by a marker, we noticed that these mutants were as resistant as wild type to HU, 

6-AU and camptothecin. We therefore repeated the parts of the epistasis 

analysis where, based on results with the rad13::ura4+ disruption, a non-NER 

function of Rad13 might exist. The results are shown in Tab.4. Assaying rad13 

swi10, rad13 rhp14 and swi10 rhp14 double mutants, we could confirm a putative 

NER-independent function of Rad13 in response to MMS and mitomycin C, but 

not in response to HU. 

In size exclusion experiments we observed that Rad13 is part of a high-molecular 

weight complex, in an NER-proficient and in an NER-deficient strain background. 

Upon transient treatment with MMS, the elution profile of Rad13 changed 

towards a complex with a lower molecular weight in both strain backgrounds (Fig . 
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37a,b). So far, the compositions of these protein complexes are not known. 

However, putative interaction partners with tagged Rad 13 in untreated cells were 

identified in a two-step affinity purification experiment (Tab. 5). 

Below, possible NER-independent functions of Swi10, Rhp14 and Rhp26 are 

discussed. This is followed by a discussion of a putative involvement of Rad13 in 

processing stalled or collapsed replication forks, and a possible role for Rad13 in 

transcription. 

4.1. NER-independent functions of Swi10, Rhp14 and 
Rhp26 

Swi10 and Rhp14 have NER-independent functions in response to MMS, 

cisplatin, HU, mitomycin C and camptothecin. Swi10 also has an additional 

function outside NER in the repair of ionizing radiation-induced DNA damage. 

The S.pombe swi10 gene is homologous to the excision repair genes RAD10 of 

S. cerevisiae and human ERCC1 (Redel et al. 1992). The heterodimer Rad1-

Rad10 of S.cerevisiae is involved in recombination like single-strand annealing 

(SSA) and presumably one-ended invasion crossover formation (Fishman-Lobell 

and Haber 1992, Ivanov et al. 1995, Prado and Aguilera 1995, Prakash and 

Prakash 2000). ERCC1-XPF is also required for SSA in mammalian cells 

(Sargent et al. 2000, AI-Minawi et al. 2007). An analogous function of Swi10 in 

recombinational repair, likely by cleaving 3' -flap structures or 3' ssDNA 

overhangs, is conceivable. Indeed, a role for Swi10-Rad16 in SSA in S.pombe 

has recently been shown by Werler and Carr (P. Werler, PhD thesis). Rad1-

Rad 10 also have a role in microhomology-mediated end joining (MMEJ) in 

budding yeast (Ma et al. 2003, Lee and Lee 2007) , and has recently been 

implicated in an error-prone double-strand break repair pathway other than non

homologous end joining (NHEJ), possibly in MMEJ, in human fibroblasts (Ahmad 

et al 2008). It is conceivable, that Swi10-Rad16 in fission yeast carries out a role 

in an alternative and error-prone DNA double-strand break repair pathway. 

However, a significant contribution of Swi10 or Rad16 to MMEJ could not be 
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detected using an extrachromosomal DNA repair assay in S.pombe cells 

(Decottignies 2007). 

The Rad1/Rad10 complex of S.cerevisiae was shown to remove 3' -blocked 

termini from DNA strand breaks induced by oxidative damage (Guzder et al. 

2004). Such termini are formed through radical attack on a sugar moiety, leading 

to a strand break with a fragmented sugar on its 3' end. Loss of an analogous 

end-processing function of Swi10-Rad16 could account for the hypersensitivity of 

a swi10 mutant to ionizing radiation . 

Fission yeast Rhp14 is involved in the NER-dependent short patch mismatch 

repair (Fleck et al. 1999). Furthermore, a role in maintenance of GT-repeat 

stability was reported (Hohl et al. 2001 ). It is unlikely that loss of these functions 

of Rhp14 account for the increased sensitivity to HU, MMS and mitomycin C. 

Yang et al. (2006) showed that XPA, the human homologue of Rhp14, binds 

undamaged dsDNA/ssDNA junctions with adjacent ssDNA branches with high 

affinity. Such DNA structures are also intermediates in recombination and 

replication. A recent report demonstrated that lack of XPA diminished ATR

dependent checkpoint signalling during S-phase in UV irradiated cells 

(Bomgarden et al. 2006). If the DNA damage binding function of Rhp14 (Hohl et 

al. 2001 ) or additional functions of this protein are involved in its NER

independent functions awaits further investigation. 

Double mutants involving rhp26 with either rad13, swi10 or rhp14 displayed a 

decreased viability upon treatment with UV, MMS and HU compared with the 

respective single mutants. This can be attributed to loss of an NER-independent 

function . Rhp26 is the homologue of S. cerevisiae Rad26 and human CSB, and 

is involved in transcription-coupled repair (Yasuhira et al. 1999). Beside the 

function of yeast Rad26 in promoting transcription by RNA polymerase II through 

UV damaged bases, this protein is generally required for elongation by RNA 

polymerase II in the absence of DNA damage (Lee et al. 2001, 2002b). This 

suggests an analogous role for fission yeast Rhp26. 
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4.2. Putative NER-independent functions of Rad13 

4.2.1. A role for Rad13 in processing stalled or collapsed 

replication forks? 

We observed an increased sensitivity of the rad13::hphMX4 swi1 0::kanMX6 

double mutant compared with either single mutant in response to MMS. This 

indicates an NER-independent function of Rad13 to treatment with this DNA 

damaging agent. In spot tests for MMS sensitivity, the rad13 deletion was 

epistatic with rad32, rad22 and mus81 deletions, but not with rhp51 and rqh1 

mutations. This indicates that Rad 13 acts in a Rad22-dependent pathway, which 

depends on Mus81 but not on Rhp51 . Doe et al. (2004) showed, that fission 

yeast Mus81 acts in a Rad22-dependent but Rhp51-independent manner in 

response to UV, MMS and CPT. However, this putative epistasis of rad13 with 

mus81 was specific for MMS treatment, since a synergistic interaction of rad13 

with mus81 was observed when the cells were exposed to UV, cisplatin or 

mitomycin C. We further showed that the nuclease activity of Rad13 was 

required for its function in the Mus81-dependent pathway in response to MMS. It 

should be noted that a mus81 mutant is about ten-fold more sensitive than a 

rad13 mutant. This means that the relative contribution of Mus81 and Rad13 to 

the repair of MMS-induced lesions is different, with Mus81 being the more 

important factor. Rad13 might play an accessory role in this Mus81-dependent 

pathway. 

What might be the role of Rad13 in a Rad22- and Mus81-dependent pathway in 

response to lesions induced by MMS, and probably other drugs? Alkylated bases 

slow down replication fork progression, suggesting that replication becomes 

impaired by the encounter of the advancing replication fork with alkylated bases 

or base excision repair-intermediates (Vazquez et al. 2008). Single-strand breaks 

are a normal intermediate during BER. MMS, and likely other alkylating agents, 

appear to cause strand breaks indirectly through BER (Wyatt and Pittman 2006). 
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In analogy to topoisomerase I-induced nicks on the leading strand template, 

which are converted into DSBs by run-off of the replicative DNA polymerase 

(Strumberg et al. 2000), single-strand breaks induced by base excision repair 

might cause fork collapse. Treatment of mammalian cells with various replication 

inhibitors was also shown to lead to DSBs (Saintigny et al. 2001 ). Several studies 

have implicated Mus81 in processing stalled and collapsed replication forks 

(Hanada et al. 2006, 2007, Osman and Whitby 2007, Franchitto et al. 2008, 

Froget et al. 2008, Shimura et al. 2008) . Given (1) the ability of MMS to cause 

replication forks to stall or to collapse, (2) the involvement of Mus81 in the 

recovery of perturbed replication forks, and (3) our genetic data implying Rad 13 

in a Mus81-dependent pathway in response to MMS, renders it conceivable that 

Rad13 exerts a role in a Mus81-dependent pathway in processing stalled or 

collapsed replication forks. 

The Smc5/6 (.§.tructural maintenance of 9hromosomes) complex is involved in 

homologous recombination and replication (Murray and Carr, 2008). The fission 

yeast Smc5/6 complex is required for the repair of collapsed replication forks 

(Ampatzidou et al. 2006). Synthetic lethality of mus81 with mutated non-Smc 

subunits of the Smc5/6 complex, and an increased thermosensitivity of an mms4 

smc6-9 mutant, compared with either single mutant, has been demonstrated 

(Pebernard et al. 2004, Torres-Rosell et al. 2005, Pebernard et al. 2006). This 

indicates that the Smc5/6 complex and the Mus81 heterodimer act in parallel but 

overlapping pathways. Sheedy et al. (2005) reported that the overexpression of 

Brc1 can rescue the sensitivity of a smc6-74 mutant to different DNA damaging 

agents, although to various extents. They found that a brc1 deletion is epistatic 

with a mus81 deletion but not with rad13LI. They also demonstrated a modest 

requirement for Mus81 , but no requirement for Rad13, for the Brc1-mediated 

suppression of the MMS sensitivity of the smc6-74 mutant. This indicates that the 

presumed function of Rad 13 in processing stalled/collapsed replication forks lies 

in a pathway different from that required for Brc1-dependent bypass of a 

compromised Smc5/6 function . 
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Hohl et al. (2003) determined the binding affinity and cleavage specificity of 

recombinant XPG on different DNA structures, and showed that these two 

activities are separable. XPG bound intact three way junctions with a higher 

affinity than flap structures, but did not cleave them (Fig 41 ). A weak incision 

activity was seen on a nicked three way junction (Fig. 41, substrate 6). Binding 

but not incision by XPG was seen on a 3'-flap structure where the 5' overhang 

consisted of double-strand DNA (Fig. 41, substrate 4). This substrate resembles 

(1) a replication fork which has regressed to the last Okazaki fragment behind the 

fork after uncoupling of leading and lagging strand synthesis due to a lesion on 

the leading strand template, and (2) a 3' overhang created after reannealing to 

the parental strand of the overreplicated invading strand during SOSA. Such a 

DNA structure is cleaved by Mus81-Eme1 (Whitby et al. 2003). One might 

speculate that Rad13 could bind such replication fork like structures probably to 

recruit Mus81 or other junction processing proteins. However, the observed 

requirement for the nuclease activity of Rad 13 contradicts this hypothesis. 

Another possibility could be that Rad13 is involved in DSB resection, in 

conjunction with the Mre11-Rad50-Nbs1 (MRN) complex. This hypothesis is 

supported by our observation that Rad50 co-purifies with Rad13. The MRN 

complex has been implicated in the processing of DSBs and in the recovery from 

stalled or collapsed replication forks (Robison et al. 2004, Trenz et al. 2006, 

Borde 2007, Williams et al. 2007, Buis et al. 2008, Williams et al. 2008). Based 

on data from S.cerevisiae, the requirement for the nuclease function of Mre11 in 

processing mitotic DSBs has been disputed (Lewis et al. 2004, Llorente and 

Symington 2005, Krogh et al. 2005). It appears that the nucleolytic activity of 

Mre11 is only required for the resection of DSBs with blocked termini , but not for 

endonuclease-mediated DSBs. Recently, the nucleases Exo1 , Dna2, Sae2 (and 

its homologues in S.pombe and humans) as well as the helicases Sgs1 and BLM 

have been implicated in DSB processing (Limbo et al. 2007, Sartori et al. 2007, 

Akamatsu et al. 2008, Gravel et al. 2008, Huertas et al. 2008, Mimitou and 

Symington 2008, Zhu et al. 2008). A conceivable scenario could be that a 

helicase unwinds the DSB end, thereby creating a Y-structure which is cleaved 
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by Rad13. However, a function of Rad13 in DSB resection, and therefore 

upstream of homologous recombination, would be in contrast to our observation, 

that a rad13 deletion is epistatic with mus81 but not with rhp51 . That the MRN 

complex has a structural role by tethering DSB ends and sister chromatids (de 

Jager 2001 , Williams et al. 2007, Buis et al. 2008, Williams et al. 2008), would 

provide an alternative explanation for the detection of Rad50 peptides in our pull

down experiment. Based on these considerations we hypothesize that Rad13 

acts downstream of the MRN-mediated initiation of recombinational repair. 

Mus81 and Rad13 belong to two distinct structure-specific endonuclease families 

with distinct substrate specificities. Mus81 forms part of the XPF/Mus81 family 

which also comprises bacterial and eukaryotic homologues of human XPF and 

ERCC1 (Ciccia et al. 2008). These proteins incise a variety of DNA structures 

including 3' -flap structures, and some nucleases display distinct as well as 

overlapping substrate specificities (Bastin-Shanower et al. 2003, Ciccia et al. 

2008) . Rad13 and its human homologue XPG belongs to the FEN-1 nuclease 

family whose members act, among other substrates, on 5' -flaps (Lieber et al. 

1997). Interestingly, Mus81 and XPG have one substrate in common: like 

Mus81-Mms4 (Bastin-Shanower et al. 2003), XPG cleaves a 3' -flap substrate 

where the double-strand 5' overhang was separated from the junction by a three 

nucleotide single-strand gap (Hohl et al. 2003) (Fig. 41 , substrate 5). This 

substrate resembles a replication fork which has regressed to the vicinity of the 

last Okazaki fragment behind the fork with the leading strand template being 

single-stranded. Could Rad13, by analogy to XPG, cleave replication forks as a 

substituent for Mus81 ? If this is the case, we would not expect an epistatic 

relationship between the two deletion mutants. It therefore seems more likely that 

Rad 13 processes DNA intermediates which arise during recombinational repair 

at perturbed replication forks up- or downstream of Mus81 action. 

Our genetic data indicate that Rad13 functions in an Rhp51 -independent 

subpathway of homologous recombination. Both, fission yeast Rad22 and 

budding yeast Rad52 have roles in recombination independently of Rhp51 and 

Rad51 , respectively, in vivo (Symington 2002, Doe et al. 2004). Human and 
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budding yeast Rad52, as well as fission yeast Rad22 have been shown to 

mediate strand invasion events and D-loop formation in vitro (Kagawa et al. 

2001 , Bi et al. 2004, Doe et al. 2004). Current models for replication restart after 

cleavage of the (regressed) replication fork involve a D-loop intermediate, which 

is cleaved by Mus81-Eme1/Mms4 and leads to resetting of the fork (Osman and 

Whitby 2007, see Fig. 43a for an illustration). Alternatively, the D-loop could 

mature into a single Holliday junction (HJ). Numerous in vitro studies have 

demonstrated that Mus81 -Eme1 /Mms4 cleaves a HJ in opposite strands of same 

polarity (reviewed in Osman and Whitby 2007). Recent in vivo data demonstrated 

that joint molecules persist in fission yeast and budding yeast mus81 mutants 

(Cromie et al. 2006, Jessop and Lichten 2008, Oh et al. 2008). Furthermore, 

Mus81 resolves cruciform structures generated from palindromic sequences in 

vivo (Cote and Lewis 2008). These data support the notion that the Mus81 

heterodimer is a HJ resolvase. However, unlike canonical HJ resolvases, Mus81 

incises the HJ asymmetrically, with no sequence preference but with a distinct 

preference for sites 5' to the branch point (Boddy et al. 2001 , Chen et al. 2001 , 

Constantinou et al. 2002, Gaillard et al. 2003, Osman et al. 2003). Asymmetric 

nicking of a HJ by Mus81 , followed by branch migration, would generate 5'-flaps 

as depicted in Fig. 42. Constantinou et al. (2002) indeed showed that human 

Mus81-Eme1 resolves HJs into linear duplexes with mostly non-ligatable nicks. 

We therefore envisage a model in which Rad13 cleaves 5' -flaps arising through 

HJ resolution by Mus81-Eme1 during the restart of replication forks (Fig. 43). 

Another possibility would be an involvement of Rad13 in Rad22-mediated post

replicative gap repair (Fig. 44, for details see legend). 

To summarize, based on (1) our genetic data, (2) published genetic and 

biochemical data providing compelling evidence that Mus81 is a HJ resolvase, 

(3) the observation that Mus81 incises a HJ asymmetrically, thereby generating 

5'-flap structures, and (4) the ability of Rad22 to mediate strand invasion in vitro , 

we assume that Rad13 functions downstream of Mus81-Eme1 -mediated 

resolution of HJs in a "clean-up" of resulting 5'-flap structures. 
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So far it is not known if Rad13 interacts directly with Mus81 , or if it is part of a 

Mus81-containing complex. By gel filtration experiments we have shown that the 

elution profile of Rad 13 changes when the cells were transiently treated with 

MMS. This suggests that Rad 13 associates with different proteins in response to 

MMS than in untreated cells. It would be interesting to see, if the Rad13 elution 

profile undergoes further changes in a mus81 deletion background, both in the 

absence and presence of MMS. Mus81 does not co-immunoprecipitate with 

tagged Rad13 in a low-stringency tandem affinity purification with extracts from 

untreated cells. However, if Rad13 associates with Mus81 or a Mus81-containing 

protein complex, it might do so only if the cells are treated with MMS. It would be 

worthwhile to check co-localization of Rad13 with Rad22 and Mus81 in the 

absence and presence of MMS using a cytological approach. Also, the epistasis 

analysis of rad13 with mus81 should be extended to other DNA damaging agents 

which cause, or might cause, replication fork collapse, like MNNG, HU and 

camptothecin. 

Employing a two-step affinity purification, several proteins implicated in 

replication and repair of perturbed replication forks co-immunoprecipitated with 

tagged Rad 13. One of these proteins was Arp5, which is a putative subunit of the 

fission yeast lno80 complex. Several studies delineated a role for this complex in 

replication. In S.cerevisiae , the lno80 complex is recruited to replication forks, is 

required for replication fork progression in unchallenged conditions as well as 

under HU- or MMS-induced replication stress, stabilizes stalled replisomes and 

promotes resumption of DNA synthesis after HU treatment (Papamichos

Chronakis and Peterson 2008, Shimada et al. 2008, Vincent et al. 2008). 

Mutating subunits of the lno80 complex leads to impaired recru itment of Mre11 to 

DSBs and defective end resection (van Attikum et al. 2004, Morrison et al. 2004, 

van Attikum et al. 2007). We also detected Rad50 and the cohesin subunit Psm3 

in our protein sample. The MRN complex tethers DNA ends and has been shown 

to be involved in processing stalled and collapsed replication forks (de Jager et 

al. 2001 , Robison et al. 2004, Trenz et al. 2006, Williams et al. 2007, Williams et 

al. 2008). Fission yeast cells mutated for rad50 showed a replication defect, and 
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rad50 is epistatic with a hypomorphic allele of the cohesin rad21 in response to 

MMS (Hartsuiker et al. 2001). Rad21 forms a complex with Psm3 (Tomonaga et 

al. 2000). There is evidence for a link of sister chromatid cohesion and replication 

(Skibbens 2005). Lengronne et al. (2006) reported that proteins required for 

sister chromatid cohesion are associated with an advancing replication fork. We 

also identified the replication factor Mcm7, the condensin subunit Cut14/Smc2 

and the checkpoint protein Rad24. Condensins have functions in replication 

(Legagneux et al. 2004, Hirano et al. 2005), and the fission yeast non-SMC 

condensin subunit Cnd2 has a role in HU-induced Cds1-dependent checkpoint 

signalling (Aono et al. 2002). Interestingly, Rad24 interacts with Flp1 , which 

regulates Cds1 activity upon treatment with HU (Diaz-Cuervo and Bueno 2008), 

which in turn regulates Mus81 phosphorylation and its association with chromatin 

(Boddy et al. 2000, Kai et al. 2005). Although the proteins named above have 

functions not related to replication, their co-immunoprecipitation with tagged 

Rad13 might hint towards a role of Rad13 in replication or in processing 

intermediates of perturbed replication forks. However, conclusions concerning 

this matter could only be drawn upon further genetic, biochemical and cytological 

analyses. 

4.2.2. Is Rad13 involved in mitotic and meiotic recombination? 

Mus81 deficient S.pombe cells showed a severely reduced spore viability and 

chromosome segregation defects (Boddy et al. 2000, 2001, Osman et al. 2003a). 

The suppression of these phenotypes by concomitant deletion of rec6+ or 

expression of RusA (Boddy et al. 2001) indicates that Mus81 acts on 

recombination intermediates downstream of recombination initiation. Fission 

yeast mus81 mutants also showed a reduction in mitotic and meiotic crossover 

formation (Smith et al. 2003, Hope et al. 2007), and moderately suppressed 

Rad22-dependent deletion-type formation in a direct repeat recombination assay 

(Doe et al. 2004 ). It would be interesting to see, if deletion of rad13+ has effects 

on sporulation and meiotic as well as mitotic crossover frequencies, and if so 

whether rad13 is epistatic with mus81 for such effects. 
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Substrate 1 3 4 5 6 7 8 

5·~5-~ ~ ~ ~ >== F 3·/ Y--3./ 3·/ y-

Binding + ++ ++ ++ ++++ ++++ ++++ 

Incision ++ ++ +++ + 

Fig. 41. Specificity of recombinant XPG for binding and incision of branched DNA molecules 

as determined by Hohl et al. (2003). The numbering of the substrates corresponds to that 

used by the authors. Symbols: "+" indicates weak binding or incision, whereas "++++" 

indicates very strong binding or incision activity; "-" indicates no incision. 
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Fig. 42. Generation of 5· -flap structures by asymmetrical incision of a Holliday Junction (HJ) 

by Mus81-Eme1. Symmetrical incision of a HJ by a HJ resolvase (white arrowheads) (1A, 2A) 

leads to ligatable nicked duplex DNA. Ligation of the nicked DNA produces the DNA 

molecules depicted in 1B and 2B. Asymmetrical incision by Mus81-Eme1 (white arrowheads) 

5' to the junction (3A, 4A) produces a non-ligatable 5' -flap and a single-strand gap (3B, 4B). 

The flap is cleaved by an endonuclease (black arrowhead), and the single-strand gap is filled 

by DNA synthesis (3C, 4C). Ligation of the nicks yields the structures shown in 3D and 4D. 
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Fig. 43. Model for the function of Rad13 in processing recombination intermediates downstream of Mus81-Eme1 in the recovery of stalled or collapsed 

replication forks. a) Model for a Mus81-Eme1-dependent replication restart with fork breakage in S.pombe, essentially as postulated by Osman and Whitby 

(2007). A stalled replication fork (1) regresses, whereby the leading strand becomes a 3· single-stranded overhang (2) . The fork is cleaved by an 

endonuclease, possibly Mus81-Eme1 (grey arrowhead) (2). This generates a one-ended double-strand break (3). Strand invasion leads to the formation of a 

D-loop (4) probably leading to the reassembly of the replisome. Incision of the D-loop by Mus81-Eme1 (white arrowhead) resets the replication fork (5). The 

figure is adapted from Osman and Whitby (2007). b) An uncut 0-loop might mature into a Holliday junction, which is asymmetrically cleaved by Mus81-Eme1 

in one of two ways 5· to the branch point (2A, 3A). Resolution of the Holliday junction produces a 5'-flap and a single-strand gap (28, 38). The 5'-flap can be 

cut by Rad13 (black arrowhead) (2C, 3C). DNA synthesis and ligation complete the process and reset the replication fork. 
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Fig. 44. Model for the function of Rad13 in processing recombination intermediates 

downstream of Mus81•Eme1 in post-replicative gap repair. The single-strand gap in (1) can 

arise during lagging strand synthesis or might be generated through lesion-skipping of the 

replicative polymerase during leading strand synthesis. In this case, the gap would contain a 

DNA lesion. Unwinding of the duplex DNA on one side of the gap leads to a strand-invasion 

event (2). Extension of the invading strand (3) followed by second-end capture and ligation 

can produce a double Holliday junction (4). Mus81-Eme1 (white arrowheads) can incise a 

double Holliday junction in four different ways. Only one possibility is depicted (5). 

Asymmetrical incision generates 5' -flaps which are cleaved by Rad13 (black arrowheads) (6). 

Ligation seals the DNA duplexes (7). In a synthesis-dependent strand annealing (SDSA)

based mechanism, the overreplicated invading strand reanneales back to the single strand 

gap, thereby creating a 3· -flap (9). If not cleaved by Mus81 , isomerisation could produce a 5·. 

flap (10). Alternatively, strand displacement could create a double Holliday junction and a 3'

flap (12). Incision by Mus81-Eme1 resolves the Holliday junction, followed by 5'-flap cleavage 

by Rad13 as in (6) leads to two linear DNA duplexes, with one chromatid carrying a 3'-flap 

(14) . lsomerization generates a 5'-flap (15). Figure modified after de los Santos et al. (2001), 

Osman and Whitby (2007). 

208 



4.2.3. Is Rad13 involved in gene expression? 

Lee et al. (2002a) observed that upon treatment with 6-azauracil (6AU), a yeast 

strain deleted for RAD2, the XPG homologue in budding yeast, showed growth 

impairment, reduced mRNA levels of the inducible genes GAL7, GAL 10, PUR5 

and STE3, and decreased steady-state levels of TRP3 mRNA. This led the 

authors to conclude, that Rad2 has a general role in transcription. We showed in 

a qualitative survival test that a rad13::hphMX4 deletion mutant was not more 

sensitive than wild-type to the transcription inhibitor 6-azauracil. This rather 

suggests that Rad13 has no or only a minor general role in transcription or that 

loss of Rad 13 might be compensated for by another protein. Alternatively Rad 13 

may have a role in the transcription of only a subset of genes which would not be 

detectable with this assay. Although sensitivity to 6AU is generally regarded as a 

phenotypic marker for mutations in genes thought to be involved in transcription 

elongation, not all mutations rendering cells sensitive to 6AU map to genes 

encoding transcription elongation factors, and not all mutations in transcription 

elongation factors confer sensitivity to 6AU (Wind and Reines 2000). In 

S.cerevisiae, the Paf1 complex is involved in transcription (Shi et al. 1996, Wade 

et al. 1996, Chang et al. 1999, Betz et al. 2002, Krogan et al. 2002, Squazzo et 

al. 2002). However, data from different studies on the sensitivity of Paf1-complex 

mutants to 6AU are contradictory. While Chang et al. (1999) and Betz et al. 

(2002) reported that mutations in the PAF1 and COC73 genes did not sensitize 

the cells to 6AU, Squazzo et al. (2002) observed sensitivity for these mutants. 

These data challenge the reliability of 6AU sensitivity as a phenotypic marker for 

impairment in transcription. The lack of sensitivity to 6AU of the rad13 mutant 

therefore does not rule out that Rad13 might be involved in transcription. 

Our two-step tandem affinity purification experiment revealed that several 

proteins implicated in transcription or post-transcriptional control of gene 

expression co-immunoprecipitated with tagged Rad 13. These proteins are 

DEAD/DEAH box helicases, a putative member of the fission yeast Paf1 
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complex, several subunits of TFIIH, and a subunit of the lno80 complex, and are 

discussed below. 

DEAD/DEAH box RNA helicases 

Besides their role in RNA processing, remodeling of ribonucleoproteins, 

ribosome biogenesis and nucleocytoplasmic transport of mRNA (Linder 2006), 

some members of the DEAD/DEAH box protein family have recently been 

implicated in transcriptional regulation in mammalian cells, e.g. as transcription 

activators of RNA polymerase II (reviewed in Fuller-Pace 2006). Moreover, the 

DEAD box helicase p68 (Ddx5) and the protein p72 (Ddx17), which shows strong 

homology to p68 in its core region, were shown to interact with the estrogen 

receptor alpha (ERa) and also to act as transcriptional coactivators of this 

receptor. Because p68 and p72 stimulate the estrogen-induced activity of ERa, 

and also interact with other coactivators, it was suggested that p68 and p72 

bridge transcription factors and coactivators (Fuller-Pace 2006) . Ito et al. (2007) 

showed that in XP-O and XP-G/CS cell lines, the Cdk? subunit of the CAK 

subcomplex of TFIIH could not be immunoprecipitated with antibodies against 

subunits of core TFIIH. This indicates that XPD and XPG are required for the 

stable association of CAK with core TFIIH. Since CAK was reported to 

phosphorylate nuclear receptors, the authors also examined the ligand-induced 

transactivation of ERa in xpg-1- mouse embryonic fibroblasts and XP-G/CS cells. 

Indeed, these cell lines were defective in 17~-estradiol induced activation of 

ERa; and the defect was restored by introducing wild-type XPG. These results 

suggest that XPG mutations which affect the integrity of TFIIH also impaired its 

transactivation activity. This is noteworthy, since a defect in transcription seems 

to be an underlying cause of Cockayne Syndrome. Demyelination of neurons, 

leading to neuronal abnormalities, is one of the phenotypes of CS patients. In this 

context, it is of interest to note, that the DEAD box helicase DP103 (Ddx20) was 

shown to interact with the early growth response 2 Egr2/Krox-20 transcription 

factor (Gillian and Svaren , 2004) which is essential for myelination of the 

peripheral nervous system. This finding further highlights the importance of 
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DEAD box proteins in transcriptional regulation. That several DEAD box 

helicases coprecipitated with Rad 13 might therefore hint at a biologically relevant 

interaction between these proteins, probably in transcription or transcriptional 

regulation. 

Leo 1, a putative member of the Paf1 complex 

We detected a predicted subunit of the Paf1 complex in our sample preparation. 

It should be noted, that all subunits of the S.cerevisiae Paf1 complex have been 

found in the control sample in the proteome study conducted by Ho and 

coworkers (2002) employing a one-step purification strategy with the Flag 

epitope. However, Gavin and colleagues (2002), who based their protein 

purification on a two-step TAP strategy, detected Fas1, heat shock and 

ribosomal proteins as contaminants, but none of the Paf1 complex subunits were 

found in their control purifications. 

The putative subunit of the Paf1 complex that co-purified with Rad13 is 

orthologous to S.cerevisiae Leo1 (Krogan et al. 2002). In S.cerevisie the Paf1 

complex physically interacts with RNA polymerase 11 (Shi et al. 1996, Wade et al. 

1996) and RNA polymerase 11 elongation factors (Krog an et al. 2002, Squazzo et 

al. 2002). In two studies, Shi and coworkers demonstrated that mutations in Paf1 

and Cdc73, two subunits of the Paf1 complex, altered the mRNA levels of only a 

subset of genes (Shi et al. 1996, 1997). While the abundance of about 95% of 

transcripts was unaffected in a paf1 deletion strain, the levels of approximately 

5% of the transcripts were significantly increased or decreased. Notably, the paf1 

mutation impaired the induction of galactose-inducible genes: although the 

mRNA levels of GAL? and GAL 10 were still induced, their transcript levels were 

lower in the paf1 mutant than in wild type. The authors also found that the protein 

complex containing RNA polymerase II and the Paf1 complex lacked TFIIH, 

TFIIS and the Srb mediator complex proteins. This observation and further 

genetic and biochemical analysis by these investigators lead to the hypothesis 

that different RNA polymerase II containing complexes transcribe distinct and 

overlapping sets of genes. This hypothesis was further supported by findings 

211 



from Chang et al. (1999) and Betz et al. (2002) who showed that the Paf1 

complex plays a role in the expression of genes involved in cell wall biosynthesis 

and nucleic acid metabolism. Squazzo et al. (2002) reported that strains mutated 

for subunits of the Paf1 complex were impaired in the induction of PUR5. As 

mentioned above, Lee et al. (2002a) reported that the mRNA levels of the genes 

GAL7, GAL 10, PUR5, STE3 and TRP3 were reduced in a rad2 mutant in 

response to treatment with 6-azauracil. In our co-immunopurification experiment, 

we detected Leo1 , whose budding yeast homologue is a subunit of the Paf1 

complex (Krogan et al. 2002). Taken together, these data suggest that the effect 

of the rad2 mutant on transcription as observed by Lee et al. (2002) is probably 

not due to a general deficiency in transcription, as the authors concluded, but 

might rather indicate the involvement of Rad2 in transcription of a subset of 

genes, probably in conjunction with the Paf 1 complex. 

The human PAF complex shares four homologues with its yeast counterpart (Zhu 

et al. 2005) . The importance of this complex is highlighted by recent find ings 

which show that the expression of some of its subunits is up- or downregulated in 

several cancer cell lines (reviewed in Chaudhary et al. 2007). Furthermore, the 

tumor suppressor parafibromin and Leo1 , the human homologues of yeast 

Cdc73 and Leo1 , respectively, have been implicated in the transcription of Wnt 

target genes through their interaction with p-catenin in the Wnt signaling cascade 

(Mosimann et al. 2006). In light of the findings described above, it is still of 

interest to further investigate whether Rad 13 has a function in transcription and 

transcriptional control, and whether this is mediated through an interaction with 

the Paf1 complex. 

A transcription elongation-independent role of the Paf1 complex in 

posttranscriptional gene expression is emerging. Zhu et al. (2005) reported, that 

human PAF contains four subunits homologous to yeast Paf1 components, but 

additionally contains hSki8, which is also a subunit of the hSKI complex. The 

yeast counterpart of hSKI, in conjunction with the exosome, degrades mRNA. 

Zhu and colleagues found that hSKI localizes to transcriptionally active genes, 
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and that this colocalization depends on PAF, suggesting that PAF might be 

involved in posttranscriptional processes like RNA surveillance. 

Penheiter et al. (2005) reported that Paf1 influences the utilization of poly(A) sites 

on mRNA from target genes. Cells mutated for PAF1 showed decreased usage 

of the major proximal poly(A) sites and increased usage of downstream sites 

which leads to longer transcripts, revealing a defect in 3' end formation. They 

also showed that the MAK21 RNA with its abnormally extended 3'UTR was 

degraded by the nonsense-mediated decay pathway. The study by Sheldon et al. 

(2005) discovered a genetic interaction of the Paf1 complex with Nab3 and Nrd1, 

two factors required for the 3'end formation of nonpolyadenylated RNA 

polymerase II transcripts (Steinmetz et al. 2001). Mutations in Paf1 complex 

subunits gave rise to transcriptional readthrough products from two snoRNA 

genes, confirming a defect in transcription termination. A recent report 

demonstrated that the Paf1 complex interacts with the polyadenylation factor 

Cft1 , and stabilizes the association of Cft1 with RNA polymerase II (Nordick et al. 

2008). These data strongly indicate that the Paf1 complex in yeast, and likely 

also human PAF, have a function in gene regulation through RNA 3' end 

formation and RNA maturation. 

Beside the putative physical interaction of Rad 13 with the Paf1 complex, there is 

another indication that Rad13 might be involved in RNA 3' end formation. Ursic 

et al. (2004) reported a physical interaction of the DNA/RNA helicase Sen1 with 

Rad2 and the Rpo21/Rpb1 subunit of RNA polymerase II in S.cerevisiae. On a 

side-note, the amino acid residues of Rad2 necessary for this interaction map to 

the spacer region, further emphasizing the potential functional significance of this 

domain, which structurally distinguishes Rad2 and its homologues from other 

members of the FEN-1 family. Sen1 forms ribonucleoprotein complexes (RNPs) 

with small nucleolar RNAs (snoRNAs) (Ursic et al. 1997). snoRNAs are 

transcribed by RNA polymerase II or Ill, and are involved in the chemical 

modification, e.g. methylation, of rRNA. Sen1 is required for the maturation of the 

35S precursor rRNA (Ursic et al. 1997) and for the maturation and stability of 

snoRNAs (Rasmussen and Culbertson 1998). This study showed that Sen1 is 
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vital for the processing of the CID box containing snoRNA snR13F. C/D box 

snoRNAs form RNPs with fibrillarin , an abundant nucleolar protein, required for 

pre-rRNA processing. Sen1 also interacts with Rad1 (Ho et al. 2000), and Rad1 

was reported to interact with the U3 snoRNP associated protein Rrp5 

(http://yeast-complexes.embl.de/). These findings, although solely based on 

protein-interaction studies, open up the possibility that Rad1 and Rad2 might 

have a role in RNA maturation. This might then explain the detection of Nuc1 

(DNA-directed RNA polymerase I complex large subunit), fibrillarin , Rrp5, Spb1 

and Nop2 (rRNA methyltransferases), Rrp6 (exosome component), Gar2, Ppp1 , 

Rpc82 (DNA directed RNA polymerase Ill complex subunit), Rpf2 and of the 

RNA binding protein Rbp28 in our protein samples. 

Rad13 putatively interacts with core TFIIH in an NER-independent manner 

We coprecipitated three TFIIH core subunits in protein preparations from the 

NER-proficient and -deficient strain , suggesting that Rad13 interacts with TFIIH 

in an NER-independent manner. This renders an involvement of Rad13 in 

transcription conceivable. We also observed in gel filtration experiments that 

Rad 13 associates with a high-molecular weight complex in an NER-independent 

manner. Murray et al. (2002) showed that a fission yeast rad15.P mutant (Rad 15 

is homologous to human XPD) was viable and sensitive to UV. Data on mutation 

rates and meiotic mismatch repair obtained with the rad15.P strain suggested 

that this mutant is partially defective in NER (0. Fleck, personal communication). 

It could be that the rad15.P mutation does not affect the stability of the TFIIH 

complex, but compromises its function. To our knowledge, it is not known if the 

rad15.P mutation affects an NER-independent function of TFIIH. We can only 

speculate, that an impaired functionality of TFIIH, probably in an NER

independent process, might lead to the dissociation of Rad 13. It would be 

interesting to see if the gel filtration elution profile of Rad 13 changes in a mutated 

rad15 background. 

214 



Rad13 co-immunoprecipitates Arp5, a putative subunit of the lno80 complex 

As mentioned earlier, we detected Arp5, a putative subunit of the fission yeast 

lno80 complex, in the immunoprecipitates with tagged Rad13. The involvement 

of the budding yeast lno80 complex in gene expression has been well 

documented (Ebbert et al. 1999, Shen et al. 2000, Jonsson et al. 2004, van 

Attikum et al. 2004, Shimada et al. 2008). More than a thousand genes are either 

induced or repressed in an inoBO mutant (van Attikum et al. 2004), and Arp5 was 

detected at 60% percent of the promoters of genes known to be regulated by 

lno80.com (Shimada et al. 2008). Also the human INO80 complex has been 

shown to function in transcription (Cai et al. 2007) . Furthermore, a subunit of 

cohesin (Psm3) and of condensin (Cut14/Smc2) were present in the protein 

preparations from the NER-deficient strain. Cohesin was found to be relocated to 

the 3' end of transcribed genes in a transcription-dependent manner (Lengronne 

et al. 2004). If Rad13 is involved in posttranscriptional modification of mRNAs, 

we might expect an interaction with other proteins clustering at the 3' end of 

genes. Condensins have been implicated in transcriptional silencing, although 

the evidence so far seems to be restricted to gene dosage compensation in 

Caenorhabditis elegans and to silencing the mating-type loci in S.cerevisiae 

(Legagneux et al. 2004). 

To determine an involvement of Rad13 in gene expression it would be necessary 

to carry out further experiments using different methodological approaches. For 

example, the gene expression profile of a rad13 mutant could be determined by 

differential display of mRNA or by microarray studies. Furthermore, combining 

the rad13 deletion with mutations in genes encoding transcription elongation 

factors like Tfs1 (S.pombe homologue of human TFIIS and S.cerevisiae Dst1 ) 

might reveal a role of Rad13 in transcription. 

4.2.4. Is Rad13 involved in chromosome segregation? 

We co-immunoprecipitated several proteins with a role in chromosome 

segregation. We detected the cohesin subunit Psm3/Smc3, the condensin 
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subunit Cut14/Smc2 and the spindle-checkpoint component Alp14. Mutations in 

cohesins lead to chromosome nondisjunction and aneuploidy, with impaired 

bipolar attachment of sister kinetochores to the mitotic spindle as the likely 

underlying cause (Onn et al. 2008). Cells mutated for cut14 were defective in 

chromosome condensation and sister chromatid separation, although the spindle 

apparatus appeared normal (Saka et al. 1994). The failure of proper 

chromosome segregation in this mutant was not attributed to a kinetochore 

defect but to the decreased rigidity of the chromosomes (due to the lack of 

condensation) not longer being able to maintain the chromosome structures 

under the pulling force of the mitotic spindle. However, condensin deficiency was 

shown to lead to defects in kinetochore-microtubule interactions in several 

organisms (Hirano 2005). A recent study in budding yeast demonstrated that the 

Smc4 condensin co-localized with a component of the inner kinetochore 

(Bachellier-Bassi et al. 2008). Furthermore, there is evidence, that condensins 

have a cehes-ifl-independent function in rDNA segregation in S.cerevisiae (Hirano 

et al. 2005, Bachellier-Bassi et al. 2008) . Fission yeast Alp14 was also shown to 

associate with the kinetochore as well as with the spindles, and is required to 

attach the kinetochores to the spindles (Garcia et al. 2001 , 2002) . The co

purification of Psm3, Cut14 and Alp14 with Rad13 might indicate an involvement 

of Rad13 in chromosome segregation. 

Surprisingly, proteins required for DNA metabolism have been found to play a 

role in the spindle checkpoint and in chromosome segregation. S.cerevisiae 

Sep1, a strand-exchange protein and exonuclease, is involved in microtubule

mediated processes (lnterthal et al. 1995). A sep1 mutant had a structural defect 

in the spindle checkpoint, showed impaired nuclear migration, impaired 

separation of spindle pole bodies and was defective for tubulin assembly into 

microtubules in vitro (lnterthal et al. 1995). Recently, a fission yeast rad50L1 

mutant was shown to have a regulatory spindle checkpoint defect (H. Raji , PhD 

thesis 2008). When the rad50 mutant was combined with a cold sensitive nda3-

km311 ~-tubulin mutant, the cells lost viability if incubated at the restrictive 

temperature and showed an increased number of cells with a cut-phenotype. 
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Also Rhp51 has been implicated in the spindle checkpoint (H. Raji, PhD thesis 

2008). Moreover, rad50LJ cells displayed reduced recruitment of the 

heterochromatin protein 1-like Swi6 to the centromere (H. Raji, PhD thesis 2008). 

Interestingly, we found that vigil in co-precipitated with tagged Rad13. Human 

vigilin binds the histone methyltransferase SUV39H1 , which methylates histone 

H3 lysine 9, which in turn serves as a binding site for the heterochromatin protein 

1 (Zhou et al. 2008). Although these proteins have clearly been implicated to act 

in the spindle checkpoint and in chromosome segregation, their functions in the 

respective mechanisms are currently unknown. At the moment, it is similarly 

difficult to rationalize a function of the repair nuclease Rad13 in chromosome 

segregation. Further experiments would be needed to clarify the role of 

homologous recombination and repair enzymes in these processes. 

4.2.5. Rad13 has a NER-independent function in interstrand 

cross-link repair 

Mitomycin C causes DNA monoadducts and interstrand cross-links (ICLs) (Noll 

et al. 2006). When rad13 swi10 or rad13 rhp14 cells were treated with mitomycin 

C, we observed an increased sensitivity compared with the respective single 

mutants (Fig. 12). This suggests that Rad13 has an NER-independent function in 

the repair of ICLs and/or monoadducts. Despite extensive research, it is still not 

clear how ICLs are repaired in vivo. The in vivo analyses are complicated by the 

fact that (1) many !CL-inducing agents also form monoadducts, which elicit a 

different repair pathway response, (2) different overlapping pathways act on 

ICLs, (3) the relative contribution of these pathways varies with the nature of the 

ICLs, and (4) the way ICLs are repaired seems to be cell-cycle specific (Noll et 

al. 2006). In S.cerevisiae three pathways are involved: NER (together with 

Snm1/Pso2, acting downstream of NER), translesion synthesis, and homologous 

recombination (Noll et al. 2006) . In mammalian cells, a model for ICL repair has 

been postulated by Niedernhofer et al. (2004). In this model, a replication fork 

stalled at an ICL is cleaved yielding a one-ended DSB. XPF-ERCC1 incises near 
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the ICL, thereby releasing the ICL from one strand (unhooking), but leaving it 

attached to the other DNA strand. This lesion is bypassed by translesion 

synthesis and excision repair completely removes the ICL. The one-ended DSB 

is then resected and invades the sister chromatid to restart replication. Based on 

data obtained with an in vitro assay with a defined ICL on a plasmid, Raschle et 

al. (2008) proposed a model for the repair of an ICL between two convergent 

replication forks. In this model, a two-ended DSB is generated by cleaving both 

forks stalled at the ICL. Mus81-Eme1 was shown to generate !CL-dependent 

DSBs in mouse embryonic stem cells during S-phase (Hanada et al. 2006). As 

mentioned above, several studies suggest that Mus81 creates DSBs upon 

replication inhibition, likely by cleaving replication forks (Hanada et al. 2007, 

Franchitto et al. 2008, Froget et al. 2008, Shimura et al. 2008). A possible NER

independent function of Rad13 might be to act downstream of Mus81-Eme1 in 

processing intermediates of recombinational repair of collapsed replication forks, 

essentially as outlined for the response to MMS treatment. Analyzing the 

sensitivity of S.pombe mutants defective in NER, translesion synthesis and HR, 

Lambert et al. (2003) found that all three pathways are involved in ICL repair. 

That we observed a synergistic interaction of the mus81 deletion with the rad13 

deletion to treatment with mitomycin C could be explained that Rad1 3 has at 

least one other role in ICL repair, likely in NER. 

4.3. Peculiarities of strains with a partial rad13 
disruption, or with rad13 under control of the nmt41 
promoter 

During our genetic analysis, we used several rad13 mutants: (1) a rad13::ura4+ 

strain which was constructed by replacing the 3.2kb Hpal-Hindlll fragment of the 

rad13+ coding region by the ura4+ marker cassette, leaving the sequence 

encoding the N-terminal 23 amino acid residues of Rad1 3 unaffected (Carr et al. 

1993); (2) a rad13::kanMX 6 strain with a partial deletion of the rad13+ open 

reading frame (Kunz and Fleck 2001); (3) deletion strains constructed in this 
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study, where the entire Rad13 coding sequence has been replaced by a 

kanMX6, hphMX4 or his3+ marker cassette. 

We observed that the rad13::ura4+ single mutant was more sensitive than wild 

type to HU, camptothecin and 6-azauracil, while all other rad13 mutants were as 

resistant as wild type (Figs. 2c, 6a, 11 b, 12c, 27). So far, we can not explain 

these different phenotypes. It seems that the insertion of the ura4+ marker at the 

rad13+ locus confers sensitivity to some DNA damaging agents. However, Rad13 

has a role in the repair of camptothecin-induced damage: the rad13::kanMX and 

nth1::ura4+ single mutants displayed wild-type sensitivity to camptothecin, but the 

double mutant was more sensitive than wild type. It is currently unclear if this 

function of Rad 13 is N ER-dependent or -independent. Epistasis analysis, 

comparing swi10 nth1, rhp14 nth1 and rad13 nth1 double mutants with swi10 

rad13 nth1 and rhp14 rad13 nth1 triple mutants could answer this question. 

Furthermore, we observed putative epistasis of the rad13::ura4+ disruption with 

rhp51, mus81 and rqh1 in response to camptothecin. It is conceivable, that a 

NER-independent function of Rad 13 can be assigned to homologous 

recombination or to a subpathway of HR. 

We also noticed, that the strain RO100, where the rad13+ wild-type gene was 

placed under the control of the repressible nmt41 promoter, was more sensitive 

to HU treatment that the rad13::ura4+ mutant (Fig. 19b). We observed that the 

expression level of rad13+ controlled by the nmt41 promoter under repressed 

conditions is higher than that of rad13+ expressed from its endogenous promoter 

(Fig. 36c). A negative dominant phenotype of Rad13 could therefore account for 

the increased sensitivity to HU. Fig. 19c indeed shows that the strain RO100 was 

hypersensitive to HU under derepressed conditions (no thiamine). However, this 

is a rather inapplicable explanation, since the repression of the nmt41 promoter 

by thiamine increased the sensitivity of the strain RO100 to HU (Fig . 19c). This 

suggests that the hypersensitivity to HU is not related to the absence or presence 

of Rad 13. This raised the possibility that HU hypersensitivity is conferred by 

altered expression of a gene adjacent to rad13+. The rad13+ gene shares the 

promoter with another, yet uncharacterized, gene with the systematic name 
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SPBC3E7.09. This predicted protein contains a Sad1 and UNC (SUN) domain, 

named after the two proteins in which this domain has first been identified: Sad1 

in S.pombe (Hagan and Yanagida 1995) and UNC-84 in Caenorhabditis elegans 

(Malone et al. 1999). Homologues in Drosophila and mammalian proteins have 

also been identified (Malone et al. 1999, Tzur et al. 2006). Sad 1 associates with 

the spindle pole bodies, but in metazoans the SUN domain proteins locate to the 

inner nuclear membrane and are lamina-associated. Together with other nuclear 

membrane-associated proteins, the SUN domain proteins connect the nucleus to 

the cytoskeleton and are involved in nuclear anchoring and nuclear migration 

(Hagan and Yanagida 1995, Malone et al. 1999, Tzur et al. 2006). There is 

evidence from yeast and metazoan systems for a link of the spatial distribution of 

genes in the nucleus with transcriptional control (Taddei et al. 2004, Akhtar and 

Gasser 2007, Ruault et al. 2008). Transcriptionally silent chromatin is positioned 

at the nuclear envelope away from nuclear pores, while active genes are found at 

nuclear pores. In higher eukaryotes, positioning at the nuclear periphery seems 

to be lamina-associated. Because yeasts lack a lamina, the significance of 

findings obtained with yeast systems for higher eukaryotes has been debated. 

Interestingly, recent studies in budding yeast have now revealed that the SUN 

domain protein Mps3 and several proteins containing a LEM (.LAP2, gmerin, and 

MAN 1) domain are involved in heterochromatin localization and genome stability. 

Mps3 anchors telomeres to the nuclear periphery and recruits the silencing 

protein Sir4 (Bupp et al. 2007). The inner nuclear membrane protein Src1 

enriches at telomeric and subtelomeric regions and has a role in gene expression 

(Grund et al. 2008). Finally, Mekhail et al. (2008) showed that Heh1 and Nur1 , 

two proteins of the inner nuclear membrane, interact with rDNA-associated 

silencing proteins, and that they are required for tethering chromosomes to the 

nuclear periphery and for the stability of rDNA repeats. Furthermore, nuclear 

organization might also have an impact on DNA damage repair. Data by Nagai et 

al. (2008) suggest a link between DNA repair and the relocation of DNA lesions 

to nuclear pores in S.cerevisiae. 
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It is tempting to speculate that the SUN domain protein (SPBC3E7.09) adjacent 

to rad13+ is involved in heterochromatin organization and regulation of gene 

expression. One might then expect that changing its expression level might 

cause changes in heterochromatin formation and in the transcription levels of 

certain genes, and thereby indirectly lead to diminished DNA repair. 

4.4. Considerations regarding gel filtration experiments 

In order to see if Rad 13 associates with other proteins, we carried out gel 

filtration experiments. We observed that Rad13 is part of a high-molecular weight 

complex, both in an NER-proficient and -deficient strain background. We also 

detected that transient treatment of the cells with MMS led to a changed elution 

profile of Rad13. The majority of Rad13 eluted in later fractions, indicating that 

Rad 13 associates with different proteins in response to MMS. However, we were 

unable to observe the monomeric form of Rad13 under these conditions. Even 

using extract from a strain moderately overexpressing Rad13, only a weak signal 

for Rad13 was detected in the elution fraction corresponding to its predicted 

molecular weight in monomeric form. One possible explanation is that most 

Rad13 is bound in protein complexes. However, as outlined below, also technical 

reasons might account for this observation. We showed that benzonase 

treatment only halved the size of DNA fragments in the extract down to 2kb. In 

subsequent experiments we did not treat the extracts with benzonase. It is 

conceivable that Rad13 eluted in earlier fractions because it was bound to DNA 

fragments of several kilobases, concomitant with other DNA binding proteins. It 

might be worthwhile to check if increased benzonase treatment would further 

reduce the size of the DNA fragments. If this was the case, one should repeat the 

gel filtration experiments under such conditions. Because the cell extract from 

S.pombe cells was quite viscous and because quite a high amount of total 

protein (10 mg) was loaded on the column, it can not be ruled out that these 

factors also have affected the elution profile. One of the Rad13 containing elution 

fractions (e.g. fraction 8) should therefore be reloaded on the column in order to 

check if Rad 13 re-elutes in the same fractions. Furthermore, one should consider 
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using a column with an increased resolution in order to detect subtle changes in 

the elution profile. 

4.5. Feasible strategies to purify Rad13 to homogeneity 

Besides employing immobilized lgG with affinity to the TAP tag fused to the C

terminus of Rad13, we tested the binding properties of TAP-tagged Rad13 to 

several resins. Under the experimental conditions used, the majority of Rad 13 

eluted from Mono Q at a NaCl concentration of 250-400mM. In contrast, the bulk 

of Rad 13 eluted from Heparin at a higher salt concentration of 600-800mM, and 

considerably fewer proteins were present in these fractions compared with 

Rad13-containing fractions from Mono Q. High salt elution might also be useful to 

reduce unspecific protein interactions and to dissociate Rad 13 from protein 

complexes. Because Rad13 shows a strong affinity for the negatively charged 

ligand Heparin, it might be worthwhile to check binding of Rad13 also to a cation 

exchanger (with negatively charged functional groups) e.g. Mono S. However, 

since DNA binding proteins might have a similar affinity to certain resins, it is 

conceivable that elution fractions with Rad 13 might also contain potential 

contaminants such as nucleases. Nucleases with substrate specificities different 

from or similar to that assumed for Rad13, might interfere with subsequent 

biochemical assays. Many nucleases, like Rad32, Swi10, Rad2, Exo1 and 

Mus81, are of considerable smaller size than Rad 13. Gel filtration, which 

separates proteins according to differences in size, could therefore be an efficient 

(final) purification step. This has the additional advantage that Rad13 can be 

eluted in the buffer required for the downstream applications like in vitro assays .. 

A feasible purification strategy could consist of an initial affinity capture step, 

followed by ion exchange chromatography and/or adsorption to Heparin, and gel 

filtration as a final step. 

It would also be necessary to monitor the enzymatic activity of the protein 

fractions during the purification procedure. This could be done by checking 
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incision activity in elution fractions on DNA substrates known to be cleaved by 

XPG, e.g. substrate 5 in Fig. 41 . 

We observed a considerable degradation of Rad13 which was not prevented by 

increasing the amount of protease inhibitors in the extracts. This could prove a 

major obstacle in the purification of sufficient amounts of full length Rad 13. Many 

degradation products could be removed by gel filtration. However, depending on 

the resolution of the sizing column used, degradation products of similar length 

than full size Rad 13 might not be removed . It is interesting to note, that Wilson et 

al. (1998) and Tran et al. (2002) reported degradation of purified Exo1 protein, 

which, like Rad13, belongs to the FEN-1 nuclease family. 

We have observed that the amount of endogenously expressed Rad 13 is low 

and we were unable to express tagged Rad13 from pREP expression vectors. It 

is uncertain, if the protein level of Rad13 expressed from its endogenous locus 

but under the control of the nmt1 or nmt41 promoter, is sufficient for purification. 

Therefore, purification of homogenous Rad 13 should be attempted using a 

different eukaryotic or bacterial overexpression system. However, Lee and 

Wilson (1999) reported difficulties to express and purify the full length human 

Exo1 from bacteria. They therefore expressed and purified truncated human 

Exo1 , consisting of the conserved catalytic domain, and determined its substrate 

specificity. Sun et al. (2003) overexpressed a mutated version of Rad2 lacking 

the region between the two nuclease domains. This protein was able to partially 

rescue some of the phenotypes displayed by a rad27 null mutant, indicating that 

it is biologically active and can substitute for a related nuclease to some extent. 

However, several studies have shown that the spacer region of XPG, separating 

the two nuclease domains, is required for substrate recognition and processing 

and to mediate the interaction with other proteins (Iyer et al. 1996, Thorel et al. 

2004, Dunant-Sauthier et al. 2005, Sarker et al. 2005, Hohl et al. 2007). It would 

therefore not be advisable to express a truncated version of Rad 13, lacking the 

spacer region , for the use in in vitro or in vivo studies. It might also be difficult to 

express soluble Rad13 in E.coli. o ·oonovan et al. (1994) and Hohl et al. (2003) 

purified XPG from baculovirus infected Sf9 insect cells. We suggest, that 
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expression of Rad 13 should be attempted using this system. Since a C-terminal 

TAP-tag does only weakly interfere with the function of Rad13, the fusion of the 

widely used and much smaller histidine-tag to its C-terminus would likely provide 

a good alternative to the TAP-tag. 

4.6. Considerations regarding the evaluation of mass 
spectrometry data obtained by tandem affinity 
purification of Rad13 complexes 

We aimed at discovering Rad 13-interacting proteins by tandem affinity 

purification. First, both steps of this purification procedure were optimized for the 

capture and elution of Rad13. The pull-down experiment was then carried out 

with extracts from an untagged control strain, a tagged NER-proficient strain, and 

a tagged NER-deficient (rhp41 L1 rhp42L1) strain. The protein eluates were 

separated by SOS-PAGE. Gel slices were excised and subjected to LC-MS/MS. 

All proteins which were also detected in the control sample were disregarded for 

further evaluation. 

It turned out to be difficult to distinguish between contaminants and putative 

interaction partners of Rad13. Many of the identified proteins play, or are 

predicted to play, a role in general cell metabolisms, stress response, translation, 

vesicular trafficking/intracellular protein transport, ribosome biogenesis or in the 

synthesis, maturation and processing of rRNA. We therefore further analysed our 

data with the software BiNGO which assesses the overrepresentation of Gene 

Ontology categories within a defined set of genes. Indeed, many proteins 

annotated to the biological processes mentioned above are overrepresented in 

our samples, suggesting that their copurification with Rad 13 is probably based on 

unspecific interactions. Nevertheless, data obtained by using BiNGO should still 

be interpreted in the light of other evidence like data available in the literature. 

For example, RNA helicases or other proteins primarily implicated in RNA 

maturation, might also indicate a role for Rad13 in transcription or transcriptional 

control of gene expression. In order to better distinguish what could be a 
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biologically significant interaction and what should rather be regarded as 

experimental background, it would be valuable to carry out a control purification 

with an rhp14-TAP tagged strain. Its homologue in S.cerevisiae did not have an 

effect on gene expression as shown by Lee et al. (2002a), and, to our 

knowledge, neither Rad14 nor human XPA have so far been implicated in 

transcription or transcription-associated processes by protein interaction studies. 

Furthermore, to avoid contamination by cytoplasmic proteins, one could prepare 

nuclear extracts. 

To summarize, we identified several putative interaction partners of Rad13 e.g. 

Rad50, Arp5, cohesin and condensin subunits, which are known (or predicted) to 

be part of multiprotein complexes. Some of these complexes are involved in a 

range of diverse biological processes like transcription, replication and 

chromosome segregation. We have discussed possible roles of Rad13 in these 

processes based on the literature from studies in fission and budding yeast and 

higher eukaryotes. Further genetic, cytological and biochemical experiments 

might reveal if Rad 13 has a function in these processes, and whether they are 

related to DNA repair. 
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Mating-
Name type Genotype Source / Reference 

his3-D1 ura4-O18 Strain collection Bern 

972 h- Strain collection Bern 

975 h+ Strain collection Bern 

60 smtO rad22::ura4 ura4-O18 Tavassoli et al. (1995) 

62 smtO rad32::ura4 urad4-D18 Ostermann et al. 11993) 

69 smtO rhp51::his3 his3-D1 Grishchuck et al. /2004) 

196 h- rad2::ura4 his3-O1 leu1-32 ura4-D18 Murray et al. (2004) 

198 h- rad13::ura4 his3-D1 ura4-O18 Carr et al. (2003) 

230 h- rhp7::kanMX his3-D1 leu1-32 ura4-O18 Marti et al. 12003a) 

318 h+ rqh1 ::kanMX6 leu1-32 ura4-O18 ade6-704 J . Murray, unpublished 

64-2546 h+ swi10::ura4 ura4-O18 strain collection Bern 

FO763 h+ nth1::ura4 ura4-O18 his3-O1 arg3-D4 leu1-32 F. Osman/ Osman et al. (2003) 

MC11 h+ rev3::hohMX4 ura4-O18 Marco Casaulta, unpublished 

OL455 h- swi10::kanMX his3-O1 /eu1 -32 ura4-O18 Kunz and Fleck /2001) 

OL456 h- rho14::kanMX his3-O1 /eu1 -32 ura4-D18 Hohl et al. (2001) 

OL459 h- rad13::kanMX his3-O1 leu1-32 ura4-O18 Kunz and Fleck /2001) 

OL821 h+ mag1::kanMX his3-D1 ura4-O18 Strain collection Bern 

OL 1225 h+ mus81::kanMX 0 . Fleck, unpublished 

RU106 h+ msh3::ura4 ura4-O18 Fleck et al. (1992) 

TM1 h- rho42::kanMX ura4-O18 Marti et al. /2003) 

TM2 h+ rhp41 ::ura4 rho42::kanMX ura4-O18 Marti et al. /2003) 

TM4 h+ rho41 ::ura4 ura4-O18 leu1-32 Marti et al. (2003) 

TM106 h- rhp26::hphMX4 his3-O1 ura4-O18 Marti et al. /2003) 

RO3 h- rad13::ura4 ura4-D 18 this studv 

RO4 h+ rad13::ura4 ura4-O18 this study 

RO? h- rad13::kanMX this study 

ROS h+ rad13::kanMX this studv 

RO9 h- rad2::ura4 ura4-O18 this study 

RO10 h+ rad2::ura4 ura4-O18 this study 

RO11 h- rhp26::hphMX4 this studv 

RO12 h+ rhp26::hohMX4 this study 

RO14 h+ rho7::kanMX this study 

RO15 h- rev3::hphMX4 this study 

RO16 h+ rev3::hphMX4 this study 

RO17 h- mag1::kanMX this study 

RO18 h+ mag1 ::kanMX this study 

RO19 h- swi10::kanMX this study 

RO20 h+ swi10::kanMX this study 

RO21 h- rho14::kanMX this study 

RO22 h+ rhp14::kanMX this study 

RO25 h- nth1::ura4 ura4-O18 this study 

RO26 h+ nth1::ura4 ura4-O18 this study 

RO27 h- rad13::ura4 rho14::kanMX ura4-O18 this study 
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RO28 h+ rad13::ura4 rho14::kanMX ura4-D18 this study 

RO29 h- rad13::ura4 swi10::kanMX ura4-D18 this study 

RO30 h+ rad13::ura4 swi10::kanMX ura4-D18 this study 

RO31 h- rad13::ura4 rho26::hohMX4 ura4-D18 this study 

RO32 h+ rad13::ura4 rho26::hohMX4 ura4-D18 this study 

RO33 h- rad13::ura4 rho7::kanMX ura4-D18 this study 

RO34 h+ rad13::ura4 rhp7::kanMX ura4-D18 this study 

RO35 h- rad13::ura4 rev3::hohMX4 ura4-D18 this study 

RO36 h+ rad13::ura4 rev3::hohMX4 ura4-D18 this study 

RO37 h- rad13::ura4 mag1::kanMX ura4-D18 this study 

RO38 h+ rad13::ura4 mag1::kanMX ura4-D18 this study 

RO39 h- rad13::kanMX rad2::ura4 ura4-D18 this study 

RO40 h+ rad13::kanMX rad2::ura4 ura4-D18 this study 

RO41 h- rad13::kanMX nth1::ura4 ura4-D18 

RO42 h+ rad13::kanMX nth1::ura4 ura4-D18 this study 

RO43 h- rho14::kanMX nth1::ura4 ura4-D18 

RO44 h+ rhp14::kanMX nth1::ura4 ura4-D18 this study 

RO47 h- rhp14::kanMX rph26::hphMX4 this study 

RO48 h+ rho14::kanMX roh26::hohMX4 this study 

RO49 h- swi10::kanMX rph26::hphMX4 this study 

ROSO h+ swi10::kanMX rph26::hphMX4 this study 

RO51 h- rhp14::kanMX swi10::ura4 ura4-D18 this study 

RO52 h+ rho14::kanMX swi10::ura4 ura4-D18 this study 

RO54 h+ rhp14::kanMX ura4-D18 this study 

RO75 h- rhp14::kanMX ura4-D18 this study 

RO86 h- rad13::kanMX msh3::ura4 ura4-D18 this study 

RO87 h+ rad13::kanMX msh3::ura4 ura4-D18 this study 

RO88 h- rad13::ura4 rqh1::kanMX ura4-D18 this study 

RO89 h+ rad13::ura4 rqh1::kanMX ura4-D18 this study 

RO90 h- rah1::kanMX this study 

RO91 h+ rqh1 ::kanMX this study 

RO94 h- rad13::ura4 mus81::kanMX ura4-D18 this study 

RO95 h+ rad13::ura4 mus81::kanMX ura4-D18 this study 

RO97 h+ rad13::ura4 rhp51::his3 ura4-D18 his3-D1 this study 

RO100 h- NTAP-sup3-5-rad13 sup3-5 /eu1-32 ura4-D18 ade6-704 this study 

RO101 h- NTAP-rad13 leu1-32 ura4-D18 ade6-704 this study 

RO102 h+ rad13-3HA ura4-D18 this study 

RO103 h+ rad13-GST ura4-D18 this study 

R0119 h+ rad13::hphMX4 his3-D1 ura4-D18 this study 

RO120 h+ rad13-A 780V-3HA ura4-D 18 this study 

RO121 h+ rad13-FF987-988AA-3HA ura4-D18 this study 

RO122 h+ rad13-S407 A-3HA ura4-D18 this study 

RO123 h+ rad13-220SELF-AGLA223-3HA ura4-D 18 this study 

RO124 h+ rad13-W939A-3HA ura4-D18 this study 

RO125 h- rad13::hphMX4 this study 
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RO126 h+ rad13::hphMX4 this study 

RO127 h- rad13::hphMX4 rad2::ura4 ura4-D18 this study 

RO128 h+ rad13::hphMX4 rad2::ura4 ura4-O18 this study 

RO129 h+ rad13-DN447-3HA ura4-O18 this study 

RO130 h+ rad13-DN447-3HA ura4-O18 this study 

RO131 h+ rad13::kanMX his3-D1 ura4-O18 this study 

RO132 h+ rad13-E779A-3HA ura4-D 18 this study 

RO133 h+ rad13-P72H-3HA ura4-D18 this study 

RO136 h- rad13::hphMX4 rhp14::kanMX this study 

RO137 h+ rad13::hphMX4 rhp14::kanMX this study 

RO140 h+ rad13::his3 his3-D 1 ura4-D 18 this study 

RO144 smto this study 

RO145 h- rad13·A780V-3HA rad2::ura4 ura4-D18 this study 

RO146 h+ rad13·A780V-3HA rad2::ura4 ura4-D18 this study 

RO147 h- rad13·A780V-3HA this study 

RO148 h+ rad13·A780V-3HA this study 

RO151 h- rad13::kanMX this study 

RO152 h+ rad13::kanMX this study 

RO153 h- rad13-0 77 A-3HA this study 

RO154 h+ rad13-0 77 A-3HA this study 

RO155 smto rad13::hphMX4 this study 

RO158 h- rad13-3HA this study 

RO159 h+ rad13-3HA this study 

RO162 h- rad13· E779A-3HA this study 

RO163 h+ rad13· E779A-3HA this study 

RO166 h- rad13::kanMX rhp26::hphMX4 this study 

RO167 h+ rad13::kanMX rhp26::hphMX4 this study 

RO168 h- rad13::hp/JMX4 mag1::kanMX this study 

RO169 h+ rad13::hphMX4 maa1::kanMX this study 

RO170 h- rad13::hphMX4 rhp7::kanMX this study 

RO171 h+ rad13::hp/JMX4 rhp 7::kanMX this study 

RO172 h- rad13::hphMX4 swi10::kanMX this study 

RO173 h+ rad13::hphMX4 swi10::kanMX this study 

RO176 smto rad13::hphMX4 mus81::kanMX this study 

RO177 h+ rad13::hphMX4 mus81::kanMX this study 

RO178 h- nth1 ::ura4 ura4-O18 this study 

RO179 h+ nth1::ura4 ura4-D18 this study 

RO180 h- msh3::ura4 ura4-D18 this study 

RO181 h+ msh3::ura4 ura4-D 18 this study 

RO182 smto rad13::hphMX4 rah 1 ::kanMX this study 

RO183 h+ rad13::hp/JMX4 rqh 1 ::kanMX this study 

RO184 h- rad13.P72H·3HA this study 

RO185 h+ rad13· P72H· 3HA this study 

RO186 h- rad13· FF987-988AA · 3HA this study 

RO187 h+ rad13· FF987-988AA · 3HA this study 
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RO188 h- rad13· S407 A· 3HA this study 

RO189 h+ rad13·S407A3HA this study 

RO190 h- rad13· 220SELF-AGLA223·3HA this study 

RO191 h+ rad13· 220SELF-AGLA223·3HA this study 

RO193 h+ rad13·W939A·3HA this study 

RO195 smtO rad13-3HA this study 

RO199 h- rad13::hphMX4 nth1::ura4 ura4-D18 this study 

RO200 h+ rad13::hphMX4 nth1::ura4 ura4-D18 this study 

RO204 h- rad13-E779A3HA rad2::ura4 ura4-D18 this study 

RO205 h+ rad13·E779A·3HA rad2::ura4 ura4-D18 this study 

RO208 smtO rad13::hphMX4 rhp51::his3 his3-D1 this study 

RO209 h+ rad13::hphMX4 rhp51 ::his3 his3-D1 this study 

RO210 h- rad13D77A3HA rad2::ura4 ura4-D18 this study 

RO211 h+ rad13D77A3HA rad2::ura4 ura4-D18 this study 

RO212 smto mus81::kanMX this study 

RO213 h+ mus81::kanMX this study 

RO214 smto rqh1 ::kanMX this study 

RO215 h+ rah1 ::kanMX this study 

RO216 h- rad13-3HA rad2::ura4 ura4-D18 this study 

RO217 h+ rad13-3HA rad2::ura4 ura4-D18 this study 

RO219 h+ rad13::hphMX4 msh3::ura4 ura4-D18 this study 

RO220 smtO rad13::his3 his3-D 1 this study 

RO221 h+ rad13::his3 his3-D 1 this study 

RO222 h- rad13-DN447-3HA this study 

RO223 h+ rad13-DN447-3HA this study 

RO224 smto msh3::ura4 ura4-D18 this study 

RO225 h+ msh3::ura4 ura4-D18 this study 

RO229 smto rad13::hphMX4 msh3::ura4 ura4-D18 this study 

RO230 h+ rad13::hphMX4 msh3::ura4 ura4-D18 this study 

RO231 smto rad13-3HA rhp51::his3 his3-D1 this study 

RO232 h+ rad13-3HA rhp51 ::his3 his3-D1 this study 

RO239 smto rad13::hphMX4 rad22::ura4 ura4-D18 this study 

RO240 h+ rad13::hphMX4 rad22::ura4 ura4-D18 this study 

RO241 smto rad13::hphMX4 rad32::ura4 ura4-D18 this study 

RO242 h+ rad13::hphMX4 rad32::ura4 ura4-D18 this study 

RO253 h- rad13::hphMX4 rhp42::kanMX this study 

RO254 h+ rad13::hphMX4 rhp42::kanMX this study 

RO255 h- rhp14::kanMX nth1::ura4 ura4-D18 this study 

RO256 h+ rhp14::kanMX nth1::ura4 ura4-D18 this study 

RO267 h- swi10::kanMX nth1::ura4 ura4-D18 this study 

RO268 h+ swi10::kanMX nth1::ura4 ura4-D18 this study 

RO269 h- rad13::hphMX4 rhp41::ura4 ura4-D18 this study 

RO270 h+ rad13::hphMX4 rhp41::ura4 ura4-D18 this study 

RO271 h- rad13::hphMX4 rho41::ura4 rho42::kanMX ura4-D18 this study 

RO272 h+ rad13::hphMX4 rho41::ura4 rhp42::kanMX ura4-D18 this study 
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RO273 h+ rad13-N23/UB/3HA his3-D1 ura4-D18 this study 

RO274 h+ rad13-N23/UB his3-D1 ura4-D18 th is study 

RO303 h+ rad13-CT AP-kanMX this study 

RO316 smt0 rho14::kanMX mus81::natMX this study 

RO317 h+ rho14::kanMX mus81::natMX this study 

RO318 smtO rho14::kanMX rho51::his3 his3-D1 this study 

RO334 smt0 swi10::kanMX mus81::natMX this study 

RO335 h+ swi10::kanMX mus81::natMX this study 

RO342 smtO rad13-3HA rho51 ::his3 his3-D1 this study 

RO342 smt0 rad13-3HA rhp51 ::his3 his3-D1 this study 

RO355 smt0 rad13D77A-3HA rho51::his3 his3-O1 this study 

RO356 smtO rad13·E779A-3HA rho51::his3 his3-D1 this study 

RO357 h+ rad13-CTAP-kanMX rho41 ::ura4 rho42::kanMX ura4-D18 this study 

RO359 smt0 rad13·A780V-3HA rhp51::his3 his3-O1 this study 

RO360 h+ natMX-nmt1-rad13-CTAP-kanMX this study 

RO361 h+ natMX-nmt41-rad13-CTAP-kanMX this study 

RO368 smtO mus81::natMX swi10::kanMX this study 

RO372 smt0 rad13::hphMX4 mus81::natMX rhp14::kanMX this study 

RO373 smtO mus81::natMX rhp14::kanMX this study 

RO374 smtO rad13::hphMX4 mus81::natMX swi10::kanMX this study 

RO385 smtO rhp51 ::his3 swi10::kanMX his3-D1 this study 

RO386 smtO rhp51::his3 rhp14::kanMX his3-O1 this study 

RO389 smtO rad13::hohMX4 rhp51::his3 swi10::kanMX his3-D1 this study 

RO390 smtO rad13::hphMX4 rhp51::his3 rhp14::kanMX his3-O1 this study 
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Thesis Primers 

Restlictlon 
Name Seauence s· to 3• sites 

CAATTTCTATTGAGAATCTACCTAGAAAAACCAAGCTTAGTA 
CTAGCTTACT AAAAAAACCCAGCAAAAGAAGAAGAAAAcggat 

Rad13-3'-TAG-for cccrnnnttaattaa 
CTCAACAAAAAATTACAGTAACTTCTTTTATAGGAACAACCA 
GTTAAGTAAACAAATAAATAAATAATTTATTAAACgaattcgagct 

Rad 13-3' -TAG-rev catttaaac 
GTCAGATCTGTTTAATAAATTATTTATTTATTTGTTTACTTAA 

Rad13-UTR-lor CTGG Ba/II 
Rad 13-UTR-rev ATGACTAGTCCCTTGCGCATTTCCAAAAGAC Soe l Fsol 

Rad 13-orom-for ACTGGA TCCTAGGGTT GCTAGCTTCTTTTTCTTC BamHl,Nhel 
ATAGGATCCTGCATAGTCCGGGACGTCATACGGATAGCCC 
GCATAGTCAGGAACATCGTATGGGTAAAAGATTTTTCTTCT 

Rad 13-3HA-rev TCTTTTGCTGG Sam HI 
Rad 13-orom-rev IAGAGGA rec GTTTTCTTCTTCTTTTGCTGG Sam HI 
Rad13up-F GCTAGCTTCTTTTTCTTCAG 

Rad13uo-R 
iATTTTGTTGCGCATCAGCTTTCATTGCAAAATATTATATGCG I 
ATGTC 

TAP taQ-F IATGAAAGCTGATGCGCAACAAAAT 
TAP taa-R IACCACCCCCGCCGCCCGATAACTT 

Rad13do-F 
IAAGTT ATCGGGCGGCGGGGGTGGTA TGGGGGTTTCAGGT 
CTTTG 

Rad13do-R GAAACGTCCATTTCAGGTAG 
R13c1-F TGAAACGAGGTTCCTGGTAC 
R13c1-R TAGAGACATATTGTGTAAGCTC 
R13s0 CGTTAGAACGCGGCTAC 
R13s1 CTAGTACTTGTTCCATTG 
R13s2 CTTTAATCACATTTCTTCG 
R13s3 TGACATTGGATAATTCAG 
R13s4 CGGTGTTATCTCAGGATC I 
R13s5 ACCTTTTCAGCCTATGG I 
R13s6 TAGAGCCTGAAGTGGTTG I 

R13s7 TAGGTCCAGTTCTTGCAC I 
R13s8 GATCAGATGAACTACAAAG I 
R13s9 CAGATCCGCTAGGGATAAC I 
R13s10rev CGTATCTATTCAATAGTAAGC I 
R13s11rev AGCGCAGCGAGTCAGTG ! 
3HA-F CGATGTTCCTGACTATG I 
GST-F GATACGGTGTTTCGAGAATTG I 
R13c2 GCTTAGTACTAGCTTAC I 
PRO1 TGCCTAAATCATATGGTC i 
R13s12 CGCTTTGTTGGTAAAACATG I 

R13s13 CTCGACAGGGAGGAAAATGCC 
R13s14 ACGAATGGGTTTAAGCTCTG 
R13s15 GTTACTGATGATTTAATAC 
R13s16 GTTTCTAGTGATAAGGCCATG 
R13s17 TGAGGTCACTCAAGTAATG 
R13s1B CAACGTTTATCAACTGGAC 
R13s19 CCGGTTATACAAGACATGC 
R13s20 AGTAAAAACGGAGAAACAG I 
R13s21 CGTTATGCGTATCTGGTGACTTC i 

A780V-for GCTCCTCAAGAAGCAGAAGTCCAGTGTTCTAAACTTTTG i 

A780V-rev CAAAAGTTTAGAACACTGGACTTCTGCTTCTTGAGGAGC 
D77A-for CCTGTATTTGTTTTTGCTGGAGGAGCGCCGTCATTG 
D77A-rev CAATGACGGCGCTCCTCCAGCAAAAACAAATACAGG 

CAGTCCAATTTGACTCAGGCAGCTGAAGGTGGTAATACTAA 
PBS-for TGTATATG I Pvull 

CATATACATTAGTATTACCACCTTCAGCTGCCTGAGTCAAA 
PBS-rev TTGGACTG Pvull 

CTTCAATTAGCAACCCAGCAAGCACTAGAGGAAAACAAAAA 
UIM-lor ATC 

GATTTTTTGTTTTCCTCTAGTGCTTGCTGGGTTGCTAATTGA 
UIM-rev AG 

CAAA TA TTGA TTTTGACGCCGGC TT AGCTCAA TCATT ACCC 
Box1-lor GATACGG Nae I 

CCGTATCGGGTAATGATTGAGCTAAGCCGGCGTCAAAATC 
Box1-rev AATATTTG Nae I 

GCAAGCAATCGTTTCAAGCCGGCATACCCGACCTTGACGA 
Box2-lor G Nae I 

CTCGTCAAGGTCGGGTATGCCGGCTTGAAACGATTGCTTG 
Box2-rev C Nae I 
HvaB-lor CGCCAGCTGAAGCTTCGTAC 
HvaB-rev GGCCACTAGTGGATCTGATA I 
R13-21 GGGTT GCTAGC TTCTTTTTCTTCAG Nhe l 
R13-22 atacaaaacttcaactaacaTGCAAAATATTATATGCGATGTC 
R13-23 tatcaaatccactaotaaccGTTTAATAAATTATTTATTTATTTG ! 
R13-24 CTCGCTTCCCTTGCGCATTTCC Fsol 
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Thesls Primers 

I Restriction 
Name Seauence 5· to 3· I sites 

CCTCGTCGTTAAGAAGTGAATTCATTGCAAAATATTATATG 
R13-N-rev1 CGATGTC Eco RI 
R13-N-for2 ATGAATTCACTTCTTAACGACG I Eco RI 
R13-N-rev2 ATTTGATATCCCCAGTATCCTTAG I EcoRV 

CGTTGCTCCTCAAGAAGCGGCCGCCCAGTGTTCTAAACTTT 
E779A-for TGG Eao l 

E779A-rev 
ICCAAAAGTTTAGAACACTGGGCGGCCGCTTCTTGAGGAGC 
AACG Eaal 

P72H-for 
ICTATTATTTTTTGGGATTAAACATGTATTTGTTTTTGATGGA 
GG Peil 
CCTCCATCAAAAACAAATACATGTTTAATCCCAAAAAATAAT 

P72H-rev AG Peil 
R13-25 TGCAAAATATTATATGCGATGTCAAG I 

R13-26 GTTTAATAAATTATTTATTTATTTGTTTAC I 

R 13-His3-for CTTGACATCGCATAT AATATTTTGCAtttcaacattttctttacaa i 
GT AAACAAATAAATAAATAA TTT A TT AAACctatgcaaagctaacga 

R 13-His3-rev ate 
R13s22 GAAGATCCGACTGCTTCAGG 
Kan-3 GGTATTGATAATCCTGATATG ! 
R13s23 GAAGTTTCGTTGTAGACGAC I 
Ura4-1 TACCATGTAGACAAACAAG 

R13PUrev 
CAAGCTAGTGA TA TCTCCGGCCGCAACAAGTGTTTCTAGCT j 
TGAC i 

R 13PU3HAfor 
GTT GCGGCCGGAGA TA TCACTAGCTTG ATCTTTT ACCCATA I 
CGATGTTCCTG 

kanMXR13UTRrev 
GTAAACAAATAAATAAATAATTTATTAAACGTTTAAACTGGA j 
TGGCGGCGTTAG I 

R13PUTADHror 
GTT GCGGCCGGAGA TA TCACTAGCTTGTGAGGCGCGCCACj 
TTCTAAATAAGCG 

R13-27 ataoaccac/ao/atctttaaac/cnnn oaaaato Soel Aval 
GCTACTTGATCGCCGCATAGGCCTTAATACGAAGAAGAGT 

R13-28 ACC Ball 
R13s29rev TATGGAAATTCATGGATCGC I 

R13s30 TCAATTGTAGCTGCTGCTG ! 

ad6+1847 GATTATGTTTCAAAGATCGC 
R13-31 CCGTTAGTTGATGAAGCTTAT 

TTAATTAACCCGGGGATCCGTTTTCTTCTTCTTTTGCTGGG 
R 13-CT AP-rev TTTTTTTAGTAAGCTAG 
CTAP-for CGGATCCCCGGGTTAATTAA 
CTAP-rev GAATTCGAGCTCGTTTAAAC EcoRI 

GTTTAAACGAGCTCGAATTCGTTTAATAAATTATTTATTTATT 
R13-UTR-CTAP-for TGTTTACTTAAC EcoRI 
R13-32rev CATCATCGTATCTATTCAATAG 

R13-CTAP-mod TTAATTAACCCAGGGATCCGTTTTCTTCTTCTTTTGCTG 

CT AP-for-mod CGGATCCCTGGGTTAATTAA BamHI 
CTAP-R TAAACAGATCTATATTACCCTG Balll 

CAGGGTAATATAGATCTGTTTAGTTTAATAAATTATTTATTTA 
R13-UTR-TAP TTTGTTTAC 

TAP-1 CTCAACATGCGATTAAAGC 

TAP-2 CGAATCTCAAGCACCGAAAGC 

R13s33rev CGTCAACCTTCTTTTCATAG 

TAP-3-rev AGAAGTGGCGCGCCTTATTC 
GTAAACAAATAAATAAATAATTTATTAAACTAAACAGATCTAT 

CTAP-Rlona ATTACCCTG 

R13s29rev-Soe ataaaccaclaolTATGGAAATTCATGGATCGC Soel 

R 13TAPREPfor TCGACATATGGGGGTTTCAGGTCTTTGG Ndel 

Sma l,Xmal, 
R 13TAPREPrev AGATACCCGGGTTATTCTTTGTTGAATTTGTTATCCGC Aval 

CTTGACATCGCATATAATATTTTGCACAGGTCGATCGACTC 
nmt-1 TAGAGGATC 

ATTCCAAAGACCTGAAACCCCCATATGATTTAACAAAGCGA 
nmt-2 C 

13-ORF ATGGGGGTTTCAGGTCTTTGG 
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Thesis Primers 

Restriction 
Name Seauence 5' to 3' sites 

13-CTAPrev TTATTCTTTGTTGAATTTGTTATCCGC 
TAACAAATTCAACAAAGAATAAAAGGAATGTCTCCCTTGCCA 

nmt-3 G 
CAAATAAATAAATAATTTATTAAACCTAATAGAAAGGATTATT 

nmt-4 TCAC 
CTTGACATCGCATATAATATTTTGCAGAATTCGAGCTCGTTT 

P1 AAAC EcoRI Pmel 
ATTCCAAAGACCTGAAACCCCCATGATTTAACAAAGCGACT 

P2 ATA 

Pc CTGAAGTTATGACATTTGG 

Re GAGAAATCCATTCTATTAGG 

R13-33rev AATAATAGTTTGCATATCCTTC 

41F CTCGTGAGAGAACGGTAGC 

41R ATGTTGGAGAGGGTGCTCG 

42F CGCAGGTTGATGTTCCTAAG 

42R GAGTGTGATCCACCAATATG 
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Experiment: Rolf! 40 I 09 99% probability, 4 peptide minimum, displaying Protein Identification Probability 

Probability Legend: 
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'in .lS 0 e ::, ::, ::, ::, 
# 5 "' dentified Proteins (114) <( ::E 0.. ::E ::E ::E 2 e ::E 
1 0 I fas1 11 fatty acid synthase beta subunit Fas1 I Schlzosaccha ... SPAC926.09c 231 kDa 100% 100% 91% 91% 
2 0 111 ATP-dependent RNA helicase Slh1 I Schizosaccharomyces ... SPBC13Gl .... 219 kDa 92% 100% 

3 0 I nup211 I I nuclear pore complex associated protein I Schizos ... SPCC162.08c 211 kDa 91% 100% 99% 74% 
4 0 I fas2 I lsd1 I fatty acid synthase alpha subunit lsd1 I Schizos ... SPAC4A8.11c 202 kDa 100% 100% 100% 100% 
5 0 111 DEAD/DEAH box helicase I Schizosaccharomyces pombe 1 ... SPAC694.02 195 kDa 100% 100% 
6 0 I nuc1 I rpa1 I DNA-directed RNA polymerase I complex large ... SPBC4C3.05c 189 kDa 100% 91% 
7 0 111 U3 snoRM'-assoclated protein RrpS I Schlzosaccharomyc ... SPCC1183.07 188 kDa 100% 
8 0 I tif471 I I translation initiation factor eIF4G I Schizosaccharo ... SPAC17C9.03 154 kDa 94% 100% 100% 91% 91% 

9 0 I rad SO I SPAP4C9.0lc I DNA repair protein Rad SO I Schizosacc ... SPAC1556 .... 150 kDa 

10 0 111 vigilin I Schizosaccharomyces pombe I chr 3111 SPCCSS0.14 141 kDa 91% 

11 0 I psm3 l smc3 J mitotic cohesin complex subunit Psm3 I Schizo ... SPAC10F6.0 ... 137 kDa 94% 74% 91% 
12 0 I cut14 I smc2 I condensin subunit Cut14 I Schizosaccharomyc ... SPBP4H10 .... 134 kDa 62% 91% 
13 0 I rad13 I I DNA repair nuclease Rad13 I Schlzosaccharomyces ... SPBC3E7.08c 126 kDa 100% 100% 100% 100% 
14 0 I elf111 AAA family ATPase Elfl I Schizosaccharomyces pomb ... SPAC3C7.08c 117 kDa 
15 0 I 11 sulfite reductase NADPH flavoprotein subunit I Schizosac ... SPCC584.01c 111 kDa 

16 0 I rpn2 I I 19S proteasome regulatory subunit Rpn2 I Schizosac ... SPBC17D11 ... 107 kDa 

17 0 I tif32 I I translation initiation factor eIF3a I Schizosaccharom ... SPBC17D11 ... 107 kDa 94% 9 1% 

18 0 I ade9 l I C-1-tetrahydrofolatesynthase/methylenetetrahydr ... SPBC2G2.08 105 kDa 

19 0 I tlf33 I SPAC823.0lc I translation Initiation factor eIF3c I Schlz ... SPAC4A8.16c 104 kDa 100% 91% 91% 
20 0 I pfkl I J 6-phosphofructokinase I Schizosaccharomyces pom ... SPBC16H5.02 103 kDa 91% 
21 0 I rad16 I radlO, rad20, swi9 I DNA repair endonuclease XPFI Sc ... SPCC970.01 102 kDa 

22 0 I sec2111 coatomer gamma subunit Sec21 I Schizosaccharo ... SPAC57A7 .... 101 kDa 56% 
23 0 111 RNAPII degradation factor I Schizosaccharomyces pomb ... SP8C354.10 100 kDa 100% 100% 
24 0 111 aconitate hydratase I Schizosaccharomyces pombe I chr ... SPBP4H10.15 98 kDa 100% 100% 
25 0 I mts4 l rpnl I 19S proteasome regulatory subunit Mts4 I Schi ... SPBP19A11 ... 98 kDa 
26 0 I ap14 l I AP-1 adaptor complex gamma subunit Apl4 I Schizos ... SPCP1E11.06 96 kDa 

27 0 111 transcription factor I Schizosaccharomyces pom be I chr 2 ... SPBC16G5.16 95 kDa 99% 94% 91% 100% 
28 0 111 RNA-binding protein Mrdl ISchlzosaccharomyces pombe ... SPBP22H7 .... 94 kDa 

29 0 I eft201 I eft2·1, etf2, SPAPYUK71.04c I translation elongation ... SPAC513.0lc 93 kDa 100% 100% 
30 0 I cdc22 l I ribonucleoside reductase large subunit Cdc22 I Schi ... SPAC1F7.05 92 kDa 99% 100% 
31 0 I ptr8 l I transcription factor TFIIH complex ERCC-3 subunit I 5 ... SPAC17AS.06 91 kDa 68% 91% 100% 
32 0 I spbl I I rRNA methyltransferase Spbl I Schizosaccha romyc ... SPAC1687 .11 91 kOa 76% 

33 0 I cdc48 I SPAC6F12.0l I AAA tam ily ATPase Cdc48 I Schizosacc ... SPAC1565.08 90 kDa 9 1% 
34 0 I rrp6 l SPAC3H8.11 I exosome subunit Rrp6 I Schlzosaccharo ... SPAC1F3.01 90 kDa 

35 0 I alp14 I mtcl I Mad2-dependent spindle checkpoint compone ... SPCC895.07 89 kDa 

36 0 111 methionine-tRNA ligase I Schizosaccharomyces pombe 1 ... SPBC17A3 .... 89 kDa 100% 100% 
37 ~ I cdcS I I cell division control protein CdcS l Schizosaccharomy ... SPAC644.12 87 kDa 91% 67% 
38 0 11 SPBC409.22c I translation elongation factor GI Schizosacch ... SPBC1306.0 ... 86 kDa 

39 ~ 111 AAA family ATPase Rix7 I Schizosaccharomyces pombe 1 ... SPBC16E9.1 ... 86 kDa 100% 100% 
40 ~ I mcm7 I I MCM complex subunit Mcm7 I Schlzosaccharomyce ... SPBC25D12 ... 86 kDa 67% 
41 ~ 111 ataxin-2 homo log I Schizosaccharomyces pombe I chr 2111 SPBC21B10 .... 86 kDa 83% 91% 9 1% 

42 ~ 111 translation initiation factor eIF3b I Schizosaccharomyces ... SPAC25G10 ... 84 kDa 9 1% 100% 
43 0 I asel 11 microtubule-associa ted protein Asel I Schizosaccha .. .SPAPB1A10 ... 83 kDa ~ 100% 100% 
44 0 111 topoisomerase associated protein I Schizosaccharomyce .. .SPBC19G7 .... 83 kDa 57% 73% 9 1% 

45 ~ 111 WO repeat/ BOP1NT protein I Schizosaccharomyces pomb ... SPBC4F6.13c 83 kDa 94% mID 
46 0 111 act In-like protein Arps I Schlzosaccharomyces pombe I c ... SPBC365.10 82 kDa 54% 
47 0 111 glutamate-tRNA ligase I Schizosaccharomyces pombe I c ... SPAC17AS .... 81 kDa 100% 100% 100% 

48 0 I thsl I I threonine-tRNA ligase Thsl I Schizosaccharomyces ... SPBC25H2.02 80 kDa 94% 100% 100% 

49 0 111 conserved eukaryotic protein I Schizosaccharomyces po ... SPAC1006 .... 80 kDa 

50 0 I secl 11 SNARE binding protein Seel I Schizosaccharomyces p ... SPCC584.0S 80 kDa 100% 100% 

51 0 111 proline-tRNA ligase I Schizosaccharomyces pombe I chr 2 ... SP8C19C7.06 79 kDa 100% 100% 100% 

52 0 111 cell polar ity protein I Sch izosaccharomyces pombe I chr 3 ... SPCC736.07c 78 kDa 

53 0 111 conserved fungal protein I Schizosaccharomyces pombe 1 ... SPBCl6HS .... 77 kDa 100% 100% 100% 

54 0 I trp2 I I tryptophan synthase I Schizosaccharomyces pombe ... SPAC19A8.15 75 kDa 94% 

55 0 111 glycine tRNA-ligase I Schizosaccharomyces pombe I chr 1 ... SPAC3F10.03 74 kDa 100% 100% 91% 

56 0 I bipl I bip I BiP JSchizosaccharomyces pombe Jchr 1111 SPAC22A12 ... 73 kDa 7t% 71% 100% 

57 0 I ilvl 11 acetolactate synthase catalytic subunit I Schizosacch ... SPBP35G2.07 73 kDa 91 % 

58 0 I ssc1 I sspl I Hsp70 chaperone mtHsp70 I Schizosaccharomyc ... SPAC664.11 73 kDa 100% 100% 

59 0 I nogl I SPBC725.18c I GTP binding protein rt>gl I Schizosacch ... SPBC651.0lc 73 kDa 92% 92% 91% 

60 0 I pabp 11 mRNA export shuttling protein I Schizosaccharomyc ... SPAC57A7 .... 72 kDa 100% 100% 100% 
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Experiment: Ro lf140 I 09 99% probability, 4 peptide minimum, displaying Protein Identification Probability 
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65% 100% 100% 91% 100% 100% 73% 

IA5%] 77% 92% 

76% 89% 94% 87% 66% 

100% 100% 93% 100% 100% 55% 87% 66% 88% 

100% 100% 88% 100% 

82% 

53% 100% 100% 100% 99% 
92% 100% 83% 

100% 100% 94% 100% 91% 61% 87% 86% 88% 83% 

81% 100% 59% 88% 91% 93% 87% 92% 87% m%'l 88% CAJ..%1 
92% 100% 92% 87% 57% 68% 

100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 

66% 100% 100% 88% 

100% 100% 100% 93% 91% 

100% 100% 100% 
100% 100% 100% 100% 98% 92% 87% 87% 86% 88% 

57% 91% 100% 68% 

85% 100% 100% 94% 100% 100% 100% 100% 100% 100% 86% @:%1 

100% 100% 100% 100% 100% 
100% 100% 100% 88% 

100% 100% 87% 

100% 100% 93% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 93% 100% 

94% 100% 100% 100% 100% 100% 100% 87% 86% 88% 

100% 100% 100% 
100% 100% 

92% 88% 91% 93% 100% 92% 100% 100% 100% 91% 86% 88% 93% 

94% 100% 100% 50% 

100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 92% 

55% 93% 87% 100% 100% 100% 93% 
100% 100% 92% 

88% 91% 100% 100% 87% 

100% 100% 100% 92% 

91% 100% 100% 100% 

92% 100% 100% 100% 
86% 

90% 100% 100% 69% 

92% 87% 92% 100% 100% 77% 

87% 99% 93% 100% 100% 88% ~ 
100% 100% 

58% 94% 100% 91% 100% 87% 73% 93% 63% 

100% 92% 100% 100% 100% 100% 100% 92% 92% 

88% 93% 100% 100% 100% 100% 100% (45%] 99% 92% 

77% 61% 68% 63% 54% 100% 100% 100% 69% ~ 

94% 51% 100% 100% 
82% 99% 100% 53% 

C:4.0:ID 91% 94% 87% 

93% 100% 100% 100% 100% 

88% 100% 100% 88% 

100% 100% 100% 
91% 100% 100% 100% 100% 100% 100% 100% 92% 

91% 100% 100% 
100% 100% 100% 

50% 57% 80% ~ 74% 100% 100% 100% 100% 100% ~ 
100% 100% 100% 

100% 100% 100% 93% 

94% 92% 87% 100% 100% 53% 

100% 100% 88% 
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Probability Legend: 
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61 ~ Issa 211 heat shock protein Ssa2 J Schlzosaccharomyces porn ... SPCC1739.13 70 kDa 74% 100% 100¾ 100% 

62 ~ I sum3 J ded1, slh3, moc2 l ATP-dependent RNA helicase Sum ... SPCC1795.11 70 kDa 100¾ 100¾ 

63 ~ 111 striatin homo log I Schizosaccharomyces pombe I chr 2111 SPBC1773.01 69 kDa 

64 ~ I ppp1 I SPBC25D12.0lc I pescadillo-family I Schizosaccharom ... SPBC19FS.O ... 69 kDa 100¾ 100% 

65 0 111 RNA methyltransferase Nop2 I Schizosaccharomyces po ... SPBP8B7.20c 69 kDa 

66 ~ 111 DNA-directed RNA polymerase III complex subunit Rpc8 ... SPAPB1E7.03 68 kDa 

67 ~ I ssbl I rpa 1, rad11 I DNA replication factor A subunit Ssbl IS ... SPBC660.13c 68 kDa 91% 100% 

68 ~ I sks2 I hsc1 I heat shock protein Sks2 I Schizosaccharomyces ... SPBC1709.0S 67 kDa 100¾ 100¾ 100¾ 

69 ~ 111 CTP synthase I Schizosaccharomyces pombe I chr 1111 SPAC10F6.0 ... 67 kDa 

70 0 11 I aspartate-tRNA ligase I Schizosaccharomyces pombe I ch ... SPCC1223.0 ... 67 kDa 

71 0 I sebl I I RNA-binding protein Sehl I Schizosaccharomyces p ... SPAC222.09 66 kDa 

72 0 111 RNA-binding protein I Schizosaccharomyces pombe I chr 1 ... SPAC17H9 .... 66 kDa 

73 ~ 11 SPACS7A7.01 I Usp I Schlzosaccharomyces pombe I chr 1111 SPAC167.0S 66 kDa 91% 

74 0 111 ATP-dependent RNA helicase Has1 I Schizosaccharomyc ... SPAC1F7.02c 65 kDa 

75 0 I moe111 translation initiation factor eIF3d Moel I Schizosacc ... SPAC637.07 63 kDa 77% 92% 91% 

76 0 I mcp60 I hsp60 I mitochondrial heat shock protein Hsp60 I Sc ... SPAC12G12 ... 62 kDa 

77 0 111 double-strand break repair protein I Schizosaccharomyc ... SPCC622.15c 62 kDa 89% 

78 0 I cct8 I I chaperonin-containing T-complex theta subunit Cct8 ... SPBC337.05c 60 kDa 

79 0 I msal I SPAC6C3.0lc I RNA-binding protein Msa1 I Schlzosacc ... SPAC13G7 .... 59 kDa 

80 0 I int6 I yin 6, yin6 I translation initiation factor eIF3e I Schizosa ... SPBC646.09c 57 kDa 91% 

81 ~ I atp2 I I Fl-ATPase beta subunit I Schizosaccharomyces po ... SPAC222.12c 57 kDa 

82 0 I pykl 11 pyruvate kinase I Schizosaccharomyces pombe I chr ... SPAC4H3.10c 56 kDa 100¾ 100% 100% 94% 100% 100¾ 

83 0 I tfbl 11 transcription factor TFIIH complex subunit Tfbl I Schi ... SPAC16E8.1 ... 55 kDa 

84 0 I gar2 I I GAR family I Schizosaccharomyces pombe I chr 1111 SPAC140.02 53 kDa 94% 100¾ 100¾ 

85 0 I ef1a-c 11 translation elongation factor EF-1 alpha Efla-c I Sc ... SPBC839.15c SO kDa 94% 92% 100¾ 94% 100% 100% 

86 0 111 RNA polymerase II associated Pafl complex I Schizosacc ... SPBC13E7.0 ... 49 kDa 

87 0 111 mitochondrial ribosomal protein subunit L35 I Schizosacc ... SPBC2F12.10 43 kDa 

88 0 I actl I cps8 I actln I Schlzosaccharomyces pombe I chr 2111 SPBC32H8 .... 42 kDa 94% 91% 100% 91% 91% 

89 0 111 translation initiation factor eIF3h I Schizosaccharomyces ... SPAC821.05 40 kDa 

90 0 I rpl402 I rpl4-2, rp14 I 605 ribosomal protein L2 I Schizosaccha ... SPBP8B7.03c 40 kDa * 
91 0 I leul I SPBC1E8.07c I 3-isopropylmalate dehydrogenase Leu1 ... SPBC1A4.02c 40 kDa 

92 0 I mpgl 11 mannose-1-phosphate guanyltransferase Mpgl I 5 ... SPCC1906.01 40 kDa 

93 0 I adhl I adh I alcohol dehydrogenase Adhl I Schizosaccharom ... SPCC13B11 .... 37 kDa 

94 ~ I sum 11 tlf34 I translation Initiation factor eIF31 I Schlzosacch ... SPAC4D7.0S 37 kDa 

95 0 111 Brix doamln protein Rpf2 I Schizosaccharomyces pombe ... SPAC926.08c 36 kDa 

96 0 I tdh1 I gpdl I glyceraldehyde-3-phosphate dehydrogenase T ... SPBC32F12 .... 36 kDa 

97 0 I gpd3 I I glyceraldehyde 3-phosphate dehydrogenase Gpd3 I .. ,SPBC354.12 36 kDa 94% 100% 100¾ 91% 

98 0 I cpc2 I rkpl I RACKl homologue Cpc2 I Schizosaccharomyces ... SPAC6B12.15 35 kDa 

99 ~ I tfb4 I I transcription factor TFIIH complex subunit Tfb4 I Sch ... SPBC30B4.0 ... 33 kDa 

100 ~ 111 translation Initiation factor eIF3fl Schlzosaccharomyces ... SPBC4C3.07 33 kDa 70% 

101 0 I fibl I fib I fibrillarin I Schizosaccharomyces pombe I chr 2111 SPBC2D10 .... 32 kDa 

102 0 I rps001 I rps0-1, rpsa-1, rpsO I 40S ribosom al protein SOA IS ... SPBC685.06 32 kDa 

103 0 I tif3511 translation initiation factor eIF3g I Schizosaccharom ... SPBC18H10 ... 31 kDa 

104 0 I rps002 I rpsa-2, rps0-2, rpsO I 40S ribosomal protein SOB I Sc ... SPAPJ698,0 ... 31 kDa 

105 0 111 nuclear telomere cap complex subunit I Schizosaccharo ... SPBC16A3 .... 31 kDa 

106 0 I rad24 I I 14-3-3 protein Rad24 I Schlzosaccharomyces pomb ... SPAC8E11.0 ... 30 kDa 

107 0 I rps403 I rps4-3, rps4 I 405 ribosomal protein 54 I Schizosacc ... SPAC959.07 30 kDa 

108 0 I rpl701 I I 60S ribosomal protein L7 I Schizosaccharomyces p ... SPBC18H10 ... 29 kDa 

109 0 I rplB I I 605 ribosomal protein L7a I Schizosaccharomyces po ... SPBC29A3.04 29 kDa 

110 0 I rps102 I rpsl-2, rps3a-2 I 405 ribosomal prot ein 53a I Schizo ... SPAC22H12 ... 29 kDa 

111 0 I rbp28 I I RNA-binding protein Rbp28 I Schizosaccharomyces ... SPAC2C4.11c 28 kDa 

112 0 I rps3 I I 40S ribosomal protein 53 l Schizosaccharomyces po ... SPBC16GS .... 28 kDa 

113 0 I rps602 I rps6-2, rps6 I 405 ribosomal protein 56 I Schizosacc ... SPAPB1E7.12 27 kDa 

114 0 I soul 11 short chain dehydrogenase I Schizosaccharomyces ... SPACBEU.10 27 kDa 
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Experiment: Roi fl 40 I 09 99% probability, 4 peptide minimum, displaying Protein Identification Probability 
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Experiment: Roi fl 40 I 09 99% probability, 4 p eptide minimum, displaying Percent Coverage 
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1 0 I fasl 11 fatty acid synthase beta subunit Fasl I Schlzosaccha ... SPAC926.09c 231 kDa 18% 18% 0.53% 0.53% 

2 0 111 ATP-dependent RNA helicase Slhl I Schizosaccharomyces .. .SPBC13G1 .... 219 kDa 0.57% 3.0% 

3 0 I nup211 I I nuclear pore complex associated protein I Schizos ... SPCC162.08c 211 kDa 0% 3.9% 0.82% 0% 

4 0 I fas2 I lsd1 I fatty acid synthase alpha subunit Lsdl I Schizos ... SPAC4A8,11c 202 kDa 15% 28% 24% 1.1% 

5 0 111 DEAD/DEAH box helicase I Schizosaccharomyces pombe I ••· SPAC694.02 195 kDa 9.6% 18% 

6 0 I nucl I rpal I DNA-directed RNA polymerase I complex large ... SPBC4C3.0Sc 189 kDa 4.1% 0.71 % 

7 0 11 I U3 snoRt-1>-assoclated protein RrpS I Schlzosaccharomyc ... SPCC1183.07 188 kDa 4.0% 

8 0 I t if471 I I translation initiation factor eIF4G I Schizosaccharo ... SPAC17C9.03 154 kDa 0.86% 5.3% 4.5% 0.86% 0.86% 

9 0 I rad SO I SPAP4C9,01c I DNA repair protein Rad SO I Schizosacc •.• SPAC1SS6 .... 150 kDa 

10 0 111 vigilin I Schizosaccharomyces pombe I chr 3111 SPCCSS0.14 141 kDa 0.70% 

11 0 I psm3 I smc3 I mitotic cohesin complex subunit Psm3 I Schizo ... SPAC10F6.0 ... 137 kDa 1.2% 0% 1.2% 

12 0 I cut141 smc2 I condensin subunit Cut14 I Schizosaccharomyc ... SPBP4H10 .... 134 kDa 0% 1.3% 

13 0 I rad13 I I DNA repair nuclease Rad13 I Schlzosaccharomyces ... SPBC3E7.08c 126 kDa 29% 28% 35% 34% 

14 0 I elfl 11 AAA family ATPase EUl I Schlzosaccharomyces pomb •.. SPAC3C7.08c 117 kDa 

15 0 111 sulfite reductase NADPH flavoprotein subunit I Schizosac ..• SPCC584.01c 111 kDa 

16 0 I rpn2 I I 19S proteasome regulatory subunit Rpn2 I Schizosac ... SPBC17D11 ... 107 kDa 

17 0 I tif32 I I translation initiation factor eIF3a I Schizosaccharom ... SPBC17D11 ... 107 kDa 1.7% 0.97% 

18 0 I ade9 I I C-1-tetrahydrofolatesynthase/methylenetetrahydr .. .SPBC2G2.08 105 kDa 

19 0 I tlf33 I SPAC823.01c I translation Initiation factor eIF3c I Schlz ... SPAC4A8.16c 104 kDa 2.7% 1.5% 1.5% 

20 0 I pfkl 116-phosphofructoklnase I Schizosaccharomyces pom ... SPBC16HS.02 103 kDa 0.96% 

21 0 I rad16 I radlO, rad20, swi9 I DNA repair endonuclease XPFI Sc ... SPCC970,01 102 kDa 

22 0 I sec2111 coatomer gamma subunit Sec21 I Schizosaccharo ... SPACS7A7 .... 101 kDa 0% 

23 0 111 RNAPII degradation factor I Schizosaccharomyces pomb ... SPBC3S4.10 100 kDa 8.8% 4.9% 

24 0 I 11 aconitate hydratase I Schizosaccharomyces pombe I chr ... SPBP4H10.1S 98 kDa 3.4% 3.4% 

25 0 I mts4 I rpnl I 19S proteasome regulatory subunit Mts4 I Schi ... SPBP19A11 ... 98 kDa 

26 0 I apl4 I I AP-1 adaptor complex gamma subunit Apl4 I Schizos ... SPCPlEU.06 96 kDa 

27 0 111 transcription factor I Schizosaccharomyces pombe I chr 2 ... SPBC16GS.16 95 kDa 1.2% 1.2% 1.2% 3.7% 

28 0 111 RNA-binding protein Mrdl I Schlzosaccharomyces pombe ... SPBP22H7 .... 94 kDa 

29 0 I efl:2011 eft2-1, etf2, SPAPYUK71.04c I translation elongation ... SPACS13.01c 93 kDa 2.9% 2.3% 

30 0 I cdc22 I I ribonucleoside reductase large subunit Cdc22 I Schi ... SPAC1F7.0S 92 kDa 1.6% 4.7% 

31 0 I ptrB I I transcription factor TFIIH complex ERCC-3 subunit I s ... SPAC17AS.06 91 kDa 0% 1.1% 7.1% 

32 0 I spbl 11 rRNA methyltransferase Spbl I Schizosaccharomyc ... SPAC1687.11 91 kDa 0% 

33 0 I cdc48 I SPAC6F12.01 I AAA family ATPase Cdc48 I Schizosacc ... SPAC1S6S.08 90 kDa 1.6% 

34 0 I rrp6 I SPAC3H8.11 I exosome subunit Rrp6 I Schlzosaccha ro ... SPAC1F3.01 90 kDa 

35 0 I alp14I mtc1 I Mad2-dependent spindle checkpoint compone ... SPCC89S.07 89 kDa 

36 0 11 I methionine-tRNA ligase I Schizosaccharomyces pombe I ... SPBC17A3 .... 89 kDa 4.7% 6.1% 

37 0 I cdcS 11 cell division control protein CdcS I Schizosaccharomy ... SPAC644.12 87 kDa 2.4% 0% 

38 0 11 SPBC409.22c I translation elongation factor GI Schizosacch ... SPBC1306.0 •.. 86 kDa 

39 0 111 AAA family ATPase Rix7 I Schizosaccharomyces pombe 1 ... SPBC16E9.1 ... 86 kDa 7.2% 3.3% 

40 0 I mcm7 I I MCM complex subunit Mcm7 I Schlzosaccharomyce ... SPBC2SD12 ... 86 kDa 0% 

41 0 11 I ataxin-2 homolog I Schizosaccharomyces pombe I chr 2 111 SPBC21B10 .... 86 kDa 0% 1.1% 2.1% 

42 0 111 translation initiation factor eIF3b I Schizosaccharomyces .. .SPAC2SG10 ... 84 kDa 2.1% 13% 

43 0 I asel 11 microtubule-associated protein Asel I Schizosaccha ... SPAPB1A10 ... 83 kDa CoY..:J 12% 8.6% 

44 0 111 topoisomerase associated prote in I Schizosaccharomyce ... SPBC19G7 •••. 83 kDa 0% 0% 2.6% 

45 0 111 WD repeat/BOPlNT protein I Schizosaccharomyces pomb ••• SPBC4F6.13c 83 kDa 1.9% [0.%".] 

46 0 111 actln-llke protein Arps I Schlzosaccharomyces pombe I c ... SPBC36S.10 82 kDa 0% 

47 0 111 glutamate-tRNA ligase I Schizosaccharomyces pombe I c ... SPAC17 AS .... 81 kDa 9.8% 6.7% 9.8% 

48 0 I thsl I I threonine-tRNA ligase Thsl I Schizosaccharomyces .•• SPBC2SH2.02 80 kDa 1.7% 14% 11% 

49 0 I 11 conserved eukaryotic protein I Schlzosaccharomyces po ... SPAC1006 •..• 80 kDa 

so 0 I sect 11 SNARE binding protein Seel I Schizosaccharomyces p .•. SPCCS84.0S 80 kDa 8.5% 8.5% 

51 0 11 I proline-t RNA ligase I Schizosaccharomyces pombe I chr 2 ... SPBC19C7,06 79 kDa 3.6% 7.4% 11% 

52 0 111 cell polarity protein I Schizosaccharomyces pombe I chr 3 ... SPCC736.07c 78 kDa 

53 0 111 conserved fungal protein I Schizosaccharomyces pombe 1 ••. SPBC16HS .... 77 kDa 1.8% 10% 9.1% 

54 0 I trp2 I I tryptophan synthase I Schizosaccharomyces pombe ... SPAC19A8.15 75 kDa 1.6% 

55 0 111 glycine tRNA-ligase I Schizosaccharomyces pombe I chr 1 ... SPAC3F10.03 74 kDa 6.0% 4.6% 2.0% 

56 0 I bip1 I bip I BiP I Schizosaccharomyces pombe I chr 1111 SPAC22A12 ••. 73 kDa 0% 0% 3.2% 

57 0 I ilv111 acetolactate synthase catalytic subunit I Schizosacch .•. SPBP3SG2.07 73 kDa 1.9% 

58 0 I sscl I ssp1 I Hsp70 chaperone mtHsp70 I Schizosaccharomyc ... SPAC664.11 73 kDa 5.6% 6.4% 

59 0 I nog1 I SPBC72S.18c I GTP binding protein Nog1 I Schizosacch •.• SPBC6S1.01c 73 kDa 0% 1.4% 1.6% 

60 0 I pabp 11 mRNA export shuttling protein I Schizosaccharomyc .. .SPAC57A7 .... 72 kDa 7.5% 23% 24% 
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9.7% 15% 1.2% 1.7% 0.86% 0% 1.2% 0.86% 1.2% 0% 

0% 4.1% 0% 1.2% 1.2% 1.2% 1.2% 1.2% 1.2% ~ 1.2% creo 
0.94% 13% 1.3% 1.3% 0% 0% 

38% 34% 35% 35% 34% 30% 30% 27% 23% 29% 25% 25% 4.7% 

0% 6.2% 2.4% 1.0% 

18% 11% 27% 0.99% 0% 

5.4% 9.4% 13% 
4.1% 6.1% 30% 31% 0.97% 0.97% 0.97% 0.97% 0.97% 0.97% 

0% 1.7% g:s¾ 0% 
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61 0 I ssa2 I I heat shock protein Ssa2 I Schlzosaccharomyces pom ... SPCC1739.13 70 kDa 0% 6.3% 22% 26% 

62 0 I sum3 I dedl, slh3, moc2 I ATP-dependent RNA helicase Sum ... SPCC1795.11 70 kDa 19% 16% 

63 0 111 striatin homolog I Schizosaccharomyces pombe I chr 2111 SPBC1773.01 69 kDa 

64 0 I ppp1 I SPBC25D12.01c I pescadillo-family I Schizosaccharom ... SPBC19FS.O •• , 69 kDa 4.1% 8.9% 

65 0 111 RNA methyltransferase Nop2 I Schizosaccharomyces po ... SPBP8B7.20c 69 kDa 

66 ~ 111 DNA-directed RNA polymerase III complex subunit RpcB ... SPAPB1E7.03 68 kDa 

67 0 I ssbl I rpal, rad11 I DNA repllcatlon factor A subunit Ssbl IS ... SPBC660.13c 68 kDa 2.3% 5.9% 

68 0 I sks2 I hsc1 I heat shock protein Sks2 I Schizosaccharomyces ... SPBC1709,05 67 kDa 11% 23% 23% 

69 0 111 CTP synthase I Schizosaccharomyces pom be I chr 111 I SPAC10F6.0 ... 67 kDa 

70 0 111 aspartate-tRNA ligase I Schizosaccharomyces pombe I ch ... SPCC1223.0 ... 67 kDa 

71 0 lsebl 11 RNA-binding protein Sebl I Schizosaccharomyces p ... SPAC222.09 66 kDa 

72 0 111 RNA-binding protein I Schizosaccharomyces pombe I chr 1 ... SPAC17H9 .... 66 kDa 

73 0 I ISPAC57A7.01 I Usp ISchlzosaccharomyces pombelchr 1111 SPAC167.05 66 kDa 2.8% 

74 0 111 ATP-dependent RNA helicase Hasl I Schizosaccharomyc ... SPAC1F7.02c 65 kDa 

75 @ I moel 11 translation initiation factor eIF3d Moel I Schizosacc •.. SPAC637.07 63 kDa 0% 2.5% 1.8% 

76 @ I mcp60 I hsp60 I mitochondrial heat shock protein Hsp60 I Sc .•. SPAC12G12 ... 62 kDa 

77 @ 111 double-strand break repair protein I Schizosaccharomyc ... SPCC622.15c 62 kDa 0% 

78 0 I cctB II chaperonin-containing T-complex theta subunit Cct8 .. .SPBC337.05c 60 kDa 

79 0 I msa1 I SPAC6C3.01cl RNA-binding protein Msal I Schlzosacc ... SPAC13G7 .... 59 kDa 

80 0 I int6 I yin6, yin6 I translation initiation factor eIF3e I Schizosa ... SPBC646.09c 57 kDa 3.0% 

81 @ I atp2 I I Fl-ATPase beta subunit I Schizosaccharomyces po ... SPAC222.12c 57 kDa 

82 0 I pykl 11 pyruvate kinase I Schizosaccharomyces pombe I chr ... SPAC4H3.10c 56 kDa 11% 9.2% 8.1% 2.6% 14% 14% 

83 @ I tfb1 I I transcription factor TFIIH complex subunit Tfbl I Schi ... SPAC16E8.1 ... 55 kDa 

84 @ I gar2 I I GAR family I Schizosaccharomyces pombe I chr 1111 SPAC140.02 53 kDa 2.8% 13% 13% 

85 @ I efla-c 11 translation elongation factor EF-1 alpha Ef1a-c I Sc ... SPBC839.15c 50 kDa 2.4% 2.4% 5.0% 2.4% 4.6% 7.2% 

86 @ 111 RNA polymerase II associated Paf1 complex I Schizosacc ••• SPBC13E7.0 ... 49 kDa 

87 0 111 mitochondrial ribosomal protein subunit L3S I Schizosacc ... SPBC2F12.10 43 kDa 

88 ~ I act1 I cps8 I actln I Schlzosaccharomyces pombe I chr 2111 SPBC32H8 ..•• 42 kDa 4.3% 4.3% 6.9% 4.3% 4.3% 

89 @ 111 translation initiation factor eIF3h I Schizosaccharomyces ... SPAC821.05 40 kDa 

90 0 I rpl402 I rpl4-2, rp14 I 60S ribosomal protein L2 I Schizosaccha •.. SPBP8B7.03c 40 kDa * 91 0 I leu1 I SPBC1E8.07c I 3-isopropylmalate dehydrogenase Leu1. .. SPBC1A4.02c 40 kDa 

92 @ I mpg1II mannose-1-phosphate guanyltransferase Mpg1 IS ... SPCC1906.01 40 kDa 

93 0 I adh1 I adh I alcohol dehydrogenase Adh1 I Schizosaccharom ... SPCC13811 .... 37 kDa 

94 @ I suml I tlf34 I translation Initiation factor eIF31 I Schlzosacch ... SPAC4D7.05 37 kDa 

95 @ 111 Brix doamin protein Rpf2 ISchizosaccharomyces pombe ... SPAC926.08c 36 kDa 

96 @ I tdh1 I gpdl I glyceraldehyde-3-phosphate dehydrogenase T •.• SPBC32F12 .... 36 kDa 

97 0 I gpd3 I I glyceraldehyde 3-phosphate dehydrogenase Gpd3 I .. ,SPBC3S4.12 36 kDa 4.2% 4.2% 13% 4.2% 

98 0 I cpc2 I rkpl I RACK1 homologue Cpc2 I Schizosaccharomyces ... SPAC6B12.15 35 kDa 

99 @ I tfb4 I I transcription factor TFIIH complex subunit Tfb4 I Sch ... SPBC30B4.0 ... 33 kDa 

100 @ 111 translation Initiation factor eIF3fl Schlzosaccharomyces ... SPBC4C3.07 33 kDa 0% 

101 0 I fibl I fib I fibrillarin I Schizosaccha romyces pombe I chr 211 I SPBC2D10 •..• 32 kDa 

102 0 I rps001 I rps0-1, rpsa-1, rpsO I 40S ribosomal protein SOA IS •.. SPBC685.06 32 kDa 

103 0 I tif35 I I translation initiation factor eIF3g I Schizosaccharom ... SPBC18H10 ... 31 kDa 

104 @ I rps002I rpsa-2, rps0- 2, rpsO I 40S ribosomal protein SOBI Sc ••• SPAPJ698.0 ... 31 kDa 

105 @ 111 nuclear telomere cap complex subunit I Schizosaccharo ... SPBC16A3 .... 31 kDa 

106 @ I rad24 I I 14-3-3 protein Rad24 I Schlzosaccharomyces pomb ... SPAC8E11.0 ... 30 kDa 

107 @ I rps403 I rps4· 3, rps4 I 40S ribosoma I protein S4 I Schizosacc ... SPAC959.07 30 kDa 

108 0 I rpl701 I I 60S ribosomal protein L7 I Schizosaccharomyces p ... SPBC18H10 ... 29 kDa 

109 0 I rpl8 I I 60S ribosomal protein L7a I Schizosaccharomyces po ... SPBC29A3.04 29 kDa 

110 0 I rps102I rps1-2, rps3a-2 I 40S ribosomal protein S3a I Schizo ... SPAC22H12 ..• 29 kDa 

111 0 I rbp28 I I RNA-binding protein Rbp28 I 5chizosaccharomyces ... SPAC2C4.11c 28 kDa 

112 @ I rps3 I I 405 ribosomal protein 53 I 5chizosaccharomyces po ... SPBC16GS .... 28 kDa 

113 ~ I rps602 I rps6-2, rps6 I 405 ribosomal protein 56 I 5chizosacc ... SPAPB1E7.12 27 kDa 

114 0 lsou1 I I short chain dehydrogenase l5chizosaccharomyces ... SPAC8E11.10 27 kDa 
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Experiment: Rolfl40109 99% probability, 4 peptide minimum, displaying Percent Coverage 
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3.9% 4.3% 5.4% 6.3% 1.9% 15% 14% 41% 43% 43% 13% 19% 13% 4.5% 1.9% 

0% 1.9% 5.8% 1.9% 3.9% 1.9% 28% 43% 47% 5.3% 21% 17% 
4.6% 11% 2.0% 

2 .1% 
6.9% 3.1% 13% 11% 

2.0% 7.8% 
9.0% 11% 14% 

5.9% 7.8% 6.4% 9.1% 11% 11% 13% 20% 29% 30% 30% 32% 2.1% 7.3% 
6.3% 6.8% 14% 

8.4% 6.9% 6.2% 
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4.3% 7.7% 4.3% 1.8% 
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5.6% 3.0% 3.0% 12% 6.0% 
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19% 22% 

0% 2.8% 11% 11% 0% 

2.4% 5.0% 5.0% 2.4% 4.6% 7.2% 2.4% 10% 2.4% 2.4% 7.2% 7.2% 2.4% 7.2% 10% 12% 9.3% 12% 9.6% 12% 
9.3% 12% 
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Experiment: Ro 1 fl 40 1 09 99% probability, 4 peptide m inimum, d isplaying Num ber of U n ique Pept ides 
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1 8 I fasl 11 fatty acid synthase beta subunit Fasl I Schlzosaccha ..• SPAC926.09c 231 kDa 31 31 1 

2 8 11 I ATP-dependent RNA helicase Slhl I Schizosaccharomyces ... SPBC13G1 .... 219 kDa 5 

3 8 I nup211 I I nuclear pore complex associated protein I Schizos ... SPCC162.08c 211 kDa 0 5 0 
4 8 J fas2 J lsd1 I fatty acid synthase alpha subunit Lsdl I Schizos ..• SPAC4A8.11c 202 kDa 22 46 36 2 

5 8 111 DEAD/DEAH box helicase I Schizosaccharomyces pombe J ... SPAC694.02 195 kDa 15 26 

6 8 I nucl I rpal I DNA-directed RNA polymerase I complex large ... SPBC4C3.05c 189 kDa 5 

7 8 111 U3 snoRl'l'-associated protein RrpS I Schizosaccharomyc •.. SPCC1183.07 188 kDa 5 

8 8 J tif471 J J translation initiation factor eIF4G J Schizosaccharo •.. SPAC17C9.03 154 kDa 5 5 

9 8 J radSO J SPAP4C9.01c I DNA repair protein RadSO I Schizosacc ... SPAC1556 .... 150 kDa 

10 8 111 vigilin I Schizosaccharomyces pombe I chr 3 J II SPCCSS0.14 141 kDa 

11 8 I psm3 J smc3 J mitotic cohesin complex subunit Psm3 J Schizo ... SPAC10F6.0 ... 137 kDa 1 0 

12 8 J cut14 I smc2 J condensin subunit Cut14 J Schizosaccharomyc ... SPBP4H10 .... 134 kDa 0 1 

13 8 J rad13 J J DNA repair nuclease Rad13 J Schizosaccharomyces ... SPBC3E7.08c 126 kDa 29 29 34 36 

14 8 I elfl I I AAA family ATPase Elfl I Schizosaccharomyces pomb ••• SPAC3C7.08c 117 kDa 

15 8 11 I sulfite reductase NADPH flavoprotein subunit I Schizosac ... SPCC584.0lc 111 kDa 

16 8 J rpn2 J J 19S proteasome regulatory subunit Rpn2 J Schizosac ... SPBC17D11 ... 107 kDa 

17 8 J tif32 J J translation initiation factor eIF3a I Schizosaccharom ... SPBC17D11 ... 107 kDa 

18 8 J ade9 J J C-1-tetrahydrofolatesynthase/methylenetetrahydr ... SPBC2G2.08 105 kDa 

19 8 J tif33 J SPAC823.01c Jtranslat ion initiation factor eJF3c J Schiz ... SPAC4A8.16c 104 kDa 2 

20 8 I pfkl J J 6-phosphofructokinase I Schizosaccharomyces pom ... SPBC16HS.02 103 kDa 

21 8 J rad16 J rad 10, rad 20, swi9 J DNA repair endonuclease XPF I Sc ... SPCC970.01 102 kDa 

22 8 I sec21II coatomer gamma subunit Sec21 J Schizosaccharo ... SPAC57A7 .... 101 kDa 0 

23 8 111 RNAPII degradation factor I Schizosaccharomyces pomb ... SPBC354.10 100 kDa 7 4 

24 ~ 111 aconitate hydratase I Schizosaccharomyces pom be J chr ... SPBP4H10.15 98 kDa 2 2 

25 8 I mts4 J rpnl J 195 proteasome regulatory subunit Mts4 J Schi ... SPBP19A11 ... 98 kDa 

26 8 I apl4 J I AP-1 adaptor complex gamma subunit Apl4 J Schizos ... SPCP1E11.06 96 kDa 

27 8 111 transcription factor I Schizosaccharomyces pombe I chr 2 ..• SPBC16GS.16 95 kDa 3 

28 8 111 RNA-binding protein Mrdl I Schlzosaccharomyces pombe ..• SPBP22H7 .... 94 kDa 

29 8 I eft201 J eft2-1, etf2, SPAPYUK71.04c I translation elongation •.• SPAC513.0lc 93 kDa 2 2 

30 8 I cdc22 J I ribonucleoside reductase large subunit Cdc22 J Schi ... SPAC1F7.05 92 kDa 3 

31 0 I ptrB I I transcription factor TFIIH complex ERCC-3 subunit J S ... SPACl 7 AS.06 91 kDa 0 5 

32 8 I spbl 11 rRNA methyltransferase Spbl I Schizosaccharomyc ..• SPAC1687.11 91 kDa 0 

33 ~ I cdc4B I SPAC6F12.01 J AAA family ATPase Cdc48 J Schizosacc ..• SPAC1565.08 90 kDa 

34 8 J rrp6 J SPAC3H8.11 J exosome subunit Rrp6 I Schlzosaccharo •.• SPAC1F3.01 90 kDa 

35 8 I alp14 J mtcl J Mad2·dependent spindle checkpoint compone •.. SPCC895.07 89 kDa 

36 ~ 111 m ethionine-tRNA ligase I Schizosaccharomyces pombe J , .. SPBC17A3 .... 89 kDa 3 5 

37 ~ I cdcS J J cell division control protein CdcS J Schizosaccharomy ... SPAC644.12 87 kDa 0 

38 ~ 11 SPBC409.22c I t ranslation elongation factor GI Schizosacch ... SPBC1306.0 ... 86 kDa 

39 8 111 AAA family ATPase Rix7 I Schizosaccharomyces pombe J ... SPBC16E9.1 ••. 86 kDa 4 2 

40 0 I mcm 7 I I MCM complex subunit Mcm7 I Schlzosaccharomyce ... SPBC25D12 •.. 86 kDa 0 

41 0 111 ataxin-2 homo log I Schizosaccharomyces pombe J chr 2111 SPBC21B10 .... 86 kDa 0 

42 0 11 I translation initiation factor eIF3b I Schizosaccharomyces .. .SPAC25G10 ... 84 kDa 1 8 

43 0 J asel 11 microtubule-associated protein Asel I Schizosaccha ... SPAPB1A10 ... 83 kDa 10 5 

44 8 111 t opoisomerase associated protein I Schizosaccharomyce ... SPBC19G7 .... 83 kDa 0 0 

45 ~ 111 WO repeat/ BOP1NT protein I Schizosaccharomyces pomb •.. SPBC4F6.13c 83 kDa 

46 8 111 actln-llke protein Arps I Schlzosaccharomyces pombe I c ... SPBC365.10 82 kDa 0 

47 8 111 glutamate-tRNA ligase I Schizosaccharomyces pombe I c ... SPAC17AS ...• 81 kDa 5 3 5 

48 8 I thsl 11 threonine-tRNA ligase Thsl I Schizosaccharomyces ... SPBC25H2.02 80 kDa 8 7 

49 0 111 conserved eukaryot ic protein I Schizosaccharomyces po ... SPAC1006 .... 80 kDa 

so ~ I secl 11 SNARE binding protein Seel I Schizosaccharomyces p ... SPCC584.0S 80 kDa 4 4 

51 ~ 111 praline-tRNA ligase I Schizosaccharomyces pom be I chr 2 ... SPBC19C7.06 79 kDa 2 4 7 

52 ~ 111 cell polarity protein I Schizosaccharomyces pombe I chr 3 ... SPCC736.07c 78 kDa 

53 0 111 conserved fungal protein I Schizosaccharomyces pombe J ... SPBC16HS .... 77 kDa 5 5 

54 8 I trp2 J I t ryptophan synt hase I Schizosaccharomyces pombe ... SPAC19A8.15 75 kDa 1 

55 8 J II glycine tRNA- ligase I Schizosaccharomyces pombe I chr 1 ..• SPAC3F10.03 74 kDa 3 2 

56 8 I bipl I bip I BiP I Schizosaccharomyces pombe I chr 111 1 SPAC22A12 ... 73 kDa 0 0 2 

57 8 I ilvl 11 acet olactat e synthase cat alytic subunit I Schizosacch ... 5PBP35G2.07 73 kDa 

58 ~ I sscl I ssp1 I Hsp70 chaperone mtHsp70 I Schizosaccharomyc ... SPAC664.11 73 kDa 3 3 

59 ~ J nogl J SPBC725.18c J GTP binding protein Nogl I Schizosacch ..• SPBC651.01c 73 kDa 0 

60 0 I pabp 11 mRNA export shuttling protein I Schizosaccharomyc .. .SPAC57A7 .... 72 kDa 5 16 18 
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Experiment: Ro I fl 40 I 09 99% probabi lity, 4 peptide minimum, displaying Number of Unique Peptides 
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Experiment: Rolfl 40 I 09 99% probability, 4 peptide minimum, displaying Number of Unique Peptides 

Probability Legend: 
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61 0 I ssa2 I I heat shock protein Ssa2 I Schizosaccharomyces pom ... SPCC1739.13 70 kDa 0 3 11 13 

62 0 lsum3 I dedl, slh3, moc2 I ATP-dependent RNA helicase Sum ... SPCC1795.11 70 kDa 11 9 

63 0 111 striatin homolog I Schizosaccharomyces pombe I chr 2111 SPBC1773.01 69 kDa 

64 0 I pppl I SPBC25D12.01c I pescadillo-family I Schizosaccharom ... SPBC19FS.O ... 69 kDa 2 5 

65 0 111 RNA methyltransferase Nop2 I Schizosaccharomyces po ... SPBP8B7.20c 69 kDa 

66 0 111 DNA-directed RNA polymerase III complex subunit Rpc8 ... SPAPB1E7.03 68 kDa 

67 0 I ssbl I rpal, rad11 I DNA replication factor A subunit Ssbl IS ... SPBC660.13c 68 kDa 3 

68 0 I sks2 I hscl I heat shock protein Sks2 I Schizosaccharomyces ... SPBC1709.05 67 kDa 5 11 11 

69 0 111 CTP synthase I Schizosaccharomyces pombe I chr 1111 SPAC10F6.0 ... 67 kDa 

70 0 11 I aspartate-tRNA ligase I Schizosaccharomyces pombe I ch ... SPCC1223.0 ... 67 kDa 

71 0 I sebl 11 RNA-binding protein Sebl I Schizosaccharomyces p ... SPAC222.09 66 kDa 

72 0 111 RNA-binding protein I Schizosaccharomyces pombe I chr 1 ... SPAC17H9 .... 66 kDa 

73 0 11 SPAC57A7.01 I Usp I Schlzosaccharomyces pombe I chr 1111 SPAC167.05 66 kDa 

74 0 I I I ATP-dependent RNA helicase Hasl ISchizosaccharomyc ... SPAC1F7.02c 65 kDa 

75 0 I moel 11 translation initiation factor eIF3d Moel I Schizosacc ... SPAC637.07 63 kDa 0 

76 0 I mcp60 I hsp60 I mitochondrial heat shock protein Hsp60 I Sc ... SPAC12G12 ... 62 kDa 

77 0 111 double-strand break repair protein I Schizosaccharomyc ... SPCC622.15c 62 kDa 0 

78 0 I cct8 I I chaperonin-containing T-complex theta subunit Cct8 ... SPBC337.05c 60 kDa 

79 0 I msal I SPAC6C3.01c I RNA-binding protein Msal I Schizosacc ... SPAC13G7 .... 59 kDa 

80 0 I int6 I yin 6, yin6 I translation initiation factor eIF3e I Schizosa ... SPBC646.09c 57 kDa 

81 0 I atp2 I I Fl-ATPase beta subunit I Schizosaccharomyces po ... SPAC222.12c 57 kDa 

82 0 I pykl 11 pyruvate kinase I Schizosaccharomyces pombe I chr ... SPAC4H3.10c 56 kDa 4 3 3 5 5 

83 0 I tfbl 11 transcription factor TFIIH complex subunit Tfbl I Schi ... SPAC16E8.1... 55 kDa 

84 0 I gar2 I I GAR family I Schizosaccharomyces pombe I chr 1111 SPAC140.02 53 kDa 8 8 

85 0 I ef1a-c 11 translation elongation factor EF-1 alpha Efla-c I Sc ... SPBC839.15c 50 kDa 2 2 3 

86 0 111 RNA polymerase II associated Paf1 complex I Schizosacc ... SPBC13E7.0 ... 49 kDa 

87 0 111 mitochondrial ribosomal protein subunit L35 I Schizosacc ... SPBC2F12.10 43 kDa 

88 0 l act1 I cps8 I actln ISchizosaccharomyces pombe lchr 2111 SPBC32H8 .... 42 kDa 2 

89 0 11 I translation initiation factor eIF3h I Schizosaccharomyces ... SPAC821.05 40 kDa 

90 0 I rpl402 I rpl4·2, rp14 I 605 r ibosomal protein L2 I Schizosaccha ... SPBP8B7.03c 40 kDa * 91 0 I leul I SPBC1E8.07c 13-isopropylmalate dehydrogenase Leu1 ... SPBC1A4.02c 40 kDa 

92 0 I mpgl 11 mannose-1-phosphate guanyltransferase Mpg1 IS ... SPCC1906.01 40 kDa 

93 0 I adhl I adh I alcohol dehydrogenase Adhl I Schizosaccharom ... SPCC13B11 .... 37 kDa 

94 0 I sum 1 I tif34 I translation Initiation factor eIF31 I Schlzosacch ... SPAC4D7.05 37 kDa 

95 0 111 Brix doamin protein Rpf2 I Schizosaccharomyces pombe ... SPAC926.08c 36 kDa 

96 0 I tdhl I gpdl I glyceraldehyde-3-phosphate dehydrogenase T ... SPBC32F12 .... 36 kDa 

97 0 I gpd3 I I glyceraldehyde 3-phosphate dehydrogenase Gpd3 I ... SPBC354.12 36 kDa 3 

98 0 I cpc2 I rkp1 I RACK1 homologue Cpc2 I Schizosaccharomyces ... SPAC6B12.15 35 kDa 

99 0 I tfb4 I I transcript ion factor TFIIH complex subunit Tfb4 I Sch ... SPBC30B4.0 ... 33 kDa 

100 0 111 translation Initiation factor eIF3fl Schlzosaccharomyces ... SPBC4C3.07 33 kDa 0 

101 0 I fib1 I fib I fibrillarin I Schizosaccharomyces pombe I chr 2111 SPBC2D10 .... 32 kDa 

102 ~ I rps001 I rps0-1, rpsa-1, rpsO I 405 ribosomal protein SOA IS ... SPBC685.06 32 kDa 

103 0 I tif35 I I translation initiation factor eIF3g I Schizosaccharom ... SPBC18H10 ... 31 kDa 

104 0 I rps002 I rpsa-2, rps0-2, rpsO I 405 ribosomal protein S0BI Sc ... SPAPJ698.0 ... 31 kDa 

105 0 111 nuclea r telo mere cap complex subunit I Schizosaccharo ... SPBC16A3 .... 31 kDa 

106 0 I rad24 I I 14·3· 3 protein Rad24 I Schlzosaccharomyces pomb ... SPAC8E11.0 ... 30 kDa 

107 0 I rps403 I rps4-3, rps4 I 40S ribosom al protein 54 I Schizosacc ... SPAC959.07 30 kDa 

108 0 I rpl701 I I 60S ribosomal protein L7 I Schizosaccharomyces p ... SPBC18H10 ... 29 kDa 

109 0 I rplS I I 605 ribosomal protein L7a I Schizosaccharomyces po ... SPBC29A3.04 29 kDa 

110 0 I rps102 I rps1· 2, rps3a·21405 ribosomal protein 53a I Schizo ... SPAC22H12 ... 29 kDa 

111 0 I rbp28 I I RNA-binding protein Rbp28 I Schizosaccharomyces ... SPAC2C4.11c 28 kDa 

112 0 I rps3 I I 405 ribosomal protein 53 I Schizosaccharomyces po ... SPBC16GS .... 28 kDa 

113 0 I rps602 I rps6·2, rps6 I 40S ribosoma l protein S6 I Schizosacc ... SPAPB1E7.12 27 kDa 

114 0 I soul 11 short chain dehydrogenase I Schizosaccharomyces ... SPAC8E11.10 27 kDa 
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Experiment: Rolfl40109 99% probability, 4 peptide minimum, displaying Number of Unique Peptides 
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Fig. S1. Schematic depiction of mammalian BER subpathways. BER is initiated by the 

recognition and excision of the damaged base by a DNA glycosylase, thereby creating an 

apurinic/apyrimidinic (AP) site. After base removal by a monofunctional glycosylase, the 

phosphodiester bond of the sugar-phosphate backbone is cleaved by an AP endonuclease 5' 

to the lesion, creating a 5· deoxyribose-phosphate (dRP) at the 5' terminus. Bifunctional 

glycosylases cut the sugar-phosphate backbone 3' to the AP site. Depending on the 

glycosylase this creates either a 3· end with a fragmented sugar residue (3' polyunsaturated 

aldehyde, PUA), or a 3· phosphate terminus. In order to restore ligatable 3· OH and 5· P 

ends, these termini are further processed by a dRPase, an AP endonuclease or 

polynucleotide kinase phosphatase (PNKP). Short patch BER then proceeds through 

insertion of a nucleotide and subsequent ligation. Where the 5' dRP terminus can not be 

processed, long batch BER occurs through strand displacement, incorporation of several 

nucleotides, flap cleavage and ligation. Source: Baute and Depicker (2008). 
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Fig. S2. Schematic illustration of possible DNA structures arising from the encounter of an 

advancing replication fork with a single-strand break on the leading template strand. The 5· 

and/or 3' termini could be blocked, e.g. by a 5' deoxyribose-phosphate (dRP) or 3' 

polyunsaturated aldehyde (dark and light grey circle, respectively). The single-strand break 

terminus would constitute a base excision repair substrate. After gap/single-strand break 

repair and resection of the double-strand break, strand invasion could lead to the re

establishment of the replication fork. Arrowheads represent the 3' ends of newly synthesized 

DNA strands. 
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Fig. S3. Models for genetic recombination. a) Model postulated by Holliday (1964) for gene 

conversion and associated crossover. Two homologous chromatids are nicked and strand 

separation proceeds along the two molecules (2). The single strands then anneal with the 

complementary strand from the other chromatid, followed by ligation (3). This leads to the 

formation of symmetric heteroduplex DNA and the Holliday junction (HJ). A heterozygosity 

within the heteroduplex DNA could be corrected, leading to gene conversion. Cleavage of the 

HJ in either of two ways yields recombinant chromatids with or without associated crossover 

of flanking markers. Figure adapted from Holliday (1964). b) Meselson-Radding model for 

genetic recombination. A nick is introduced in only one DNA molecule (1). Synthesis

dependent strand displacement leads to a strand invasion event on the homologous 

chromatid and to the formation of asymmetric heteroduplex DNA (2). The D-loop is degraded 

(3), and the invading strand is ligated to the homologous DNA molecule (4). The region of 

asymmetric heteroduplex DNA can be expanded by further DNA synthesis on the chromatid 

from which the invading strand originates, and concomitant exonucleolytic degradation on the 

homologous chromatid. lsomerization of this DNA structure leads to the formation of a HJ and 

symmetric heteroduplex DNA, which can be extended by branch migration. Resolution can 

produce non-crossover or crossover products. Figure adapted from Griffiths et al. (1993). 
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Fig. S4. Double-strand break repair models. a) Double-strand break repair model by Szostak et al. (1983). A double-strand break is made in one chromatid. 

Degradation leads to single-stranded 3· overhangs (1). One 3· end invades the homologous chromatid, leading to strand displacement and D-loop formation 

(2). The D-loop is extended by DNA synthesis and concomitant further strand displacement. After second-end capture (3), when the other 3· end can anneal 

to the complementary sequence of the D-loop, gap repair occurs by DNA synthesis from this 3· end (4). Two Holliday junctions are formed. Resolution of 

these junctions produces non-crossover or crossover products (5a, 5b). Alternatively, the HJs can be dissociated by Bloom·s syndrome protein (BLM) and 

topoisomerase Illa (Topo Ill) (not depicted). Figure adapted from Szostak et al. (1983). b) Synthesis-dependent strand annealing (SOSA) model. After double

strand break (DSB) formation and end resection, the 3· single-strand overhang transiently invades the homologous DNA duplex (2), and is extended by DNA 

synthesis (3). This extended strand then dissociates and reanneals to the other side of the DSB (4). After gap repair, non-crossover products are formed. 

Figure adapted from Paques and Haber (1999). c) Model for strand displacement-mediated crossover. Strand invasion and extension occurs as in the SOSA 

model. The extended strand is then partially displaced and reanneals on the other side of the DSB (4). Two HJs are formed, and their resolution can produce 

crossover products. Figure adapted from Allers and Lichten (2001). 
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Table S1. Relationship of nucleotide excision repair proteins 

Rhp41 } Rad4 
Recognition a) 

Rhp42 Rad34/YDR314C 
XPC 

Rhp23 Rad23 hHR23b Recognition •> 

Rad33 } Recognition • · b) Cdc31 Centrin-2 
Centrin/Cdc31 

Rhp14 Rad14 XPA Recognition in complex with trimeric RPA
0

~ 

Verification of damage binding 

Rad13 Rad2 XPG 3· incision 

Rad16 Rad1 XPF } 5· incision 
Swi10 Rad10 ERCC1 

Ptr8 d) Rad25/Ssl2 XPB 3 · - 5' Helicase TFI IH subunit•> 

Rhp3/Rad15 Rad3 XPD 5· - 3· Helicase TFIIH subunit e) 

Rhp26 Rad26 CSB TCR 

Rhp28fl Rad28 CSA TCR 9> 

Rhp7 Rad7 GGR 

Rhp16 h) Rad16 GGR 

Ddb1 
0D81} Recognition, probably in chromatin1> 
DO82 

•> The human XPC-hHR23B-centrin2-complex, but not Rad4-Rad23 of S.cerevisiae, is solely 

involved in global genome repair (GGR). Rhp41 and Rhp42 of S.pombe are both involved in 

GGR and transcription-coupled repair (TCR) (Marti et al. 2003). S.cerevisiae 

Rad34N DR314C is involved in TCR of rDNA (den Dulk et al. 2005, 2006). 

b) S.cerevisiae Rad33 shows functional homology to human Centrin-2 (den Dulk et al. 2008). 

S.cerevisiae and S.pombe Cdc31 are homologues of human Centrin-3. S.cerevisiae Cdc31 

interacts with the Rad4/Rad23-complex and has a role in the repair of UV damage (Chen and 

Madura 2008). A function for the fission yeast Cdc31 in nucleotide excision repair has not 

been reported yet. 

c> Two proteins, Rad11 (Ssb1 ) and Ssb2, with homology to subunits of human RPA were 

identified in S.pombe. The third subunit, Ssb3 shows no significant homologies (lshiai et al. 

1996). 

d) The gene ptrB+ was identified as the S.pombe homologue of XPB based on sequence 

homology (Mizuki et al. 2007). 

e) Other subunits of TFIIH not listed. 

fl The not yet characterized protein SPBC577.09 is named here Rhp28 according to its 

homology with S.cerevisiae Rad28. 
9l Human CSA has a role in TCR, but likely not S.cerevisiae Rad28. 

h) Member of the large SWl2/SNF2 family of DNA-dependent ATPases. A second homologue 

of unknown function, SPBC582.10/Rhp16b, has been identified, which shows closest 

homology to Rad16 of S.cerevisiae. 
1
> Gillet and Scharer (2006), and references therein. 

Table modified after Fleck (2004). 
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