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                                               ABSTRACT 

 
DNA damage checkpoints are triggered in response to DNA insults. Once activated, 

these pathways prevent replication and segregation of the damaged DNA. In addition 

to cell cycle delays they regulate repair, transcription and the apoptotic response to 

DNA damage. Budding yeast RAD9 was the first checkpoint gene identified. The 

checkpoint activity of this protein has been reported in all phases of the cell cycle. 

Loss of this gene impairs checkpoint-activated cell cycle arrests and increases 

genomic instability. One of its important function is to regulate the two downstream 

effector kinases Rad53 and Chk1. Rad9 is phosphorylated in normal cell cycle and 

hyperphosphorylated in response to DNA damage. Genetic analyses indicate that cell 

cycle phosphorylation of Rad9 is Cdc28/Clb dependent. The protein contains 20 

potential cdk phosphorylation sites (S/T-P-X-K/R) and 9 of them are clustered in N-

terminal region that has been shown to be necessary for Chk1 activation.  

 

The aim of this study was to identify a role for the N-terminal CDK phosphorylation 

sites in the regulation of Chk1. To do this novel rad9 mutants were designed, 

generated and analysed. In particular, they were characterized for their ability to 

activate Chk1. We have found that the nine putative CDK phosphorylation sites of the 

Rad9 CAD region is absolutely required for damage induced Chk1 activation in 

G2/M cells. Based on the yeast two hybrid and immunoprecipitation interaction 

studies, these sites are required for the constitutive interaction between Rad9 and 

Chk1. Cdc28 activity is required for their interaction in G2/M but not in G1 cells. We 

have identified a subset of sites necessary for Chk1 activation in response to DNA 

damage. Out of nine sites CDK6 and CDK7 are the only required for a Cdc28- 

dependent interaction between Rad9 and Chk1. Our data suggests a model where 

Rad9 and Chk1 interact constitutively, with remodeling of this complex in response to 

DNA damage requiring Mec1-dependent phosphorylation. 
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                 CHAPTER 1 – INTRODUCTION 
 
This section presents an overview of DNA damage response (DDR) in eukaryotic 

cells, followed by a brief description of DDR pathways and their components in 

budding yeast. In particular, I will focus on the role played by cell cycle 

phosphorylation of the Rad9 protein in the regulation of the Chk1 kinase, as this 

process is the major focus of the experimental work presented in this thesis. Finally, 

the implications of this study for cancer will be briefly discussed.  

 

1.1 The DNA Damage Response: 
Damage to DNA is a constant problem for all cells. Environmental mutagens (UV, 

IR, reactive oxygen species, genotoxic chemicals), and oxidative metabolism within 

the cell cause DNA damage (Lindahl 1993). The damage to DNA may be in different 

forms such as strand nicks, intra- or inter-strand cross-links, bulky lesions or double 

stand breaks (reviewed in Kumari et al., 2008). DNA damage activates a wide range 

of responses at cellular level including altered gene expression, cell cycle arrest and 

activation of DNA repair (Zhou and Elledge, 2000). To preserve genome integrity 

after genotoxic insult, eukaryotic cells have developed surveillance pathways, 

collectively termed the DNA damage response (DDR) and this is conserved from 

yeast to human. These pathways inhibit replication and segregation of damaged DNA 

by activating DNA damage checkpoints and regulating repair, replication 

transcription, apoptosis and senescence (Harper and Elledge, 2007).  

 

DNA damage response pathways consist of ‘sensor’ proteins, which monitor the 

presence of any structural abnormality and initiate the DNA damage response, 

‘mediator’ proteins, which relay the signal between sensors and the ‘transducer’ 

proteins, which amplify the DNA damage signal, and ‘effector’ proteins, which are 

required for the biological processes regulated by the DDR (Petrini et al., 2003, 

Harrison and Haber, 2006). Following successful responses to DNA damage the DDR 

signal is actively down-regulated allowing cells to re-enter into the cell cycle through 

an ill understood process termed recovery (Sandell and Zakian, 1993; Vaze et al., 

2002). In cases were the DNA damage is too severe the DDR can trigger the apoptotic 

removal of the damaged cell or permanently prevent it from proliferating by forcing 
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the cell into senescence (Burhans et al., 2003; Weinberger et al., 2005). Importantly, 

the consequence of DNA damage that does not result in apoptosis or senescence and 

is left unrepaired, is the accumulation mutations that will be propagated to successive 

generations. Defects in the DDR thus contribute to human cancer by allowing the 

mutations required for the cellular evolution of the cancerous phenotype (Halazonetis 

et al., 2008). 

 

1.2 Budding yeast as a model system 
The general mechanism underlying the DNA damage response is largely conserved in 

all eukaryotes from yeast to humans. Working with the budding yeast Saccharomyces 

cerevisiae offers many advantages for DDR studies and the budding mode of cell 

division is particularly well suited to identifying cell cycle phases. An asynchronous 

population in budding yeast consists of approximately one third G1 (no buds), one 

third S (small buds) and one-third G2 and M (medium to large budded) cells (Figure 

1.2). Budding yeast are particularly easy to culture and divide very rapidly with a 

doubling time of typically 1.2 hours in rich medium at optimal temperatures. It is also 

extremely amenable to both classical and molecular genetic approaches. A 

particularly noteworthy advantage is its highly efficient homologous recombination 

systems, which greatly facilitate precise genetic manipulation of any gene of interest 

at its chromosomal locus. These advantages have resulted in many of the key 

discoveries in the fields of cell cycle control after DNA damage responses being first 

made in this budding yeast (Weinert and Hartwell, 1987; Weinert and Hartwell 1993; 

Hartwell et al., 1994; Matt Kaeberlein, 2010). Saccharomyces cerevisiae also has a 

compact (12 Mb) and fully sequenced genome, consisting of 16 chromosomes 

containing approximately 6,000 genes (Goffeau et al., 1996), which allows systematic 

genomic and proteomic studies. Finally, it is important to point out that many yeast 

proteins involved in the DNA damage response or cell cycle regulation have 

considerable structural homology and functional conservation with their homologues 

in human cells. 
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1.2.1 Cell cycle regulation in Budding yeast 

The cell cycle is a highly conserved process by which cells grow and divide into two 

daughter cells. Like other eukaryotes Saccharomyces cerevisiae consists of 4 distinct 

cell cycle phases: the G1 or first gap phase, which is the initial and major phase of 

growth; the S, or DNA synthesis phase, during which the genome is precisely 

duplicated; the G2, or second Gap phase, when cells are preparing for mitotic entry 

and, finally, M phase, or mitosis, the process by which the sister chromatids are 

segregated into two daughter cells. Faithful replication and distribution of genetic 

material to the daughter cells is a critical criteria for genomic stability, as its failure 

results in aneuploidy. The regulatory mechanisms that order and coordinate the 

progress of the cell cycle have been intensely studied (Mal & Nurse, 1998; Futcher, 

2000; Lauren et al., 2001). Many cell cycle genes have been identified through 

pioneering genetic screens in Saccharomyces cerevisiae and were collectively 

designated as CDC or cell division cycle genes (Weinert and Hartwell 1993). These 

studies have identified two major regulatory events in the cell cycle, the G1/S and 

G2/M transitions that are primarily regulated by conserved serine/threonine-

dependent protein kinases termed cyclin-dependent kinases (CDKs), after their 

regulatory partner proteins, the cyclins. (Morgan, 2007).  

 

Cyclins are a family of proteins that regulate the progression of cells through the cell 

cycle by activating cyclin-dependent kinases (CDK). Progression is regulated by a 

periodic activation and inactivation of CDK activity by binding to specific cyclins at a 

particular cell cycle phase, which then results in cell cycle-specific phosphorylation of 

numerous substrates and properly coordinated cell division (Holt et al., 2009; Ubersax 

et al., 2003). Both budding yeast and the distantly related fission yeast, 

Schizosaccharomyces pombe, which is another major model system for cell cycle 

studies, require a single CDK, termed Cdc28 or Cdc2, respectively, to drive cell cycle 

progression. Both Cdc28 and Cdc2 are essential CDKs in these yeasts and are the sole 

CDK necessary for cell proliferation (Hartwell et al., 1973; Nasmyth, 1993; Nurse 

and Bissett, 1981; Reed et al., 1985; Simanis and Nurse, 1986). In contrast, four 

CDKs (CDK1, 2, 4, 6) are required to complete the cell cycle in human cells 

(Malumbres and Barbacid, 2005). Interestingly, human cyclins can substitute for 

budding yeast. 
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cyclins (Lew et al., 1991) and human Cdc2 can drive the cell proliferation in fission 

yeast (Lee and Nurse et. al., 1987); further emphasizing the conservation of cell cycle 

regulation in eukaryotes. In budding yeast, nine different cyclins associate with Cdc28 

at different stages of cell cycle to regulate the specific functions. Cln1, 2 and 3 are G1 

specific cyclins, whereas Clb5 and 6 functions in S phase with Clb1, 2, 3 and 4 being 

required for the G2 and M phases (Figure 1.2.1). The Cdc28-Clb or Cdc28-Cln 

complexes 

 

1.3 DNA Damage response in Budding yeast 
In eukaryotes, the DNA damage response (DDR) involves a phosphorylation based 

signaling cascade. While an important outcome of this cascade is inhibition of CDK 

activity, which results in arrest at the major cell cycle transitions (often referred to as 

‘checkpoint’ regulation) until repair is complete and proliferation can resume, recent 

studies have also revealed a connection between CDK activity and DNA repair. CDK 

activity specifically modulates the processing of broken DNA ends. Both functions of 

CDK activity are required to maintain genome integrity following DNA damage. As 

for cell cycle regulation, the proteins and pathways associated with the repair process 

are highly conserved from yeast to humans. Which, once more, is highlighted by the 

observation that some of the genes involved with DNA damage response in mammals 

can complement the defects arising from loss of their homologues in yeast (Sung et 

al., 1993; Freire et al., 1998).  

 

1.3.1 DNA damage detection: a complex problem! 

Eukaryotic cells are subject to different forms of DNA damage on a daily basis from 
endogenous sources, such as the reactive oxygen species generated during normal 
metabolism and the stalled or collapsed replication forks generated during DNA 
synthesis. In addition, numerous exogenous sources of DNA damage exist in the 
normal environment, such as the photoproducts caused by UV radiation, the double 
strand breaks (DSBs) that result from ionizing radiation or the numerous DNA 
adducts formed from various natural compounds (Lindahl, 1993). 

 

A key question in the DDR is how are all of the physically dissimilar structures 
sensed? One hypothesis is that a specific repair complex preferentially binds to the 
specific primary lesions and in addition to its role in DNA repair communicates 
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directly with the DDR signaling machinery (reviewed in Lazzaro et al., 2009). For 
example, in yeast and humans cells it has been shown that nucleotide excision repair 
(NER)-dependent processing of the lesion is required for activation of the G1 and G2, 
but not S phase DNA damage checkpoints (Bomgarden et al., 2006; Giannattasio et 
al., 2004; Marini et al., 2006; Neecke et al., 1999).  

 

In addition, DNA double-strand breaks (DSBs) are specifically and independently 
sensed by both the Ku (yKu70/yKu80) and MRX (Mre11-Rad50-Xrs2) DSB repair 
complexes (Lisby et al., 2004; Martin et al., 1999; Wu et al., 2008); both of which 
bind directly to unprocessed DSB ends (Chen et al., 2001; Hopfner et al., 2001; Milne 
et al., 1996). Binding of the Ku complex inhibits 5’ end resection, providing a 
window of opportunity for repair of the DSB via non-homologous end joining 
(NHEJ) (Lee et al., 1998). However, in yeast the Ku proteins are not required for 
DDR signaling, whereas the MRX complex, which has roles in both major DSB 
repair pathways (NHEJ and homologous recombination, see section 1.3.3.1) is 
required for signaling in G1 and G2, but once again, not in S phase (reviewed in 
Rupnik et al., 2009). The MRX complex mediates activation of the Tel1 PIK kinase 
(see below) by facilitating its recruitment to DSBs prior to DNA-end processing 
(D'Amours and Jackson, 2001; Grenon et al., 2001; Usui et al., 2001). Similarly, in 
human cells the equivalent MRN (where ‘N’ in this case stands for the NBS1 protein 
which is only distantly related to Xrs2) is required for the recruitment of the Tel1-
equivalent, ATM (Uziel et al., 2003, Lee and Paul 2005). 

 
After UV irradiation the G1 and G2 checkpoints requires Rad14-mediated processing 

of the lesion (Giannattasio et al., 2004; Neecke et al., 1999). Rad14 is an essential 

component of the nucleotide excision repair (NER) pathway. Furthermore, a physical 

interaction between Rad14 and a checkpoint complex (Rad17/Mec3/Ddc1, see below) 

that resembles the PCNA replication sliding clamp is required for G1 and G2 

checkpoint activation after UV induced DNA damage (Giannattasio et al., 2004). 

Similarly, Xeroderma pigmentosum group A (XPA), the human homologue of Rad14, 

recognises and binds UV-induced lesions, and is also required for G1 and G2 

checkpoint activation (Marini et al., 2006; Nelson and Kastan, 1994). The xeroderma 

pigmentosum group C (XPC) protein complex, which initially binds to the DNA 

lesion, plays a key role in recognizing DNA damage throughout the genome for 
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mammalian nucleotide excision repair (NER) [Batty et al., 2000, Sugasawa et al., 

2001]. 

 

Another possibility is that the DNA repair machinery generates a common 

intermediate structure at many types of DNA lesion generated by different genotoxic 

agents, that in intern indirectly sensed by the checkpoint machinery (reviewed in 

Lazzaro et al., 2009). Single stranded DNA (ssDNA) is a structure that when present 

in excess is known to result in activation of the checkpoint signal (Garvik et al., 1995; 

Lydall and Weinert, 1995; Zou and Elledge, 2003). In fact, the specific signal is RPA-

coated ssDNA, as ssDNA is immediately coated with this protein as it is produced. 

 

1.3.2 Chromatin and DNA damage response 

Chromatin is the combination of DNA and proteins that make up the contents of the 

nucleus of a cell. The DNA inside the eukaryotic cell is compacted in the nucleus in a 

hierarchical order of folding into chromatin. The first level of DNA compaction is the 

wrapping of 147 bp of DNA into 1.65 left-handed superhelical turns around a histone 

octamer to form the nucleosome particle (Davey et. al., 2002 Kornberg and Lorch, 

1999; Luger et al., 1997). The histone octamer is composed of two molecules of each 

of the histones H2A, H2B, H3 and H4.  Each histone protein has both an ordered and 

histone fold domain, which facilitates histone-histone and histone-DNA interactions 

that is crucial for assembly of the nucleosome core particle, and a flexible amino 

terminal tail domain, which extended from the nucleosome core particle. In higher 

eukaryotes, its measuring approximately 10 nm in diameter, and joined together by 

variable lengths of linker DNA. The "beads on a string" structure results from linker 

DNA organization. The negative charge of the linker DNA is protected by linker 

histone and it promotes folding of the chromatin into a higher-order structure known 

as 30nm fibre. Further packaging of nucleosomes into higher order structures gives 

rise to highly condensed state typical of metaphase chromosomes (Schalch et al., 

2005). 

 

In response to DNA damage detection of lesions and repair of DNA must occur in this 

chromatin environment. Folding into chromatin changes the accessibility of the DNA 

to proteins involved in DNA transactions, and specialised mechanisms have evolved 

to deal with the chromatin-packaged state of DNA. These mechanisms include three 
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ways of directly manipulating chromatin structure: covalent modifications, ATP 

dependent remodeling and histone variant incorporation (Berger, 2002; Lydall and 

Whitehall, 2005; Saha et al., 2006). 

 

Recent work has identified a role for chromatin structure in initiating, amplifying, 

maintaining and terminating the cellular response to DNA damage (reviewed in 

Downs et al., 2007; Misteli and Soutoglou, 2009). The role of chromatin in 

checkpoint signaling could be explained by its ability to maintain a group of adaptor 

proteins close to the sensor kinases. In yeast this hypothesis is supported by the 

interaction between the BRCT domains of Rad9 and phosphorylated H2AX (Hammet 

et al., 2007). In addition to the BRCT domain, Rad9 Tudor domain and methylated 

histone H3 on lysine 79 (H3K79me) also provide a binding interface that contributes 

to adaptor protein localization. Elimination of both H2AX phosphorylation and 

H3K79me decreases Rad9 activation upon IR treatment (Toh et al., 2006). In fact, it 

has been shown that tethering DDR proteins to chromatin is sufficient to facilitate an 

efficient checkpoint response, even without DNA damage (Bonilla et al., 2008; 

Soutoglou and Misteli, 2008). These data suggest that chromatin, rather than being 

directly required for checkpoint activation, may function as a scaffold to facilitate the 

co-localisation and accumulation of checkpoint and repair proteins, which is sufficient 

to trigger the checkpoint cascade. 

 

1.3.3. Role of Cdc28 activity in response to DNA damage 

The fact that S. cerevisiae cells arrest in G2/M with high Cdc28 activity allows for a 

function of Cdc28 in the DNA damage response. Several studies have shown that 

Cdc28 functions in the DNA damage response and in part do so by direct 

phosphorylation of proteins such as Rad9 and Srs2 (Li and Cai, 1997; Liberi et al., 

2000; Ira et al., 2004; Barlow et al., 2008; Bonilla et al., 2008). The nuclease Sae2 

(and its human homologue CtIP), which is one of the key protein involved with DNA 

end resection and homologous recombination after the DNA double strand break, is 

directly phosphorylated and activated by Cdc28 (Huertas et al., 2008). Cdc28 is 

known to regulate homologous recombination (HR) during mitosis and meiosis 

(Aylon et al., 2004; Ira et al., 2004; Henderson et al., 2006). HR is the major DSB 

repair pathway in yeast, although the alternative no-homologous end-joining (NHEJ) 
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pathway also has a role. I will discuss these pathways in more detail the next section 

but with respect to Cdc28 activity the choice of which of these pathways to use 

depends on the cell cycle phase. In G1, haploid yeast cells repair DSBs through NHEJ 

because of the absence of a homologous template for HR, whereas in S and G2/M 

phases, they preferentially repair through HR using the sister chromatid as a template 

(Ira et al., 2004). B-type cyclin (Clb1 to Clb6 in yeast) forms of Cdc28 are highly 

active during the S and G2/M phases of the cell cycle, but inactive during G1 phase 

due to lack of Clb availability, as well as high levels of a CDK inhibitor (CKI) termed 

Sic1 that is specific to Cdc28-Clb1 to 6. Due to low Cdc28 activity in G1 phase, the 

G1 cyclin forms of Cdc28 do not regulate HR. DSB repair by HR requires Cdc28 

activity as it is required for the first step in HR, resection of DSBs (Ira et al., 2004). 

Molecular target of Cdc28 in this process, the nuclease Sae2, was only recently 

identified and it is activated by direct phosphorylation by Cdc28-Clbs (Huertas et al., 

2008).  

 

1.3.4 DNA double strand break repair 

The maintenance of genome stability clearly requires the efficient and early detection 

and repair of DNA lesions. Of the many diverse types of DNA lesion, DNA double-

strand breaks (DSBs) are the most cytotoxic form of DNA damage, even a single 

DSB can pose a serious threat to cell viability and genomic integrity. Ionising 

radiation, certain chemical agents, oxidative stress and collapsed replication forks all 

lead to the formation of DSBs. In addition, DSBs are deliberately generated in normal 

cellular processes such as mating type switching and chromosome segregation during 

meiosis (Keeney and Neale, 2006). In human and mouse cells, the generation of 

antibody diversity by V (D) J recombination at immunoglobulin loci also involves 

programmed DSBs (Soulas-Sprauel et al., 2007). 

 

1.3.4.1 DNA double strand break repair by homologous recombination (HR) and 

non-homologous end joining (NHEJ) 

Of the two principal pathways that repair DSBs, NHEJ is a mechanism that joins 

broken DNA ends with no, or minimal homology, whereas repair of DSBs by HR 

requires a homologous DNA sequence to template the reaction. Homologous 

recombination is a process by which genetic information is swapped from one DNA 

molecule to another by using an intact DNA molecule that is homologous to the DNA 
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sequence surrounding the DSB on another molecule as the template for DNA 

replication. This results in replacement of the sequence information around the DSB 

with the sequence information from the template strand, thus it is largely an error free 

process. HR mostly involves proteins encoded by the conserved RAD52 epistasis 

group of genes (Game and Mortimer, 1974; Paques and Haber, 1999), which include 

RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, XRS2, and MRE11 

(reviewed in Krogh and Symington, 2004).  

 

Non-homologous end joining is a frequently error-prone DSB repair pathway. Unlike 

HR, NHEJ does not require a homologous sequence as template. Instead, the DSB is 

repaired by re-ligating the broken DNA ends together, irrespective of sequence, 

resulting in the frequent loss of DNA bases around the site of the break (reviewed in 

Hefferin and Tomkinson, 2005). The core NHEJ machinery is composed of three 

complexes: the Ku complex, comprising yKu70 and yKu80 in yeast (in mammalian 

cells the Ku70/Ku80 heterodimer is also associated with DNA-PKcs); the MRX 

complex; and a DNA ligase complex consisting of Dnl4 (DNA ligase IV, in humans), 

Lif1 (XRCC4, in humans), and Nej1 (XLF/Cernunnos, in humans). 

 

In budding yeast, DSB is frequently repaired by the HR pathway as this pathways 

appears to be particularly active in yeast, whereas NHEJ repair pathway is minor, 

only contributing to cell survival when HR is defective (Aylon and Kupiec, 2005). 

However, in mammalian cells NHEJ is the preferred pathway for DSB repair (Burma 

et al., 2006), perhaps reflecting the small portion (2%) of mammalian genomes that 

correspond to coding sequences. In haploid yeast, NHEJ is the only DSB repair option 

available for DSB repair during the G1 phase of the cell cycle as there is no sister 

chromatid nor homologous chromosome to template the HR reaction. Furthermore, 

and as discussed above, resection requires high level of Cdc28-Clb kinase activity 

(Aylon et al., 2004).  

 

1.3.4.2 Checkpoint Activation in budding yeast 

Although different forms of DNA damaging agents generate distinct primary lesions, 

the mechanism involved in signaling from these lesions, frequently termed checkpoint 

regulation, is essentially similar in most respects, although the initial sensing steps are 

still not as well understood as later steps in the pathway. With respect to DSBs, and in  
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addition to its role in DSB repair, the budding yeast Mre11-Rad50-Xrs2 (MRX) 

complex appears to be a primary sensor for G1 and G2 checkpoint regulation (Grenon 

et al., 2001). The role of MRX in repair is believed to be related to its endonuclease 

and 5" to 3" exonuclease activities in vitro, which play a role in the generation of 

3’overhanging ssDNA during resection of DSBs. Loss of any of the MRX proteins 

results in reduced resection (Tsubouchi and Ogawa 1998; Nakada et al., 2004). Once 

at a DSB, MRX recruits the PIK kinase, Tel1, via direct interaction with the C-

terminus of the Xrs2 subunit. Tel1 then phosphorylates histone H2A at serine 129, 

termed !-H2A (!-H2AX, in humans), to generate a region of chromatin either side of 

the break that is marked by this phosphorylation (Nakada et al 2003., Falck et al., 

2005). One function of this modification is to assist with the recruitment of Rad9 (see 

below). Tel1 also phosphorylates the Mre11 and Xrs2 subunits of the MRX complex, 

as well as the Sae2 endonuclease which is an important enzyme required for DSB 

resection, as well as further promoting checkpoint functions (Baroni et al., 2004; 

Clerici et al., 2006; D'Amours and Jackson, 2001; Usui et al., 2001).  

 

DSB resection is initiated by the MRX complex and promoted by Sae2. Sae2 insures 

the efficiency of DSB repair and involved in maintaining genome stability possibly by 

modulating a subset of MRX functions (Clerici et al., 2005).  Additional nucleases 

have been shown to play a role in DNA end processing. The 5"–3" exonuclease Exo1, 

which is conserved from yeast to human is essential for DNA-end processing at 

uncapped telomeres (Maringele and Lydall, 2004). Like bacterial RecQ helicase 

enzyme, budding yeast Sgs1 works in combination with a nuclease called Dna2. 

Although Dna2 has both helicase and flap-endonuclease activity but only the nuclease 

activity is required for DNA-end resection (Zhu et al., 2008). Resection of the 5’ to 3’ 

strand results in a long 3’-ended ssDNA, which is rapidly coated by the RPA 

heterotrimer. The junction between the dsDNA and ssDNA is believed to be a 

substrate for the Rad24-RFC complex, or “checkpoint clamp loader” (termed Rad17-

RFC in humans). Rad24 is related to the large, Rfc1, subunit of Replication Factor C 

(RFC, composed of subunits Rfc1 to 5) and binds to the four smaller subunits, Rfc2 to 

5. Rad24-RFC loads the “checkpoint sliding clamp”, Rad17/Mec3/Ddc1 (termed 

Rad9/Rad1/Hus1, or 9-1-1 complex, in humans) at the ssDNA/dsDNA junctions. 

Simultaneously, RPA coated ssDNA also recruit the Mec1-Ddc2 heterodimer (ATR-

ATRIP, in humans), required to activate the checkpoint cascade (Jia et al., 2004; 
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Lydall and Weinert, 1995). This event also facilitates the transition from Tel1/ATM- 

to Mec1/ATR-dependent checkpoint signaling, as once sufficient RPA bound ssDNA 

is produced Mec1 becomes the major PIK kinase, taking over from MRX/MRN-

activated Tel1/ATM (Mantiero et. al., 2007). Mec1, like Tel1, contributes to the 

growing region of !-H2A around the double strand breaks. Importantly, a second 

independent checkpoint regulatory mechanism, dependent on the replication protein 

Dbp11 (TOPBP1, in humans), is required for the activation of the Mec1-Ddc2 

complex in G2 phase (Mordes et al., 2008, Navadgi-Patil and Burgers, 2008). Mec1 

dependent phosphorylation of Ddc1 on T602 (T602ph) recruits Dpb11 to the sites of 

DNA damage via its binding to T602ph via its C-terminal BRCT domain. The 

recruitment of both the checkpoint sliding clamp and Dpb11 together stimulate full 

activation of Mec1 kinase activity (Navadgi-Patil and Burgers, 2009; Puddu et al., 

2008). 

 

An important target of Mec1 is the Rad9 “mediator” protein. In undamaged cells 

Rad9 is mainly found in a large multimeric complex that is phosphorylated by Cdc28-

Clb kinases during cell cycle progression. Upon DNA damage, the PIK kinases, Tel1 

and Mec1, phosphorylate Rad9 resulting in increased phosphorylation and remodeling 

of the large Rad9 complex into a smaller form (Vialard et al., 1998; Emili 1998; 

Durocher et al., 1999; Gilbert et al., 2001; Schwartz 2002; Sweeney 2005; Usui 

2009). Note that the larger CDK phosphorylated Rad9 complex is termed 

“hypophosphorylated” Rad9 and it is normal cell cycle form as it appears less 

phosphorylated than the smaller “hyperphosphorylated” form that results from PIK 

kinase phosphorylation. Tel1/Mec1-dependent hyperphosphorylated Rad9 recruits 

and catalyses the in trans autophosphorylation of the Rad53 (CHK2 in humans) 

checkpoint kinase (Gilbert et al 2001). Autophosphorylated Rad53 has less affinity 

for Rad9 and is released to target its substrates. Mec1 and Rad9 also activate the 

related checkpoint kinase, Chk1 (termed CHK1 in all systems), via molecularly 

distinct mechanism (see results section).  

 

Downstream of Rad53 and Chk1, cell cycle arrest is enforced via two distinct, 

additive and parallel pathways. Budding yeast securin, Pds1 (Cohen and Koshaland et 

al., 1997, Sanchez et al., 1999), is hyperphosphorylated in a Mec1-, Rad9- and Chk1- 

dependent, but Rad53 independent manner after the DNA damage. Chk1 
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phosphorylation regulates proteasome-dependent destruction of Pds1, preventing 

passage through mitosis (Agrawal et al., 2003). Rad53 also independently contributes 

to G2/M arrest. Rad53 is required to maintain CDK activity during the checkpoint 

arrest, by inhibiting the Polo-like kinase, Cdc5 (Chen et al., 1998, Sanchez et al., 

1999). Moreover, Rad53 also targets and phosphorylates Dun1, a serine threonine 

kinase, involved in the transcriptional induction of genes required for DNA repair 

including the ribonucleotide reductase (RNR) genes (Elledge 1993).  

 

In G1, activation of the DNA damage checkpoint also results in rapid 

hyperphosphorylation of Rad9 and the recruitment and activation of the checkpoint 

effector kinase Rad53 (Gilbert et al., 2001, Schwartz et al., 2002). Similar to 53BP1, 

recruitment of Rad9 in G1 to DNA damage requires binding of its paired Tudor 

domains to lysine 79 of histone H3 when this residue is dimethylated (H3K79me2) by 

the histone methyltransferase Dot1 (Wysocki et al., 2005). Recently, in detailed 

studies performed in Dot1L2/2 DT40 cells it has been demonstrated that H3K79 

methylation is not required for 53Bp1 recruitment to sites of DNA double-strand 

breaks (FitzGerald et al., 2011). Importantly, cells lacking Dot1 or carrying a mutant 

allele of Rad9 defective in H3K79me2 binding still phosphorylate H2A normally but 

are G1 checkpoint defective and fail to phosphorylate Rad9 or activate Rad53 in G1. 

As Dot1-dependent H3 methylation is constitutive, the intriguing hypothesis is raised 

that Rad9 activation by damage in G1 may depend on other chromatin modifications, 

including !-H2A, as well as chromatin remodeling activities (Thiriet et al., 2005, 

Vidanes et al., 2005). Chk1 is also phosphorylated in response to DNA damage in G1, 

although its regulatory role in the G1 checkpoint requires further investigation 

(Grenon et al. 2001). 
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1.3.5 Histone Modification in DSB signaling and Repair 

Many post-translational modifications of histones have been implicated in the DNA 

damage response (DDR) pathway, including phosphorylation, methylation, 

acetylation, and ubiquitination (reviewed in Kouzarides, 2007). Differential 

combinations of these histone modifications have been proposed to form a “histone 

code” (Strahl and Allis, 2000) that directs the reorganisation of chromatin required for 

all chromatin metabolic events, including activation of the DDR and DNA repair 

(Jenuwein and Allis, 2001; Turner, 2000; van Attikum and Gasser, 2005). In a 

response to DNA damage Tel1 and Mec1 phosphorylate histone H2AX. !-H2A(X) 

recruits SWR1 and INO80 to DSBs. SWR1 directed binding of Ku80 may affect 

Ku80-dependent repair of the DSB. Many of these modified residues provide unique 

docking sites for chromatin remodelling complexes, checkpoint and repair proteins 

(reviewed in van Attikum and Gasser, 2009). 

 

1.3.5.1 Phosphorylation of histone H2A (X) 

Upon the formation of DSBs the phosphorylation of a conserved residue, serine 129 

of the C-terminal tail of histone H2A (serine 139 of human H2AX) by PIK kinases, 

commonly referred as !-H2A (X), is one of the earliest and most characteristic events 

of the cellular response to DSBs (Burma et. al., 2001; Downs et. al., 2000; Stiff et. al., 

2004; Ward and Chen 2001). The role of phosphorylated H2A (X) has been reviewed 

extensively (Downs 2007), and here I will highlight some of the key role of this 

modification in the DDR. Upon DSBs the formation of H2A (X) is early, ubiquitous 

and extensive, spreading over 60Kb in yeast and 1Mb in higher eukaryotes on each 

side of the break (reviewed in Lowndes and Toh, 2005). Following DNA damage the 

main function of H2A(X) is to facilitate efficient DSB signalling and repair through 

the recruitment of cohesin and histone modifiers/remodellers, as well as promoting 

co-localisation of checkpoint and repair proteins at the damage sites (reviewed in 

Hunters et. al., 2009). In human cells Mdc1 directly binds to !-H2AX via an 

interaction between the S139ph and the BRCT domain of Mdc1 (Stucki et al., 2005).  

In yeast, the related BRCT domain of Rad9 also interacts with !-H2A (Hammet et al., 

2007). Not all DDR proteins are recruited via !-H2A (X) and the recruitment of many 

of these proteins may be facilitated by exposure of other histone modifications or 

other docking sites exposed by !-H2A(X)-dependent chromatin remodelling 
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(Fernandez-Capetillo et al., 2004). Specifically, !-H2A also serves as a docking site 

for histone modifiers and chromatin remodelers, including the NuA4 histone 

acetyltransferase (HAT) complex and the ATP-dependent chromatin remodelling 

complexes, INO80 and SWR1 (Downs et al., 2004; Morrison et al., 2004; van 

Attikum et al., 2004).  

 

H2AX deficient mammalian cells are mildly radiosensitive, and display somewhat 

elevated genomic instability and defects in sister chromatid recombination (Bassing et 

al., 2003; Celeste et al., 2003; Celeste et al., 2002; Xie et al., 2004). In addition, 

following low doses of IR H2ax-/- mouse embryonic fibroblasts (MEFs) are partially 

defective in G2-M checkpoint activation (Fernandez-Capetillo et al., 2002). In S. 

cerevisiae, h2a-S129 mutants are also moderately sensitive to various genotoxic 

stress, (Downs et al., 2000; Redon et al., 2003; Toh et al., 2006). Furthermore, h2a-

S129 mutants are defective in G1 checkpoint activation in response to DSBs due to 

impaired recruitment of Rad9 to sites of damage (Hammet et al., 2007; Javaheri et al., 

2006). In general, the relatively mild phenotypes of H2ax-/- MEFs and yeast h2a-S129 

mutants suggests that other mechanisms can partially substitute for this modification 

in these cells. 

 

1.3.5.2 H3K79 methylation in DNA DSB signalling and Repair: 

Methylation of histone H3 at lysine 79 (H3K79me) has also been implicated in the 

DNA damage response (Giannattasio et. al., 2005; Huyen et. al., 2004; Wysocki et. 

al., 2005; Grenon et al., 2007).  Unlike !-H2A(X), this modification is not induced by 

DNA damage and is rather constitutively present on chromatin. In S. cerevisiae 

approximately 90% of H3K79 is either mono-, di-, or tri-methylated, with the latter 

being the most abundant (van Leeuwen et al., 2002). Methylation of H3K79 is 

mediated by the conserved histone methyltransferase (HMT) Dot1 (Disruptor of 

telomeric silencing-1, termed DOT1L in humans), and is the only known reaction 

catalysed by this enzyme (Lacoste et al., 2002; van Leeuwen et al., 2002). 

Methylation of H3K79 is absolutely required for checkpoint activation in G1 and S 

phases of the cell cycle, where it mediates the recruitment of the Rad9 checkpoint 

protein via its Tudor domain to chromatin containing damaged DNA (Grenon et al., 

2007; Huyen et al., 2004).  dot1! and h3K79A mutants are defective in G1 and intra-S 
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phase checkpoint activation following IR- and UV-induced DNA damage 

(Giannattasio et al., 2005; Grenon et al., 2007; Wysocki et al., 2005). However, in 

G2/M, loss of H3K79 methylation does not significantly impair checkpoint activation, 

although a subtle defect in Rad53 phosphorylation has been reported in dot1! cells 

(Giannattasio et al., 2005; Grenon et al., 2007; Wysocki et al., 2005). Similar to the 

dot1! mutant phenotype, cells harbouring a mutated Rad9 Tudor domain are 

defective for G1 checkpoint-induced Rad9 and Rad53 phosphorylation, and mildly 

sensitivity to various genotoxic treatments (Grenon et al., 2007; Lancelot et al., 2007). 

 

Genetic experiments have indicated that not unexpectedly Dot1 and the Rad9 Tudor 

domain belong to the same epistasis group with respect to checkpoint activation as 

H2A-S129 and the Rad9 BRCT domains (Hammet et al., 2007; Toh et al., 2006). 

Collectively, these studies support a model whereby, following DNA damage in G1, 

Rad9 is localised to chromatin containing damaged DNA via binding of its Tudor and 

BRCT domains to the H3K79me and !-H2A modifications, respectively. An 

alternative, perhaps redundant, mechanism for Rad9 recruitment to sites of damage 

independently of H3K79me must exist in G2/M phase, since loss of this modification 

does not significantly perturb G2/M checkpoint activation (Giannattasio et al., 2005; 

Grenon et al., 2007; Wysocki et al., 2005). In fission yeast Crb2 (orthologue of Rad9 

mediator protein), such an alternative histone independent pathway occurs. It is 

implicating that Cut5, the orthologue of dbp11 might be involved. Such an alternative 

pathway might be possible in budding yeast during G2/M phase.  

 

1.4 RAD9, the prototypical checkpoint gene  
In a landmark study over 25 years ago Weinert and Hartwell identified budding yeast 

RAD9 as the first DNA damage checkpoint gene to be identified in any system 

(Weinert and Hartwell, 1988). Rad9 plays an integral role in the DNA damage 

response pathway as loss of Rad9 function results in: increased DNA damage 

sensitivity, abrogated transcription of a large regulon of DDR genes, defective 

activation of DNA damage checkpoints and increased genomic instability 

(Aboussekhra et al., 1996; Kiser and Weinert, 1996; Myung and Kolodner, 2002; Toh 

and Lowndes, 2003; Weinert and Hartwell, 1988; Weinert and Hartwell, 1990; 

Weinert and Hartwell, 1993). Rad9 is required in all phases of the cell cycle where it 
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promotes Mec1/Tel1-dependent phosphorylation of both the Rad53 and Chk1 effector 

kinases in response to DNA damage (Gilbert et al., 2001; Paulovich et al., 1997; 

Sanchez et al., 1999; Siede et al., 1993; Sweeney et al., 2005; Weinert and Hartwell, 

1988).  

 

1.4.1 Regulation of Rad9  

In undamaged cells Rad9 is phosphorylated during the S/G2/M phases of the cell 

cycle in a Cdc28-dependent fashion (N. Lowndes, unpublished results). Rad9 

contains 20 putative CDK sites that conform to the minimal concensus motif, [S/T]-P, 

and 9 of the 20 conform to the more strict definition of a CDK site, [S/T]-P-X-[R/K]. 

So far, 15 of these 20 sites have been shown to be phosphorylated in vivo in mass 

spectrometry studies (Albuquerque et al., 2008; Holt et al., 2009; Smolka et al., 

2005). However, the role of Rad9 cell cycle phosphorylation is not known. As well as 

being responsible for Rad9 cell cycle phosphorylation, Cdc28-Clb1 to 6 activity 

promotes resection in S to G2/M phases of the cell cycle (Aylon et al., 2004; Huertas 

et al., 2008; Ira et al., 2004). Interestingly, in rad9! cells resection still occurs in the 

absence of Clb-Cdc28 activity, suggesting that chromatin-bound Rad9 may act as a 

physical barrier to impede resection and that CDK activity may be required to 

promote its dissociation or otherwise facilitate resection in the presence of Rad9 

(Lazzaro et al., 2008).  

 

After DNA damage Rad9 is hyperphosphorylated in a Mec1/Tel1-dependent manner. 

This phosphorylation regulates the DNA damage checkpoint via two distinct 

downstream branches defined by Rad53 and Chk1. While the mode of activation of 

Rad53 is well understood and further discussed in the following section, the Rad9-

dependent activation of Chk1 is less well understood. An N-terminal domain of Rad9, 

termed the Chk1 Activation Domain or CAD, has been shown to be required for Chk1 

phosphorylation, however, the mechanism by which Chk1 activation take place is not 

known (Blankley and Lydall, 2004). 

 

1.4.1.1 The Rad9 complex: complex remodeling and Rad53 activation  

Rad9 is phosphorylated during cell cycle progression, with phospho-forms first 

becoming apparent as cells enter S phase with increasing phosphorylation as cells 



! $H!

progress through S, G2 and early M phases before being lost late in the cell cycle. 

These phospho-forms of Rad9 are collectively referred to as hypophosphorylated 

Rad9 to distinguish them from the distinct phospho-forms present after DNA damage 

that have much slower migration in SDS-PAGE and have therefore been termed 

hyperphoshorylated Rad9 (Gilbert et al., 2001). In undamaged cells, Rad9 exists as a 

large complex of greater than or equal to 850kDa, containing Ssa1 and Ssa2, two 

members of the Hsp70 family of chaperone proteins, which have phenotypes 

consistent a role in Rad9 function. Following DNA damage, Rad9 is 

hyperphosphorylated in a Mec1/Tel1-dependent manner (Emili, 1998; Vialard et al., 

1998) and the large complex is remodeled to form a smaller complex of 

approximately 560kDa containing the chaperone proteins and Rad53. Experimental 

evidence is consistent with a model in which the remodeled smaller 

hyperphosphorylated Rad9 complex binds Rad53, through docking of the Rad53 FHA 

domains with PIK kinase phosphorylated residues in the Serine Cluster Domain 

(SCD) of Rad9. This brings multiple Rad53 molecules into close proximity and 

thereby catalysing Rad53 in trans autophosphorylation (Gilbert et al., 2001). More 

recent evidence has also suggested that prior PIK kinase-dependent phosphorylation 

of Rad53 at sites of DNA damage can prime, perhaps by facilitating the initial Rad9-

Rad53 interaction, the in trans Rad53 autophophorylation reaction that takes place on 

the surface of hyperphosphorylated Rad9, which is mainly found as a soluble 

nucleoplasmic complex (Sweeney et al., 2005). Rad53 that has been activated by two 

events, PIK kinase-dependent phosphorylation and Rad53 in trans 

autophosphorylation, is released from the surface of the Rad9 “catalyst” to target its 

specific substrates and effect the DNA damage response.  

 

1.4.2 Domain Structure of Rad9 

The budding yeast RAD9 gene encodes a large nuclear protein of 1309 amino acids 

with a predicted mass of 148 kDa (Schiestl et al., 1989; Weinert and Hartwell, 1990). 

To date, four domains have been functionally characterised that mediate Rad9 

function in the DNA damage response. 

 

1.4.2.1 CAD Domain  

The N terminal Chk1 Activation Domain (CAD) corresponds to the first 231 amino 

acids of Rad9. N-terminal truncations of this region (Rad9CAD!) results in defective 
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Chk1 phopshorylation in MMS induced DNA damage. Further analysis has 

demonstrated that the rad9CAD! mutant is specifically defective in activating the Chk1 

pathway after DNA damage. Further to determine which N-terminal amino acids of 

Rad9 are important for signaling cell-cycle arrest, deletion mapping analysis was 

performed to identify the smallest deletion of RAD9 that retained the checkpoint-

defective rad9s phenotype. Deletion of amino acids 1-39, or 201-231, did not affect 

Rad9 function in either the checkpoint arrest or the rapid death assays (a temperature 

shift based arrest assay performed in cdc13-1 background). However, deletion of 40-

200 amino acid region, which contains six putative CDK phosphorylation sites (S/T-

P), resulted in weak rad9 sensitive phenotypes (Blankley and Lydall 2004). This 

result suggests that a comparatively large region of Rad9 (40 to 200 amino acids) is 

important for the signaling of cell cycle arrest. In a DNA damage sensitivity analysis 

assay like chk1! cells, rad9CAD! allele doesn’t display pronounced UV sensitivity. 

rad9CAD! and chk1! mutants are defective at inducing arrest of yku70! mutants at 

37°C, unlike dun1! and rad53!. Analysis of the UV sensitivity, and cell-cycle arrest 

after yku70! and cdc13-1-induced damage strongly suggests that rad91-231! cells are 

specifically defective in the CHK1-PDS1 branch of checkpoint control rather than the 

RAD53-DUN1 pathway. The genetic analyses support the contention that the CAD is 

specific to Chk1 function. It is therefore possible that the CAD in Rad9 might regulate 

Chk1 through a direct physical interaction between Rad9 and Chk1. However, a direct 

physical interaction between these two proteins has proven extremely difficult to 

detect (David Lydall, personal communication). Rad9-Chk1 interaction detected in a 

yeast two-hybrid assay, but the mechanism of this interaction needs to be investigated 

(Sanchez et al., 1999; Uetz et al., 2000). Clearly, much remains to be deciphered 

concerning the mechanism of Rad9-dependent Chk1 activation. 
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Out of 20 potential CDK phosphorylation sites in the 1309 amino acids Rad9 protein, 

nine of them are clustered in the first 231 amino acids defined by Blankley and Lydall 

as the CAD region of the protein. It is likely that these CDK sites play important roles 

in both Rad9 cell cycle phosphorylation and Chk1 activation.  

 

1.4.2.2 SCD Domain 

Rad9 contains 14 potential PIKK phosphorylation sites (SQ/TQ), six of which are 

clustered in the centre of the protein in a region termed the SQ/TQ Cluster Domain, or 

SCD (Schwartz et al., 2002). The PIK kinase sites of this small 68 amino acid 

(residues 390 to 458) region are redundantly required for Mec1/Tel1-dependent Rad9 

hyperphosphorylation upon DNA damage and activation of Rad53. The Rad9-Rad53 

interaction was lost in a SCD deletion mutant. The rad96XA and rad97XA (rad96XA 

combined with the T603 mutation, an additional PIK kinase site) mutant cells 

behaved precisely like rad53! cells, transiently delaying cell cycle progression prior 

to anaphase, but prematurely escaping into telophase after DNA damage treatments. 

Six PIK kinase sites in the SCD, assisted by T603, are required for Rad9 to maintain 

G2/M DNA damage checkpoint arrest (Schwartz et al., 2002). When the rad97XA 

mutation was combined with the chk1! mutation a more pronounced G2/M 

checkpoint arrest was observed consistent with Chk1 and the SCD sites of Rad9 

functioning in separate pathways for the G2/M checkpoint. 

 

1.4.2.3 Tudor Domain 

Tudor domains are small, comprising a single globular domain (Maurer-Stroh et al., 

2003), that is present in numerous proteins in addition to Rad9, its fission yeast 

homologue, Rhp9/Crb2 (Willson et. al.,1997) and the related 53BP1 protein of human 

cells (Huyen et al., 2004). Other proteins with Tudor domains include the Survival 

Motor Neuron protein (SMN) (Selenko et al., 2001; Sprangers et al., 2003) and 

Caenorhabditis elegans (Hsr-9/TO5F1) (Boulton et al., 2002).  

 

The Rad9 Tudor domain has important functions in the DNA damage checkpoint 

pathway. Specifically, Tudor domain tyrosine 798 is required for an efficient binding 

to methylated histone H3 and a defective Rad9 Tudor domain results in sensitivity to 
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DNA damage. The Dot1 methylase specifically methylates histone H3 on lysine 79. 

Both dot1! and rad9Y789W cells defective in the G1 and intra-S checkpoints, but have 

only a minor role in the G2/M checkpoint (Grenon et al., 2007).  

 

1.4.2.4 The BRCA1 Carboxyl terminus (BRCT) domain 

The 223 amino acid residues of the C-terminal region of Rad9 has 20% sequence 

similarity with the mammalian tumor suppressor protein, BRCA1, and other related 

checkpoint mediator proteins, including 53BP1 and NFBD1/MDC1. This structure 

has been termed the BReast Cancer 1 C-Terminus, or BRCT domain, and is typically 

composed to two closely spaced tandemly repeated motifs that together form a single 

domain (Bork et.al. 1997). The BRCT domain of Rad9 is essential for Rad9 

oligomerisation, mediating a direct protein-protein interaction between Rad9 

molecules, and its deletion results in a null mutation (Soulier and Lowndes, 1999). 

Similarly, the BRCT domain of Rhp9/Crb2 has also been shown to mediate the 

oligomerisation of this fission yeast homologue of Rad9 (Sofueva et al., 2010).  

 

Recently, some BRCT domains have also been shown to interact with phospho- 

peptides, as demonstrated by the interaction between the BRCT domain of BRCA1 

and a BACH1 phospho-peptide, as well as the BRCT domain of MDC1 and 

phosphorylated H2AX (Manke et al., 2003; Stucki et al., 2005; Yu et al., 2003). In 

addition to mediating direct oligomeriasation of proteins, BRCT domains can also 

mediate interaction between heterologous proteins. For example, the 53BP1 BRCT 

domain is necessary and sufficient for interaction with the non-BRCT protein, p53 

(Derbyshire et al., 2002; Joo et al., 2002). Also, the human DNA repair proteins 

XRCC1 and DNA ligase III hetero-dimerise through their C-terminal regions, each 

containing a BRCT domain (Dulic et al., 2001).  

 

1.4.3 The Rad9-like family 

Although the mechanisms underlying the DNA damage response are highly 

conserved from yeast to humans (reviewed in Lisby and Rothstein, 2009), a single 

gene with overall homology to Rad9 throughout its primary sequence cannot be 

identified in vertebrate cells. However, BRCA1, 53BP1 and MDC1 have been 

identified as genes related to Rad9 due to certain structural, regulatory and functional 

similarities. In the distantly related fission yeast, Rhp9/Crb2 has been identified as a 
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structural and functional homologue of Rad9 (Mochan et al., 2004; Saka et al., 1997; 

Scully et al., 2004; Stucki and Jackson, 2004; Willson et al., 1997). Similar to 

budding yeast Rad9, these functionally related genes has been classified as mediators 

of the DNA damage response (reviewed in FitzGerald et al., 2009; Li and Zou, 2005). 

They function as molecular adaptors/scaffolds that facilitate the recruitment and 

accumulation of DDR proteins at the sites of DNA damage, often enhancing the 

PIKK dependent phosphorylation of the recruited proteins (Esashi and Yanagida, 

1999; Mochida et al., 2004; Saka et al., 1997; Wilson and Stern, 2008). Like Rad9, 

the 53BP1/BRCA1/MDC1 mediator proteins are phosphorylated during a normal cell 

cycle and hyperphosphorylated in a PIK kinase-dependent manner in response to 

DNA damage (Chen et al., 1996; Cortez et al., 1999; Esashi and Yanagida, 1999; 

Gatei et al., 2001; Goldberg et al., 2003; Jowsey et al., 2007; Lou et al., 2003b; 

Mochida et al., 2004; Rappold et al., 2001; Ruffner and Verma, 1997; Saka et al., 

1997; Xia et al., 2001; Xu and Stern, 2003a). 

 

1.4.3.1 53BP1 

The 1972 amino acid 53BP1 (p53-Binding Protein 1) protein was originally identified 

as a binding partner of the p53 tumour suppressor protein (Iwabuchi et al., 1994). Of 

the three putative scRad9 homologues in higher eukaryotes, 53BP1 exhibits the 

greatest structural homology to Rad9, as both these proteins also share an additional 

domain, the Tudor domain (reviewed in FitzGerald et al., 2009). 53BP1-deficient 

mice exhibit retarded growth, immunodeficiency, radiation sensitivity, chromosomal 

aberrations and increased levels of genomic instability (Morales et al., 2003; Ward et 

al., 2003). Furthermore, cells lacking 53BP1 exhibit subtle intra-S phase checkpoint 

defects, slightly impaired G2/M checkpoint activation, after low doses of IR, and 

DNA repair defects (DiTullio et al., 2002; Fernandez-Capetillo et al., 2002; Wang et 

al., 2002; Ward et al., 2003). The Tudor domains of both 53BP1 and Rad9 are both 

required for their recruitment to chromatin containing DNA double strand breaks, 

where they bind specifically to histone H3K79me (see section 1.3.5.2 page 27). 

Similarly to Rad9 hyperphosphorylation, 53BP1 is also phosphorylated in an 

ATM/ATR-dependent manner following IR- and UV-induced DNA damage, 

respectively (Anderson et al., 2001; Jowsey et al., 2007; Rappold et al., 2001; Xia et 

al., 2001). It has been proposed that similarly to the budding yeast Rad9 and fission 

yeast Crb2 mediator proteins, 53BP1 facilitates the IR-induced phosphorylation of a 
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subset of ATM targets protein, including CHK2, BRCA1 and the SMC1 cohesin 

protein (DiTullio et al., 2002; Fernandez-Capetillo et al., 2002; Lee et al., 2010; Wang 

et al., 2002; Ward et al., 2003; Wilson and Stern, 2008). 53BP1, like Rad9, has also 

been implicated in DSB repair, although specifically in NHEJ (Goodarzi and Jeggo 

2009, Fitzgerald et al., 2010). 

 

1.4.3.2 BRCA1 

BRCA1 was first reported as a gene often mutated in inherited breast and ovarian 

cancer (Miki et al., 1994). The human BRCA1 gene encodes a large 1863 amino acid 

nuclear protein and, as a result of alternative splicing, two smaller BRCA1 

polypeptides are also produced from the BRCA1 locus. Full length BRCA1 contains 

multiple functional domains including an N- terminal RING finger, a central SCD 

cluster domain, reminiscent of the SCD, in Rad9 and the C-terminal BRCT domain 

(Figure 1.4.3, (Figure 1.6.4; Brzovic et al., 2001; Meza et al., 1999; Wu et al., 1996). 

BRCA1 is tightly and stoichiometrically associated with another RING finger protein, 

BARD1 (BRCA1-associated RING domain-1) (Wu et al; 1996), and this interaction is 

required for retention of BRCA1 in the nucleus (Fabbro et al., 2002). RING domains 

have E3 ubiquitin ligase activity and this activity has been demonstrated for both 

BRCA1 and BARD1 (Mallery et al., 2002; Hashizume et al., 2001; Xia et al., 2003). 

These domains are also know to mediate protein interactions, either directly or 

indirectly, to a large number of proteins including tumor suppressors, oncogenes, 

DNA repair proteins, cell cycle regulatory proteins, transcriptional activators and 

repressors (Wang et al., 1997; Borden et al., 2000; Kawai et al., 2007).  

 

The BRCA1-BARD1 heterodimer exists as part of at least three distinct protein 

complexes whose composition is determined by the mutually exclusive binding of 

either Abraxas, BACH1, or CtIP to the C-terminal tandem BRCT domains of BRCA1 

(Cantor et al., 2001; Wang et al., 2007; Yu and Chen, 2004). These complexes 

perform both unique and overlapping roles in the DNA damage response (reviewed in 

Huen et al., 2010). As discussed above, the C-terminal BRCT domain of BRCA1 is 

involved in binding phosphorylated epitopes on target proteins (Manke et al., 2003; 

Yu et al., 2003). Similar to Rad9 and 53BP1, BRCA1 is phosphorylated in a CDK-

dependent manner during a normal cell cycle, mainly in late G1, S, and G2 phases 

(Chen et al., 1996; Ruffner and Verma, 1997) and hyperphosphorylated in an 
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ATM/ATR-dependent manner, depending on the type of DNA damage (Cortez et al., 

1999; Gatei et al., 2000; Gatei et al., 2001; Tibbetts et al., 2000). Moreover, like Rad9 

and 53BP1, BRCA1 has also been implicated in DSB repair pathways, specifically 

HR (Jasin, 2002; Scully et al., 2004). Athough, the molecular mechanisms by which 

BRCA1 facilitates HR are not clear. BRCA1 might act as a mediator which facilitates 

dislocation of RPA from (ssDNA Schild and Wiese, 2009). 

 

1.4.3.3 MDC1 

The human Mediator of the DNA Damage Checkpoint 1, or MDC1 (previously 

identified as NFB), encodes a 2089 amino acid protein contains an N-terminal FHA 

domain, a central Proline/Serine/Threonine rich domain (the PST domain) and a C-

terminal BRCT domain related to those in Rad9/Crb2/53BP1/BRCA1 (Shang et al., 

2003). Like Rad9/53BP1/BRCA1, MDC1 is phosphorylated during normal cell cycle 

progression  (Xu and Stern, 2003). MDC1 contains 47 potential CDK phosphorylation 

sites, 34 of which are phosphorylated in vivo, although the functions of these 

phosphorylation sites have not been dissected in detail (Chen et. al., 2009, Lowery et. 

al., 2007). MDC1 is also hyperphosphorylated in an ATM-dependent manner 

following upon induction of DSBs damage (Goldberg et al., 2003; Lou et al., 2003b; 

Xu and Stern, 2003a). Importantly, MDC1 regulates IR induced focal localization of a 

number of proteins including MRN, 53BP1 and BRCA1 (Goldberg et al., 2003; Lou 

et al., 2003a; Stewart et al., 2003; Xu and Stern, 2003b). 

 

Similarly to Rad9/53BP1/BRCA1, MDC1 plays a role in DSB repair, being 

implicated in both NHEJ and HR repair pathways (Lou et al., 2004; Xie et al., 2007; 

Zhang et al., 2005). However, while Rad9 may only contribute to the efficiency of 

NHEJ via inhibition of DNA end resection (see section 1.6.3; de la Torre-Ruiz and 

Lowndes, 2000; Jia et al., 2004; Lazzaro et al., 2008; Lydall and Weinert, 1995), 

MDC1 binds the NHEJ factor, DNA-PK, via its PST repeat domain and thereby 

regulate DNA-PK activation by autophosphorylation (Lou et al., 2004).  
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1.5. Activation of Chk1  
Chk1 is a Serine/Threonine kinase that was first identified as a non-essential 

checkpoint kinase in S. pombe (al-Khodairy et al., 1994). In this yeast it is well 

established that Cds1 (Rad53 in budding yeast and CHK2 in human cells) is activated 

following a replication block (Lindsay et al., 1998), while Chk1 is activated following 

DNA damage (Walworth et al., 1993).  In fission yeast, Chk1 (hereafter referred to as 

Chk1Sp) phosphorylates at multiple residues and inhibits the mitotic inducer, Cdc25C, 

thereby regulating the G2/M transition in damaged cells. Drosophila Chk1 also 

regulates the metaphase to anaphase transition after DNA damage. In the mouse, 

Chk1 is essential for embryonic development (Liu, et al., 200; H Takai et al., 2000), 

while in the chicken somatic cell line DT40 it does not appear to be required for cell 

survival, but deficient in all known checkpoints (G. Zachos et. al., 2003). Knock-

down of CHK1 in human cell lines results in defective in G2/M checkpoint regulation 

(Z. Chen et.al., 2003). Budding yeast Chk1, like Chk1Sp, is not essential for cell 

viability. However, unlike Chk1Sp, it is only required for an efficient arrest in 

response DNA damage and is not required following replication block (Liu et al., 

2000; Sanchez et. al., 1999).  

 

Extensive studies with different model systems have revealed that in response to 

DNA damage or replication stress, Chk1 is activated by the orthologues of ATR 

and/or ATM (Sanchez et al., 1999, Gatei, et al., 2003, Guo et al., 2000). In human 

cells CHK1 protein contains multiple SQ/TQ motifs in the regulatory C- terminal 

domain; however, S317/Q318 and S345/Q346, appear to be the key regulatory sites 

required for damage induced checkpoint function. In response to different DNA 

damaging agents, human Chk1 is phosphorylated at S317 and S345 (Liu, et al., 2000; 

Zhao et al., 2001; Jiang et al., 2003). In S. pombe the equivalent S345 mutant (S345A) 

was also found to be damage sensitive and DNA damage checkpoint defective (Lopez 

Girona, et al., 2001; Jiang et al., 2003). Similar observations have been made for 

Xenopus Chk1 mutated at four consecutive SQ motifs, including one corresponding to 

the fission yeast and mammalian S345 motif. Overall, these findings clearly indicates 

that phosphorylation of Chk1 at PIK kinase sites is required for the Chk1 response to 

DNA damage or replication blocks. Checkpoint mediator proteins have also been 
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implicated in Chk1 activation, where they are believed to function as molecular 

adaptors for Chk1 phosphorylation (FitzGerald et al., 2009; Jungmichel and Stucki, 

2010; O'Donovan and Livingston, 2010). 

 

In budding yeast, the Rad9 mediator protein has been clearly shown to interact with 

Rad53 and some evidence also suggests it also interacts with Chk1 (Yinhuai Z. Sun 

et. al., 1998, Y. Sanchez et. al., 1999, Chen et.al., 2009). Rad9-Chk1 interaction must 

occur by a distinct mechanism to the Rad9-Rad53 interaction, as it is independent of 

the Rad9 SCD (see section 1.4.2.2, page 32; M.F Schwartz et al., 2002). Interestingly, 

in fission yeast, the N-terminal region of Crb2 shares sequence homology with 

budding yeast Rad9 and is also required for the activation of Chk1, suggesting that it 

too is a Chk1 Activating Domain (Y. Saka, et al., 1997, Blankley and Lydall 2004). 

Thus, the apical PIK kinases together with DDR mediator protein have important 

roles in the regulation of Chk1, although the molecular mechanisms of this regulation 

require further exploration.   

 

1.6 Genomic instability and Cancer 
The genomic integrity of an organism is constantly being threatened by various forms 

of DNA damaging agents including ionizing radiation (IR), ultraviolet (UV) radiation 

and chemical mutagens, as well as endogenous stresses generated during DNA 

replication errors and by-products of cellular metabolism, such as reactive oxygen 

species (Lindahl, 1993). So it is very crucial to deal effectively with various forms of 

the DNA damage for cellular survival and the maintenance of genomic integrity, as 

error in these processes can lead to chromosomal aberrations and cancer (Hartwell 

and Kastan, 1994).  

 

During the course of evolution eukaryotic cells have developed a sophisticated 

surveillance mechanism termed as DNA damage checkpoints (Hartwell and Weinert, 

1989; Weinert and Hartwell, 1988) that monitor genomic stability and facilitate 

coordinated cellular signals in response to DNA damage (Bartek and Lukas, 2007; 

Lowndes and Murguia, 2000; Zhou and Elledge, 2000). Upon DNA break DNA 

damage response (DDR) machinery triggers a wide range of cellular events including, 

cell cycle checkpoints, altered gene expression, stimulation of DNA repair and 
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cellular senescence or programmed cell death (reviewed in Bartek et al., 2007; Harper 

and Elledge, 2007). In S. cerevisiae, the DDR relies on several classes of evolutionary 

conserved checkpoint proteins (reviewed in Lisby and Rothstein, 2009). Sensor 

molecules play a role in checkpoint activation pathway, which recognises the DNA 

damage and promotes the DDR. This leads to activation of the downstream effector 

kinases, usually via adaptor or mediator proteins, and subsequent amplification of the 

primary signal resulting in the various responses to DNA damage. The 

phosphorylation events mediate the activation of the downstream target genes, which 

adapt the transcription level of the repair genes and regulates cell cycle transitions by 

influencing the stability or activity of proteins involved in cell cycle progression or 

checkpoint maintenance (Branzei and Foiani, 2008). At the end of DDR, checkpoint 

activation results in repair of the lesion, or if the damage is too severe programmed 

cell death takes place (Weinberger et al., 2005). Once DNA repair is completed, the 

checkpoint response is down regulated and recovery process allow cells to re-enter 

into the normal cell cycle. Alternatively, if the lesion can not be processed, cells may 

undergo “adaptation” and eventually re-enter the cell cycle in the continued presence 

of DNA damage (reviewed in Clemenson and Marsolier-Kergoat, 2009). A schematic 

of the DNA damage model for the Oncogene triggered progression and development 

of Cancer is presented in the Figure 1.6.  
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1.7 Objectives of the research project 
Although the PIK kinase- and Rad9-dependent mechanism of Rad53 activation has 

been well described (Gilbert et al., 2001; Schwartz et al., 2002) and the mechanism of 

activation of Chk1 is not well understood. This study set out to address the question 

of how Chk1 is activated in the budding yeast model system.  

 

Rad9 is a potential CDK substrate that is phosphorylated during S and G2 phases of 

the cell cycle in a Cdc28/Clb-dependent manner (N.F. Lowndes unpublished result) 

and hyperphosphorylated in response to DNA damage (Emili 1998;(Vialard et al., 

1998). Furthermore, Blankely and Lydall have mapped the N terminal region, 

corresponding to the first 231 amino acids, of Rad9 as a Chk1 Activation Domain or 

CAD required Chk1-specific checkpoint signaling (Blankley and Lydall, 2004). 

While the available data at the commencement of this work are consistent with a 

direct physical interaction between Rad9 and Chk1 this interaction has proven 

difficult to study. In fact, a single study using a single technique, yeast two hybrid 

analysis, and only reported as “data not shown” has been published (Sanchez et al., 

1999). Additionally, we noticed that almost half putative CDK sites in Rad9 are 

concentrated in the N-terminal CAD accounting for less than 1/5th of the Rad9 

protein. Thus, we set out to elucidate the molecular mechanisms behind Chk1 

activation. Specifically, we addressed whether cell cycle phosphorylation of the CAD 

region is required for Chk1 activation and Cdc28 dependent? (Chapter-3). If so, 

which specific CDK sites are involved? (Chapter-4). Does Cdc28-dependent 

phosphorylation of the Rad9 CAD regulate a physical interaction between Rad9 and 

Chk1 (Chapter-4). Does Chk1 activation require known histone modifications in the 

DDR? (Chapter-3). Does regulation of human Chk1 conserved with budding yeast 

Chk1 (Chapter-4) 
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                                Chapter 2. Materials and Methods 
 

2.1 Basic DNA Methods 
2.1.1 E.coli  Transformations 

50#l of Top10 competent cells was thawed on ice and 1-2#l ligation reaction or 

miniprep DNA was added into it. After mixing the transformation mixture was 

incubated on ice for 20 min, then at 42oC for 30 sec, and replaced on ice for 2 min. 

500 #l of LB without ampicillin was added and the cells were incubated for 60 min at 

37oC, after which time the samples were plated onto LB/amp or LB/Kan plates and 

incubated overnight at 37oC.  

 
2.1.2 DNA preparation and Enzymatic reactions 

RBC plasmid purification and Qiagen kits were used for DNA minipreps and 

maxipreps respectively and performed as per manufacturers recommendations.   

Restriction digests, ligations and dephosphorylations were performed with buffers and 

protocols supplied with the enzymes. Restriction enzymes, T4 DNA ligase and 

alkaline phosphatase were used from NEB. Enzymes and small DNA fragments were 

removed after reactions with Qiaquik Nucleotide Removal Kit (Qiagen) according to 

manufacturers protocol. 

 

2.1.3 Yeast Genomic DNA preparation 

Genomic DNA was prepared from 5 ml yeast cultures in YPD, grown overnight at 

30oC. The cells were pelleted and resuspended in 500 #l of 1M Sorbitol, 0.1M EDTA 

pH 7.5 and 2#l of 2.5mg/ml Zymolyase 100-T. The cells were incubated at 37oC for 

60 min after which the cells were spun for 1 min at 14,000 rpm and the supernatant 

discarded. The pellet was resuspended in 500 ml of 50mM Tris 7.5, 20mM EDTA, 

1% SDS, and incubated at 65oC for 30 min. Following centrifugation, the pellet was 

resuspended in 200#l of Potassium Acetate 5M and incubated for 60 min on ice. This 

was spun down for 5 min and the supernatant transferred to a fresh tube. One volume 

of isopropanol was added and incubated at room temperature for 5 min. Following 

brief centrifugation, the pellet was allowed to air-dry, resuspended in 300 #l TE pH 

7.4, containing 10mg/ml RNAse and incubated for 30 min at 37oC. The DNA was 
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precipitated by adding 60#l of 10M Ammonium Acetate and 750#l of 70% ethanol. 

The pellet was allowed to air-dry and subsequently resuspended in 100#l deionised 

water. Once dissolved, it was spun for 5 min at 14,000 rpm and the supernatant was 

removed and stored at 4oC.    

 

2.1.4 Polymerase Chain Reaction (PCR) 

Oligonucleotides were obtained from Sigma Genosys and made up in dH2O at a 

concentration of 100pmol/ml. PCR was used for 2 main purposes; Expand High 

Fidelity (Roche) was used for cloning or generation of genomic fragments for 

integration in yeast, while Taq (Sigma) was used for diagnostic PCR. 1- 100ng 

plasmid or 100-250ng genomic DNA was used as template.  An example of a typical 

program is: 

  1 min @ 94oC 

     30x  (30 sec @94oC, 30 sec @ 55oC, 2 min @ 72oC) 

  5 min @ 72oC 

  cool to 4oC 

Programs varied depending on Tm of primers and whether the template used was 

plasmid or genomic DNA. The sequences of all primers used are given in appendix-

III. All PCR products used for cloning were first purified on agarose gels. 

 

2.1.5 DNA mutagenesis 

In order to generate point mutations in Rad9, the Strategene Quick-change site-

directed and multisite directed mutagenesis kit (Catalogue no. 200518 and 200519) 

was used and performed as per manufacturers recommendations. Primers were 

designed approximately 45-55 bases in lengths containing the mutation of interest in 

the middle of the sequence (Appendix 2). 25ng of template was used and an annealing 

temperature that was 5oC below the Tm of the primers.  

The mutagenesis reaction was as follows:  

                        95oC for 30 sec 

    12x  (95oC for 30 sec, 68oC for 1 min, 68oC for 4 min 30 sec) 

Following denaturation of the double stranded plasmid, the primers annealed and the 

Pfu polymerase provided extended from and incorporates the mutations of interest, 

which resulted in nicked circular strands of DNA, one which was the parental plasmid 

DNA and the other which contains the mutations of interest. To select for the 
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mutation-containing DNA, the product was incubated with Dpn1 restriction enzyme, 

which cleaves only methylated DNA (i.e. the parental non-mutated DNA). The 

circular nicked DNA containing the mutations was transformed into XL1-Blue cells, 

which can repair the nicks in the mutated plasmid. 

  

2.1.6 DNA sequencing 

DNA sequencing was performed with LGC genomics to ensure that cloning of PCR 

fragments yielded correct vector constructs. Mutagenesis products and genomic DNA 

were checked by sequencing with LGC genomics to ensure they contained no 

additional mutation apart from the desired one on the RAD9 chromosomal locus. 

2.2   Basic Protein Methods 
2.2.1 Denatured total protein extracts (NaOH method) 

Not more than 8 samples were processed at any one time, as timing is crucial to the 

quality of the extract. Approximately 2.5x107 cells were harvested and transferred to 

an Eppendorf tube. Pellets were resuspended in 100 µl dH2O followed by 100 µl 

0.2M NaOH, and vortexed briefly. Samples were left to incubate at room temperature 

for 5 min. The samples were then pelleted, supernatant discarded and resuspended in 

50 µl protein sample buffer (0.06M Tris-HCL pH 6.8, 5% glycerol, 2% SDS, 4% "-

mercaptoethanol, 0.0025% bromophenol blue). Samples were boiled at 95oC for 3 

min and pelleted again. The supernatants were moved to new Eppendorf tubes and 

frozen immediately on dry-ice (method adapted from Kushnirov, 2000). 

2.2.2 Native whole cell extracts  

Small-scale yeast extracts 

Native extracts were prepared from between 1x108 and 5x108 cells. 100 µl of 1X lysis 

buffer and an equal volume of glass beads were added to the cell pellet, and cells were 

lysed in a Ribolyser (setting 4.5 for 3X 45 sec) at 4oC. A small hole was pierced in the 

base of each tube with a hot sterile needle. The tube was then placed inside a second 

Eppendorf tube, and the tubes spun in a swing-out rotor (Beckman JS-6) at 1,000rpm 

for 2 min. This forced the supernatant through the lower tube while the beads were 

kept in the upper tube, which was discarded. The lower tube was centrifuged at 

14,000 rpm for a further 10 min at 4oC and the supernatant retained as the extract.  
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2.2.3 SDS PAGE Protein Gels 

Protein gels were run using Biorad protein system. The Table below gives the recipes 

(in #l) for the common gels used (Table 2.2.2). Resolving gels were allowed to set for 

40 min, with a layer of isopropanol on the surface to ensure a sharp interface between 

the resolving and stacking gels. 

Table 2.2.1: SDS-PAGE running gel composition 

Table 2.2.2:  SDS-PAGE Stacking gel composition 

 

Rad9 Running Gel % 6.5 

Crosslinking ratio 80:1 

dH2O 1720 

40% Acrylamide 642 

2% Bis 160 

1M Tris pH 8.7 1480 

20% SDS - 

10% APS 20 

TEMED 5 

  

                                                                             

Chk1 Running Gel % 10% 

dH2O 4000 

Acrylamide-

bisacrylamide (30:1) 

3300 

1M Tris pH 8.7 2500 

20% SDS 50 

10% APS 100 

TEMED 4 

Table 2.2.1                                                                                 Table 2.2.2 

 

 

Rad9 Stacking gel   

dH2O 1690 

40% Acrylamide 320 

2% Bis 175 

1M Tris pH 6.8 313 

20% SDS 6.25 

10% APS 12.5 

TEMED 6.5 

Chk1 Stacking gel   

dH2O 3400 

40% Acrylamide 830 

1M Tris pH 6.8 630 

20% SDS 25 

10% APS 50 

TEMED 5 
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Stacking gels were poured (Table 2.2.2) and the combs added immediately.  

Generally 10-12 #l of the protein sample was loaded. Gels were run at 120V for 120-

130 min in 1X TG Buffer (10X Gel Running Buffer (TG buffer): 10g Tris Base, 144g 

glycine, 10g SDS, dH2O to 1L). Molecular weight markers used were Sigma SDS-7B, 

made up according to manufacturers instructions, 10#l was loaded. Gels were 

transferred to a nitrocellulose membrane. 

 

2.2.4 Gel Transfer 

The SDS-PAGE gel was sandwiched between one sheet of blotting paper soaked in 

transfer buffer. The gel was transferred using 2X Transfer buffer (2X TG, 20% 

methanol and 0.01% SDS), at 4oC, and 85V was applied for 90 min. The membrane 

was soaked in Ponceau S solution (1% Ponceau, 5% acetic acid) for 10 min and then 

rinsed with water.  This provided an approximate loading control. The Ponceau was 

removed by rinsing with water. 

 

2.2.5 Western blotting 

The conditions for antibody incubation depended on the antibody being used. The 

conditions for polyclonal antibodies are given below (Table 2.3.4) and described in 

(O'Shaughnessy A et al., 2006). 1X PBS, 0.1% Tween was used for incubation of 

antibodies and washes. 

Antibody Gel (%) Blocking Primary 

NL016 (Rad53) 6.5 – 10 1% Milk,  

30 min 

1:10,000 in PBS/0.1% Tween in 1% 
milk, O/N at room temperature 

NL05 (Rad9) 6.5 No block 1:10,000 in PBS/0.1% Tween in 
0.5% milk, O/N at room temperature 

NL02 (Swi6) 6.5 1% Milk, 

30 min 

1:10,000 in PBS/0.02% Tween in 
0.5% milk, O/N at 4oC 

12CA5 (anti-
HA) 

10 1% Milk, 

1 hour 

1:10,000 in PBS/0.02% Tween in 
0.5% milk, O/N at 4oC 

SB49 (Orc6) 10 1% Milk, 
30 min 

1:2,000 in PBS/0.1% Tween in 4% 
milk, O/N at 4oC 

Table 2.3.4: Optimised western blot conditions for primary antibodies. After transfer, 

the membrane was blocked and incubated with primary antibody overnight using the 

conditions outlined above. 
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2.3 Yeast Methods 
2.3.1 Media and culture condition 

 

Normal culture conditions 

Yeast cultures were grown in conical flasks in YPD liquid medium at 30ºC, with 

agitation at approximately 170 rpm. The volume of culture did not exceed one third of 

the nominal flask volume to ensure adequate aeration. Solid media was YPD plus 2% 

agar.  

Dropout media 
Solid or liquid selective media was YNB with or without 2% agar respectively and 

the required amino acids (W303 requires histidine, leucine, tryptophan, uracil and 

adenine). The carbon source was 2% glucose. 

 

2.3.2 Cell cycle arrest 

To arrest cells in G1 phase, #-factor was added to the growth medium at 5#g/ml, the 

culture was left for approximately 105 min. Arrest was confirmed by microscopy, a 

fully arrested culture contained at least 95% unbudded cells. For arrest in G2, 

nocodazole was added to the media at 10#g/ml, the culture was left for approximately 

95 minutes (to get maximum synchrony). Arrest was confirmed by microscopy, a 

fully arrested culture contained at least 85% large budded cells (O'Shaughnessy A et 

al., 2006). 

 
2.3.3 Genotoxic treatment 

2.3.3.1 Gamma irradiation 

Either an asynchronous mid-log, G1 arrested or G2 arrested yeast culture was 

irradiated in a 137Cs irradiator (Mainance Engineering, UK) with a dose rate of 22.5 

Gy/min. After irradiation the cells were resuspended in medium and allowed to 

recover for the indicated times before harvesting for analysis. For analysis of strain 

sensitivity to gamma irradiation on solid media, yeast cultures were applied to YPD 

plates, and the plates irradiated as above. 
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2.3.3.2 UV irradiation 

Asynchronous cultures, or those which had been arrested, were harvested, washed 

into saline and irradiated using a prewarmed 254 nm UV-C lamp (Ultra Violet 

Products). Different doses were calculated according to company guidelines in J/m2. 

The cells were irradiated in large surface area containers, at a cell density of no more 

than 1x107 cells/ml. 10 cm square petri dishes were used to irradiate up to 20 ml 

samples and 30cm square cell culture dishes for up to 100 ml. After irradiation, the 

cells were poured from the dishes into a 50 ml falcon, the dish was rinsed with saline 

and this wash added to the previous cells. The cells were pelleted by centrifugation 

and resuspended in YPD. Recovery was for the indicated times at 30ºC before the 

cells were harvested for analysis. For analysis of strain sensitivity to UV on solid 

media cultures yeast cultures were applied to the appropriate plates, which were 

allowed to dry before irradiation. 

 

2.3.3.3 4NQO and Bleocin treatment 

Bleocin (Calbiochem) was used either at 0.25 #g/ml or 10 #g/ml for DNA damage 

sensitivity or checkpoint analyses respectively.  4-NQO (Sigma) was used either at 

1.25 #M or 5 #M for DNA damage sensitivity or checkpoint analyses respectively 

 

2.3.4 DNA damage sensitivity analysis 

DNA damage sensitivity analysis was performed by spotting five-fold serial dilutions  

(5X106 to 1X104 cells/ml) from exponentially growing cultures of the different yeast 

strains on plates containing the different genotoxic agents (4NQO, Camtothecin, 

Belocin, MMS and HU or irradiated with indicated DNA-damaging agents (UV or 

IR).  To analyse the DNA damage sensitivity in G2 arrested cells, 1.25#g/ml of 

nocodazole was added into the YPD agar media and plates were made with and 

without DNA damaging agents. Log phase cells were spotted as described above. 

 

2.3.5 Checkpoint activation analysis 

Checkpoint activation analysis in asynchronous cell 
 
Cells were grown exponentially in YPD to a density of 5x106 cells/ml. Cells were 

collected and treated either with DNA damaging agent or mock treated. Cells were 
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returned to 30oC and samples were collected at different time points (O'Shaughnessy 

A et al., 2006).  

 

Checkpoint activation analysis in G2/M and G1 phase 

Aynchronous exponentially growing cells (5x106 cells/ml) were arrested either in G1 

with 5µg/ml of #-factor or in G2/M with 10µg/ml of nocodazole (SIGMA) for 95 

min. Cells were kept in #-factor or nocodazole for the duration of the experiment. 

Cells were divided into two and were either mock treated or treated with the indicated 

DNA damaging agents. For the IR experiment, both treated and untreated samples 

were resuspended in fresh media containing nocodazole or #-factor after irradiation. 

Samples were collected at indicated time points for budding index and checkpoint 

activation analysis (O’Shaughnessy et al., 2006).  

 

2.3.5.3 G2/M checkpoint analysis 

G2/M checkpoint activation analysis was performed as described (O’Shaughnessy et 

al., 2006). G2/M synchronised cells were either mock treated or treated with 400Gy, 

released into medium free of nocodazole but containing alpha-factor to trap cycling 

cells in the subsequent G1 phase. Progression through mitosis was followed under the 

microscope by budding index analysis.  

 

2.4 Yeast Genetic Manipulation 
2.4.1 Transformation 

A culture of the strain to be transformed was grown to mid-logarithmic growth phase. 

1x109 cells were harvested by centrifugation, washed twice in TE then resuspended in 

1ml Lithium Actetate solution (0.1M LiCH3CO2 pH 7.5 in TE). The transforming 

DNA (up to 300ng from restriction digest reaction) and 50#l single stranded herring 

sperm carrier DNA (10mg/ml) was added to an eppendorf tube on ice. 200#l cells 

were added to each tube followed by 1.2 ml LAP solution (0.1M LiCH3CO2 pH 7.5, 

40% Polyethylene glycol Mw 3350). The cells were incubated with agitation for 30 

min at 30ºC followed by 15 min at 42ºC, then aliquots plated directly onto the 

appropriate selective media. 
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2.4.2 Yeast Strains 

All of the strains used in this work are in the W303RAD5+ background (MATa ade2-

1 trp1-1 can1-100 leu2-3,12 his3-11,15 ura3) and are listed in Appendix I. All mutant 

and tagged alleles used were integrated on the chromosome apart from the yeast two-

hybrid experiment. Yeast Strain and plasmid constructions are described below. 

Plasmids and oligonucleotides used in this study are listed in Appendix-1. cdc28-as1 

strain was generated by integrating the pVF6 plasmid (Diani, 2009) cut by ClaI, at the 

CDC28 locus.   

 

2.4.2.1 rad9 mutants 

Mutations were targeted to the RAD9 locus using integrative vectors and final mutant 

strains generated differed from wild type cells only by the specific rad9 mutation.  

Integrative vectors containing rad9CDK1-9A, rad9CDK1-9,PIK1 and rad9CAD! mutations 

(pRS306-rad9CDK1-9  pRS306-rad9CAD!), linearised with MscI, were transformed into 

W303-1a RAD5+ cells. Putative integrants were selected for integration at RAD9 

locus by positive selection on plates lacking uracil. “Pop-out” recombination of the 

URA3 marker was achieved by negative selection on 5-Fluoroorotic acid (5FOA). 

Colonies were screened for the presence of rad9 mutations by DNA sequencing.  

 

2.4.2.2 Chk1 tagged strains 

To C-terminally tag Chk13HA, Chk1-Dia F and Chk1-Dia R primers were used to 

amplify 1.5Kb of CHK1-3HA- KlURA3 DNA cassette from genomic DNA of strain 

YNL1144 (Michela Clerici et al, MCB, 2004). Wild type and mutant yeast strains 

were transformed with the CHK1-3HA-URA3 DNA cassette and selected for growth 

on plates lacking uracil. The putative transformants were screened for the expression 

of Chk1-3HA by western blot analysis and the correct integration of the CHK1-3HA 

allele at the CHK1 locus was verified by diagnostic PCR. To C-terminally tag 

Chk13FLAG, Chk1-Flag-5’ and Chk1-Flag-3’ primers were used to amplify a CHK1-

3FLAG-KANMX DNA cassette from p3FLAG-KanMX plasmid DNA (Gelbart M.E., 

et al, 2001, Mol. Cell Biol.). After positive selection on G418 plates, the putative 

integrants were screened for the presence of 3FLAG-tag by diagnostic PCR using 

primers Chk1-Dia F and Chk1-2, and Chk1 expression was detected by western blot 

analysis. 
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2.4.2.3 Dpb11 tagged strains 

To C-terminally tag Dpb11 with 13MYC, Strains YNL1142 and YNL1143 were 

transformed with a DPB11-13MYC-HIS3 PCR fragment amplified with DPB11-myc-

5’ and DPB11-myc-3’ primers on genomic DNA from strain YFP38 YNL1412 

(Puddu F. et all, 2008, Mol. Cell Biol.). The putative integrants HIS3+ were screened 

for the presence of 13MYC-tag by diagnostic PCR using primers DPB11-testF and 

DPB11-testR, and Dpb11-13MYC expression was detected by western blot analysis. 

 

2.4.3 Yeast Plasmids 

All constructs were sequenced to confirm the presence and absence of the specific 

mutations. 

 

2.4.3.1 RAD9 integrative plasmids 

pRS306RAD9CDK1-9A, pRS306RAD9CAD!, pRS306-RAD9CDK1-9PIK1A, 

pRS306RAD9CDK4,5,6,7A, pRS306RAD9CDK1,5A, pRS306RAD9CDK5A, pRS306RAD9CDK1A, 

pRS306RAD9CDK5,6,7,8,9A and pRS306RAD9CDK1,4,5,6,7,A constructs: the specific point 

mutations were introduced by site-directed mutagenesis (Stratgene) on pGEM-

TeasyNTRAD9, containing 2547 bp fragment of RAD9 coding from the Rad9 N-

terminus, from position –445 to position +2102 within the RAD9 ORF. Mutations 

were introduced by successive round of mutagenesis (Appendix III).  

 

The pRS306RAD9CAD! deletion construct containing a RAD9 fragment deleted for the 

sequence coding for the CAD region (from +1 to +693 within the RAD9 ORF) was 

generated as follow. A 430 bp Fragment named CADA, from position -445 to 

position -1 from the RAD9 ORF, was amplified with CADP1 and CADP2 primers. A 

second 630 bp Fragment named CADB, from position +694 to position +2102 within 

the Rad9 ORF, was amplified with CADP3 and CADP4 primers. CADA and CADB 

were fused in a 1.107Kb fragment using CADP1 and CADP4 primers and ligated into 

pGEMTeasy vector by TA cloning (PROMEGA). The 1.8kb (point mutations) and 

1.107Kb (CAD deletion) BamHI-MscI fragments resulting from different pGEM-

Teasy-NTRAD9 vectors were cloned into the equivalent sites of the pRS306-

NTRAD9 integrative vector (Figure 2.1) 
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pRS306RAD9CDK1-9D and pRS306RAD9CDK1-9E   

The vector pMK-RQ_BamHI-BsrGI containing the specific mutations (CDK1-9/D 

and CDK1-9/E) mutations was created then the final integrative vector was 

constructed. The synthetic gene RAD9NT_BamHI-BsrGI (GENEART) mutated for 

specific residue was assembled from synthetic oligonucleotides and/or PCR products. 

The fragment was cloned into pMK-RQ (kanR) using SfiI and SfiI cloning sites. The 

plasmid DNA was purified from transformed bacteria and concentration determined 

by UV spectroscopy. The final Construct was verified by sequencing. The 3.4Kb 

pMK-RQ_BamHI-BsrGI was treated with BamHI and BsrGI to release 1.07Kb 

mutant fragment. This fragment was used to generate integrative vector. Precisely, 

this 1.07 Kb BamHI and BsrGI fragment containing 9 mutations was swooped for the 

equivalent fragment from the pRS306-NTRAD9Cdk1 (integrative vector used to 

generate the rad9cdk1 mutant strain) to get 6.3Kb of pRS306-rad9CDK1-9D and pRS306-

rad9CDK1-9E integrative vector. Note that the cdk1 mutation is removed with this 

cloning step. Correct cloning was verified by MscI linearisation. The presence of the 

specific mutations as well as the absence of other mutation in the newly constructed 

integrative vector was verified by sequencing with ‘N1mut’ primer 

(5’gcaagatagagaaacgccatag 3’), located 58nt upstream of the ATG. 

 

2.4.3.2 Yeast Two Hybrid Plasmids 

The Clontech Y2H vectors were used to clone the Bait and the Prey proteins. The 

binding domain vectors (Bait) pGBKT7RAD9, pGBKT7CAD, pGBKT7rad9CDK1-9 and 

pGBKT7CHK1 were generated in two steps. In the first step fragments were amplified 

from the genomic DNA amplified using primers containing restriction sites (NdeI-

BamHI for Rad9 and NdeI-EcoRI for Chk1) allowing cloning in the pGBKT7 vector. 

(from 3930bp of RAD9, 700 bp of CAD and 1584 bp of CHK1 and 3930bp 

RAD9CDK1-9 DNA fragments were amplified of the wild type and rad9Cdk1-9A mutant 

yeast strains by (for CHK1 DNA fragment) restriction sites. A similar cloning strategy 

was used to generate the Activation domain vectors (Prey) pGADT7RAD9, 

pGADT7RAD9Cdk1-9A, pGADT7RAD9CAD and pGADT7CHK1. 

 

Generation of pJG4-5CADWT, pJG4-5CADCDK1-9A, pJG4-5CADCDK1WT, pJG4-

5CADCDK4WT, pJG4-5CADCDK1,4WT , pJG4-5CADCDK5WT, pJG4-5CADCDK1,5WT , pJG4-

5CADCDK6WT, pJG4-5 CADCDK1,6WT pJG4-5CADCDK7WT and pJG4-5CADCDK1,7WT: 700 
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bp of the CAD DNA fragments with respective mutations were synthesised with 

Biomatic Ltd, USA and cloned at the XhoI-EcoRI sites of the pJG4-5 activation 

domain vector.  

 

Generation of pJG4-5hMCPH1(1-203) DNA fragment: The 609 bp of the hMCPH1 N-

terminal region was amplified with hMCPH1F and hMCPH1R primers containing 

XhoI sites. The PCR fragment was digested with XhoI restricition enzyme and ligated 

in pJG4-5 vector at the same cloning site. 

 

The Bait plasmid used in the triple plasmid based yeast two hybrid assay code for the 

LexA-Chk1 bait protein and was made as follow. The 1584 bp Chk1 ORF was 

amplified from wild type yeast genomic DNA using pEG202CHK1F and 

pEG202CHK1R primers containg the XhoI and NcoI restriction sites. The XhoI/NcoI 

fragment was ligated into pEG202 vector cut with the same restriciton enzymes. The 

pEG202-CHK1 plasmid DNA was cotransformed with pJ4-5Rad9 (Granata et al, 

2010) and pSH18-34 plasmid (Gyuris J et al.,1993) and the interaction study was 

performed as described below.  

 

2.5 Yeast two-hybrid analysis 
2.5.1 Growth analysis 

Two-hybrid interactions were assessed by using the Clontech MatchmakerTM Gold 

Yeast Two-hybrid system (Catalog no 630489). Activation domain vectors (derived 

from pGADT7-AD) were co-transformed with DNA binding domain vectors (derived 

from pGBKT7-BD) into the Y2H Gold cells. Protein-protein interaction analysis 

between different bait and prey proteins was tested by drop test on the SD/-Leu-Trp 

agar media containing X-alpha-Gal (40mg/ml) and aureobasidin A (125ng/ml) 

according to the manufacturer’s instructions using six independent clones for each 

vectors combination. 

 

2.5.2 Cdc28-dependent Rad9-Chk1 Y2H interaction analysis 

A triple plasmids based assay was used to study the Cdc28-dependent interaction 

between Rad9 and Chk1 protein as described earlier (Granata et al., 2010). The 

cdc28-as1 allele encodes a kinase with an enlarged ATP-binding pocket, allowing it 
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to bind ATP analogue 1-NM-PP1.  When cells are growing in a media containing 1-

NM-PP1, it results in down-regulation of Cdc28 kinase activity (Bishop et al., 2000).'

Briefly, cdc28-as1 cells expressing RAD9 prey (pJG4-5-RAD9), CHK1 bait 

(pEG202-Chk1) as well as having the reporter (pSH18-34) were grown overnight in 

yeast synthetic media (-Ura, -His, -Trp) with 2% (w/v) raffinose to a concentration of 

5x106cells/ml. After centrifugation cells were arrested either in G1 or in G2/M phase 

as described above. Cells were divided into two, one half was mock treated and the 

other half was treated with 5#M 1-NMPP1 for 1.25 h to inhibit the Cdc28. Galactose 

(2% w/v) was added into the media to induce RAD9 expression. After 3 h, a 15 ml 

sample was taken, centrifuged and resuspended in 250 #l of breaking buffer (100 mM 

Tris HCl at pH 8.0, Glycerol 10%; DTT 1 mM, 1 tablet of complete Roche 

antiproteolytic cocktail). Cells were harvested and ß -galactosidase activity assayed. 

Cells were lysed by using a Fast-Prep cell disruptor; the optical density (OD) of 

protein extract at 600 nm was determined by using the Bio-Rad protein assay reagent. 

1 ml of Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 

and 50 mM $-mercaptoethanol at pH 7.0) plus ortho-Nitrophenyl-$-galactoside 

(ONPG) 4 mg/ml was aliquoted in a small glass tube for each sample. 20 #l of protein 

extract was added to each tube and incubated at 37°C until a yellow color developed. 

The reaction was stopped by adding 400 ml of 1 M NaCO3 and the OD at 420 nm of 

each sample was measured. $ -Galactosidase activity was calculated by using the 

formula units = 103 OD420/(OD600 x reaction time in min).'

 

2.5.3 G1 and G2 Yeast Two Hybrid analysis 

Yeast two hybrid interactions between RAD9CDK1-9 and Chk1 was analysed in G2/M 

or in G1 using the Clontech MatchmakerTM Gold Yeast Two Hybrid System 

(Catalog no 630489). Y2H gold cells harbouring pGBKT7rad9CDK1-9A (DNA binding 

domain vector and pGADT7-CHK1 (activation domain vector) plasmid DNA were 

grown in minimal media (SD/-Leu-Trp). Overnight grown cells (corresponding to OD 

value 1) were arrested in either G2/M or G1 as described earlier. One ml of cells was 

centrifuged at 14000 rpm for 3 minutes and supernatant was collected in a fresh tube. 

The PNP (Para-Nitrophenyl alpha-D-Galactopyranoside, Sigma Cat no. N0877) assay 

was performed with the supernatant and #-galactosidase activity was measured 

according to Clontech Y2H instruction manual.   
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2.6 Yeast native extracts and immunoprecipitation 
1.5 liter cultures of yeast strains expressing both tagged Chk1-3FLAG and Dpb11-

13MYC proteins under the control of their own endogenous promoters either in a 

wild-type or in cdk1-9 mutant background were grown in YPD medium at a cell 

density of 1x107 cells/ml. Cells were then arrested in G2/M phase by addition of 

20#g/ml of nocodazole (Sigma) and were either mock treated or treated with 20#g/ml 

of Bleocin (Calbiochem) for 45 min. Cells were washed twice with pre-cooled ddH2O 

and once in 2x lysis buffer (300 mM KCl, 100 mM Hepes pH 7.5, 20% glycerol, 8 

mM $-mercaptoethanol, 2 mM EDTA, 0.1% Tween20, 0.01% NP-40). Cells were 

extruded into liquid nitrogen through a syringe and frozen as “noodles” in -80ºC until 

processing. Noodles were manually ground in a mortar in liquid nitrogen. One 

volume of 2x lysis buffer, containing a protein inhibitor cocktail (2.8 #M leupeptin, 8 

#M pepstatin A, 4 mM PMSF, 8 mM benzamidine, 8 #M antipain, 4 #M chymostatin 

in ethanol) and phosphatase inhibitors (2 mM sodium fluoride, 1.2 mM $-

glycerophosphate, 0.04 #M sodium vanadate, 2 mM EGTA, 10 mM sodium 

pyrophosphate), was added. Cell extract was clarified by a low speed centrifugation 

followed by additional centrifugation for 1 h at 42000 rpm in a Beckman Sw55Ti 

rotor. The clarified crude extract (CCE) was adjusted to 10 mg/ml in the various 

immunoprecipitation experiments. 1 ml of CCE was precleared by incubation with 40 

#l of 50% (v/v beads/1x lysis buffer) Protein G slurry (GE Healthcare) for 1 hour at 

4ºC on a rotating wheel. Pre-cleared supernatants were incubated with either 20 #g of 

the anti-FLAG Mab M2 (Sigma), 20 #g of the anti-MYC Mab 9E11 (Abcam) or 20 

#g of unspecific mouse IgG (Sigma). Samples were incubated for 2 h at 4ºC on a 

rotating wheel and centrifuged at 14000 rpm for 15 min at 4ºC. 40 #l of 50% protein 

G slurry (GE Healthcare) was added to the supernatants, incubated on a rotating 

wheel for 2 h at 4ºC and recovered by centrifugation. Immunoprecipitated samples 

were washed four times with 1 ml of lysis buffer containing protease and phosphatase 

inhibitors. Beads were finally resuspended in 40 #l of 3x Laemmli buffer (IP), boiled 

for 5 min and released proteins were separated on 6.5% (80/1 

acrylamide/bisacrylamide) SDS-PAGE gels. Rad9, Chk1-3FLAG and Dpb11-13MYC 

were analysed as described above.  
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Chapter 3. The Role of consensus CDK sites in the N-

terminus of Rad9 
 

3.1 Introduction  
DDR induction after DSBs involves not only recognition and processing of the 

breaks, but also cyclin-dependent kinases (CDK) (Rupnik et al., 2009). Other than its 

role in DSB processing, CDK activity governs various steps of homologous 

recombination, activation of DNA damage checkpoint and repair process. (Wohlbold 

& Fisher, 2009). Cyclin-dependent kinases are a family of Ser/Thr (S/T) kinases that 

are an essential component of eukaryotic cell division (Meyerson et al., 1992). Timely 

coordinated meticulous CDK activity is prerequisite for a cell to complete the existing 

phase of the cell cycle to progress into the next phase, and to maintain the genomic 

integrity in the daughter cells. Extensive pioneering work in yeast and human cells 

suggest a greatly diverse and complex role for CDK in the cellular response to DNA 

damage. Initially, CDK activity was known only for its role at the end of the DNA 

damage checkpoint, where CDK activity is inhibited, resulting in cell cycle arrest and 

providing time for DNA repair (Lydall and Weinert, 1997, Sanchez at al., 1997). 

More regulatory role of CDK has been shown to be required further upstream in DNA 

damage response pathways. CDK plays crucial roles in both the activation of DNA 

damage checkpoint signaling and the initiation of DNA repair. 

 

 In budding yeast the role of CDK (Cdc28 or Cdk1) activity on maintenance of 

genomic integrity has been categorized into two main parts: 1. It regulates the 

processes involved during DNA replication and segregation of newly replicated DNA, 

2. It controls the various steps of DDR signaling pathways including checkpoint 

activation and DNA repair processes in response to DNA damage (reviewed in 

Enserink and Kolodner 2010). CDK activity is emerging as a key regulator of the 

DNA damage response, playing an important role in mediating HR-dependent DSB 

repair and DSB-induced checkpoint activation (Aylon et al., 2004; Barlow et al., 

2008; Bonilla et al., 2008; Ferreira and Cooper, 2004; Huertas et al., 2008; Ira et al., 

2004; Zhang et al., 2009). The best understood role of CDK is to regulate the DSB 

resection by Sae2 (see section 1.3.3 for more detail).  
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In a pioneering genetic screen in yeast to identify novel genes that control the cell 

cycle, Cdc28 (more recently termed Cdk1) was identified by Hartwell (Hartwell et al., 

1973, Hartwell, 1974). Cdc28 is a proline-directed serine/threonine kinase which 

phosphorylates a wide range of substrates (Holt et al., 2009; Ubersax et al., 2003). 

Cdc28 substrates often contain multiple phosphorylation sites (Erich Nigg, 1993). 

Cdc28 preferentially phosphorylates consensus sequence [S/T]-P-X-[R/K] (where X 

represents any amino acid) although it can also phosphorylate the minimal consensus 

sequence [S/T]-P (Endicott et al., 1999; Songyang et al., 1994). During the cell cycle 

Cdc28 interacts with nine different cyclins, these interactions are important for the 

activation of its kinase activity and recruitment and selection of the specific substrates 

(for more detail please see section 1.2.1 and Figure 1.2.1). It has been established that 

Cdc28 activity is required for many cellular processes such as transcriptional 

regulation, cellular morphogenesis, DNA replication, mitosis, and the DNA damage 

response (reviewed in Enserink and Kolodner, 2010). 

 

Posttranslational modification of a protein is the key step for various biological 

functions such as cellular differentiation, cell cycle control, and the DNA damage 

response (reviewed in Hunter, 2007). Critical checkpoint proteins get phosphorylated 

after DNA damage and their order of function in the cascade has been mainly inferred 

by monitoring their phosphorylation state (Longhese et. al., 1999). It has been shown 

that Rad9 is cell cycle phosphorylated during a normal cell cycle in a CDK-dependent 

manner and hyper phosphorylated in response to DNA damage (Emilli A, 1998, 

Vialard et al., 1998; Schwartz et al., 2002, Bonilla et. al., 2008). Cell cycle 

phosphorylation of Rad9 appears to be dependent upon Clb forms of Cdc28 (N. 

Lowndes, unpublished data). The data are presented in Figures 3.1 is a contextual 

background for the study presented in this Chapter. 
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In an early study whole cell extract from either asynchronously growing or arrested 

cells were treated with $ protein phosphatase and analysed for Rad9 mobility by SDS-

PAGE and western blot analysis; only faster migrating forms of Rad9 were observed 

without any slow migratory form. This data clearly illustrates that the slow migratory 

forms found during the S and G2/M phases disappear upon $ protein phosphatase 

treatment, indicating cell cycle stage-dependent phosphorylation of Rad9 (Vialard et. 

al., 1998). In another study (N. Lowndes, unpublished data) protein samples were 

prepared from whole cell extract and western blot analysis was performed to detect 

the Rad9 phosphorylation. A faster migrating form of Rad9 which appears in G1 is 

clearly distinct from the slow migratory form of the protein that appear in S and G2/M 

phases, indicating that phosphorylation of Rad9 take place in S and G2/M. The broad 

band of Rad9 that appears from the protein extract prepared from asynchronously 

growing cells, indicates multiple modified forms of the protein (Figure 3.1.A).  

 

The specific functions of CDK sites in the ‘Rad9-like’ mediators is not known. Rad9 

contains twenty S/T-P sites, more than any other ORF in the yeast genome. Nine of 

these sites conform to the full CDK consensus phosphorylation sites. This is an 

exceptionally high density of such motifs in the yeast proteome (Moses et al., 2007; 

Ubersax et al., 2003). Rad9 has been identified as an in vitro substrate for Cdk1 

(Ubersax et al., 2003K. In this study, comparison of the specificity of two budding 

yeast cyclins, Clb5 (the S-phase cyclin) and Clb2 (the M-phase cyclin), in the 

phosphorylation of 150 Cdc28 substrates was analysed. The Rad9 score was 

moderately high when bound with both forms of the cyclins (Loog and Morgan, 2005; 

Ubersax et al., 2003). This data suggests that Rad9 contains targets of Cdc28 that 

could be phosphorylated by CDK activity.  Mass spectrometric analysis has supported 

the in vivo phosphorylation of 15 of these CDK consensus sites (Albuquerque et al., 

2008; Holt et al., 2009; Smolka et al., 2005). However, the biological role of CDK-

dependent phosphorylation of Rad9 remains to be characterised. Recently it has been 

shown that CDK dependent phosphorylation of Rad9 mediate its interaction with 

Dpb11 (Pfander and Diffley, 2011). 

 

In order to investigate the role of putative Cdc28 phosphorylation of the Rad9 protein, 

twelve of the twenty putative CDK phosphorylation sites present in Rad9, including 
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all nine conforming to the strict S/T-P-X-K/R consensus, were mutated into alanine to 

generate a rad912A allele (Karen Finn PhD 2010). Figure 3.1.2 reproduces a figure 

from this work in which phosphorylation of Rad9 and Rad912A was analyzed during 

cell cycle progression, followed by western analysis. Rad9 cell cycle phosphorylation 

was dramatically abrogated in the rad912A mutant indicating that the consensus CDK 

motifs mutated represent the majority of the sites in Rad9 that are phosphorylated in 

vivo. However, cell cycle progression of the rad912A mutant was not different from 

wild type cells. In particular, major cell cycle transitions and the extent of S phase, as 

judged by FACS analysis and budding index as well as the Sic1 and Clb2 cell cycle 

markers, were not detectably perturbed.  

 

It is possible that CDK-dependent phosphorylation of Rad9 might be required for its 

inactivation upon entry into S phase in order to prevent inappropriate signaling from 

normal replication structures. This is consistent with proposals for an S phase-specific 

threshold that allows cells to tolerate damage-like DNA structures present at normal 

replication forks, e.g. naturally occurring ssDNA (Cobb et al., 2004; Shimada et al., 

2002). Furthermore, in proliferating rad912A cells without exogenous damaging 

treatments, neither Rad53 nor Rad9 were activated and there was no increase in 

number of large budded cells in the rad912A mutant in undamaged cells (Figure 3.1.2). 

Importantly, after ionizing radiation, rad912A cells largely retain normal checkpoint 

regulation and Rad912A can be hyper-phosphorylated indicating that these residues are 

not needed for damage induced checkpoint activation (Karen Finn PhD 2010). This 

data suggests that Cdc28-dependent phosphorylation of Rad9 is unlikely to be 

required to prevent inappropriate sensing of structures generated in S phase.  

 

In one study 18 sites were mutated into alanine to generate a rad918A allele. Unlike 

wild type Rad9 protein, cell cycle phosphorylation was lost in the Rad918A, both in 

cycling cells and in nocodazole arrested cells. The rad918A allele was defective to 

activate the damage induced checkpoint signal. In zeocin treated cells Rad9 and 

Rad53 phosphorylation is defective (Bonilla et. al 2008). This observation suggests 

that the CDK-dependent phosphorylation of Rad9 was eliminated in rad918A allele 

(Bonilla et al., 2008). This data clearly suggests that some of these specific residues 

included in rad918A and absent form rad912A mutant might be needed to generate the 

checkpoint activation signal. 
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The data presented above supports the hypothesis that specific subsets of CDK 

residues perform specific DNA damage checkpoint functions. In a study to determine 

the role of the putative CDK site for efficient survival rad9CDK19A, rad9CDK20A, and 

rad9CDK19,20A mutants were assessed for DNA damage sensitivity following MMS 

treatment. Drop-test analysis revealed that survival of rad9CDK19A and rad9CDK19,20A,  

but not rad9CDK20A, was significantly reduced compared to wild-type cells, indicating 

that S937 (CDK19) is required for efficient survival in the presence of MMS. (Karen 

Finn PhD, 2010). 

 

Furthermore we have also shown that Rad9 residue S494 is required for efficient 

recovery from the G2/M checkpoint following IR-induced DNA damage 

(O’Shaughnessy, PhD 2007). G2/M arrested rad9-S494A cells display a reproducible 

delay in the dephosphorylation of the Rad53 checkpoint kinase following IR 

(O’Shaughnessy, PhD 2007). In addition, progression of rad9-S494A cells through the 

G2/M transition following IR treatment was significantly delayed compared to wild-

type cells. However, survival of rad9-S494A cells following IR or UV treatment was 

comparable to wild type cells, indicating that rad9-S494A cells are proficient in DNA 

repair (O’Shaughnessy, PhD 2007). This data supports the importance of CDK-

dependent regulation of Rad9 function in the DNA damage response, suggesting that 

phosphorylation of S494 is required for down-regulation of the checkpoint response 

once repair is complete. Moreover, our work in collaboration with Marco Falconi 

laboratory (Milan, Italy) have shown that S11 (CDK1) residue of Rad9 plays an 

important role in mediating the interaction between DBP11 and Rad9 protein in 

response to DNA damage (Granata et al., 2010).  

 

Further support of the hypothesis that specific CDK sites regulate distinct functions, 

several recent studies in yeast and higher eukaryotes have demonstrated specific 

functions to individual sites for several CDK substrates including the putative Rad9 

homologues spCrb2, 53BP1, and BRCA1. Following DNA damage Crb2 

phosphorylation takes place on a single CDK consensus site, T215, and this 

modification stimulates the association between Crb2 and Cut5 (scDpb11; human 

TOPBP1). This interaction promotes the recruitment of Crb2 to sites of damage 

independently of the chromatin modifications, histone H2AS129 phosphorylation 



! @P!

(H2AS129ph) and histone H4K29 dimethylation (H4K29me2) (Figure 1.5.2.2 A; Du 

et al., 2006; Greeson et al., 2008; Nakamura et al., 2005; Sanders et al., 2004). CDK-

dependent phosphorylation of T215 is required for the subsequent Rad3-dependent 

hyperphosphorylation of Crb2 in response to DNA damage (Esashi et al., 2000; 

Mochida et al., 2004).  

 

The human 53BP1 mediator protein is also known to be phosphorylated on multiple 

CDK consensus sites in vivo. Recently, it has been shown that CDK1-dependent 

phosphorylation of 53BP1 at S380 is required for efficient checkpoint recovery 

following IR-induced checkpoint activation (van Vugt et al., 2010). Similar to 

scRad9, the BRCA1 protein is also phosphorylated in a CDK-dependent manner in 

late G1, S, and G2/M phases, being dephosphorylated during mitosis (Chen et al., 

1996; Ruffner and Verma, 1997). BRCA1 contains 16 consensus CDK 

phosphorylation sites, of which 5 of these have been shown to be phosphorylated in 

vivo (Figure 1.6.4; Cortez et al., 1999; Johnson et al., 2009; Kehn et al., 2007; Ruffner 

et al., 1999). Phosphorylation of S1497 may have a role in regulating the subnuclear 

localisation of BRCA1 when cells progress through the cell cycle (Ruffner et al., 

1999). Moreover, CDK-dependent phosphorylation of BRCA1 at S1497 and 

S1189/S1191 is required for efficient BRCA1 foci formation following cisplatin-

induced DNA damage (Johnson et al., 2009).  

 

Four different regions of Rad9 have been defined with specific checkpoint functions. 

The N terminal Chk1 Activation Domain (CAD) corresponds to the first 231 amino 

acids of Rad9. N-terminal truncations of this region (rad9CAD!) results in defective 

Chk1 phospshorylation in MMS induced DNA damage in G2 arrested cells. Further 

analysis has demonstrated that the rad9CAD! mutant is specifically defective in 

activating the Chk1 pathway after DNA damage (for more detail see section 1.2.4.1). 

The 20 putative CDK phosphorylation sites are distributed throughout the 1309 amino 

acids of the Rad9 protein, however nine of them are located in the 231 amino acid 

CAD region. This region of the protein contains four serine residues (S11, S26, S56 

and S83) corresponding to CDK sites one, two, three and four respectively and five 

threonine residues, T110, T125, T143, T155 and T218 corresponding to CDK sites 

five, six, seven, eight, nine respectively. 
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 In this study we have hypothesised that the nine putative CDK phosphorylation sites 

located in the CAD region of Rad9 are required for Chk1 activation. To test this 

hypothesis I initially generated rad9CDK1-9A and rad9CAD! alleles and demonstrated that 

the potential CDK phosphorylation sites clustered in the N-terminal region of Rad9 

are required for Chk1 activation. This data suggests that Cdc28-dependent in vivo 

phosphorylation of consensus CDK phosphorylation sites located in the N-terminal 

231 amino acids of Rad9 are required for activation and maintenance of Chk1-

dependent signaling after DNA damage. Importantly, these sites are not required for 

the regulation of Rad53 mediated checkpoint signaling. The nine potential CDK 

phosphorylation sites act in the Chk1 branch of DNA repair pathway, independently 

of the Rad53 branch. Cdc28 activity is absolutely required for the initiation and 

maintenance of Chk1 activation. Finally, we have addressed the genetic dependency 

of Chk1 phosphorylation with respect to the histone pathway. 

 

3.2 Cdc28 activity is required for Rad9 cell cycle phosphorylation  
Rad9 cell cycle phosphorylation level varies to a great extent during S and G2/M 

phases of cell cycle (Figure 3.1). Slow migratory forms of the Rad9 were observed 

from the whole cell extracts, prepared from S and G2/M cells. To determine whether 

this phosphorylation is controlled by Cdc28-Clb complexes, we analysed Rad9 cell 

cycle phosphorylation either in the presence or in the absence of Cdc28 activity. To 

perform this experiment we used the cdc28-as1 analogue sensitive mutant (Bishop et 

al., 2000). The cdc28-as1 allele encodes a kinase with an enlarged ATP-binding 

pocket, allowing it to bind the bulky nonhydrolyzable ATP analogue, 1-NM-PP1. 

Thus treatment of cells cdc28-as1 cells with 1-NM-PP1 results in rapid and highly 

specific down-regulation of Cdc28 kinase activity.  

 

Asynchronously growing cells, as well as G2/M and G1 arrested cells, were divided 

into two subcultures and were treated with 1-NMPP1 to inhibit the Cdc28 activity. 

After 90 minutes, cells were collected for budding and western blot analysis. In the 

absence of Cdc28 activity, Rad9 cell cycle phosphorylation is significantly reduced in 

G2/M cells and asynchronous cells (Figure 3.2). Not surprisingly, no detectable 

difference was observed in Rad9 profile in extracts from G1 arrested cells with and 
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without the inhibitor. This data is consistent with the previous finding that Rad9 cell 

cycle phosphorylation is dependent upon Clb forms of Cdc28 (Noel. Lowndes 

unpublished data). 
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3.3   Generation of rad9CDK mutant yeast strains 
To determine if cell cycle phosphorylation of the CAD region is required for Chk1 

activation, we have compared the phenotype of the N-terminal truncation of Rad9 

where the CAD region has been removed (rad9CAD!) with the Rad9 protein mutated 

for all nine consensus CDK sites (rad9CDK1-9A), as well as the single consensus PIKK 

(Phosphoinositide 3- kinase like Kinase) phosphorylation sites (rad9CDK1-9A,PIK1) in 

this region. Note that all rad9 mutants generated were integrated on the RAD9 

chromosomal locus as described in the material and methods section. Site directed 

and multiple site directed mutagenesis was used to generate pGEMTeasyRAD9CDK1-9A 

plasmid DNA. Using long primers, fusion PCR approach was used to generate the 

deletion of the CAD region (1-231 amino acids) in the PGEMTeasyRAD9 plasmid 

DNA. The 1.8 Kb and 1.06Kb of mutant fragments were released from 

pGEMTeasyRad9CDK1-9A and pGEMTeasyRAD9CAD! and subcloned into the RAD9 

integrative vector pRS306RAD9. The mutant plasmid DNA was linearised at the MscI 

site and transformed into the wild type yeast strain. The putative transformants were 

selected for URA3+ clones (Figure 3.3.1). Cells with URA3 marker were selected by 

plating on media containing 5-fluoroorotic acid (5-FOA). The URA3 gene product 

converts 5-FOA into 5-fluorouracil, which is toxic to cells, therefore, only Ura- cells 

grow in the presence of 5-FOA. Some of these cells will have undergone to intragenic 

recombination between the directly repeated RAD9 sequences resulting in the 

excision of the URA3 marker from the chromosome as a result of a pop-out event. 

The putative mutants were screened for the desired mutations and correct integration 

was confirmed by PCR and DNA sequencing as described in the materials and 

methods. 
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3.3.1   3HA-Chk1 tagging and DNA damage sensitivity analysis. 

To analyse the damage-induced phospho-shift of tagged Chk1-3HA by western 

blotting (Sanchez et al., 1999), Chk1 was C-terminally tagged in the rad9CDK mutants 

as described in material and methods. The functionality of the tag was assessed by 

expression of Chk1-3HA by western blot analysis. DNA damage sensitivity analysis 

was performed with the tagged strains to confirm that the 3HA-Chk1 tag does not 

interfere with normal Chk1 functions. Like wild type and unlike rad9! cell, rad9CAD! 

and rad9CDK1-9A mutants are not sensitive to various forms of DNA damaging agents 

used in this assay (UV, IR, MMS and CPT). The DNA damage sensitivity of 3HA-

Chk1 tagged yeast strains were compared with the corresponding untagged strain and 

no detectable difference towards the different DNA damaging source was observed. 

This data clearly suggests that the 3HA-Chk1 doesn’t interfere with Chk1 functions in  

wild type and rad9 mutant cells treated with different doses of DNA damaging 

agents. 
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rad9CAD
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Figure 3.3.1: DNA damage sensitivity analysis in rad9 mutant yeast strains 

tagged for CHK1 3HA. Exponentially growing cultures from different yeast  

strains were used to perform the drop test and five-fold serial dilution series 

(5X106 to 1X104 cells/ml) were made. Cells were spotted on plane YPD agar 

plate and the plate containig Camtothecin (10 and 20 g/ml), MMS (0.025%) or 

irradiated with indicated DNA-damaging agents UV (25 and 50 J/m2) and IR 

(200 and 400Gy). Plates were scanned after 36 to 40 hours. Like wild type 

and rad9 cells, rad9CAD  and rad9CDK1-9A mutants grow normally on YPD plate. 

Like wild type and unlike rad9 cells, CHK1-3HA tagged rad9CDK1-9A and rad9CAD  

cells are not sensitive MMS and different doses of UV, IR and camptothecin. 
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3.3.2 DNA damage sensitivity and Rad9 expression analysis of the rad9CDK 

mutants 

Budding yeast Chk1 protein is not essential for cell survival and asynchronously 

growing chk1! cells are not sensitive to UV (Allen et al., 1994; Liu et al., 2000; 

Sanchez et al., 1996). G2/M arrested chk1 mutants were slightly sensitive to ionizing 

radiation (Y. Sanchez personal communication). The rad9 mutants generated for this 

study were tested for DNA damage sensitivity.   

 

Like wild type and chk1! cells and unlike rad9! cells, rad9CDK1-9A and rad9CAD! 

mutants are not sensitive to IR (which primarily causes DNA strand breaks) and 4-

NQO (4-nitroquinoline 1-oxide, which causes single strand breaks and DNA adducts 

that can be repaired by nucleotide excision repair) treatments, indicating that these 

mutants are largely functional (Figure 3.3.2B). Unlike wild type, rad9CDK1-9A and 

rad9CAD! cells, chk1! cells displayed pronounced sensitivity, equivalent to rad9!, 

when plated on bleocin (induces DSB). To know if the bleocin induced DNA damage 

sensitivity is distinct from G2/M phenotype, chk1! cells were spotted on bleocin plate 

together with nocodazole for an extended arrest in G2/M. The bleocin sensitivity of 

proliferating chk1! cells could indicate a role for CHK1 in surviving bleocin-induced 

lesions during S phase, which was rescued by extended arrest in G2/M. Interestingly, 

rad9CDK1-9A and rad9CAD! cells were not bleocin sensitive indicating that this 

phenotype is independent of the CAD of Rad9.  

 

Western blot analysis was performed to determine the extent of Rad9 cell cycle 

phosphorylation in rad9CDK1-9A cells (Figure 3.3.2C). Rad9CDK1-9A migrated faster than 

Rad9 (but to a reproducibly lesser extent than Rad912A, consistent with mutation of 

additional CDK sites in Rad912A) in blots using extracts prepared from both 

asynchronous and G2 arrested cells. In both cases the faster migrating forms of Rad9 

were lost in cdc28-as1 cells in the presence of 1-NMPP1. Thus, at least some of the 

CDK sites mutated in Rad9CDK1-9A and Rad912A are phosphorylated in vivo.  
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3.4   Checkpoint activation analysis 
After primary characterization of the rad9CDK1-9A mutant we were interested to 

determine the functionally of the nine putative CDK phosphorylation sites. To 

investigate this we looked at the damage induced Chk1 phosphorylation in this mutant 

and the Chk1 phophorylation shift was compared with thr rad9CAD! mutant. In this 

study we have used different forms of DNA damaging agents and later the experiment 

was performed in G2/M and G1 arrested cells to determine cell cycle specificity of 

these sites. 

 
3.4.1 Chk1 phosphorylation analysis in rad9CDK1-9A mutant  

To assess the ability of CDK sites 1-9 to mediate the damage induced Chk1 activation 

we analysed the phospho-shift of tagged Chk1-3HA by western blotting (Sanchez et 

al., 1999). In this experiment anynchronously growing wild type and mutant cells 

were mock treated and treated with 4-NQO and protein samples were collected at 

different time points to perform the Chk1 phosphorylation analysis. In response to 4-

NQO treatment of asynchronously growing wild type cells, a higher mobility Chk1 

phospho-form rapidly appears. Chk1 activation in this assay was fully defective in 

rad9! and rad9CAD! cells, as previously reported. Interestingly, the damage induced 

Chk1 phospho-shift was also mostly dependent on the integrity of the CDK1-9 sites. 

We analysed the damage induced phosphorylation shift of Rad53 (other downstream 

kinase of Rad9), and interestingly the rad9CDK1-9A allele is able to activate Rad53 

indicating the nine putative CDK phosphorylation sites are specifically required for 

Chk1 activation. Finally, DNA damage induced Rad9 phosphorylation was normal in 

the rad9CDK1-9A allele indicating that the role of CDK sites in the CAD region of Rad9 

protein is to regulate DNA damage induced-Chk1 phosphorylation.  
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3.4.2 Cell cycle dependency of checkpoint activation 

Since CDK1-9 sites of Rad9 is specifically defective in Chk1 phosphorylation in 

asynchronously growing cells, one of the questions was to know whether these sites 

are required for damage induced Chk1 phosphorylation in G1 cells or in the G2/M 

phase of the cell cycle. Our data presented earlier, clearly shows that these sites are 

CDK phosphorylation sites and regulated by Cdc28 activity. To determine whether 

the ability of CDK1-9 sites to activate Chk1 is due to its ability to be phosphorylated 

by Cdc28, checkpoint activation experiment was performed with G1 and G2/M 

arrested cells and the phospho-specific Chk1 shift was analysed from the protein 

extract prepared from G1 and G2/M cells. The rad9CDK1-9A allele is only partially 

defective for damage induced Chk1 phosphorylation in G1 cells (Figure 3.4.2.B), 

while Chk1 phosphorylation was completely abolished in G2/M cells (Figure 3.4.2C). 

These data clearly suggest that these sites are absolutely required for Chk1 activation 

when cells have high Cdc28 activity. Damage induced Rad9 and Rad53 

phosphorylation occurs normally in the rad9CAD! and rad9CDK1-9A allele (3.4.2 D and E 

respectively). Similar results were obtained when cells were treated with either IR or 

4NQO (Figure 3.4.2.1 and 3.4.2.2) suggesting that Rad9 sites CDK1-9 are specifically 

required in G2/M phase of the cell cycle. 
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3.5 Epistasis analysis between rad9CDK1-9A and chk1! 

An important aspect of the role of the rad9CAD! region is its specificity in regulating 

Chk1 and not Rad53 (Blankley and Lydall, 2004). We observed strong activation of 

Rad53 in G2 arrested rad9CDK1-9A cells after DNA damage. Relative to rad9! cells, 

Rad53 could also be significantly activated after DNA damage in rad9CAD! cells. 

Together, our data suggests that the CDK1-9 sites are specifically acting on 

Chk1/Pds1 branch of the regulatory pathway rather than the Rad53/Dun1 pathway. To 

confirm that the CDK1-9 sites function exclusively in the Chk1 activation pathway, 

epistasis analysis was performed using the G2 cell cycle checkpoint assay 

(O'Shaughnessy et al., 2006). The G2 delay in this assay requires Rad9-dependent 

regulation of two additive branches involving both checkpoint kinases, Chk1 and 

Rad53/Chk2 (Gardner et al., 1999; Sanchez et al., 1999). Similar to the single deletion 

of chk1! or rad53!, rad9CDK1-9A cells displayed a partially defective G2/M checkpoint 

(Figure 3.5 B, C and E respectively). A similar partial defect was observed in 

rad9CDK1-9A chk1! cells (Figure 3.5F), whereas rad9CDK1-9A rad53! and chk1! rad53! 

double mutants were completely defective in this G2/M checkpoint assay (Figure 3.5 

G and D respectively). The epistatic relationship between rad9CDK1-9A and chk1!, as 

well as the additive relationship between rad9CDK1-9A and rad53!, strongly indicate 

that the CDK1-9 sites of Rad9 function specifically to regulate Chk1 activation in 

response to DNA damage. 

 

 

 

 

 

 

 

 

 



Asyn cells
arrest

+nocodazole

G2/M
+IR(400Gy) 
Mock treated

Figure 3.5: G2/M checkpoint activation analysis between rad9CDK1-9A and chk1

-

withchk1 rad5 rad9CDK1-9A and chk1 rad9CDK1-9A

chk1 rad5 rad53
rad9rad9CDK1-9A

chk1 rad53 rad9CDK1-9A
th 

 

%  Lb

% Lb

%  Lb

% Lb

%  Lb

% Lb

0

20

40

60

80

100

0 15 30 45 60 75 90 105120
Min

0

20

40

60

80

100

0 15 30 45 60 75 90 105120
Min

0

20

40

60

80

100

0 15 30 45 60 75 90 105120
Min

CDK1-9A

0

20

40

60

80

100

0 15 30 45 60 75 90 105120

0

20

40

60

80

100

0 15 30 45 60 75 90 105120

CDK1-9A

0

20

40

60

80

100

0 15 30 45 60 75 90 105120

wild type

0

20

40

60

80

100

0 15 30 45 60 75 90 105120
Min

CDK1-9A

0

20

40

60

80

100

0 15 30 45 60 75 90 105120

rad9CDK1-9A

Min

Min Min

Min

- IR
+ IR

- IR
+ IR

- IR
+ IR

- IR
+ IR

- IR
+ IR

- IR
+ IR

- IR
+ IR

- IR
+ IR

A

B C D
E

F G H

-
synchronised

  progression 

budding index analysis 

I

82



! B$!

 

3.6. Regulation of Chk1 activation 
3.6.1 Cdc28 activity is required for the maintenance of checkpoint 

It has been well established that Rad53 activation in response to an inducible HO 

DSB relative to single strand breaks and DNA adducts repaired by NER is cell cycle 

regulated and dependent on Cdc28 activity. This is due to a key role for Cdc28 in 

controlling DSB resection (Enserink and Kolodner, 2010; Ira et al., 2004). Chk1 

activation is poorly understood. Analysis of rad9CDK1-9A suggests that activation of 

Chk1 could be controlled by multiple Cdc28 phosphorylation sites (CDK1-9) located 

in the CAD region of Rad9. In human cells it has been shown that, in response to 

DNA damages CDK dependent phosphorylation of Chk1 is required for efficient 

activation of checkpoint proficiency (Xu et al., 2011). In G2/M cells, SIC1 over 

expression prevents the accumulation of phosphorylated Rad53 and Chk1 during HO-

induced unrepaired DSB (Ira et al., 2004). Since damage induced Chk1 

phosphorylation is fully abolished in rad9CDK1-9A allele in G2/M cells, we 

hypothesized that Cdc28 activity might be needed for the maintenance of Chk1 

activation in response to DNA damage. G2/M arrested cdc28-as1 cells were treated 

with bleocin to fire the checkpoints (for 30 minutes) and 1-NMPP1 was added into 

the media to inhibit the Cdc28 activity. Similar to damage induced Rad53 

phosphorylation, Chk1 phosphorylation is significantly reduced at later time points 

due to inhibition of Cdc28 activity in response to IR (Figure 3.6.1B) and Bleocin 

(Figure 3.6.1 C). Damage induced Rad9 phosphorylation is not affected in absence of 

Cdc28 activity (Figure 3.6.1C). The Orc6 protein profile was also analysed to get 

confirmation of Cdc28 activity during the experiment (Figure 3.6.1 B and C). This 

data clearly demonstrates that Cdc28 activity is required for the maintenance of Chk1 

activation in response to DNA damage.  

 

3.6.2 4NQO vs Bleocin experiment  

The data presented in the above section clearly demonstrates that Cdc28 activity is 

required for the initiation of checkpoint in response double strand break inducing 

agents. It has been shown that Cdc28 activity is required for the resection of the DSB 

and its activity determines the mode of the DSB repair pathway. The important 

question which comes from the above finding is whether Cdc28 dependent activation 
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of Chk1 is specific to DSB-inducing agents or not. To determine the specificity of 

DSB inducing agents for Chk1 activation, a G2/M arrested analogue sensitive mutant 

was inhibited for Cdc28 activity and cells were treated with two different types of 

DNA damaging agents (Bleocin and 4NQO) to establish the checkpoints. In the 

absence of Cdc28 activity, both Rad53 and Rad9 were not activated after bleocin 

treatment, whereas their activation was delayed after treatment with 4-NQO (4-

Nitroquinoline oxide), a UV mimetic agent (Figure 3.6.2). In contrast, 

phosphospecific Chk1 shift was not observed from the protein extract inhibited for 

Cdc28 activity and treated either with bleocin or with 4NQO. These results suggest 

that Chk1 activation upon DNA damage is absolutely dependent upon Cdc28 activity, 

rather than a downstream consequence of the Cdc28-dependent resection that occurs 

at DSBs evidenced by the inability of Chk1 to get phosphorylated in the absence of 

Cdc28 activity in response to either 4NQO or Bleocin induced DNA damage. This is 

consistent with a role for Cdc28 in controlling Chk1 activation, regardless of the type 

of DNA damage, by regulating cell cycle-dependent phosphorylation of CDK sites in 

the N-terminus of Rad9.  

 

3.6.3 Chk1 activation analysis in the histone mutants 

Rad9 is recruited onto the chromatin via binding of its BRCT domain and Tudor 

domain to !-H2AX and H3K79me respectively. Loss of either of these two 

modification does not significantly abrogate the G2/M checkpoint suggesting that the 

recruitment of Rad9 is independent of !-H2AX and H3K79me in this phase of the cell 

cycle (Giannattasio et al., 2005; Grenon et al., 2007; Wysocki et al., 2005). In G2/M 

Rad9 is also recruited onto the chromatin in response to DNA damage via an 

interaction with DBP11 (Puddu et al., 2008). Both histone dependent and independent 

pathways contribute to Rad53 activation by Rad9. In this study we investigated the 

contribution of both histone dependent and independent pathways in the regulation of 

Chk1 activation in both G1 and G2/M cells.  

 

3.6.3.1 G1 checkpoint activation analysis  

It has been shown that H3K79me is absolutely required for checkpoint activation in 

G1 and S phases of the cell cycle, mediating the recruitment of the Rad9 onto the 

chromatin in G1 cells. In the current model of Rad9 recruitment, it is proposed that 
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following DNA damage in G1 cells, Rad9 is recruited to chromatin via binding of its 

Tudor domain and BRCT doamains to H3K79me and !-H2A, respectively. Like 

Rad53 activation, to determine the Chk1 activation in G1 phase, damage induced 

Chk1 activation was analysed in dot1!, h2a-S129, and dot1!h2a-S129 mutants. Like 

Rad53 activation, a similar G1 checkpoint activation profile was observed with Chk1 

protein. Like Rad53, Chk1 is phosphorylated in wild type cells and this 

phosphorylation is only partially reduced in h2a-S129 but completely dependent on 

dot1. Like dot1! cells, Chk1 phosphorylation is completely abolished in the 

dot1!h2a-S129 double mutant (Figure 3.8A). This data clearly demonstrates that in 

G1 arrested cell in the absence of Dot1 protein, Rad9 is not recruited onto the 

chromatin and inability of the Rad9 to be recruited and its inactivation failed to 

activate Chk1 kinase. This data suggest that in G1 arrested cells like Rad53 activation, 

Chk1 activation is absolutely dependent on Dot1 protein. 

 

3.6.3.2 G2/M Checkpoint activation analysis 

In the absence of histone modification, Rad9 is recruited by an alternative histone 

modification-independent pathway, which requires CDK-dependent phosphorylation 

of Rad9. Recruitment of Rad9 to sites of damage likely occurs through an interaction 

between the N-terminal BRCT domains of Dpb11 and CDK phosphorylation sites on 

Rad9, one of which (S11) has been identified. Similar to Rad53 activation to 

determine the dependency of Chk1 activation on histone marks in G2/M phase, 

asynchronously growing cells are arrested in G2/M and treated with Bleocin to 

activate the G2/M checkpoint. Like Rad53 protein a similar checkpoint activation 

profile was observed with Chk1 protein in G2/M cells. dot1! cells are efficient for 

Chk1 phosphorylation and the h2a-S129 mutant is partially defective for Chk1 

phosphorylation. A significant reduction in the phospho specific Chk1 shift was 

observed with the dot1!h2a-S129 double mutant (Figure 3.8B). This data clearly 

suggests that unlike G1 cells, recruitment and activation of Rad9 is not dependent on 

the Dot1 protein as Rad9 is able to activate Chk1. A partial Chk1 phosphorylation 

defect in the h2a-S129 mutant suggests the loss of Mec1/Tel phosphorylation sites 

results in this mutant inability to generate phosphorylated histone ("-H2A), causing 

Chk1 to be not fully active. 
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Figure 3.6.1: Cdc28 activity is required for the maintenance of checkpoint in G2/M cells. 
Schematic of the experimental procedure performed with nocodazole arrested cdc28-as1 
allele (A). G2/M cells were either mock treated or treated with genotoxic agents. After 30 
minutes of the genotoxic treatment cells were divided into two and half of them were treated 
with1-NMPP1 to inhibit the Cdc28 activity. Protein samples were collected at the indicated 
time points after 30 minutes of the DNA damage. Manitence of Chk1 and Rad53 phosphor-
ylation was analysed in IR treated cells either with normal Cdc28 activity or inhibited for 
Cdc28 activity (B). Maintenece of Chk1 and rad53 and rad9 phosphorylation was analysed 
in bleocin treated cells. Chk1 and Rad53 phosphorylation was lost in the absence of Cdc28 
activity at later time points. Damage induced Rad9 phosphorylation is not defective in the 
absence of Cdc28 activity(C). Orc6 protein profile was also analysed in both experiments 
(B and C lower panel) to confirm the Cdc28 activity during the experiment.
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Figure 3.6.3: Checkpoint activation analysis histone mutants. Wild type and 

histone mutants were arrested either in G1 or in G2/M and treated with bleo-

cin. Cells were collected at the indicated time points and protein sampels were 

analysed for the Rad53 and Chk1 phosphorylation. Damage induced Chk1 

and Rad53 phosphorylation take place normally in wild type cells. Unlike wild 

type cells, dot1 mutant is defective for Chk1 and Rad53 phosphorylation. 

Unlike dot1  cells,  mutant is efficient for Chk1 and Rad53 phos-

phorylation (A). In G2/M arrested wild type cells, damage induced Chk1 and 

Rad53 phosphorylation occurs normally. Like wild type cells, dot1 and 

 mutants are efficient for Rad53 and Chk1 phsophorylation (B).

88



! BF!

3.7 Chk1 activation analysis in Rad9 phosphomimetic mutants 
We have demonstrated that nine potential CDK phosphorylation sites are required for 

Chk1 activation. To establish if these sites are acting by being phosphorylated by 

Cdc28, we generated two novel rad9 mutant strains in which nine S/T residues were 

mutated into aspartate and glutamate charged residues (see in material and method 

section for detail on strain generation).  

 

3.7.1 DNA damage sensitivity analysis of glutamate and aspartate mutants 

The phosphomimetic mutants were tested for DNA damage sensitivity by drop test 

analysis. Like wild type and rad9CDK1-9A mutants, rad9CDK1-9D and rad9CDK1-9E mutants 

are not sensitive to various forms of DNA damaging agents (Figure 3.7.1). Like 

chk1! cells but unlike rad9CAD! and rad9CDK1-9A, rad9CDK1-9D and rad9CDK1-9E mutants 

are sensitive to bleocin. However, the bleocin sensitivity of proliferating chk1!, 

rad9CDK1-9D and rad9CDK1-9E cells was rescued by extended arrest in G2/M.  This data 

suggests that like wild type, the phosphomimetic mutants are not sensitive to various 

forms of DNA damaging agents. The bleocin sensitivity of proliferating mutant cells 

could indicate a role for these sites in surviving bleocin-induced lesions during S 

phase, which can be rescued by extended arrest in G2/M. Alternatively, the 

phosphomimetic substitution in the Rad9 CAD domain may interfere with some other 

factors required for surviving chronic bleocin treatment. These nine charged residues 

might bring structural changes in the protein that interferes with the normal Rad9 

function in surviving the bleocin induced DNA damage. 

 

3.7.2 Cell cycle progression analysis of the glutamate and aspartate mutants 

When the CDK consensus phophorylation sites were changed into phosphomimetic 

aspartate and glutamate residues it was possible that Rad9 might be partially activated 

to some extent. Therefore we analysed the cell cycle progression of the glutamate and 

aspartate mutants. Like wild type cells, rad9CDK1-9A mutants grow normally with 

doubling time 85±4 minutes. A significant growth defect was observed in rad9CDK1-9/D 

and rad9CDK1-9/E mutants (with doubling time 97±6 and 92±5 minutes respectively). 

This data suggests that unlike wild type cells the glutamate and aspartate mutants are 

slightly defective for normal cell cycle progression. This in turn supports 

phosphorylation in vivo of at least some of these sites. 
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Figure 3.7.1 DNA damage sensitivity analysis in phosphomimetic mutants: Schematic of nine 

potential CDK phosphorylation sites in the CAD region mutated into Glutamate and Aspartate 

to generate phospho mimic mutants (A). Five fold dilutions were made with asynchronously 

growing and G2/M arrested cells and spotted on YPD and YPD-nocodazole plates made either 

with DNA damaging agent or without DNA damaging agent. Like wild type and rad9CDK1-9A 

mutant, rad9CDK1-9E and rad9CDK1-9D  mutants are not sensitive to IR (400 Gy), UV (50J/m2) and 

4NQO (1.25 g/ml). Unlike wild type and like chk1 cells,  phosphomimetic mutants are sensi-

tive to bleocin (B). Bleocin sensitivity was not observed when the phosphomimetic mutants 

were arrested in G2/M and plated on YPD made with low concentration of nocodazole 

(1.25 g/ml). Cells were also plated on -URA and FOA to dermine the right construct after the 

5-FOA recombination event (B lower panel). The experiments were repeated three times and 

phosphomimetic mutants were consistently found to have slight growth defect on YPD plates 

prepared either with or without genotoxic agent.
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3.7.3 G2/M checkpoint activation analysis 

To test if these sites are CDK phophorylation sites, we were interested to know if the 

Rad9 protein can restore the normal Rad9 functions in the phosphomimetic mutants. 

To determine the ability of the glutamate and aspartate mutants to activate the DNA 

damage checkpoint, wild type, rad9CDK1-9A, rad9CDK1-9E and rad9CDK1-9D cells were 

arrested in nocodazole and treated with bleocin to activate the G2/M checkpoint 

(Figure 3.7.3). After 30 minutes of the bleocin treatment cells were collected to 

analyse the checkpoint activation. Relative to wild type cells, rad9CDK1-9E and 

rad9CDK1-9D mutants are defective for Chk1 phosphorylation. However, relative to 

rad9CDK1-9A the phosphomimetic mutants specially the “D mutant” appear to have 

residual ability to activate Chk1. As expected the phosphomimetic mutants are 

efficient for damage induced Rad53 and Rad9 phosphorylation. This data suggests 

that the phosphomimetic mutants are only partially able to restore the Chk1 

phosphorylation in response to DNA damage with the aspartic acid substitution being 

better phophomimetic than the glutamic acid substitution.  
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3.8 Discussion 
It has been reported earlier that the CAD region of Rad9 protein is required for Chk1 

phosphorylation in response to MMS induced DNA damage (Blankley and Lydall, 

2004). Out of 20 potential CDK phosphorylation sites, nine are clustered in the first 

231 amino acids of the protein (CAD region). The work presented in this chapter 

explores the role of nine putative CDK sites in the regulation of Chk1 activation. The 

novel rad9CDK1-9A mutant was generated and characterized for its role in regulation of 

Chk1 function. Consistent with the previous finding that the potential CDK sites 

contribute for Rad9 cell cycle phosphorylation (Bonilla et. al., 2008, Karen Finn PhD 

thesis 2010) Rad9CDK1-9A protein is partially defective for cell cycle phosphorylation 

(Figure 3.3C). Interestingly, the rad912A allele which is defective for Rad9 cell cycle 

phosphorylation is mutated for five N-terminal and seven C-terminal residues. These 

five N-terminal CDK sites are also mutated in Rad9CDK1-9A. This data clearly suggests 

that the nine N-terminal CDK consensus sites, or some conformation of these sites, 

are necessary for normal cell cycle phosphorylation of Rad9 in vivo. Interestingly, six 

(S11, S26, S56, S83, T155 and T218) of these sites have been mapped as sites 

phosphorylated in vivo by mass spectrometry (Albuquerque et al., 2008; Holt et al., 

2009; Smolka et al., 2005). Like chk1! cells, rad9CDK1-9/A mutant is not sensitive to 

various forms of DNA damaging agents (Figure 3.3.1 and 3.3.2 C). Interestingly, 

chk1! cells displayed sensitivity, when plated on low concentration of bleocin. The 

bleocin sensitivity was rescued when cells were left for extended period on a 

nocodazole plate, indicating that the bleocin induced sensitivity phenotype can be 

rescued by extended G2/M arrest.  

 

The CDK residues mutated in rad918A allele cover most of the Rad9, except 19th and 

20th CDK residues (Bonilla et al., 2008). The CDK sites mutated in the rad912A allele 

are 1,3,4,6,9,11,14,16,17,18,19 and 20 (Karen Finn PhD 2010). The common sites 

mutated in Rad912A and Rad918A proteins are 1,3,4,6,9,11,14,16,17 and18 (S/T-P 

sites). This suggests that 8 of these additional residues (2,5,7,8,10,12,13 and 15) not 

mutated in Rad912A, might be essential to activate the damage induced checkpoint 

functions of the Rad9 protein. Interestingly, four or them (2,5,7 and 8) are located in 

the CAD domain of the protein and this region has been shown to be required for 

damage induced Chk1 phosphorylation (Blankely and Lydall, 2004). The four other 
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sites (10,12,13, and 15) missing in Rad912A protein might be required to control the 

damage- induced Rad53 activation either on its own or in combination with the other 

sites. These two interesting findings described above suggest that individual CDK 

sites, or subsets of these sites, might regulate specific Rad9 functions. 

 

Since deletion of the CAD region results in defective damage-dependent Chk1 

phosphorylation (Blankley and Lydall, 2004), damage induced Chk1 phosphorylation 

was analysed in the rad9CDK1-9A allele. The radCDK1-9/A mutant is specifically defective 

for Chk1 phosphorylation (Figure 3.4.1 A) and efficient for Rad53 and Rad9 

phosphorylation (4.4.1B and C respectively). This data points to the damage specific 

checkpoint functions of the nine putative CDK phosphorylation sites on Chk1 

regulatory branch and independent from the Rad53 branch. Consistent with the 

previous findings that Rad9 cell cycle phosphorylation is Cdc28 dependent, damage 

induced Chk1 phsophorylation was analysed in G1 and in G2/M cells in response to 

different forms of DNA damaging agents. Damage induced Chk1 phosphorylation is 

only partially defective in G1 cells (Figure 3.4.2A, 3.4.2.1B and 3.4.4.2B). 

Interestingly, rad9CDK1-9A allele is completely defective for Chk1 phosphorylation in 

nocodazole-arrested cells (Figure 3.4.2C, 3.4.2.1C and 3.4.4.2C), indicating that the 

sites are specifically signaling the Chk1 activation when cells have high Cdc28 

activity (i.e. G2/M phase).  

!
Due to very low sensitivity of the chk1! cells to most DNA damaging agents, the 

functional importance of the Chk1 checkpoint in yeast is not very clear. It is likely 

that redundancy with the Rad53-branch masks chk1% phenotypes. Indeed, it has been 

shown that Rad53 and Chk1 work in parallel pathways (Sanchez et al., 1999). But, it 

is not well defined whether the Rad9 sites act in the Chk1 branch or Rad53 branch of 

checkpoint regulatory pathway but it is well defined that Rad9 is needed to activate 

Rad53 and Chk1. In the G2/M checkpoint activation assay, the chk1!rad9CDK1-9A 

double mutant is not defective for checkpoint activation while rad9CDK1-9Arad53! and 

rad53!chk1! mutants are completely defective to activate the G2/M checkpoints 

(Figure 3.5). This data clearly demonstrates that the nine putative phosphorylation 

sites act in the Chk1 regulatory branch and rad9CDK1-9A is epistatic with chk1!. 
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The role of Cdc28 in DNA damage–induced checkpoint activation is not well 

established. However, there are few conflicting reports about the involvement of 

Cdc28 during checkpoint activation. In an interesting study it has been shown that 

Cdc28 activity is absolutely required for the full activation of Rad53 when DSBs are 

generated either by IR or HO in G2/M cells but not in G1 cells (Ira et al., 2004). 

Cdc28 activity is not required for MMS induced Rad53 activation in G2/M cells. In 

contrast other studies have found that inhibition of Cdc28 doesn’t block HU induced 

activation of Rad53 (Enserink et al 2009). IR- and endonuclease-induced DSBs in G1 

cells are differentially processed in a Ku-dependent fashion (Barlow et al., 2008). The 

role of Cdc28 in DNA damage–induced Rad53 activation is well established but the 

mechanism of regulation of Chk1 activation is not known.  

 

In this study we indicates that Cdc28 activity is required for the initiation and the 

maintenance of the Chk1 dependent checkpoint. Consistent with previous findings 

(Ira et. al., 2004) we have found that like Rad53, the activation and maintenance of 

Chk1 was abolished when cells were exhausted for Cdc28 activity in response to a 

double strand break inducing agent (Figure 3.6.1B and C). This data is consistent with 

our previous findings that nine or a subset of these putative CDK phopshorylation 

sites of the CAD region is required for damage induced checkpoint activation. The 

dependency on Cdc28 activity for the damage induced checkpoint activation and its 

maintenance, clearly indicates that like Rad9 cell cycle phosphorylation, damage 

induced Chk1 activation is Cdc28 dependent. 

 

Inactivation of Cdc28 activity following bleocin dependent activation of Chk1 

resulted in rapid loss of the active phospho-form of Chk1 (note that while cell cycle 

form or C-Rad9 also requires continuous Cdc28 activity, DNA damage induced form 

or D-Rad9 does not), indicating a continuous requirement for Cdc28 activity for 

maintenance of Chk1 signaling (Figure 3.6.2B). Maintenance of Rad53 signaling also 

requires continuous Cdc28 activity and has been observed by others (Aylon et al., 

2004; Ira et al., 2004).  Our data indicates that Cdc28 activity is absolutely required 

for initiation and maintenance of Chk1 activation with different forms of DNA 

damaging agents (IR, bleocin and 4NQO). This is consistent with a role for Cdc28 in 

controlling Chk1 activation, regardless of the type of DNA damage, by regulating cell 

cycle-dependent phosphorylation of CDK sites in the N-terminus of Rad9.  



! FV!

 

Earlier studies have shown that out of 20 potential CDK phosphorylation sites 9 of 

them are strictly consensus sequence ([S/T]-P-X-[R/K]), for phosphorylation by the 

cyclin-dependent kinase Cdc28. To date, 6 of the putative CDK phosphorylation sites 

S11 (CDK1), S26 (CDK2), S56 (CDK3), S83 (CDK4), T155 (CDK8) and T218 

(CDK9) inside the CAD region have been found to be phosphorylated in vivo 

(Albuquerque et al., 2008; Holt et al., 2009; Smolka et al., 2005). This data is 

consistent with the cell cycle phosphorylation of the CAD and supports our data on 

the regulation of Chk1 activation after DNA damage. We have generated 

phosphomimetic mutants to verify these phoshorylation sites. The Rad9CDK1-9D and 

Rad9CDK1-9E protein expression is normal and these substitutions do not purturb 

damage induced Rad9 and Rad53 phosphorylation. The nine S/T sites mutated either 

into D or E do not greatly disrupt normal Rad9 regulation function after DNA 

damage. The ability of the glutamate and aspartate mutants to partially activate Chk1 

suggests these substitutions are indeed partially phosphomimetic. However, this data 

doesn’t distinguish between which of the nine sites is actually phosphorylated and 

whether some of them might be required without any phosphorylation event. These 

mutants require further characterisation to establish the functions of Rad9CDK1-9D and 

Rad9CDK1-9E protein during the cell cycle and if it can mediate the checkpoint 

signaling in the absence of Cdc28 activity. 

 

Interestingly, while characterizing the phopsphomimetic mutants we noticed chk1! 

cells were significantly sensitive to low levels of bleocin. chk1! sensitivity to low 

level of bleocin suggests a role of Chk1 in an S phase-specific pathway for surviving 

bleocin treatment. This doesn’t require Rad9 nor the Rad9 CAD domain. However, 

when the nine consensus CDK sites of the Rad9 CAD domain are replaced with either 

D or E residues, these “phosphomimetic” substitutions now become detrimental to the 

cells ability to survive bleocin treatment. Perhaps the low level constitutive activation 

of Chk1 might both be detrimental to surviving chronic exposure to low levels of 

bleocin? Alternatively, the phosphomimetic substitution in the Rad9 CAD domain 

may interfere with some other factor required by surviving chronic bleocin treatment. 

Interestingly, the bleocin sensitivity of chk1!, rad9CDK1-9D and rad9CDK1-9E cells 

observed in asynchrounosly growing cell, can be rescued by an extended G2/M arrest 
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by nocodazole. Note that nocodazole doesn’t produce a permanent G2/M arrest, as 

cells eventually resume proliferation in the presence of this mitotic poison. 

 

In an earlier analysis of G2/M checkpoint activation in a rad9!NT mutant strain (in 

which the first 231 amino acids (including the first 9 CDK sites) of Rad9 are deleted, 

the Rad9 CAD was shown to be required for the Dot1-independent phosphorylation 

of Rad53 (Granata et al., 2010). Following UV-induced DNA damage in G2/M, 

Rad53 phosphorylation was partially defective in both dot1! and rad9!NT cells, 

while checkpoint-induced phosphorylation of Rad53 was practically abolished in 

rad9!NT dot1! cells, most evident at the earlier time point. This data confirms our 

observations, suggesting that when Rad9 cannot bind to chromatin via histone marks, 

phosphorylated residues in the Rad9 CAD are required to recruit Rad9 to sites of 

damage in a histone-independent manner in G2/M phase. Our work in collaboration 

with Marco Falconi (University of Milan, Italy) has demonstrated that Rad53 

phosphorylation was significantly reduced in rad9-S11dot1! mutant. This data clearly 

suggests that the phosphorylation of the S11 residue is required for the binding of 

Rad9 at the damage sites of the chromatin in G2/M phase. In this study we have 

looked at the regulation of Chk1 functions in histone pathways. The Chk1 activation 

in G1 phase is completely dependent on dot1 pathway while in G2/M its independent 

of dot1 and it might be regulated by Dbp11 pathway. So far our finding with Chk1 

activation in the histone pathway is consistent with the Rad53 activation and further 

investigation is required to determine dependency of Chk1 activation on histone 

marks in the context of CDK phosphorylation sites of the CAD region. 

 

In conclusion, the results presented in this chapter demonstrate that the nine putative 

CDK phosphorylation sites located in the CAD region contributes to the cell cycle 

phosphorylation of Rad9. One or more of the nine sites are absolutely required for 

damage induced Chk1 activation in G2/M cells. Rad9 cell cycle phosphorylation is 

completely dependent on Cdc28 activity. Consistent with a role for Cdc28-dependent 

phospho-sites in the Rad9 CAD, we show that Cdc28 controls Chk1 activation in 

response to several DNA damaging agents that result in either DSBs, SSBs or bulky 

lesions repairable by nucleotide excision repair. Thus, Chk1 regulation, unlike DSB 

specific activation of Rad53, is not simply a downstream consequence of the 
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involvement of Cdc28 in regulating DSB specific responses including DSBs resection 

(Huertas et al., 2008; Limbo et al., 2007) or the reported Cdc28-dependent role for 

Rad9 in the inhibition of ssDNA generation at DNA ends (Lazzaro et al., 2008). 

Taken together, our results establish that CDK-dependent phosphorylation of one or 

more of 9 sites in the Rad9 N-terminal region regulate the activation of Chk1 during 

periods of the cell cycle when Cdc28/Clb kinases are active. The molecular 

mechanism of how these sites act differentially in the regulation of Chk1 functions 

will be addressed in the next chapter of this thesis. 
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Chapter 4 - Investigation of mechanistic interaction between 

CAD and Checkpoint proteins 
4.1   Introduction 
Rad9 mediates interactions between the upstream kinase Mec1 and two parallel 

downstream kinases Rad53 and Chk1 (Sanchez et al. 1999). The mechanism by which 

Rad9 facilitates interactions between the upstream checkpoint kinase Mec1 

(orthologue of human ATR) and the downstream checkpoint kinase Rad53 

(orthologue of human Chk2) is well understood (Gilbert et al., 2001; Schwartz et al., 

2002; Sweeney et al., 2005). It has been demonstrated by several research laboratories 

that different regions of Rad9 control different checkpoint functions. It has been 

demonstrated that rad9 mutant cells missing the first 231 amino acid region of the 

protein are defective for Chk1 phosphorylation in response to genotoxic stress but are 

proficient for Rad53 phosphorylation. This data clearly demonstrates that the N-

terminal first 231 amino acids of Rad9 is mainly responsible for the activation of 

Chk1. It has been reported by Y2H approach that Rad9 interacts with Chk1 (Sanchez 

et al., 1999; Uetz et al., 2000) but other biochemical confirmation of the Y2H data 

demonstrating a physical interaction between Rad9 and Chk1 is lacking. Chk1 does 

not contain FHA domains and disruption of Mec1 phosphorylation sites in Rad9 does 

not abrogate the activation of Chk1 (Schwartz et al., 2002). 

 

The Chk1 activation domain described in chapter three (which regulates Chk1 

activation) is distinct from the three other previously described domains in the 

protein: the BRCT domain which facilitates damage induced Rad9 oligomerisation 

(Soulier and Lowndes, 1999), the Tudor domain: which is responsible for the 

recruitment of Rad9 onto to chromatin (Grenon et. al., 2007) and the Serine cluster 

domain which is required for the interaction and activation of Rad53 (Schwartz et al., 

2002). To increase our understanding it is important to explore the mechanism 

involved with Chk1 activation. One hypothesis is that CAD region of Rad9 might 

facilitate direct physical interaction between Rad9 and Chk1. A direct physical 

interaction between the CAD and Chk1 has not been established (Blankely and Lydall 

2004). It is possible that the dynamic interaction between CAD and Chk1 is very 

transient. Since multiple potential CDK phosphorylation sites of the CAD regulate 
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Chk1 activation, another possibility is that these nine sites or a subset of these sites 

might be sufficient to mediate the Rad9 interaction with Chk1. 

 

Growing information about the role of the adaptor proteins Claspin (in human and 

xenopus) and Mrc1 (S. cerevisiae and S. pombe), has implicated them as regulators of 

checkpoint functions. Mrc1 binds to the vicinity of replication fork during normal 

replication, promoting efficient DNA replication during an unperturbed S phase 

(Alcasabas et al., 2001; Hodgson et al., 2007; Osborn and Elledge, 2003; Szyjka et al., 

2005; Tourriere et al., 2005). In response to replication fork arrest caused by 

deoxynucleoside triphosphate (dNTP) depletion with hydroxyurea (HU), Mrc1 carries 

out the adaptor function between Mec1 and Rad53 (Alcasabas et al., 2001). Mec1 

directed phosphorylation of Mrc1 facilitates the build-up of Mec1-Ddc2 at stalled 

replication forks, leading to Rad53 activation (Naylor et al., 2009; Osborn and 

Elledge, 2003). It is possible that similar to Rad9 mediator protein, Mrc1 works like a 

molecular adaptor to mediate the Mec1-dependent phosphorylation of Rad53 (Osborn 

and Elledge, 2003). However, experiments have so far failed to demonstrate a 

physical interaction between Mrc1 and Rad53 and thus the molecular mechanism 

through which Mrc1 activates Rad53 has yet to be characterized. In the absence of 

Mrc1, Rad9 can substitute this function, suggesting that the replication stress signal 

can be converted into a DNA damage signal (Alcasabas et al., 2001; Foss, 2001), 

leading to Rad9-mediated activation of Rad53 and Chk1 (Alcasabas et al., 2001). 

 

In budding yeast Mec1 is the major kinase involved in DNA damage checkpoint 

pathways. Rad53 and Chk1 protein kinases act in two distinct branch of Mec1 

regulatory pathway (Gardner et. al., 1999; Sanchez et. al., 1999). Rad9 is an adaptor 

checkpoint protein whose function is to couple the activation of upstream kinases 

(Mec1) with downstream effector kinases (Rad53 and Chk1).  Upon induction of 

DNA damage, Mec1 and Tel1 target Rad9 SCD for phosphorylation. Phosphorylated 

S/TQ sites act redundantly to allow docking of the checkpoint kinase Rad53 via its 

second FHA domain (FHA2). Rad9 is a large molecular complex of about 850 kDa. 

Conformational changes induced by DNA damage-dependent hyper-phosphorylation 

induce remodeling to a smaller 560-kDa complex. This hyper-phosphorylated Rad9 is 

responsible for catalysing in trans auto-phosphorylation and activation of Rad53 

(Gilbert et al., 2001). Both oligomeric assembly of Rad9 and its recruitment and 
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retention to damaged chromatin promote a localized concentration of Rad53 to enable 

its auto-phosphorylation. In addition, Rad9 acts as an adaptor bridge to facilitate 

Mec1 phosphorylation of Rad53 (Sweeney et al., 2005). This step is followed by 

Rad53 autophosphorylation, which is required for full activation of the kinase (Chen 

et al., 2007; Fiorani et al., 2008; Pellicioli et al., 1999; Usui and Petrini, 2007). 

Efficient phosphorylation of Rad53 permits its release from the Rad9 complex 

(Gilbert et al., 2001). Once released, active Rad53 specifically targets substrates 

required for a variety of cellular responses, including checkpoint-induced cell cycle 

delay to allow for efficient repair of DNA lesions.  

 

In S. pombe the role of Crb2 mediator protein has been implicated in the regulation of 

Chk1 activation. Briefly, in response to DNA damage Replication Protein A (RPA) 

rapidly coats single stranded DNA generated from primary lesions. This facilitates the 

binding of Rad26 (ATRIP in humans) (Zou and Elledge 2003) together with its 

associated kinase, Rad3 (ATR in humans). Independently, the PCNA-related 9-1-1 

complex, comprised of Rad9, Rad1 and Hus1, is loaded onto these sites by 

Replication Factor C (RFC), in which Rad17 (Parrilla-Castellar et al., 2004) replaces 

the large sub-unit. The mediator proteins Cut5 and Crb2 (TopBP1 ad 53BP1 in 

humans respectively) are also recruited to the complexes, and finally Chk1 is 

recruited into the checkpoint complex via an interaction with Crb2 (Mochinda et al., 

2004). This process brings Chk1 into the close proximity to Rad3, which then 

phosphorylates Chk1 in Serine 345 (S345) in the C-terminal regulatory domain 

(Lopez-Girona et al., 2001, Capasso et al., 2002).  

 

A mechanistic clue as to mode of Chk1 interaction comes from the reported 

interaction between Rad9 and Chk1 using the yeast 2-hybrid (Y2H) assay. Work 

presented in this chapter is focused the mechanism of Chk1 activation. The data 

presented in chapter three demonstrates that one or more of nine putative CDK 

phosphorylation sites are needed for Chk1 activation and these sites are specifically 

required in S/G2/M phase (cells with high Cdc28 activity). In this study we have 

shown that the nine putative CDK phospshorylation sites of the CAD region are 

absolutely required to mediate the Rad9 interaction with Chk1. Further, we have 

investigated whether all nine CDK residues are required for the regulation of Chk1 
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activation or if a subset of key sites are involved with this function. We have used the 

Yeast two hybrid and co-immunoprecipitation approach to answer these questions. 

 

4.2 Role of CDK1-9 sites in the Regulation of Rad9-Chk1 interaction 
4.2.1 Yeast Two Hybrid and generation of constructs 

Y2H systems take advantage of the modifying nature of eukaryotic transcription 

factors, which made of a sequence-specific DNA-binding domain (DNA-BD) and a 

RNA Pol II-recruiting, transcription activation domain (AD). In the Clontech 

Matchmaker Systems, the protein of interest is fused to the DNA-BD of the yeast 

GAL4 transcription factor to create a “bait” fusion protein. Interacting partner protein 

is expressed as fusions to the AD of yeast GAL4, to create “prey” fusion protein 

(Figure 4.2.1. A and B). When pairs of interacting bait and prey fusion proteins are 

co-expressed in a yeast cell, the interacting fusion proteins are able to activate 

transcription of multiple reporter genes (Figure 4.2.1 C).  

 

In Matchmaker Gold, interacting protein pairs activate a group of four different 

reporter genes: AUR1-C, HIS3, ADE2, and MEL1 (alpha-galactosidase), the 

expression of which is determined by 3 different GAL4-responsive promoters (Figure 

4.2.1.D). All four-reporter genes are stably integrated into the genome of the Y2H 

Gold reporter strain. In contrast to old aged yeast two hybrid system, the big 

advantage of the combination of different reporters is the reduction of false positives 

to a greater extent, especially those coming from false GAL4 promoter-binding prey 

proteins, which might directly bind one promoter sequence but not all three. The 

expression of a unique reporter gene AUR1-C provides resistance to Aureobasidin A 

(AbA), which is a potent and lethal S. cerevisiae antibiotic. In case of positive 

interaction, the AUR1-C reporter gene is switched on and the cell is able to grow on 

the antibiotic plate. Since AbA kills the yeast cells not expressing the AUR1-C 

reporter, there is no chance for background colonies to grow, so even low- stringency 

primary screens are quite confirmative and produce a high percentage of genuine 

positive clones. In case of positive interaction MEL1 encodes alpha-galactosidase 

enzyme, which in turn act on the X-alpha Gal substrate and produces blue color. 
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Figure 4.2.1: Clontech Y2H system to investigate the interaction between different proteins.

Illutriation of the basic principle of the yeast two hybrid (Y2H) system. In case of no interaction,

transcription of the reporter gene does not take place (A and B). When bait and prey protein 

binds to each other transcription of the reporter gene takes place (C). The Y2H gold cells 

contain 4 reporters & 3 promoters which lead to fewer false positives during the screeing.

(D). As a result of protein-protein interaction, transcription of MEL1 and AUR1-C take place.

MEL1 encodes alpha galactosidase enzyme which in tern acts on X-alpha-gal (5-bromo-4-

chloro-3-indolyl alpha-D-galactopyranoside) substrate and cells turn blue. As a result of

protein-protein interaction, the transcription of AUR1-C take place which makes Y2H cells 

to grow on the Aureobasidin A antibiotic plate. Image adapted from Clontech Y2H user manual.
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Generation of the Gal4 binding domain (“Bait”) vectors pGBKT7-BD-RAD9 to 

express Rad9, pGBKT7-BD-CAD to express the CAD fragment of Rad9, pGBKT7-

BD-RAD9CDK1-9A to express Rad9CDK1-9A and pGBKT7-BD-CHK1 to express Chk1 and 

activation domain vector pGADT7-AD-CAD to express the CAD fragment of Rad9, 

pGADT7-AD- RAD9CDK1-9A to express Rad9CDK1-9 and pGADT7-AD-CHK1 to express 
Chk1 are described in chapter two.  The DNA binding domain vector (with TRP1 
marker) and activation domain vector (with LEU2 marker) containing the gene of 
interest were cotransformed in Y2H gold cells and selected on SD/-Leu-Trp agar 
plates. Clones were selected randomly to perform the Y2H interaction analysis. 
 

4.2.2 Rad9 sites CDK1-9 mediate the interaction between Rad9-Chk1 

In this study we have independently confirmed this Y2H interaction using full length 

Rad9. P53 and large T-antigen was used as a positive control and Lamin and T-

antigen was used as a negative control for this experiment. Like the positive control, a 

protein-protein interaction signal was observed between Rad9-Chk1 as the cells 

expressing Rad9 and Chk1 were able to grow on the antibiotic plate and turned blue 

on the X-alpha Gal plate due to expression of Mel1 (Figure 4.2.2). Furthermore, the 

N-terminal region of Rad9 protein the CAD domain alone is sufficient to mediate this 

interaction. Interestingly, unlike the Rad9-Chk1 interaction the protein-protein 

interaction signal was lost in cells harboring Rad9CDK1-9A and Chk1 fusion proteins; 

this was evidenced by the inability of these clones to grow on the antibiotic plate and 

turning blue. This data suggest that the integrity of the CDK1-9 sites in Rad9 are 

necessary to mediate the interaction between Rad9 and Chk1. Importantly no auto-

activation was observed when the bait and prey proteins were expressed on their own. 

This result is consistent with our previous finding that CDK-dependent 

phosphorylation of these sites is required to regulate the Chk1 activation (Chapter 3). 

It is important to know the expression of the bait and prey protein used for the Y2H 

interaction analysis to ensure for their normal expression. For this purpose, two 

independent Y2H clones used in the above interaction studies were analysed to detect 

their expression. Western blot analysis was performed on the protein extract from 

respective clones. Rad9 and Rad9CDK1-9/A protein expression was detected on a Rad9 

gel (described in chapter 3). Chk1 protein fused with the prey and bait plasmids were 

detected by anti-HA and anti-Myc antibodies respectively (Figure 4.2.2.1A and B 

respectively). The level of expression was found to be normal in all fusion proteins. 
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4.2.3 Cdc28 activity is required for Rad9-Chk1 interaction in G2/M cells, but not 

in G1 cells 

Our previous findings clearly indicate that potential Cdc28 phopshorylation sites 

clustered in the CAD region are specifically required for the G2/M checkpoint as 

Chk1 phosphorylation is completely abolished in G2/M cells (Figure 3.4.2B). On the 

other hand we have also shown that in the rad9CDK1-9A mutant is still able to 

phosphorylate Chk1 in G1 cells (to a less extent when compaired with G2/M cell). 

This data suggests that some of these sites might require Cdc28 activity in order to 

carry out specific functions in G2/M. Based on these observations we hypothesized 

that in the G2/M phase, Cdc28 activity might be needed to mediate the interaction 

between Rad9 and Chk1. Consistent with these findings cell cycle specificity for the 

Rad9-Chk1 interaction was tested in the following experiment. A triple plasmid based 

Y2H assay was used to analyse the protein-protein interaction. In this assay “bait” 

fusion protein, “prey” fusion protein and reporter plasmid has been co-transformed 

into cdc28-as1 allele to regulate the Cdc28 activity (please see the chapter two for 

more detail). Similarly to our previously reported Dbp11-Rad9 interaction (Granata et 

al., 2010), the Rad9-Chk1 interaction in G2/M cells was significantly reduced in the 

absence of Cdc28 activity (Figure 4.2.3A). The Rad9-Chk1 interaction signal was 

observed in G1 cells and this interaction was not lost even in the absence of Cdc28 

activity (Figure 4.2.3B). This data suggests that in G1 cells the interaction between 

Rad9 and Chk1 is independent of Cdc28 dependent phosphorylation of Rad9.  

 

The expression of Rad9 and Chk1 proteins were detected by western blot analysis 

(Figure 4.2.3C).  This Y2H data clearly suggests that Cdc28 activity is absolutely 

required for Rad9-Chk1 interaction in G2/M cells. However, unlike G2/M cells, the 

Rad9-Chk1 interaction in G1 arrested cells is independent of Cdc28 activity.  
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4.2.4 Rad9 sites CDK1-9 mediate the Rad9-Chk1 interaction in G2 cells and in 

G1 cells 

The evidence presented above is consistent with Rad9-Chk1 interaction being 

mediated by Cdc28 activity in G2/M cells but not in G1 cells. Our data presented in 

chapter three clearly demonstrates that one or more of the nine consensus CDK 

phosphorylation sites are specifically required for Chk1 activation in G2/M cells. 

Based on this observation we were interested to know if mutations of these sites 

abrogates the Rad9-Chk1 interaction in G2/M cells, which have high Cdc28 activity. 

Y2H interaction analysis was performed in G1 and G2/M arrested cells. Rad9-Chk1 

interaction was observed in G2/M and G1 cells. Interestingly, this interaction was 

abolished with the Rad9CDK1-9A protein when cells were arrested in G2/M. Interaction 

between Rad9CDK1-9A and Chk1 protein was also greatly diminished in G1 (Figure 

4.2.4A).  

 

This data indicate that mutation of the nine consensus CDK sites in the Rad9 CAD 

region abolishes the interaction between Rad9 and Chk1 in both G2/M and G1 phase 

of the cell cycle. However, Cdc28 activity is required only for the Rad9-Chk1 

interaction in G2/M cells. It is possible that phosphorylation of the consensus CDK 

sites by kinases other than Cdc28 may be required for the Rad9-Chk1 interaction in 

G1 phase. The G1 interaction might be indirect. The expression of the bait and prey 

fusion protein (Chk1 and Rad9 respectively) in independent clones were detected by 

western blot analysis (4.2.4B).  
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4.2.5 Rad9 and Chk1 in vivo interaction analysis 

The Rad9-Chk1 Y2H interaction demonstrated in the above section takes advantage 

of the over expression of the bait and prey fusion protein, that do not occur in a 

natural context. Additional data to support this interaction has not been reported to 

date. We have therefore performed in vitro coimmunoprecipitation experiments to 

independently to support our Yeast two hybrid analysis. 

 

4.2.5.1 Rad9 and Chk1 interacts in vivo 

We have tried extensively to detect Rad9 in a Chk1 immunoprecipitate (IP) in which 

Chk1 was tagged with 3HA. Unfortunately, these experiments were unsuccessful due 

to high background of the HA tag. Therefore, we used strains in which Chk1 is tagged 

with 3-FLAG. As an important control we used a strain in which Dpb11 is tagged 

with 13MYC, that we previously used to identify the interaction between Rad9 and 

Dbp11 (Granata et al., 2010). Wild type cells were arrested in G2/M and cells were 

either mock treated or treated with bleocin. Cells were collected after 45 minutes and 

protein extract was prepared to perform the immunoprecipitation experiment. Rad9 

can be detected in Chk1 immunoprecipitates with extracts prepared from G2/M 

arrested wild type cells that had been either mock or bleocin treated. Notably, Chk1 

preferentially associated with Mec1/Tel1-phosphorylated D-Rad9 

(hyperphosphorylated) after DNA damage, even though C-Rad9 

(hypophosphorylated), the phosphoform dependent upon Cdc28, was the major form 

detected in the whole cell extracts (Figure 4.2.5A). The Rad9-Chk1 interaction can 

also be observed in reciprocal co-immunoprecipitation experiments in which Rad9 

was immunoprecipitated from G2/M arrested cells treated with bleocin (Carla Abreu 

data not shown).  

 

Similar to the Rad9-Chk1 interaction Rad9-DBP11 interaction was detected in the 

MYC IP. Interestingly, and unlike the case with Chk1-Rad9 interaction, Dpb11 

interaction with C-Rad9 was still detected in extracts from bleocin treated cells. 

Additionally, we observed that the extent of Dpb11 interactions with Rad9, in the 

presence or in the absence of DNA damage, appeared much less than we observed for 

the Chk1-Rad9 interaction under similar conditions. Importantly, Dpb11 was never 

observed in the Chk1 immunoprecipitates and, vice versa, Chk1 was absent from 



! ""$!

Dpb11 immunoprecipitates. This suggesting the presence of two distinct Rad9 sub-

complexes in our cell extracts that contains either Chk1 or Dpb11.  

 

4.2.5.2 Integrity of Rad9 sites CDK1-9 is required for Rad9-Chk1 in vivo 

interaction 
 
Similar to the experiment described above, we used a rad9CDK1-9A mutant to determine  

if the Rad9-Chk1 interaction detected by immunoprecipitation is lost in this mutant. 

The rad9CDK1-9A mutant was arrested in G2/M and cells were either mock treated or 

treated with bleocin to induce damage. After 45 minutes of bleocin treatment cells 

were collected to prepare the whole cell extract. Unlike wild type cells Rad9-Chk1 

interaction was lost in the extracts prepared from either mock or bleocin treated cells 

(Figure 4.2.5B). Interestingly, although the Dpb11-Rad9 interaction detected in 

Dpb11 immunoprecipitates from rad9CDK1-9A cells after DNA damage was lost, the 

Dpb11-Rad9 interaction could still be detected in extracts from rad9CDK1-9A cells that 

had not been subject to bleocin treatment. Taken together our results indicate that 

CDK-dependent phosphorylation of the nine sites located in the N-terminus of Rad9 

regulate the interaction between Chk1 and Rad9 both in the presence and in the 

absence of DNA damage. Additionally to the in vitro Y2H data and the in vivo co-

immunoprecipitation data clearly demonstrates that there are two different forms of 

Rad9 interacting with Chk1 (C-Rad9 and D-Rad9).  
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4.3 Identification of Key sites required for Chk1 activation 
The data presented in chapter three and in this chapter clearly demonstrates that Rad9 

sites CDK1-9 are required for the regulation of Chk1 functions. One obvious 

question, which arose from our findings, is which sites in particular are needed for 

this function. Yeast Two Hybrid data presented above indicates that the CDK1-9 sites 

of the Rad9 CAD region behave differentially dependent on cell cycle phase. Some of 

these sites are regulated by Cdc28 activity and are necessary in G2/M whearas Cdc28 

may not regulate others as Cdc28 doesn’t control the Rad9-Chk1 interaction in the G1 

phase. Interestingly, the nine consensus CDK sites are still required for Rad9-Chk1 

interaction in G1. In addition to this, it has been shown that the S11 residue of Rad9 is 

involved in mediating the interaction between Rad9 and Dbp11, suggesting that this 

site should not be required for Rad9-Chk1 interaction, despite clearly being needed 

for Chk1 activation. 

 
Recent sequence alignment between Rad9 and a checkpoint mediator of higher cells, 

termed MCPH1 revealed potentially conserved CDK sites (Figure 4.3). In addition 

recent work performed in Prof. Steve Jackson laboratory suggested that mutation of 

four conserved S/T-P sites to alanine (S83A, T110A, T125A and T143A), but not 

mutation of these sites individually, confers a defect in phosphorylation of the Chk1 

following treatment with various DNA damaging agents (Simona Gunita PhD thesis 

2010). It is important to note that the Chk1 activation experiment performed in Prof. 

Steve Jackson laboratory was a plasmid based assay, whereas our analysis was 

performed with the mutations integrated at the RAD9 chromosomal locus. To confirm 

their observation, I have generated a rad9CDK4,5,6,7A allele by integrating the RAD9 

DNA fragment with desired mutation at the RAD9 chromosomal locus. In addition we 

took advantage of different sets of intermediate mutants generated during “pop-out’ 

recombination during 5-FOA counterselection in yeast cells. 
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4.3.1: G2/M Checkpoint activation analysis to identify the key sites of CDK1-9 

To identify the key sites required for Chk1 phosphorylation, we performed G2/M 

checkpoint activation analysis with 8 different CDK mutants (Figure 4.3.1A). Protein 

samples from IR treated and mock treated cells were used to analyse Chk1 

phosphorylation by western blotting. Based on the ability of the different mutants to 

activate the Chk1, three different sets of mutants were found. In the first set Chk1 

phosphorylation was proficient similar to the wild type cells (rad9CDK4,6,9A, rad9CDKA9, 

and rad9CDK7,8,9A). The second set of mutants were defective for Chk1 activation 

(rad9CDK1A, rad9CDK4,5,6,7A, rad9CDK1,3,4,6,,9A rad9CDK1,2,PIK1). Finally in the third one 

Chk1 activation is proficient but the expression is slightly lower. Like the rad9CDK1-9A 

mutant, rad9CDK1,3,4,6,9A and rad9CDK4,5,6,7A appear to be defective for Chk1 

phosphorylation but there is still some residual phosphorylation is associated with 

these mutants. rad9CDK1A and rad9CDK1,2,PIK1A mutants are partially defective for Chk1 

phosphorylation. Importantly in our system and unlike the plasmid based assay in the 

Jackson Laboratory, the rad9CDK4,5,6,7A mutation is not fully defective for Chk1 

phosphorylation (Figure 4.3.1B). We note that any of the mutants used in this study, 

in which the S11 or T110 residues mutated, are partially defective for Chk1 

phosphorylation. In addition to this Chk1 phsophorylation is greatly reduced in the 

rad9CDK4,5,6,7A mutant. This data suggests that CDK site 1 (S11) in combination with 

either CDK site 5 (T110) or in combination with CDK sites 4,5,6 and 7 (S83, T110, 

T125 and T143 respectively) required for damage induced Chk1 phosphorylation.  
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4.3.1.1 G2/M checkpoint activation analysis in rad9CDK1,5A and rad9CDK1,4,5,6,7A 

mutants 

To determine the role of CDK1 site in the combination of either CDK5 or CDK4,5,6 

and 7 residues we have generated the rad9CDK1,5A and the rad9CDK1,4,5,6,7A mutants to 

identify the key residue required for damage induced Chk1 activation. Like wild type 

cells, rad9CDK5A, rad9CDK1,5A mutants are efficient for damage induced Chk1 

activation. Unlike wild type, Chk1 phosphorylation is greatly reduced in 

rad9CDK4,5,6,7A mutant. Interestingly, unlike wild type and like rad9CDK1-9A allele Chk1 

phosphorylation is completely abolished in rad9CDK1,4,5,6,7A mutant (Figure 4.3.1.1A). 

Rad9 expression in the CDK mutants tested for Chk1 activation is normal. These 

mutants are able to phosphorylate Rad53 and Rad9 (Figure 4.3.1.1B). This data 

suggests that the CDK site 1 (S11) in combination with four other CDK sites 4,5,6 

and 7 (S83, T110, T125 and T143 respectively) are required for efficient damage 

induced Chk1 activation signaling. Unlike rad9CDK5A mutant presented in figure 

4.3.1B, the CDK5 mutant generated independently is efficient for Chk1 activation. 

 

4.3.2 Role of the hMCPH1 CAD region  

Out of the 231 amino acid region of the Rad9 CAD, the 40-200 amino acid region has 

been predicted as the region required for Chk1 activation (Blankley and Lydall, 

2004). This region does not contain Mec1/Tel target sites for phosphorylation, but, 

strikingly, it contains 6 minimal CDK consensus sites  (2 SP and 4 TP) with one full 

CDK consensus site (T125 TPGK), which may regulate Rad9-mediated activation of 

Chk1 in a cell cycle dependent manner. Interestingly, human MCPH1 contains a 

putative CAD region located at the N-terminus of the protein (localized between 

amino acids ~103 and 250) which shares conserved CDK consensus sites with scRad9 

CAD (Richard Chahwan, Steve Jackson laboratory); suggesting that interactions 

between MCPH1 and Chk1 in human may be analogous to those between Rad9 and 

Chk1 in budding yeast. To verify the interaction between MCPH1 CAD domain and 

budding yeast Chk1, the N-terminal 203 amino acids of human MCPH1 (hMCPH11-

203) was cloned into a pJG4-5 prey plasmid (as described in material and method). 

pEG202-CHK1 was used as a bait plasmid and co-transformed with pSH18-34 

reporter plasmid into cdc28-as1 yeast strain. Empty bait and prey were also 

transformed to test bait and prey auto-activation. 
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Figure 4.3.1.1: Damage induced Chk1 phsophorylation analysis in rad9CDK mutants: 

G2/M arrested wild type and rad9 mutants were treated with belocin (10 g/ml) and 

cells were collected after 30 minutes to analyse Chk1 phosphorylation. Like rad9CDK1-9/A 

mutant, Chk1 phosphorylation is completely defective in rad9CDK1,4,5,6,7/A  mutant. 

rad9CDK1,5/A mutant is efficient for Chk1 phosphorylation (A). The rad9CDK  mutants tested 

in this assay, are able to phsophorylate Rad53 and Rad9 in respone to DNA damage 

(B). 
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4.3.2.1 Y2H interaction analysis in N-terminal hMCPH1 and budding yeast 

Chk1 

To investigate whether functional conservation exists between budding yeast Rad9 

and hMCPH1, I tested the direct physical interaction between hMCPH11-203 and 

budding yeast Chk1. Parallel to this experiment Y2H clones harbouring Rad9 as prey 

and Chk1 as a bait plasmid were also used as a positive control for the experiment. A 

good G2/M interaction signal was observed between Rad9 and Chk1 protein and this 

interaction signal was significantly reduced in cells inhibited for Cdc28 activity. 

Unlike Rad9 and Chk1 there was no significant Y2H interaction signal detected 

between the N-terminal region (1-203 amino acid) of the hMCPH1 and Chk1 protein 

in G2/M cells. However, this heterologous experiment using a portion of the human 

MCPH1 and yeast Chk1 should be repeated with human Chk1 as a further positive 

control (Figure 4.3.2.1). 
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4.3.3: Important site in 1,4,5,6,7 

The data presented in the above section demonstrates that one or more of the CDK 

residues 4,5,6 and 7 are likely to be important sites involved in Chk1 activation. 

Damage induced Chk1 phosphorylation is completely abolished when these mutants 

are combined with the CDK1 sites of Rad9. The four residues aligned well with the 

other mediator proteins in yeast (Figure 4.3). Indeed the CDK5 and CDK7 residues 

are highly conserved among the other mediator proteins. This data predicts that any of 

these residues either on their own or in combination with the CDK1 residue regulates 

the Chk1 functions. Since the CAD region of the protein is sufficient to mediate the 

interaction with Chk1, we decided to identify the key site by a yeast two-hybrid 

approach. To test this hypothesis we performed an add back experiment by generating 

a wide range of novel rad9CDK mutants in the CAD region. Using the rad9CDK1-9A 

mutant we reverted the 4,5,6 and 7 sites individually back to their wild type residue. 

We also confirmed these reverted mutants with reversion of CDK site 1 to its wild 

type residue. See Figure 4.3.3 A for a detailed schematic of the mutants generated. 

 

Similar to the Rad9-Chk1 interaction signal, a protein-protein interaction signal was 

observed in cells expressing Rad9 CAD region and Chk1. Interestingly; a significant 

increase of the interaction signal was observed with cells expressing CAD fusion 

protein with wild type CDK sites 1 and 7. The CDK7 residue on its own is able to 

interact with Chk1 (Figure 4.3.3B). The Y2H interaction signal is also observed with 

individual CDK sites 1, 4, 5 and 6 but comparatively lower than the CDK 7 residue. 

Any of these sites in combination with the CDK1 residue display a higher interaction 

signal. This data clearly suggests that out of these five sites CDK7 is the major site 

required to mediate the CAD interaction with Chk1 protein. 
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4.3.4: Are CDK sites 1,4,5,6 and 7 is Cdc28 dependent to drive this interaction? 

The Y2H interaction data presented above clearly indicates that the CDK7 site is the 

most important residue required to mediate the interaction between Rad9 and Chk1, 

as lower Y2H interaction signal was observed with the other CDK residues. Is the 

ability of these sites to mediate the CAD and Chk1 interaction due to Cdc28 

dependent phosphorylation? To answer this question Y2H interaction analysis was 

performed with different mutants in the cdc28-as1 allele background to regulate the 

Cdc28 activity. G2/M cells with and without Cdc28 activity were analysed for Y2H 

interaction. Like the Rad9 CAD-Chk1 interaction, protein-protein interaction signal 

was observed with the cells expressing CAD fusion protein with CDK7 and CDK6 

wild type CDK residues. Interestingly, this interaction signal is significantly reduced 

in the cells expressing CDK7 and CDK6 wild type CAD fragments. A partial 

interaction signal was also observed with the CAD protein expressing CDK4 wild 

type residue. Consistent with our previous interaction data the CAD fragment 

expressing wild type CDK1 and 7 is able to drive the interaction but this interaction is 

independent of Cdc28 activity. This data suggests that CDK6 and CDK 7 are the main 

residues, with CDK 7 playing an important role, that are able to mediate the Rad9-

Chk1 interaction, and Cdc28 dependent phosphorylation of these two residues is able 

to drive the interaction. 
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4.4: Discussion 
In response to a double strand break, the DNA damage responsive checkpoint 

pathway activates the signal transduction cascade which can inhibit the cell cycle 

progression. Kinases are the key components of the checkpoint regulatory pathway. 

Mediator proteins facilitate checkpoint signaling between upstream apical kinases to 

downstream effector kinases. Rad9 mediates the interaction between upstream kinase 

Mec1 and two parallel downstream kinases Rad53 and Chk1. The mechanism by 

which Rad9 regulates Rad53 activity is well described (Gilbert et al., 2001, Schwartz 

et al., 2002). The mechanism of regulation of Chk1 regulation is poorly understood. 

In this work I have elucidated part of the mechanism of interaction between ScRad9 

and one of its the downstream kinase Chk1 and furthermore how CDK activity 

modulates this interaction during cell cycle. 

 

It has been shown by a Y2H approach that Rad9 interacts with Chk1 (Sanchez et al., 

1999; Uetz et al., 2000). In the first step to decipher the mechanism we established the 

Rad9-Chk1 interaction in two independent yeast two-hybrid approaches. Our work in 

chapter three clearly demonstrates that the Rad9 sites CDK1-9 are absolutely required 

for damage induced Chk1 activation. We further tried to explore the mechanism of 

this interaction by analysing the interaction between Rad9CDK1-9A and Chk1 protein. 

Interestingly, Rad9 and Chk1 interaction signal was lost in the rad9CDK1-9A mutant 

(Figure 4.2.2). This data suggests that the activation of Chk1 might need the direct 

physical interaction between the nine putative CDK phosphorylation sites located in 

the CAD region of the protein.  Since the first 231 amino acid of the protein have 

been defined to specifically regulate Chk1 activation, we tested whether or not the 

CAD region can physically interact with Chk1. Interestingly, our Y2H data 

demonstrates that the CAD region of Rad9 on its own is able to interact with the 

Chk1. As described in chapter-1, several studies on Rad9 protein have clearly 

demonstrated that the three other parts of the protein are involved with distinct 

checkpoint regulatory functions, the work described in this chapter clearly supports 

the hypothesis that cell cycle phosphorylation of CAD regulates its interaction with 

Chk1 
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As we have shown earlier (Chapter 3), these sites are specifically required during the 

G2/M checkpoint as damage induced Chk1 activation is abolished in the rad9CDK1-9A 

allele when arrested in nocodozole. We analysed the cell cycle specificity of Rad9-

Chk1 Y2H interaction in G2/M and G1 arrested cells. Consistent with our Chk1 

activation data CDK1-9 sites are also needed in G1 interaction. So far, our data 

suggests that these sites are Cdc28 phosphorylation sites and are specifically required 

in G2/M cells when cells have very high Cdc28 activity. Since G1 cells have very low 

Cdc28 activity it is possible that some G1 cyclins might be able to phosphorylate 

these sites in G1 enabling it to drive the interaction in G1 cells. The yeast two-hybrid 

analysis also suggests that like the G2/M interaction these sites are also needed for the 

G1 interaction. These data clearly suggests that the CDK1-9 sites of the CAD are 

regulated differentially during G2/M and G1 phase of the cell cycle. It is possible that 

only particular residues require Cdc28 phosphorylation to drive the interaction while 

other residues are independent of Cdc28 activity. 

 

Consistent with our Y2H Rad9-Chk1 interaction findings we have validated the Rad9-

Chk1 interaction in vivo (Figure 4.2.5). We have demonstrated that integrity of Rad9 

sites CDK1-9 is absolutely required to mediate this interaction both in damaged and 

in undamaged cells. (Figure 4.4.1). Interestingly, Dpb11 (termed Cut5 in fission yeast 

and TOPBP1 in higher cells), like Chk1, was also bound to Rad9 both in the presence 

and in the absence of DNA damage (Granata et al., 2010).  In contrast with the Chk1-

Rad9 interaction, only the DNA damage-induced interaction between Dpb11 and 

Rad9 is dependent on the integrity of putative CDK phosphorylation sites in the Rad9 

CAD (we have shown earlier that S11 residue is required). In addition to this, when 

the Rad9 bound fraction was compared in Myc and Flag immunoprecipitants, in 

contrast to the Chk1 bound Rad9 fraction, a smaller fraction of Rad9 bound to Dpb11. 

Perhaps this is due to a requirement for Rad9 to bind to Chk1 before it can interact 

with Dpb11. In our assays, concurrent binding of Rad9, Chk1 and Dpb11 was not 

detected, whereas in fission yeast a Crb2-Chk1-Cut5 interaction has been reported 

(Mochida 2004). It is possible that a Rad9-Chk1-Dpb11 interaction can occur in vivo 

but it’s not detectable in our assay. This data clearly demonstrates that the Rad9 forms 

two different complexes one with Chk1 and other with DBP11. It is possible that 

these complexes are too transient to detect in a Co-IP experiment.  
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It has been presented above that nine putative CDK phosphorylation sites of Rad9 are 

specifically required to mediate the damage induced Chk1 activation and that the S11 

residue is needed for the binding of Rad9 to the DBP11 protein; we have tried to 

dissect the sites required for Chk1 activation. In a primary study we have found that 

any of these mutants having S11/A mutation are partially defective for Chk1 

phosphorylation. Key mutants were generated to dissect the function of hMCPH1 

homology region in ScRad9 (in collaboration with Steve Jackson Lab Cambridge), we 

found that damage induced Chk1 phosphorylation is lost to a great extent but in 

contrast to the rad9CDK1-9A mutant, this mutant failed to fully abolish Chk1 activation. 

This data suggested that either the Rad9 site Cdk1 (S11) in combination with one of 

the four other CDK sites 4,5,6 and 7 (S83, T110, T125 and T143 respectively) is 

required or alternatively whole sites are needed for Chk1 activation function. 

Interestingly, in the next experiment damage induced Chk1 phosphorylation was 

completely abolished in the rad9CDK1,4,5,6,7A mutant. This data clearly demonstrates 

that unlike the Dbp11 interaction, Chk1 interaction of Rad9 needs four central sites in 

addition to the first CDK sites of the CAD region. 

 

To further address the question of which sites are needed to mediate the interaction 

between Rad9 and Chk1, different sets of mutants were generated to perform on add-

back experiment (Figure 4.3.3A). Interestingly a protein-protein interaction signal 

was observed with the CAD fragment expressing CDK6 and CDK7 close to the wild 

type fragment (Figure 4.3.3B). Further, Cdc28 dependencies of these two sites were 

analysed. Surprisingly the protein-protein interaction signal was significantly reduced 

in these two fragments in the absence of Cdc28 activity (Figure 4.3.4B). When this 

interaction signal was compared, Cdc28 dependency of the CDK7 residue is higher 

than the CDK6 residue. This data suggests that out of five CDK sites needed for 

damage induced chk1 activation in G2/M phase, CDK7 is the major residue to 

interacting with Chk1. When the Rad9 CAD fragment was aligned with the Crb2 

protein the CDK6 and CDK7 residue is highly conserved (4.3.4B). This suggests the 

functional conservation between Crb2 and Rad9 mediator protein to drive its 

checkpoint functions. 

 

Like other mediator proteins MCPH1 (microcephalin) also contains a BRCT domain 

and growing studies have demonstrated several of its damage-induced checkpoint 
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functions. MCPH1 is a human gene encoding a protein characterized by three BRCT 

domains, one at the N-terminus (BRCT1) and two twin BRCTs located at the C-

terminus (BRCT2 and BRCT3), similar to other DDR mediator proteins, such as 

BRCA1. Mutations in this gene cause primary microcephaly, an autosomal recessive 

genetic disorder characterized by reduced brain size and mental retardation. (Jackson 

et al., 2002). 

 

Given MCPH1 is required for Chk1-dependent activation of the DNA damage 

checkpoint and that it physically binds to Chk1, one of the important questions is 

whether hMCPH1 interactions with budding yeast Chk1 were mediated by the 

protein’s N-terminus and regulated by phosphorylation in a similar manner to scRad9. 

Interestingly, MCPH1 contains a putative CAD region located at the N-terminus of 

the protein – localized between amino acids ~103 and 250 – which shares conserved 

CDK consensus sites with scRad9 CAD (Prof Steve Jackson personal 

communication).  

 

Although the domain organization of mammalian Chk1 and its yeast orthologs is 

evolutionarily conserved (Stracker et al., 2009), the functional aspects of Chk1 have 

diverged during evolution. Like the budding yeast Rad9 mediator protein, human 

53BP1, MDC1 and BRCA1, show structural similarities including twin BRCT 

domains at the carboxyl end and have been shown to play a role in the DNA damage 

response pathway. Another DDR mediator that contains twin BRCT domains at the 

C-terminus and has been previously shown to regulate the Chk1-branch of the DNA 

damage checkpoint pathway is MCPH1. Indeed, MCPH1 contains CAD-like regions 

at the N-terminus, similar to scRad9 CAD; within the hMCPH1 CAD reside three 

conserved consensus sites for CDK phosphorylation, suggesting that interactions 

between MCPH1 and Chk1 in human may be analogous to those in budding yeast. To 

this end, the first 203 amino acids of the hMCPH1 (equivalent to budding yeast CAD) 

were cloned into a Y2H vector and Y2H interaction analysis was performed. Unlike 

the Rad9 and Chk1 interaction signal, no significant interaction was observed 

between hMCPH1(1-203) and ScChk1 protein. Despite the role of this protein in the 

regulation of human Chk1, function we couldn’t establish the interaction in our Y2H 

based assay (Figure 4.3.2.1). One possibility is that the tested hMCPH1 protein region 

contains nBRCT region that might have inhibited the Chk1 binding. So, the 
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interaction analysis without this fragment could resume the interaction. The other 

possibility is that during the course of evolution budding yeast Chk1 has diverged 

from human Chk1 resulting in a lack of interaction. Further Y2H interaction analysis 

with the new Rad9 and hMCPH1 hybrid protein can reveal the functional 

conservation between these two proteins. 
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Chapter 5 - CONCLUSIONS AND FUTURE DIRECTIONS 
The budding yeast mediator protein Rad9 plays an essential role in the cellular 

responses to DNA damage including damage induced checkpoint activation and cell 

cycle arrest. (Gilbert et al., 2001; Schwartz et al., 2002; Sweeney et al., 2005; Weinert 

and Hartwell, 1988). With the increasing information in the field of basic genomic 

instability research many novel functions of Rad9 has been found to be associated 

with a large number of other cellular processes which helps for cell survival and 

genomic instability (Weinert and Hartwell, 1990; Paulovich et al., 1998; Toh et al., de 

la Torre-Ruiz and Lowndes, 2000; 2006; Lazzaro et al., 2008; Al-Moghrabi et al., 

2009; Conde et al., 2009; Murakami-Sekimata et al., 2010). The experimental work 

presented in this thesis has been built upon previous findings, that CDK activity 

modulates the Rad9 checkpoint functions and in this study an emphasis has been 

made to describe the Chk1 regulatory functions in particular. The work presented here 

can increase our understanding about the role of mediator protein in the regulation of 

checkpoint activation and these information can be used to investigate the regulation 

of checkpoint activation in human cells. 

 

In chapter 3 we have built upon the initial observations of Blankley and Lydall who 

demonstrated that deletion of the N-terminal CAD region of Rad9 results in defective 

DNA damage induced Chk1 phosphorylation (Blankley and Lydall 2004). We have 

determined that the multiple consensus CDK phosphorylation sites located in the 

CAD region of Rad9 are required for damage-induced Chk1 activation. Similarly to 

deletion of CHK1, a mutant of Rad9 in which the nine consensus CDK sites in the 

CAD region were mutated to alanine (rad9CDK1-9A) is not sensitive to many forms of 

DNA damage. However, we did notice that chk1! cells are sensitive to low doses of 

bleocin, which induces DNA lesions that results in sensitivity particularly during 

DNA synthesis. The sensitivity of chk1! cells to bleocin was lost when this mutant 

was also treated with a mitotic poison. Thus, Chk1 appears to have a role in surviving 

bleocin-induced lesions during S phase, which was rescued by extended arrest in 

G2/M. Interestingly, while rad9CDK1-9A and rad9CAD! cells were not bleocin sensitive, 

the phosphomimetic rad9CDK1-9D and rad9CDK1-9E were similarly bleocin sensitive as 

chk1! cells. An explanation for this data might be that the phosphomimetic mutants 

have constitutive low levels of active Chk1, which might abrogate the cellular 
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response to bleocin as much as the complete absence of Chk1. It will be interesting to 

further investigate the role of Chk1 in the S-phase checkpoint in response to bleocin-

induced DNA damage.  

 

Cell cycle phosphorylation of Rad9 was partially defective in rad9CDK1-9A mutants. 

When compared with rad912A mutants, Rad9CDK1-9A migrated faster than Rad9 in blots 

using extracts prepared from both asynchronous and G2/M cells. In both cases the 

slow migrating forms of Rad9 were lost in the absence of Cdc28 activity. Thus, at 

least some of the CDK sites mutated in Rad9CDK1-9A are phosphorylated in vivo in a 

Cdc28-dependent fashion. It would be interesting to identify in vivo the sites of 

phosphorylation in the CAD region of Rad9 and to determine which are Cdc28-

dependent. Mass spectrometric approach of endogenous Rad9 coupled to in vitro 

phosphorylation of peptide array with recombinant CDK complexes would be useful 

to address this question. Generation of phospho-peptide specific antibodies specific to 

key sites of phosphorylation could then be used for detailed characterization of 

individual sites of phosphorylation. 

 

To identify the role of nine putative CDK phosphorylation sites in the CAD region, 

rad9CDK1-9A mutant was generated and the damage-induced phospho-shift of the 

tagged Chk1-3HA was analysed by western blot analysis. Unlike wild type cells, the 

damage induced Chk1 phospho-shift was completely lost in the rad9CDK1-9A mutant. 

Similar results were obtained in response to IR, bleocin, UV and 4-NQO. Importantly, 

in the rad9CDK1-9/A mutant, damage induced Rad53 and Rad9 phosphorylation was 

normal, indicating that these mutations did not interfere with other functions of Rad9. 

This data clearly suggests that the nine putative CDK phosphorylation sites of the 

CAD region are specifically involved in mediating the damage induced Chk1 

phosphorylation. To determine the cell cycle specificity, comparison of G1 and G2/M 

checkpoint activation in arrested cells revealed that Chk1 phosphorylation was 

completely abolished in G2/M, but only partially lost in G1phase. Notably, the defect 

in activating Chk1 in the G2/M phase of the cell cycle cannot be explained by an 

inability to form the DNA damage-specific phospho-forms of Rad9CDK1-9A or 

Rad9CAD! (i.e. D-Rad9CDK1-9A or D-Rad9CAD!) after DNA damage. Thus, Chk1 

activation correlates well with high CDK activity and Rad9 cell cycle phosphorylation 

in G2/M. We always detected a damage-induced phospho-shift of tagged Chk1-3HA 
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when cells were arrested in G1 and this shift was partially dependent on CDK1-9 sites 

of the CAD region. This data clearly suggests the possible role of Chk1 in G1 phase. 

So far the role of Chk1 phosphorylation in G1 remains unclear.  

 

In our gel running condition we have reproducibly detected a slight defect in Rad53 

phosphorylation when protein samples are prepared from damage induced rad9CAD9 

cells (Figure 3.4.2E and 4.3.1.1B). Damage induced Rad53 phosphorylation in Rad9 

mutants with partial cell cycle phosphorylation (e.g. rad9CDK1-9/A) might be useful to 

find additional functions of the CAD region. However, an important aspect of the role 

of the rad9CAD! region is its specificity in regulating Chk1 and not Rad53 (Blankley 

and Lydall, 2004). To confirm that the CDK1-9 sites potentially function in the Chk1 

activation pathway, we performed an epistasis analysis using the G2/M checkpoint 

activation assay (O'Shaughnessy et al., 2006). The G2 delay in this assay requires 

Rad9-dependent regulation of two additive branches involving both checkpoint 

kinases, Chk1 and Rad53/Chk2 (Gardner et al., 1999; Sanchez et al., 1999). The 

epistatic relationship between rad9CDK1-9A and chk1!, as well as the additive 

relationship between rad9CDK1-9A and rad53!, strongly indicate that the CDK1-9 sites 

of Rad9 function specifically to regulate Chk1 activation in response to DNA damage. 

 

Cdc28 activity plays a key role in DSB resection (Enserink and Kolodner, 2010; Ira et 

al., 2004). The Rad53 activation in the resection process is well established but the 

role of its parallel kinase Chk1 is not well characterized. In this study we have found 

that Cdc28 activity is absolutely required for the establishment and maintenance of 

active Chk1 in damaged cells, irrespective of whether DNA damaging agents that 

result in either DSBs, SSBs or bulky lesions were used.  The role of Rad9 protein and 

one of its downstream kinases Rad53 in the differential regulation of the DNA repair 

pathway is well established. In this study we have also provided initial 

characterization of the regulation of Chk1 activation with respect to histone 

modifications known to function in the DNA damage response. Interestingly, and 

similarly to activation of Rad53, Chk1 activation after damage in G1 arrested cells is 

absolutely dependent upon the Dot1 histone methyltransferase that generates the 

H3K79me modification. In G2/M phase, dot1! cells are fully efficient in damage 

induced Chk1 phosphorylation, whereas the h2a-S129 mutant (defective in formation 



! "$P!

of !-H2A) is only partially defective in Chk1 phosphorylation. This data is 

reminiscent of the regulation of Rad53 activation in G2/M cells. Furthermore, it has 

been demonstrated that damage induced Rad53 phosphorylation is abolished in the 

rad9-S11 dot1! double mutant (Granata et al., 2010). It will be interesting to further 

investigate the role of consensus CDK phosphorylation sites in the regulation of Chk1 

activation via the H3K79me and !-H2A histone modifications. For example, 

introduction of the DOT1 deletion into the different rad9CDK mutants of the CAD 

region and investigation of the G2/M checkpoint in response to DNA damage might 

elucidate cross talk between these two regulatory mechanisms.  

 

A possible role for Cdc28 activity in the recruitment of Rad9 onto the chromatin has 

not been investigated. Since Dbp11 is known to mediate Rad9 recruitment to 

chromatin during the G2/M and this requires S11 (CDK1) it can be hypothesized that 

this recruitment should be Cdc28 dependent, a hypothesis that can be addressed by 

performing an experiment in the analogue sensitive CDC28 strain (cdc28-as1).  

 

The work presented in chapter four examines the mechanism of how the nine 

consensus CDK sites of the CAD region regulate Chk1 activation. In a Y2H based 

assay we have found that the direct physical interaction between Rad9 and Chk1 

protein was lost in the rad9CDK1-9A mutant. Importantly, we validated the in vivo Y2H 

Rad9-Chk1 interaction assay using co-immunoprecipitation in vitro to demonstrate 

this interaction both in undamaged cells and in bleocin treated cells. Notably, we 

reproducibly observed two different forms of Rad9 in a Chk1 IP, the cell cycle 

modified form (C-Rad9) in undamaged cells and the DNA damaged form (D-Rad9) in 

bleocin treated cells. Both forms of Rad9 were not detected in IPs performed with 

extracts from rad9CDK1-9A cells. Thus one or more of the nine consensus CDK 

phosphorylation sites is/are required to mediate the Rad9 interaction with Chk1. The 

Rad9-Chk1 complex is a distinct, independent complex from the Rad9-Dpb11 

complex we identified in a previous study (Granata et al., 2010).  

 

Consistent with our previous findings on Chk1 activation we have shown that Cdc28 

activity is absolutely required for the Rad9-Chk1 interaction detected in Y2H 

experiment. In contrast, Rad9-Chk1 interaction was not abolished in the absence of 
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Cdc28 activity in G1 cells which is also consistent with our previous observation that 

damage induced Chk1 phosphorylation was not abolished in G1 arrested rad9CDK1-9A 

mutant cells. This data suggests that there are two distinct mechanism which take 

place in G1 and G2/M phases of the cell cycle by which damage induced Chk1 

functions are regulated, only the G2/M mechanism requires Cdc28 activity. Phospho-

mimetic mutants might be useful to determine which of the nine sites is important for 

Chk1 interaction in G1 cells 

 

To identify the most important sites for Rad9-Chk1 interaction in G2/M phases of the 

cell cycle we first found that damage induced Chk1 phosphorylation was significantly 

reduced in the rad9CDK4,5,6,7A mutant (although not appreciably in any of the four 

individual mutants). Note that this result was first independently suggested using a 

plasmid-based assay in Steve Jackson’s laboratory (Cambridge, UK). Notably, three 

out of four sites were conserved with MCPH1, another mediator protein involved with 

the regulation of Chk1 in human cells. In addition, we also identified a significant 

reduction in Chk1 activity in the rad9CDK1A mutant. Combining these mutations in 

rad9CDK1,4,5,6,7A cells completely abolished Chk1 activation equivalently to the 

rad9CDK1-9A mutant. To further refine the key CAD region residues responsible for 

Chk1 activation we adopted a different strategy. Using rad9CDK1-9A as a starting point 

we individually reverted candidate residues back to the WT residue (i.e. the other 

residues remained as alanine mutations). This analysis strongly implicated CDK7 as 

the most important Cdc28-dependent residue required for Chk1 interaction and 

activation. A quick and easy way to implicate the phosphorylation status of these sites 

would be to repeat the Y2H interaction analysis with the CDK1-9A mutant in which 

site 7 was mutated to a phospho-mimetic residue (i.e. rad9CDK1-9A+7D or rad9CDK1-

9A+7E). In another approach phospho-specific antibodies against the CDK1 and CDK7 

residues should be generated and used to study these phopshorylation events in cell 

extracts.  

 

Increasing information of the involvement of the budding yeast mediator protein Rad9 

in different checkpoint roles has provided further insight into the DNA damage 

response. Even after extensive work by several laboratories only small regions of the 

protein (just 1/3rd of the protein in total) have been assigned specific functions.  It 

would be interesting to conduct detailed structure function studies of the 2/3rd of the 
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protein with unassigned functions. For example, towards the middle of the protein we 

have identified a 32 amino acid stretch with significant homology to 53BP1. This 

region contains one consensus PIK and two consensus CDK phosphorylation sites. 

Deletion of this region followed by detailed phenotypic characterization might 

uncover a novel role for Rad9 and its orthologue, 53BP1.  

 

In vertebrates the role of Claspin has been implicated in the regulation of Chk1. 

Claspin was identified as a protein that interacts with Chk1 after DNA damage and 

regulates Chk1 activation (Kumagai et al., 2000). One possibility is that Claspin may 

work as an adaptor molecule mediating ATR-dependent Chk1 activation (Kumagai et 

al., 2004). There is significant evidence that Claspin is an important regulator of Chk1 

phosphorylation in vertebrates (Chini and Chen 2004), there are no apparent structural 

homologues in yeast. However, in budding yeast and fission yeast Mrc1 has been 

proposed as a functional equivalent of Claspin due to its ability to contribute to 

activation of Rad53 and Cds1, respectively, in response to replication stress 

(Alcasabas et al., 2001; Tanaka et al., 2001). The mechanism by which Claspin 

facilitates ATR-dependent Chk1 activation has been best described with Xenopus 

extracts (Kumagai, 2003) and partly confirmed to be conserved in humans (Clarke 

and Clarke, 2005). Upon DNA damage, Claspin and Chk1 form a complex, dependent 

on phosphorylation of at least two highly conserved sites (Thr-916 and Ser-945 in 

human Claspin). Although the motifs surrounding these phosphorylation sites do not 

resemble the ATR consensus sites, their phosphorylation requires, at least in Xenopus, 

active ATR. This data suggests that ATR might activate an unknown kinase, which in 

turn is required to mediate Claspin-Chk1 complex formation and Chk1 

phosphorylation. Molecular analysis has revealed that Claspin binds directly to the 

kinase domain of Chk1 and, following ATR phosphorylation of Chk1, these two 

proteins lose their affinity of binding for each other (Jeong et al., 2003). Given the 

evidence that human Claspin also interacts with ATR (Chini and Chen, 2003), this is 

consistent with a model in which Claspin recruits Chk1 to ATR, only to disengage 

once the phosphorylation and activation of Chk1 have taken place. 

 

Molecular mechanism of Chk1 activation in budding yeast 
In response to DNA damage in G2/M the budding yeast checkpoint kinases, Chk1 and 

Rad53, inhibit spindle elongation and chromosome segregation. Chk1 directly 
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regulates an ‘effector’ protein termed securin, or Pds1, which is stabilized by DNA 

damage-dependent phosphorylation (Gardner et al., 1999; Sanchez et al., 1999). The 

work presented in this thesis clearly demonstrates the CDK dependent 

phosphorylation of budding yeast mediator protein Rad9 is required for Chk1 

activation and these results are consistent with the model depicted in Figure 5. This 

model is based on the regulation of interaction between a proportion of the total Rad9 

and Chk1 by Cdc28-dependent modification of Rad9 during S/G2/M. In the first step, 

the Rad9 and Chk1 proteins, both of which are believed to dynamically associate with 

chromatin even in the absence of DNA damage (Hammet et al., 2007), interact 

constitutively in the absence of DNA damage. While associated with Chk1, Rad9 

undergoes enhanced chromatin recruitment at the site of damaged DNA by interaction 

with the histone marks H3K79me and !H2A via its Tudor and BRCT domains 

respectively.  In addition, Rad9 recruitment to chromatin is also facilitated by the 9-1-

1 complex-dependent recruitment of Dpb11 (Puddu et al., 2008; Navadgi-Patil and 

Burgers, 2009). The 9-1-1/Dpb11 complex-dependent activation of Mec1 bound to 

RPA-coated ssDNA, which is conserved from yeast to human (Majka and Burgers, 

2007; Navadgi-Patil and Burgers, 2009), results in DNA damage dependent 

phosphorylation and remodeling of both Rad9 (Gilbert et al 2003) and Chk1. This 

would lead to release of D-Rad9/Chk1 complexes that we have detected in this study. 

Note that this contrasts with the activation of Rad53 involving in trans auto-

phosphorylation and subsequent ATP-dependent release from D-Rad9 complexes 

(Gilbert et al 2001). In this respect Chk1 activation is distinct from Rad53 activation, 

since the Rad53 kinase interacts specifically with Mec1/Tel1 phosphorylated Rad9 

(D-Rad9) generated in response to DNA damage, whereas Chk1 interacts with Cdc28 

phosphorylated Rad9 (C-Rad9) both before and after DNA damage. Additionally, and 

unlike Rad53, we did not find any evidence for ATP-dependent release of Chk1 from 

Rad9 in vitro (Carla Abreu, unpublished data). It is possible that some activated Chk1 

could be released from Rad9 by an ATP-independent mechanism allowing the 

targeting of substrates throughout the nucleus in agreement with studies of budding 

yeast chk1 mutants that can be activated in a Rad9 independent manner (Yinhuri Chen 

et al., 2008). It is also possible that a small fraction of phosphorylated Chk1 remains 

bound to Rad9 in order to be brought to chromatin in the vicinity of DNA damage to 

phosphorylate targets close to the DNA lesion.  
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                                       APPENDIX I 
!

Collection 
Number Strain name Relevant Genotype Source 

YNL0220 W303-1a   MATa ade2-1 trp1-1 leu2-3,112, his3-11,15 ura3-1 
can1-100 rad5-535 

K. 
Nasmyth 

YNL1312 cdc28-as1   W303-1a cdc28-as1 (JAU01)  Bishop et 
al., 2000 

YNL1287 W303-1a RAD5+   MATa ade2-1 trp1-1 leu2-3,112, his3-11,15 ura3-1 
can1-100 RAD5+ This study 

 
YNL1341 rad912A   W303-1a RAD5+ rad912A This study 

 
YNL1350 rad9CAD!   W303-1a RAD5+ rad9CAD! This study 

YNL1347 rad9CDK1-9A   W303-1a RAD5+ 
rad9S11A,S26A,S56A,S83A,T110A,T125A,T143A,T155A,T218A  This study 

YNL1016 rad9!   W303-1a rad9::URA3 Grenon et 
al., 2007 

YNL1145 sml1! chk1!   W303-1a RAD5+ sml1::KanMX6  chk1::URA3 This study 

YNL1280 CHK1-3HA   W303-1a CHK1-3HA::KlURA3 Clerici et 
al., 2004 

 
YNL1144 CHK1-3HA RAD5+   W303-1a RAD5+ CHK1-3HA::KlURA3 This study 

YNL1431 rad9CDK1-9A CHK1-
3HA   W303-1a RAD5+ rad9Cdk1-9A  CHK1-3HA::KlURA3 This study 

 
YNL1432 rad9CAD! CHK1-3HA   W303-1a RAD5+ rad9CAD! CHK1-3HA::KlURA3  This study 

 
YNL1433 rad9! CHK1-3HA   W303-1a RAD5+ rad9::LEU2 CHK1-3HA::KlURA3 This study 

YNL1445 sml1! rad53! chk1!   MATa  sml1:: kanMX6 rad53::HIS3 chk1::URA3 
RAD5+ ade2-1 trp1-1 can1-100 ura3  

Blankley 
and Lydall, 

2004 
 

YNL1143 sml1!   W303-1a RAD5+ sml1::KanMX6 This study 

 
YNL1447 sml1! rad53!   W303-1a RAD5+ sml1::KanMX6  rad53::HIS3 This study 

YNL1142 sml1! rad53! chk1!   W303-1a RAD5+ sml1::KanMX6  rad53::HIS3  
chk1::URA3  This study 

 
YNL1146 sml1! rad9CDK1-9A   W303-1a RAD5+ sml1::KanMX6 rad9CDK1-9A This study 

YNL1147 sml1! rad9CDK1-9A 

chk1! 
  W303-1a RAD5+ sml1::KanMX6 rad9CDK1-9A 
chk1::URA3 This study 

YNL1240 sml1! rad9CDK1-9A 

rad53! 
  W303-1a RAD5+ sml1::KanMX6 rad9CDK1-9A 
rad53::HIS3  This study 

YNL1239 sml1! rad9CDK1-9A 

rad53! chk1! 
  W303-1a RAD5+ sml1::KanMX6  rad9CDK1-9A  
rad53::HIS3 chk1::URA3    This study 

YNL1441 rad9CDK1,3,4,6,9A CHK1-
3HA 

 W303-1a RAD5+ rad9S11A,S56A,S83A,T125A,T218A CHK1-
3HA::KlURA3  This study 

YNL1440 rad9CDK4,6,9A CHK1-
3HA 

  W303-1a RAD5+ rad9S83A,T125A,T218A  CHK1-
3HA::KlURA3  This study 

YNL1421 rad9CDK4,5,6,7A CHK1-
3HA 

  W303-1a RAD5+ rad9S83A,T110A,T125A,T143A CHK1-
3HA::KlURA3  This study 

 
YNL1419 rad9CDK5A CHK1-3HA   W303-1a RAD5+ rad9T110A  CHK1-3HA::KlURA3  This study 

YNL1439 rad9CDK7,8,9A CHK1-
3HA 

  W303-1a RAD5+ rad9T143A,T155A,T218A  CHK1-
3HA::KlURA3  This study 

YNL1443 rad9CDK1,2,PIK1A CHK1-   W303-1a RAD5+ rad9 S11A,S26A,T16A  CHK1- This study 
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3HA 3HA::KlURA3  
 

YNL1435 rad9CDK1A CHK1-3HA   W303-1a RAD5+ rad9 S11A   CHK1-3HA::KlURA3  This study 

 
YNL1437 rad9CDK9A CHK1-3HA   W303-1a RAD5+ rad9T218A  CHK1-3HA::KlURA3 This study 

 
YNL1424 cdc28-as1 CHK1-3HA   W303-1a cdc28-as1 CHK1-3HA::KlURA3  This study 

YNL1425 Y2HGold 

  MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, 
gal4", gal80", LYS2::GAL1UAS–Gal1TATA–His3, 
GAL2UAS–Gal2TATA–Ade2 URA3::MEL1UAS–
Mel1TATA AUR1-C MEL1 

Clontech 

YNL1426 DBP11-13MYC   W303-1a DPB11-13MYC::HIS3 Puddu et 
al., 2008 

YNL1427 CHK1-3FLAG 
DBP11-13MYC 

  W303-1a RAD5+ CHK1-3FLAG::KANMX DPB11-
13MYC::HIS3 This study 

YNL1428 
rad9CDK1-9A CHK1-
3FLAG DBP11-
13MYC 

  W303-1a RAD5+ rad9CDK1-9A CHK1-
3FLAG::KANMX DPB11-13MYC::HIS3 This study 

YNL1430 RAD9-9MYC   W303-1a RAD9-9MYC::TRP1  
Giannattasi

o et al., 
2002 

YNL1500 RAD9-9MYC CHK1-
3FLAG 

  W303-1a RAD9-9MYC::TRP1 CHK1-
3FLAG::KANMX 

 
This study 

 
YNL0358 rad9CDK1-9E W303-1a RAD5+ rad9CDK1-9E This study 

 
YNL0359 Rad9CDK1-9D W303-1a RAD5+ rad9CDK1-9D This study 

YNL0360 rad9CDK1-9E CHK1-
3HA W303-1a RAD5+ rad9CDK1-9E CHK1-3HA::KlURA3 This study 

YNL0361 rad9CDK1-9E CHK1-
3HA W303-1a RAD5+ rad9CDK1-9D CHK1-3HA::KlURA3 This study 

 
YNL0362 h2a-S129 CHK1-3HA W303-1a h2a-S129- CHK1-3HA::KlURA3  This study 

 
YNL0363 dot1!- CHK1-3HA W303-1a dot1::KANMX CHK1-3HA::KlURA3 This study 

YNL0364 dot1!h2a-S129- 
CHK1-3HA 

W303-1a dot1::KANMX h2a-S129- CHK1-
3HA::KlURA3 This study 

!
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                                                 APPENDIX II 

 
Collection 
Number Plasmid Usage Source 

ENL0757 pVF6 cdc28-as1 mutation Diani et al., 2009 
ENL0749 pRS306-rad9CDK1-9A Integrative vector This study 
ENL0026 pRS306-rad9CDK1,3,4,6,9A Integrative vector This study 
ENL0758 pRS306-rad9CDK5A Integrative vector This study 
ENL0746 pRS306-rad9CDK1A Integrative vector This study 
ENL0750 pRS306-rad9CAD! Integrative vector This study 
ENL0760 p3FLAG-KANMX Tagging vector Gelbart et al., 2001 
ENL0759 pGEM-Teasy-NTRAD9 Mutagenesis vector This study 
ENL0747 pGEM-Teasy-NTrad9CDK1-9A Mutagenesis vector This study 
ENL0011 pGEM-Teasy-NTrad9CDK1,3,4,6,9A Mutagenesis vector This study 
ENL746 pGEM-Teasy-NTrad9CDK1A Mutagenesis vector This study 

ENL0748 pGEM-Teasy-NTrad9CAD! Mutagenesis vector This study 
ENL0733 pGBKT7-BD Y2H vector Clontech 
ENL0755 pGBKT7-Lam Y2H vector Clontech 
ENL0753 pGBKT7-53 Y2H vector Clontech 
ENL0737 pGBKT7-BD-RAD9 Y2H vector This study 
ENL0741 pGBKT7-BD-CAD Y2H vector This study 
ENL0744 pGBKT7-BD-rad9CDK1-9A Y2H vector This study 
ENL0739 pGBKT7-BD-CHK1 Y2H vector This study 
ENL0734 pGADT7-T Y2H vector Clontech 
ENL0754 pGADT7-AD Y2H vector Clontech 
ENL0736 pGADT7-AD-RAD9 Y2H vector This study 
ENL0756 pGADT7-AD-rad9CDK1-9A Y2H vector This study 
ENL0740 pGADT7-AD-CAD Y2H vector This study 
ENL0738 pGADT7-AD-CHK1 Y2H vector This study 
ENL0752 pEG202 Y2H vector Granata et al., 2010 
ENL0735 pEG202-CHK1 Y2H vector This study 
ENL0721 pJG4-5 Y2H vector Granata et al., 2010 
ENL0725 pJG4-5-RAD9 Y2H vector This study 
ENL0751 pSH18-34 Y2H vector Granata et al., 2010 
ENL0767 pJG4-5-CADWT Y2H vector This study 
ENL0768 pJG4-5-CADCDK1-9A Y2H vector This study 
ENL0769 pJG4-5-CADCDK1WT Y2H vector This study 
ENL0770 pJG4-5-CADCDK4WT Y2H vector This study 
ENL0771 pJG4-5-CADCDK1,4WT Y2H vector This study 
ENL0772 pJG4-5-CADCDK5WT Y2H vector This study 
ENL0773 pJG4-5-CADCDK1,5WT Y2H vector This study 
ENL0774 pJG4-5-CADCDK6WT Y2H vector This study 
ENL0775 pJG4-5-CADCDK1,6WT Y2H vector This study 
ENL0776 pJG4-5-CADCDK7WT Y2H vector This study 
ENL0777 pJG4-5-CADCDK1,7WT Y2H vector This study 

E0778 pJG4-5-hMCPH1(1-203) Y2H vector This study 
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E0779 pRS306-rad9CDK4,5,6,7A Integrative vector This study 
E0780 pRS306-rad9CDK1,4,5,6,7A Integrative vector This study 
E0781 pRS306-rad9CDK1-9E Integrative vector This study 
E0782 pRS306-rad9CDK1-9D Integrative vector This study 
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                                                 APPENDIX III 

 
Name 5’!  3’ Sequence Usage 

Rad9seq2 CGGCCTTGTTAGCGTTAGAT To amplify CAD region of 
RAD9 from genomic DNA 

Rad9 cdkwtm2 GCAAGATAGAGAAACGCCATAG To amplify CAD region of 
RAD9 from genomic DNA 

N1 Mut GCAAGATAGAGAAACGCCATAG CAD mutants sequencing 

Chk1-Dia F CACGTTGCAACCTATGGATG 
To amplify CHK1-

3HA::KlURA3 cassette; 
CHK1-3FLAG diagnosis PCR 

Chk1-Dia R GAACGGAATATCTGTGGAAG To amplify CHK1-3HA:: 
KlURA3 cassette 

Chk1-Flag-5’ AATTTCAACTATCTGTAGGGATATTATCCTAATTCCCA
ACAGGGAACAAA AGCTGGAG 

To amplify CHK1-
3FLAG::KANMX 

Chk1-Flag-3’ TGATCAGTGCATCTTAACCCTTCTTTTGTCTCCATTTTT
TCTATAGGGCGAATTGGGT 

To amplify CHK1-
3FLAG::KANMX 

Chk1-2 GTTACGATGACACACTAG  CHK1-3FLAG diagnosis PCR 

DPB11-myc-5’ GAAAAACCTATGAGACGACAGACAAGAAATCAGACA
AAGGAATTAGATTCTCGGATCCCCGGGTTAATTAA 

To amplify DPB11-
13MYC::HIS3 

DPB11-myc-3’ GCTGTAGATGGCGTATGTAAATGAATATCTTATAAAA
TTACGGACTACATTTCAGAATTCGAGCTCGTTTAAAC 

To amplify DPB11-
13MYC::HIS3 

DPB11-testF AGCTTGAACTCGTGGTTCCT  DPB11-13MYC diagnosis 
PCR 

DPB11-testR ATGCCAGGAGGCATAAGGTT DPB11-13MYC diagnosis 
PCR 

Rad9N1F GTTCAATGGAAAAGCGCTCCAGATCGAGTC Mutagenesis of S11 to Ala 
Rad9N1R GACTCGATCTGGAGCGCTTTTCCATTGAAC Mutagenesis of S11 to Ala 
Rad9N2F CATAATCGAAGGAGCTCCCAAAGCAAATCC Mutagenesis of S56 to Ala 
Rad9N2R GGATTTGCTTTGGGAGCTCCTTCGATTATG Mutagenesis of S56 to Ala 
Rad9N3F GGATTACTTGACGAGGCTCCAAGACATGATG Mutagenesis of S83 to Ala 
Rad9N3R CATCATGTCTTGGAGCCTCGTCAAGTAATCC Mutagenesis of S83 to Ala 
Rad9N4F CAAAAGCAATCGAGCCCCTGGTAAAG Mutagenesis of T125 to Ala 
Rad9N4R CTTTACCAGGGGCTCGATTGCTTTTG Mutagenesis of T125 to Ala 
Rad9N5F GCATTGGAAGGAATTGTTGCACCTAAAAG Mutagenesis of T218 to Ala 
Rad9N5R CTTTTAGGTGCAACAATTCCTTCCAATGC Mutagenesis of T218 to Ala 

R9T110A TAACATATTGCATAATGAAAGGGCTCCTGACCTTGAC
CGAATTG Mutagenesis of T110 to Ala 

R9S26A TATAAAGGAAGCACTGCATGCTCCCTTGGCTGATGGC
GAC Mutagenesis of S26 to Ala 

R9N1T16A AAGCGCTCCAGATCGAGTCGCCCAAAGCGCTATAAAG
GAAG Mutagenesis of T16 to Ala 

R9T155A 
 
GAAAAAAAATGACTTTTCAAGCTCCAACTGATCCATT
GGAAC 

Mutagenesis of T155 to Ala 

R9T143A CAAAGCTCCGATCTGGAAGACGCTCCTCTGATGTTAA
GAAAAAAAATG Mutagenesis of T143 to Ala 

CADP1 CGCGGATCCAGTAGAACACTTGGGAATCC To generate                     
pGEMTeasy-NTrad9CAD! 

CADP2 CTCGTATCACTCTTTTAGAAGTTGTAGTCCCGATACGT
TCTACTTGCTCAAG 

To generate                     
pGEMTeasy-NTrad9CAD! 

CADP3 GAAAATCTTCAACATCAGGGCTATGCAAGATGAACGA
GTTCAAAAAACTCAAATC To generate                     
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pGEMTeasy-NTrad9CAD! 

CADP4 CTTCTGTCTGGCCAGTAGAATGAAAAACAGG To generate                     
pGEMTeasy-NTrad9CAD! 

pGBKT7/pGADT7-
AD-RAD9F 

CATGCACATATGTCAGGCCAGTTAGTTCAATGGAAAA
GC Y2H RAD9 constructs 

pGBKT7/pGADT7-
AD-RAD9R CATGACGGATCCCTCATCTAACCTCAGAAATAGTGTTG Y2H RAD9 constructs 

pGBKT7/pGADT7-
AD-CHK1F CATGCACATATGAGTCTCTCGCAGGTGTCACCTTTACC Y2H CHK1 constructs 

pGBKT7/pGADT7-
AD-CHK1R CATGACGAATTCTCAGTTGGGAATTAGGATAATATCC Y2H CHK1 constructs 

pGBKT7/pGADT7-
AD-RAD9CADR 

CATGACGGATCCTCATCCTCCACTTTTACTTAATTCGT
C Y2H CAD constructs 

pEG202CHK1F CATGCAGAATTCATGAGTCTCTCGCAGGTGTCACCTTT
ACC 

To amplify CHK1 in Y2H 
constructs 

pEG202CHK1R CATGACCTCGAGTCAGTTGGGAATTAGGATAATATCC To amplify CHK1 in Y2H 
constructs 

T7 Promoter GTAATACGACTCACTATAGGGCGA To sequence Y2H constructs 
Rad9 Seq4 GTTGAAGTCAGATACTGGG RAD9 sequencing 
Rad9 Seq6 TTTCCCAAGGCATATCTGC RAD9 sequencing 
Rad9 Seq8 CGAAAGCAAAGGACAGAGC RAD9 sequencing 
Rad9 Seq10 GGATTCTAGAGACGCATTAGC RAD9 sequencing 
Rad9 Seq12 GGTAAATCTCAGATGAAGC RAD9 sequencing 

Chk1CD+600NtsF ATGGATCAAAGGGGTTCTCCAC CHK1 sequencing 

pGAD-AD-R AGATGGTGCACGATGCACAG RAD9/CHK1 Y2H vector 
sequencing 

pGBK-BD-R TTTTCGTTTTAAAACCTAAGAGTC RAD9/CHK1 Y2H vector 
sequencing 
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                                                   APPENDIX IV 
 
Dynamics of Rad9 Chromatin Binding and Checkpoint Function Are 
Mediated by Its Dimerization and Are Cell Cycle–Regulated by 
CDK1 Activity 
 
Magda Granata1., Federico Lazzaro1., Daniele Novarina1, Davide Panigada1, Fabio 
Puddu1, Carla Manuela Abreu2, Ramesh Kumar2, Muriel Grenon2, Noel F. 
Lowndes2, Paolo Plevani1*, Marco Muzi-Falconi1* 
 
1 Dipartimento di Scienze Biomolecolari e Biotecnologie, Universita` degli Studi di 
Milano, Milano, Italy,  
2 Centre for Chromosome Biology, School of Natural Science, 
National University of Ireland Galway, Galway, Ireland. 
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