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Abstract 

Probing the biological functions and interactions of the Fkh1 FHA 

domain in Saccharomyces cerevisiae 

 

The Saccharomyces cerevisiae Fkh1 protein is a multifunctional protein with roles in cell-

cycle regulated transcription, DNA replication timing, as well as a role in recombination donor 

preference during mating-type switching. While Fkh1 has been implicated in many processes, very 

little is known about the mechanisms or interactions that govern its functions. The 

phosphothreonine-binding FHA domain of Fkh1 has been shown to be sufficient for regulating 

donor preference during mating-type switching. A model posits that Fkh1 mediates a long-range 

chromosomal interaction to promote recombination between two distant loci and that this requires 

an interaction between the FHA domain and a phosphorylated partner protein(s), but to date no 

relevant partner has been described. I have shown that the FHA domain is required for Fkh1’s 

interaction with multiple partner proteins and is important for many different Fkh1 functions. In 

my studies I have found that Fkh1’s interaction with the Mph1 DNA repair helicase regulated 

donor preference during mating-type switching. I have identified two threonines within Mph1 that 

were particularly important for this interaction. Yeast-2-hybrid analysis and in vitro binding 

experiments indicated that at least one of these threonines had to be phosphorylated for efficient 
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Fkh1 binding. Substitution of these two threonines with alanines (mph1-2TA) specifically 

abolished the Fkh1-Mph1 interaction and altered donor preference during mating-type switching 

without affecting other functions of Mph1 in genome stability. Deletion of a second gene encoding 

a Fkh1-interacting protein, FDO1, also resulted in a change in Fkh1-dependent donor preference 

that was additive with deletion or mutation of MPH1. However, deletion of both genes did not 

result in a change in donor preference as drastic as that resulting from mutation of FKH1, 

suggesting Fkh1 must interact with additional proteins to accomplish this role. I also found that 

the FHA domain was important for Fkh1’s role in cell-cycle regulation, but no single interaction 

partner could account for this role. I propose that Fkh1 must interact with multiple different 

proteins to accomplish its role in donor preference as well as other roles in which Fkh1 has been 

implicated.   
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Chapter 1 

Introduction 

 

1.1 The Eukaryotic Cell Cycle and the Fkh1 and Fkh2 proteins 

 

1.1.1 The yeast cell cycle 

The cell cycle is the universal program that eukaryotic cells use to organize distinct cellular 

events necessary for cell division. There are four defined phases of the cell cycle. In the G1-phase 

cells take in nutrients, grow, and sense their environment to determine if there are enough resources 

to commit to cell division. After G1-phase, cells enter S-phase to duplicate their chromosomes. In 

G2-phase, cells make sure DNA replication is completely finished and that any mistakes have been 

repaired. Finally, during M-phase cells segregate their duplicated chromosomes and undergo 

cytokinesis to form two new daughter cells that will re-enter the cell cycle in the G1-phase (Figure 

1-1). The cell cycle is highly regulated to ensure that the appropriate molecular events occur in the 

correct order and without errors. Deregulation of cell cycle events can lead to catastrophic damage 

such as cancer or cell death. To prevent such damage, cells contain complex networks of 

transcription factors, kinases, and other regulators that program the cell cycle and ensure that these 

cellular processes are properly regulated. Many of these factors and regulatory networks are 

universally conserved among eukaryotic organisms.  
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Figure 1-1. The yeast cell cycle. The yeast mitotic cell cycle is divided into four distinct phases. 

During the G1-phase cells grow and determine whether or not there are sufficient resources to 

divide. DNA replication occurs in S-phase and the daughter cell bud begins to form. During the 

G2-phase cells ensure that their DNA has been properly replicated. Finally, during M-phase the 

nucleus divides and the cell undergoes cytokinesis in which it separates into two cells. Unlike 

metazoans, yeast have a “closed mitosis” in which the nuclear membrane remains intact and 

divides independently from the rest of the cell during M-phase. 
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1.1.2 Cyclins and CDK 

Cyclin-dependent kinases (CDKs), which phosphorylate target proteins that carry out cell 

cycle phase-specific actions, are the main drivers of the cell cycle. CDK activity is composed of a 

distinct kinase in close association with a cyclin protein that endows the CDK with specificity for 

protein targets. The availability of different cyclin subunits changes during the cell cycle, allowing 

for a single CDK to phosphorylate different targets throughout the cell cycle. The budding yeast 

Saccharomyces cerevisiae has a single CDK (Cdc28) that associates with one of nine different 

cyclins, each of which guides the CDK to particular targets during different phases of the cell cycle 

(Figure 1-2) [1]. 

The G1 cyclin genes CLN1, 2, and 3 are highly transcribed during the G1-phase of the cell 

cycle and direct many cellular events that occur in the G1-phase. For example, Cln-Cdc28 kinase 

activity is responsible for targeting the Clb-kinase inhibitor Sic1 for degradation, which is required 

for entry into S-phase [2]. The S-phase cyclins, Clb5 and Clb6 are highly expressed in G1 phase, 

but are not active until early S-phase after the degradation of Sic1. These cyclins guide CDK to 

phosphorylate proteins that function in the initiation of DNA replication in S-phase. For example, 

Clb5 guides CDK to phosphorylate target proteins that function directly in DNA replication, such 

as ORC, the complex that binds to DNA replication origins [3]. The M-phase cyclins Clb3 and 

Clb4 accumulate during S-phase to promote the G2/M phase transition, while Clb1 and Clb2 

accumulate in the G2-phase of the cell cycle to promote the molecular events required for mitosis 

and cytokinesis [2]. Because the concentrations of specific cyclins drive cell phase-specific 

molecular events, mechanisms that control the periodic levels and activity of cyclin proteins are 

critical. These mechanisms include periodic transcriptional activation and repression, as well as 

targeted degradation and inhibition. The factors that regulate the cyclins are also cell-cycle   
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Figure 1-2. Cdk complexes active at different phases of the cell cycle.  
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regulated, creating self-reinforcing waves of expression of both cyclins and their regulators that 

define the different stages of the cell cycle. 

 

1.1.3 The CLB2-cluster  

A group of genes called the CLB2-cluster are highly transcribed in the G2-phase of the cell 

cycle. This cluster consists of over 30 genes that encode proteins required for M-phase, including 

many required for mitosis and cytokinesis [4]. For example, the BUD4 gene is included within this 

CLB2-cluster and the Bud4 protein is required for axial budding in haploid yeast [5]. The promoter 

of three of these CLB2-cluster genes, CLB1, CLB2, and SWI5, have been characterized in detail. 

These promoters share common sets of DNA sequence elements responsible for their periodic 

transcription [6–8]. One of these elements binds the MADS-box transcription factor, Mcm1. 

Mcm1 forms a ternary complex with these promoters and another factor, originally dubbed ‘Swi5 

factor’ (SFF) based on its ability to promote periodic transcription of the SWI5 gene [6].  Both 

Mcm1 and SFF are required for the periodic activation of these genes in late G2 and early M phase. 

 

1.1.4 Identification of Fkh1 and Fkh2 as regulators of CLB2-cluster transcription 

The molecular identity of SFF was revealed over ten years after its initial discovery as the 

Fkh2 (forkhead homology 2) protein. The identification was challenging in part because Fkh2 has 

a paralog in S. cerevisiae, Fkh1 that can largely substitute for the function of Fkh2 in fkh2Δ cells.  

In FKH2 cells, Fkh1 has a poorly understood role in attenuating the CLB2-cluster expression cycle.  

A number of independent studies provide evidence that Fkh1 and 2 are important for and 

have redundant/overlapping roles in CLB2-clutser transcription and cell cycle regulation. In 

particular, deletion of both FKH genes to create fkh1Δfkh2Δ cells, but not deletion of either gene 
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alone, causes a major defect in the transcription of the CLB2 gene and other CLB2-cluster genes 

[9–11]. In fkh1Δfkh2Δ cells, the expression of CLB2-clutser genes is delayed relative to the G1-S-

phase transition and the peak level of expression is substantially reduced. Moreover, in wild type 

cells CLB2-cluster gene expression is fully repressed in G1, but in fkh1Δfkh2Δ (and FKH1fkh2Δ) 

cells these genes remain expressed, albeit at low levels. The end result is that fkh1Δfkh2Δ exhibit 

a much shallower CLB2-cluster expression cycle compared to wild type cells (Figure 1-3A). In 

addition, fkh1Δfkh2Δ cells exhibit a major cell cycle defect that manifests itself in elongated cells 

that grow in chains and penetrate solid agar media. This pseudohyphal-like morphology is 

reminiscent of the phenotype caused by deletion of CLB1 and CLB2 (Figure 1-3B) [9–15]. These 

and other data suggest that the cell cycle and morphological defects of fkh1Δfkh2Δ cells are caused 

by the loss of transcription of CLB2-cluster and possibly other genes. 

While FKH1 and FKH2 clearly had overlapping roles in CLB2-cluster expression and cell 

cycle regulation, subsequent biochemical studies established that Fkh2, and not Fkh1, is the major 

DNA-binding component of SFF. Indeed, direct biochemical purification of SFF followed by 

mass spectrometry revealed the presence of Fkh2, but not Fkh1 [10]. In addition, Fkh2 binds to 

CLB2-cluster promoters in a cooperative manner with Mcm1 whereas Fkh1 shows no cooperative 

interactions with Mcm1 [10,12,13,16]. These and other data described below support the 

conclusion that Fkh2, and not Fkh1, is the major transcription factor responsible for CLB2-cluster 

expression. Nevertheless, both Fkh1 and Fkh2 bind to CLB2-cluster gene promoters in vivo, 

consistent with the finding that these proteins have similar DNA binding domains (DBDs) and  in 

fact are extremely similar throughout the length of the smaller Fkh1 protein (Figure 1-4). However, 

fkh1Δ also show differences in CLB2 expression compared to wild type cells, albeit subtle   
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Figure 1-3. CLB2-cluster transcriptional defect and morphological defect in FKH mutants. 

(A) Cartoon depiction of CLB2-cluster transcript levels throughout the cell cycle of WT and 

fkh1Δfkh2Δ yeast. Levels of CLB2-cluster transcription are much lower in fkh1Δfkh2Δ yeast and 

their levels peak later in the cell cycle. (B) Images of WT, clb2Δ, and clb1Δclb2Δ mutant yeast 

from [14]. Images of fkh1Δ, fkh2Δ, and fkh1Δfkh2Δ mutant yeast from [9]. Pseudohyphal growth 

is observed in both fkh1Δfkh2Δ and clb1Δclb2Δ yeast. 
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Figure 1-4. Primary amino acid sequence comparison of Fkh1 and Fkh2. Adapted from [10]. 

Boundaries of the phosphothreonine-binding Forkhead-associated (FHA) domains were 

determined based on my own homology modeling and alignment (discussed in Chapter 2 and 

Appendix B). Boundaries of the DNA binding domains (DBDs) were based on [9]. Identity and 

similarity calculated using BLAST P [17]. Fkh2 phosphorylation sites [18] are marked with 

asterisks. 
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compared to either fkh2Δ or fkh1Δfkh2Δ cells [9]. All together these and other data indicate that 

FKH2 is likely the main regulator of CLB2-cluster transcription, with FKH1 playing an accessory 

and perhaps attenuating role in wild-type cells. However, in the absence of Fkh2, Fkh1 can clearly 

substitute to a large extent for Fkh2 functions, though the precise mechanisms by which Fkh1 

plays this role are unclear. 

 

1.1.5 Mechanisms of transcriptional regulation by Fkh1 and Fkh2 

The mechanism by which Fkh2 regulates transcription of CLB2-cluster genes has been 

worked out in some detail (Figure 1-5). Fkh2-Mcm1 cooperative binding requires a small region 

of Fkh2 N-terminal of its DNA binding domain that is not present on Fkh1 [19]. This binding 

requires residue Y315 of Fkh2 and V69 of Mcm1 [19]. This Fkh2-Mcm1 complex remains bound 

to promoters throughout the entirety of the cell cycle and acts as a landing pad for other regulatory 

proteins that activate or repress transcription of target genes at various stages of the cell cycle. 

Fkh1 also remains bound to CLB2-cluster promoters throughout the cell cycle and, because CLB2-

cluster promoters often contain multiple FKH binding sites, may bind to these promoters 

simultaneously with Fkh2, though this postulate has not been tested directly [16,20]. 

Both Fkh1 and Fkh2 have been shown to associate with the Sir2 histone deacetylase at 

CLB2-cluster promoters throughout the G2-, M- and G1-phases of the cell cycle, repressing 

transcription of target genes [21]. Deletion of FKH1, FKH2, and SIR2 is lethal, suggesting that 

Sir2 must also be able to function by some other mechanism in the absence of Fkh1 and Fkh2 

[21]. Fkh2 also binds the Sin3/Rpd3 histone deacetylase complex through the same phases of the 

cell cycle and represses transcription of target genes [22,23]. The N-terminus of Fkh2 is required 

for Sin3/Rpd3 association with promoters [22]. This region is similar between Fkh1 and 2, but the   
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Figure 1-5. Fkh-regulated transcription. Mcm1 and Fkh2 cooperatively bind to target promoters 

throughout the cell cycle. Fkh1 also binds to promoters throughout the cell cycle. It does not bind 

cooperatively with Mcm1, but it is not known whether Mcm1 is also able to bind in the presence 

of Fkh1. Through the G2-, M-, and G1-phases of the cell cycle Sin3/Rpd3 and Sir2 bind to Fkh1 

and 2 and represses transcription of target genes. While Sir2 associates with both Fkh1 and 2 it is 

unknown whether Sin3/Rpd3 associates with Fkh1 under wild-type conditions or only in the 

absence of Fkh2. Cln-kinase activity is required for removal of Sin3/Rpd3 from Fkh2. Fkh2 is 

phosphorylated on S683 and T697 by the Cdc28-Clb5 kinase early in S-phase. Ndd1 is then 

phosphorylated by Cdc28-Clb2 and binds directly to the Fkh2 FHA domain and activates 

transcription of target genes.  It is unclear what role Fkh1 plays in S-phase. Fkh1 is able to recruit 

Ndd1 in the absence of Fkh2, but it is unknown whether this association occurs in wild-type cells. 

It is also unknown whether Fkh1 is able to bind additional transcriptional activators. It is possible 

that in wild-type cells the normal function of Fkh1 is to attenuate Fkh2-transcription through 

repression. Adapted from [18,21–23]. 
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exact residues that are required for Sin3/Rpd3-Fkh2 binding are unknown and may not be 

conserved between Fkh1 and 2. However, Sin3/Rpd3 are able to be recruited by Fkh1 at some 

promoters in the absence of Fkh2 [23]. The G1 CDK is required in late G1 to remove Sin3/Rpd3 

from Fkh2 and promoter regions, releasing inhibition of transcription. However, release of 

Sin3/Rpd3 from these promoters is not sufficient to activate transcription of target genes [22]. 

To activate transcription, Fkh2 recruits the Ndd1 protein in S-phase. In contrast to FKH2, 

NDD1 is an essential gene and its deletion is lethal [24]. However, deletion of FKH2, but not 

FKH1, suppresses the lethality of ndd1Δ [12,19,25], suggesting Ndd1 is necessary for activation 

of transcription when Fkh2 is bound to promoters, but that some alternative mechanism must exist 

in Fkh2’s absence. Additionally, deletion of the Fkh2 C-terminus, which is not shared with Fkh1, 

suppresses the lethality of NDD1 deletion, suggesting a role for the Fkh2 C-terminus in Ndd1-

regulated transcription [25]. Indeed, the C-terminus of Fkh2 is phosphorylated on S683 and T697 

by Cdc28-Clb5 in G1/S-phase, enhancing binding to Ndd1 [18]. It is unclear whether this effect is 

achieved through direct binding of Ndd1 to phosphorylated sites on Fkh2 or if phosphorylation 

causes a conformational change in Fkh2, allowing more efficient Ndd1 binding. The 

phosphothreonine-binding FHA domain of Fkh2 also promotes Ndd1 binding [26]. Consistent 

with the Fkh2 FHA domain’s interaction with Ndd1, Ndd1 is phosphorylated on T319 by Cdc28-

Clb2 and this phosphorylation is required for binding Fkh2 [25]. Once Ndd1 is bound to Fkh2, it 

is this Mcm1-Fkh2-Ndd1 complex that activates transcription of target genes. Both Fkh2 and Fkh1 

are capable of recruiting Ndd1 to promoters, although they may not use the same molecular 

interactions to do so, and Fkh1 likely recruits Ndd1 only when Fkh2 is absent [12]. 

In summary, the existing evidence points to Fkh1 being the main regulator of CLB2-cluster 

transcription and the major component of SFF. However, it is clear that Fkh1 must also be able to 
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regulate transcription of these genes in the absence of Fkh2, as both genes need to be deleted to 

observe the most substantial CLB2-cluster transcription and cell cycle and cell morphology 

defects. However, the mechanisms by which Fkh1 regulates CLB2 transcription in either the 

presence or absence of Fkh2 remain unclear. 

 

1.2 FHA Domains 

 

1.2.1 Role of FHA domains in biology 

Forkhead-associated (FHA) domains are protein-protein interaction domains with a high 

specificity for binding phosphothreonines [27]. Over 2000 proteins in prokaryotes and eukaryotes 

contain FHA domains [28]. In eukaryotes these domains are especially prevalent among regulatory 

proteins such as kinases, phosphatases, and transcription factors. They play a crucial role in DNA 

damage sensing and repair, chromatin remodeling, cell cycle regulation, DNA replication, and 

transcription [29–32]. Many FHA domain-containing proteins play important roles in disease, such 

as NBS1, which plays a role in the human disease Nijmegen breakage syndrome [33,34], the 

kinesin family protein KIF13A, which has been shown to play a role in anxiety in mice [35], and 

Chk2, which plays a role in human cancers [36]. 

 

1.2.2 Structure of FHA domains 

FHA domains are unique among phosphopeptide binding domains in that they specifically 

bind phosphothreonine peptides and have little to no affinity for phosphoserine peptides [37]. 

Though the primary amino acid sequence of FHA domains is not well conserved, the structure is 

conserved. The structure of an FHA domain consists of a β sandwich comprised of at least 11 β   
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Figure 1-6. FHA domain structure. (A) Structure-based sequence alignment of different FHA 

domain-containing proteins. Beta strands are in red letters. Numbered beta strands and loops are 

labeled above the corresponding sequence. The five conserved FHA residues which comprise the 

pT binding pocket are marked with asterisks. Residues in each protein shown to be important for 

binding phosphopeptides are highlighted. Adapted from [38] with additional information from 

[39–43]. (B) The conserved FHA domain fold contains 11 β strands linked by loops. The peptide 

binding interface is on loops labeled 1-6.  Adapted from [38]. 
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strands, with loops between β strands acting as the protein-protein binding interface (Figure 1-6). 

Some FHA domains contain additional structures within the loops, but the overall fold of the β 

sandwich remains intact. There are five amino acids conserved among all FHA domains which 

comprise the phosphothreonine binding pocket (Figure 1-6A, starred). These amino acids are 

located within loops 2, 3, and 4 (Figure 1-6). A number of interactions between these loops 

increase their rigidity and stabilize the phosphothreonine binding pocket [38]. 

 

1.2.3 Determinants of FHA-phosphopeptide binding specificity 

Most FHA domains interact with very short peptides within proteins, making contact with 

only a few amino acids N- and C-terminal to the phosphothreonine. Some of the first FHA domains 

characterized display a preference for a specific amino acid at the position 3 amino acids C-

terminal to the phosphothreonine (pT+3). This led to different FHA domains being grouped 

according to the type of amino acid preferred at the pT+3 position. There are FHA domains that 

prefer a negatively charged residue at the pT+3 position (including the N-terminal FHA domain 

of the DNA damage response checkpoint kinase Rad53 [39]), those with a preference for an 

aliphatic residue (including the C-terminal Rad53 FHA domain [39]), and those with a preference 

for a hydrophobic residue (including the E3 ubiquitin ligase RNF8 [43]). However, even within 

these groups there is flexibility in what types of peptides FHA domains can bind. For example, the 

N-terminal FHA domain of Rad53 generally prefers an aspartic acid at the pT+3 position, but has 

been shown to efficiently bind peptides containing an isoleucine at this position (See Table 1-1 for 

binding affinities) [44]. More recently FHA domains with no preference for a particular pT+3 

residue have been characterized. For example, the checkpoint kinase Dun1 has a preference for a 

dual phosphothreonine peptide, with one binding to the canonical pT binding pocket, and a second   
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Table 1-1. Binding affinities of different FHA domains and phosphothreonine peptides. The 

phosphothreonine residue that binds within the main pT binding pocket is shown in bold. 

Protein Peptide sequence Kd 

(μM) 

Ref. 

Rad53-1 LEV(pT)EADATFAK 0.53 [39] 

Rad53-1 NDPD(pT)LEIYS 15 [44] 

Dun1 NI(pT)QP(pT)QQST 0.3-1.2 [40] 

Ki67 KTVD(pS)QGP(pT)PVC(pT)PTFLERRKSQVAELNDDDKDDEI

VFKQPISC 

0.077 [45] 

Chk2 RHFD(pT)YLIRR 0.9 [42] 

Chk2 DDDSASEADSTD(pT)ELFETG 0.869 [46] 

RNF8 DDDSASEADSTD(pT)ELFETG 0.833 [46] 
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pT residue at the pT-2 position binding in a secondary binding pocket [40]. The human cell cycle 

protein Ki67 has an additional binding interface on β strand 4 that interacts with an extended 

peptide, providing specificity far outside of the traditional pT peptide [45].  

There have been at least two reports of FHA domains that do not require a 

phosphothreonine for binding. One of these is the Mycobacterium tuberculosis Rv1827 FHA 

domain, which has been shown to bind partner proteins in a phospho-independent manner. 

However, phosphorylation of a threonine residue within Rv1827 triggers an intramolecular 

interaction between this phosphopeptide and the Rv1827 FHA domain. This intramolecular 

interaction is stronger than the phospho-independent interactions and precludes Rv1827 from 

binding these other partners [47]. Thus, while Rv1827 is able to bind non-phosphorylated proteins, 

its affinity for phosphorylated proteins is much higher. The second phospho-independent 

interaction is that between Rad53 and Dbf4. This interaction appears to occur on a different 

interface of the N-terminal Rad53 FHA domain than phosphothreonine binding, as a mutant form 

of Rad53 that doesn’t have the ability to bind phosphopeptides (Rad53-R70A) is still able to bind 

Dbf4 [48]. Additionally, crosslinking a phosphothreonine peptide to Rad53 does not inhibit 

interaction with Dbf4. This Rad53-Dbf4 interaction requires β strands 1, 7, 10, and 11 of the Rad53 

FHA domain. This interaction surface is different from that on Ki67 which binds an extended 

peptide. Thus, while most characterized FHA interactions are phosphothreonine dependent and 

occur on the pT binding interface, it is possible for FHA domains to interact through other 

interfaces. 

 

1.3 Fkh1 role in mating-type switching 
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1.3.1 Yeast mating types and switching 

In the haploid form yeast exist as one of two distinct mating types, MATa or MATα. 

Diploids are formed by the conjugation of opposite mating-types to form MATa/MATα. Yeast 

mating-types are determined by the genes encoded at the MAT locus on chromosome III. MATa 

cells have the a1 and a2 genes at the MAT locus while MATα cells have the α1 and α2 genes (Figure 

1-7). These genes encode proteins that regulate the transcription of mating-type, haploid, and 

diploid specific genes. Additional copies of these mating-type genes are also located at the two 

silent mating loci located at either end of the same chromosome as MAT. HML, which is located 

on the left end of chromosome III, normally contains alpha mating-type sequences (HMLα). HMR, 

which is located on the right end of chromosome III, normally contains a mating-type sequences 

(HMRa). Both the HML and HMR loci are encased in silent chromatin, such that their genes are 

not expressed and yeast act as a haploid of whatever mating-type is dictated by the genes at the 

MAT locus. 

Yeast are able to divide mitotically as both haploids and diploids. However, only diploids 

are able to undergo meiosis and produce spores, a process that is advantageous in cases of nutrient 

limitation. To be able to self-diploidize yeast have evolved the ability to change their mating-type 

in a specialized DNA repair process called mating-type switching [49]. To switch mating-types, 

the MAT locus is cleaved by the HO endonuclease. The resulting double strand break is then 

repaired through homologous recombination using the mating-type genes located at either HML 

or HMR as donor template sequences [50,51]. Wild-type yeast are able to undergo this process up 

to once per generation. In G1-phase, the mother cell from the previous generation switches mating-

type while the daughter does not due to the presence of an inhibitor of HO expression [52,53]. This   
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Figure 1-7. Yeast chromosome III. Mating-type is determined by the sequences in the Y region 

of the MAT locus. Regions W, X, Z1, and Z2 are identical in MATa and MATα cells. The HO 

endonuclease cleavage site is located within the Z1 region of MAT. In wild-type yeast HMR 

contains MATa sequences, while HML contains MATα sequences. Both HMR and HML are 

encased in heterochromatin and therefore are resistant to HO endonucleolytic cleavage and do not 

express their mating-type genes. 
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results in one cell of each mating-type, allowing for diploid formation between mother and 

daughter cells. 

 

1.3.2 Directionality of mating-type switching and the recombination enhancer 

To ensure that this process results in a change in mating-type, the yeast must choose the 

proper donor for recombination. In fact, MATa cells favor recombination with HMLα ~90% of the 

time, while MATα cells choose HMRa as a donor ~90% of the time, resulting in a high frequency 

of mating-type switching (Figure 1-8A). The choice of mating-type donor, that is the directionality 

of mating-type switching, does not depend on the mating-type genes located at the silent mating-

type loci HMR or HML, but rather their position on chromosome III. In fact, HMRa can be 

completely replaced with HMLα and MATα cells will still choose the right arm (which now 

contains MATα sequences) as a donor ~90% of the time [54]. 

A regulatory cis-element called the recombination enhancer (RE), a chromosomal region 

located between the MAT and HML loci, regulates donor preference in MATa cells [55]. Deletion 

of RE in MATa cells leads to a change in donor preference such that HMR is the preferred donor 

in ~90% of cells, similar to the preference seen in MATα cells [55]. The sequence of RE contains 

a Matα2-Mcm1 operator, a Swi4-Swi6 binding site, and multiple Fkh1 binding sites (Figure 1-

8B) [56]. In MATα cells RE is bound by the Matα2-Mcm1 repressor complex, which recruits 

highly positioned nucleosomes that prevent binding of other factors [57,58]. In MATa cells 

chromatin remains open and RE is bound by Mcm1, Swi4-Swi6, and Fkh1. Deletion of any of 

these binding sites or trans-acting factors in MATa cells reduces HML usage, suggesting all of 

these proteins play a role in regulating donor preference [56,58,59]. However, the entirety of RE 

can be replaced with multimers of region A, D, or E (all of which contain Fkh1 binding sites) in   
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Figure 1-8. Directionality of mating-type switching and the recombination enhancer. (A) 

Donor choice during mating-type switching is different in MATa and MATα cells. In MATa cells 

HMLα is used as the donor ~90% of the time, whereas in MATα cells HMRa is used as the donor 

~90% of the time. Adapted from [59]. (B) There are five consensus elements in the recombination 

enhancer that are conserved among multiple yeast species. In MATa cells Mcm1 facilitates the 

binding of Swi4-Swi6 and multiple copies of Fkh1. In MATα cells the Matα2-Mcm1 repressor 

complex is bound to RE and nucleosomes are highly positioned such that other factors are unable 

to bind. Adapted from [51]. 
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MATa cells and donor preference is maintained, suggesting that the presence of multiple copies of 

Fkh1 is sufficient for RE function [56]. 

 

1.3.3 Role of the Fkh1 FHA domain in mating-type switching 

To further examine how Fkh1 is able to regulate donor preference, the Haber lab 

constructed a strain that could study the effects of Fkh1 on RE function in isolation [60]. In this 

strain, Fkh1 is expressed as a LexA fusion protein. This Fkh1-LexA fusion is fully functional in 

regulating donor preference if RE is replaced with LexA binding sites. Truncation experiments 

using this Fkh1-LexA fusion revealed that the N-terminal 120 amino acids of Fkh1, which include 

the FHA domain, are sufficient for conferring donor preference. As discussed above, FHA 

domains are phosphothreonine binding domains, and, consistent with a role for the Fkh1 FHA 

domain in RE function, mutation of casein kinase II, a Ser/Thr kinase, also reduces preference for 

HML in this system. These data support a model in which Fkh1 bound to RE binds to proteins 

phosphorylated on threonines present at the double strand break at MAT (Figure 1-9). The model 

posits that this association brings HML in close proximity to MAT, leading to a preference for 

using HML as a donor for recombination. 

 

1.4 Fkh1 role in DNA replication 

 

1.4.1 Eukaryotic DNA replication origins and timing 

In the vast majority of cells, DNA replication initiates at specific chromosomal loci called 

origins. Eukaryotes have multiple origins per chromosome and replication at these origins is 

regulated both spatially and temporally. Replication at some origins initiates early in S-phase,  
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Figure 1-9. Model of Fkh1-regulated mating-type switching. The HO endonuclease cuts at 

MATa, where the model proposes that a protein(s) bound to the double-strand break is 

phosphorylated on threonines. Fkh1 bound to RE then binds to these phosphorylated proteins, 

causing a conformational change in the chromosome that leads to an increased preference for 

recombination with HML. Adapted from [60]. 
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while at others it initiates later in S-phase or not at all (Figure 1-10). Generally, in yeast DNA 

replication is initiated earlier at origins located near centromeres and later at origins located in 

telomeric regions. However, there are “early” and “late” firing origins at all different loci 

throughout the genome. In multicellular organisms, this temporal replication pattern is associated 

with normal cellular proliferation [61]. Perturbation of this pattern can lead to genome instability, 

a hallmark of cancer. Therefore, the mechanisms that regulate the timing of activation at different 

origins are important for understanding basic biology as well as human disease. However, the 

mechanisms underlying this type of control remain fairly obscure, though recent advances at the 

level of molecular mechanism have been made in some cases [62]. 

Eukaryotic replication origins are recognized by a heterohexameric protein complex called 

the origin recognition complex (ORC) [63]. ORC binds to origin DNA and recruits the proteins 

necessary to initiate DNA replication. In Saccharomyces cerevisiae ORC recognizes a specific 

DNA sequence element. However, while ORC in metazoans still binds DNA, it appears to have 

no sequence specificity [64,65]. Several studies indicate that metazoan ORC likely recognizes 

origins through interactions with chromatin features, although these features have not been well-

defined [66]. Studies from our lab have demonstrated that while yeast ORC does have sequence 

specificity, it is also able to recognize sequence independent features or origins [67,68]. In fact, a 

study in our lab has shown that origins that rely less on DNA sequence and more on chromatin 

features for ORC binding tend to replicate earlier in S-phase [68]. However, the identities of these 

chromatin features remain mostly unknown. 

 

1.4.2 Role of Fkh1 and Fkh2 in replication timing 

  



25 

 

 

 

 

 

Figure 1-10. Origin activation timing of yeast chromosome VI. The origins of yeast 

chromosome VI (blue) are activated in a characteristic temporal order, creating a distinct 

replication profile. 
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Fkh1 and Fkh2 have both been implicated in the regulation of timing of DNA replication 

initiation. Deletion of FKH1 and FKH2 alters the activation timing of multiple origins throughout 

the genome [69]. Specifically, in fkh1Δfkh2Δ cells the activation of normally early firing origins 

is delayed, while the activation of late firing origins is advanced. Fkh1 appears to be the main 

regulator of this activity, as replication timing is affected more drastically in fkh1Δ cells than in 

fkh2Δ cells, although fkh1Δfkh2Δ cells display the most drastic phenotypic change [69]. Fkh 

binding sites were found to be enriched near origins that fired earlier in S-phase. Genome-wide 

binding analysis shows that Fkh1 binds the majority of these origin-associated sites, with Fkh2 

binding many fewer origins [20]. Fkh-associated origins fire early in S-phase even when relocated 

to a normally late-firing area of the genome [70]. However, mutation of Fkh binding sites near 

early-firing origins delays their activation time, suggesting that Fkh binding is responsible for 

earlier activation time [69,70]. Origins not associated with Fkh1/2 fire earlier in fkh1Δfkh2Δ cells. 

However, this is thought to be an indirect effect due to an increased availability of rate-limiting 

factors that would otherwise be localized to early Fkh-associated origins. Indeed, overexpression 

of Fkh1 and 2 advances activation timing across the genome, suggesting Fkh1/2 may act as rate-

limiting factors themselves or aid in the recruitment of rate-limiting factors [71]. 

Chromosome conformation capture-on-chip (4C) analysis demonstrated that some Fkh-

activated origins were in close association with each other and that this association was lost upon 

deletion of FKH1 and FKH2 [69]. A model proposed by the Aparicio lab posits that Fkh1/2 act to 

cluster origins into “replication factories” in the nucleus where the relative concentration of rate-

limiting replication factors is high. Fkh1 interacts physically with ORC [69]. However, it is not 

known if Fkh1 is interacting with ORC in cis (i.e. Fkh1 and ORC bound to the same origin) or in 

trans (i.e. Fkh1 bound to the Fkh binding site at one origin and ORC bound to a different origin).   
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Figure 1-11. Models for regulation of origin timing by Fkh1. Fkh1 bound to origin DNA may 

serve as an additional mechanism to recruit ORC in addition to ORC-DNA interactions and ORC 

interaction with other chromatin features. Fkh1 may also serve to cluster origins into replication 

factories within the nucleus where the concentration of rate-limiting factors required for DNA 

replication initiation is proposed to be high. One model posits that this is through Fkh1 (green) 

interactions with ORC (red) bound to different origins. However, other Fkh1 interactions or Fkh1-

independent interactions could be responsible for this clustering. 
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This model further posits that Fkh1-ORC binding in trans could serve as a mechanism for 

clustering origins. However, Fkh1 that binds ORC in cis could serve as a chromatin feature that 

ORC uses to recognize origin DNA, which may also affect replication timing (Figure 1-11). These 

two possibilities are not mutually exclusive. Fkh1 may be able to bind ORC both in cis and trans. 

It is also possible that the Fkh1-ORC interaction occurs exclusively in cis and that origin clustering 

observed at these early origins is due to an independent mechanism. However, whether the timing 

or clustering effects could be due to global changes in cell cycle transcription has not been 

investigated fully and could be a possibility, as well. 

 

1.5 The FOX family of transcription factors 

 

The Saccharomyces cerevisiae Fkh1 protein is a member of the FOX (forkhead box) family 

of proteins defined by their winged-helix DNA binding domains. FOX family transcription factors 

are evolutionarily conserved in eukaryotic organisms from yeast to humans and are important for 

their roles in regulating the cell cycle and differentiation [72]. Humans have 50 FOX family 

proteins divided into 19 subfamilies [73]. These proteins regulate transcription through diverse 

actions (reviewed in [74]). For example, the FOXA subfamily primarily act as pioneer factors, 

which are able to directly promote nucleosome de-compaction to allow other transcriptional 

regulators access to bind. Members of the FOXP family act as classical transcription factors by 

binding to promoters and recruiting chromatin modifying enzymes which regulate transcription. 

Some FOX subfamilies, such as the FOXO subfamily, are able to act as both pioneer factors and 

classical transcription factors.  
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Like yeast Fkh1 and Fkh2, many of these FOX family transcription factors play important 

roles in cell cycle regulatory transcription. Like Fkh1 and 2, the FOXM proteins play an important 

role in regulating the G2/M transition in the human cell cycle [75]. Due to their importance in 

regulating the cell cycle and differentiation, many human FOX genes are implicated in cancer and 

other human diseases [75,76]. FOX genes can act as both oncogenes and tumor suppressor genes  

[75,77,78]. For example, deletion of FOXO1 is observed in many human prostate cancers, 

suggesting it may play a role in suppressing these cancers [79]. Amplification of the FOXM1 locus 

is associated with multiple different cancers, suggesting it acts as an oncogene [80–82]. FOX 

proteins also play crucial roles in normal development and cellular differentiation in humans, as 

well as in other areas of disease such as insulin response and speech acquisition (reviewed in [76]). 

While the cell cycle regulatory transcriptional roles of S. cerevisiae FOX proteins Fkh1 

and Fkh2 are clearly important, there is increasing evidence, especially for Fkh1, that these 

proteins are able to regulate processes independent of transcription. Data from my work and others 

have shown an importance for the FHA domain in many of these processes, including mating-type 

switching, DNA replication, and transcription [25,26,60,71]. However, the only FOX proteins in 

humans that contain FHA domains are FOXK1 and FOXK2 and very little is known about the 

function the FOXK FHA domains play in human biology. 

FOXK1 is required for the proliferation of muscle stem cells and muscle generation 

[83,84]. A recent study provides evidence for a central role for FOXK1 in mTOR-signaling-

controlled transcriptional regulation of autophagy genes [85]. In response to mTOR signaling, 

FOXK1-containing complexes at gene promoters disassemble and FOXK1 moves out of the 

nucleus and remains stably “stored” in the cytoplasm. These steps contribute to the activation of 

autophagy genes in part by relieving basal repression and in part by allowing the activating FOXO3 
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protein to bind autophagy gene promoters and induce the autophagy program. FOXK1 in the 

nucleus represses transcription at these promoters through the recruitment of Sin3A-HDAC 

complexes [85]. Fkh1 and 2 have been shown to recruit the yeast Sin3A homolog, Sin3, to 

promoters and repress transcription, showing some functional conservation with the FOXKs 

[22,23]. Further investigation into how Fkh1 functions in yeast may lead to important insights for 

how the FOXKs or other FOX proteins function in human development and disease. 
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Chapter 2 

Binding of the Fkh1 Forkhead Associated Domain to a 

Phosphopeptide within the Mph1 DNA Helicase Regulates Mating-

Type Switching in Budding Yeast 

 

2.1 Preface 

This chapter has been accepted for publication in PLoS Genetics [86]. Some of the figure 

panels have been moved to incorporate supplemental figures into the main text. I (with the help of 

my advisor, Catherine Fox) conceived and designed all of the experiments. Zhangli Su analyzed 

the fluorescence anisotropy data and generated the model of Fkh1 electrostatic potential. Rachel 

Cherney aided in the construction of yeast strains and performed some of the dissections shown in 

Figure 2-5. Ulrika Müller performed the initial 2-hybrid screen. Xiaolan Zhao and Koyi Choi 

contributed yeast strains containing various MPH1 alleles. Catherine Fox and Xiaolan Zhao helped 

with the writing of the manuscript. 

 

2.2 Abstract 

The Saccharomyces cerevisiae Fkh1 protein has roles in cell-cycle regulated transcription 

as well as a transcription-independent role in recombination donor preference during mating-type 
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switching. The conserved FHA domain of Fkh1 regulates donor preference by juxtaposing two 

distant regions on chromosome III to promote their recombination. A model posits that this Fkh1-

mediated long-range chromosomal juxtaposition requires an interaction between the FHA domain 

and a partner protein(s), but to date no relevant partner has been described. In this study, we used 

structural modeling, 2-hybrid assays, and mutational analyses to show that the predicted 

phosphothreonine-binding FHA domain of Fkh1 interacted with multiple partner proteins. The 

Fkh1 FHA domain was important for its role in cell-cycle regulation, but no single interaction 

partner could account for this role. In contrast, Fkh1’s interaction with the Mph1 DNA repair 

helicase regulated donor preference during mating-type switching. Using 2-hybrid assays, co-

immunoprecipitation, and fluorescence anisotropy, we mapped a discrete peptide within the 

regulatory Mph1 C-terminus required for this interaction and identified two threonines that were 

particularly important. In vitro binding experiments indicated that at least one of these threonines 

had to be phosphorylated for efficient Fkh1 binding. Substitution of these two threonines with 

alanines (mph1-2TA) specifically abolished the Fkh1-Mph1 interaction in vivo and altered donor 

preference during mating-type switching to the same degree as mph1Δ. Notably, the mph1-2TA 

allele maintained other functions of Mph1 in genome stability. Deletion of a second Fkh1-

interacting protein encoded by YMR144W also resulted in a change in Fkh1-FHA-dependent donor 

preference.  We have named this gene FDO1 for Forkhead one interacting protein involved in 

donor preference. We conclude that a phosphothreonine-mediated protein-protein interface 

between Fkh1-FHA and Mph1 contributes to a specific long-range chromosomal interaction 

required for mating-type switching, but that Fkh1-FHA must also interact with several other 

proteins to achieve full functionality in this process. 
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2.3 Introduction 

The Saccharomyces cerevisiae Fkh1 (forkhead homolog 1) protein is a member of the FOX 

(forkhead box) family of proteins defined by their winged-helix DNA binding domains. The FOX 

family proteins are best known for their transcriptional roles in regulating the cell cycle and 

differentiation [72]. For example, the Fkh1 paralog, Fkh2, controls the cell-cycle regulated 

transcription of the CLB2-cluster genes required for the proper execution of M-phase events [4,9–

13,18,19,22,25,26]. Fkh1 appears to play an accessory role here, as deletion of both FKH1 and 

FKH2, but not either gene alone, causes severe cell-cycle dysfunction. However, its molecular 

functions and the mechanisms by which Fkh1 participates in this process remain poorly understood 

[9,16]. Accumulating evidence indicates that Fkh1 and 2 also play a transcription-independent role 

in regulating the timing profile for DNA replication origin activation [69,70]. In addition, Fkh1 

has a unique role not shared with Fkh2 in recombination-mediated mating-type switching [56,59], 

but the molecular mechanisms of this Fkh1 function are not completely understood. 

Mating-type switching allows haploid cells of one mating-type to switch to the other, 

consequently enabling two neighboring haploids to mate and undergo sexual reproduction [49]. 

Mating-type switching is a critical aspect of yeast biology and evolution that has been used as a 

model to better understand the repair of double-strand breaks (DSBs) through homologous 

recombination [51]. During mating-type switching, a DSB is generated by the HO endonuclease 

at the MAT locus that contains either a- or alpha- mating-type genes. This break is repaired through 

homologous recombination using donor template sequences located at the silent mating-type loci, 

HML or HMR, at the opposite ends of the same chromosome as MAT (Figure 2-1A) [50,51]. HML 

and HMR contain a repressed copy of alpha (HMLα) or a genes (HMRa), respectively. Productive 

mating-type switching requires the proper choice between these two donor loci so that the opposite  
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Figure 2-1. Donor preference during mating-type switching is regulated by Fkh1 through 

the recombination enhancer. (A) MATa cells primarily use HMLα as a donor, while MATα cells 

use HMRa as a donor, resulting in a high frequency of mating-type switching. Adapted from 

[59,87]. (B) Model of Fkh1-regulated mating-type switching. Adapted from [60]. The HO 

endonuclease cuts at MATa, and a protein(s), phosphorylated on specific threonine residues binds 

to the double-strand break (DSB). Fkh1 bound to the RE interacts with these phosphorylated 

proteins. These interaction(s) bring HML close to the DSB at MAT and result in substantial 

preference for recombination between MAT and HML. 
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mating-type gene is inserted at MAT. Thus MATa cells favor recombination with HMLα ~90% of 

the time, while MATα cells choose HMRa as a donor ~90% of the time (Figure 2-1A). The choice 

of mating-type donor, that is the directionality of mating-type switching, does not depend on the 

mating-type genes themselves, but on the protein-DNA complex that forms at a regulatory cis-

element called the recombination enhancer (RE), a chromosomal region located between the MAT 

and HML loci [55]. Fkh1 has been shown to regulate the directionality of mating-type switching 

by binding to RE in MATa cells and establishing a strong preference for HMLα for repair (Figure 

2-1B) [56]. The forkhead associated (FHA) domain of Fkh1 is sufficient for this function as a 

LexA-Fkh1-FHA domain fusion is fully functional in regulating donor preference if RE is replaced 

with LexA binding sites [60]. 

FHA domains are present in many proteins involved in chromosomal functions and serve 

as protein-protein interaction modules that specifically recognize phosphorylated threonine 

residues [27,29–31,37]. This property of FHA domains and the involvement of the Fkh1 FHA 

domain in donor preference during mating-type switching support a model in which the Fkh1 FHA 

domain controls the directionality of mating-type switching through direct interactions with a 

phosphorylated protein partner(s) (Figure 2-1B). This model posits that the presumed partner 

protein(s) likely binds the DSB at MATa, and through an interaction with Fkh1 bound to RE, 

localizes HMLα, the donor locus, near the DSB, allowing for efficient strand invasion to occur 

[60]. Currently, the identities of this Fkh1 partner protein(s) is unknown, and the possible roles of 

this protein(s), or the Fkh1 FHA domain, in Fkh1’s other cellular roles are also unknown.   

To address these issues, we performed a 2-hybrid interaction screen that identified five 

Fkh1-interacting proteins. Domain analyses revealed that Fkh1 interacted with each of these 

proteins via its FHA domain. Mutation of key residues within this domain revealed that it was 
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important for Fkh1’s role in cell-cycle regulation, though no single interacting partner could 

account for this role. In addition, our genetic analyses indicate that functions of the FHA domain 

outside of its phosphopeptide binding activity contribute to Fkh1’s cell cycle role. Focusing on 

one Fkh1 binding partner, Mph1, we found that its loss altered donor preference during mating-

type switching. Using multiple approaches, we defined a peptide within Mph1 that interacted 

directly and efficiently with purified Fkh1 in vitro and in a manner that depended on the 

phosphorylation state of two threonines within the peptide. Mph1 also interacted with Fkh1 in cells 

and this interaction required the same threonines that mediated the Fkh1-Mph1-peptide interaction. 

Alanine substitutions of the two threonines in Mph1 (mph1-2TA) caused a defect in donor 

preference during mating-type switching similar to that caused by mph1Δ. However, mph1-2TA 

cells did not share other cellular defects caused by mph1Δ, such as sensitivity to MMS or an 

elevated rate of mutation. Because MPH1 could only partially explain Fkh1-FHA’s role in mating-

type switching, we examined the role of a second Fkh1-interacting protein identified in our screen, 

encoded by YMR144W. A ymr144WΔ also altered mating-type switching directionality, and 

ymr144WΔ mph1Δ reduced the efficiency of this process beyond that of either mutation alone. We 

have named this gene FDO1 for Forkhead one interacting protein involved in donor preference. 

Thus we have delineated a specific cellular role for Fkh1 and Mph1 mediated by an FHA-

phosphothreonine interaction, and provided evidence that Fkh1-FHA bound to the RE likely must 

recognize several proteins at the DSB for full function in mating-type switching directionality. 

 

2.4 Results 

 

2.4.1 Yeast 2-hybrid screen identified five proteins that interact with Fkh1 
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Table 2-1. Fkh1 2-hybrid interacting proteins. 

Name  Description Region 

identified in 

screen (aas) 

Fkh1-FLAG 

interactor? 

[94]  

MPH1  DNA repair helicase 762-993 Yes 

ECM30  Putative protein involved in cell wall 

biosynthesis 

1005-1183 No 

GLN3  Transcriptional activator of genes regulated by 

nitrogen catabolite repression 

20-189 No 

URE2  Transcriptional regulator that acts by inhibition 

of GLN3 transcription in good nitrogen source 

84-354 Yes 

FDO1 

(YMR144W)  

Putative nuclear protein of unknown function 98-342 Yes 
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To identify proteins that interact with Fkh1, we used a 2-hybrid interaction screen in which 

a Fkh1-Gal4 DNA binding domain (Fkh1-GBD) fusion protein served as bait and a library of Gal4 

activation domain (GAD) fusions served as prey [88]. This Fkh1-GBD fusion protein contained 

the entire Fkh1 coding sequence except for its forkhead DNA binding domain, as this domain was 

replaced with GBD. Five proteins were identified as positive interactors from this screen (Table 

2-1). These included the DNA helicase Mph1 that is involved in recombinational repair, the Gln3 

and Ure2 proteins involved in transcriptional control, and the two uncharacterized proteins with 

unclear functions [89–93]. Mph1, Ure2, and Fdo1 (formerly Ymr144w) were identified in a  

previous proteomic screen as proteins that co-purified with a Fkh1-FLAG fusion protein [94], 

verifying the effectiveness of our screen. 

 

2.4.2 The FHA domain of Fkh1 interacted with the C-terminal domain of Mph1 

To define how Fkh1 interacts with the proteins identified in our screen, we tested which 

regions of Fkh1 interacted with Mph1, the yeast homolog of the human FANCM helicase [95,96]. 

The Fkh1-Mph1 interaction was of particular interest because both proteins are implicated in 

recombinational repair, though each protein also has other functions [51,56,60,95,96]. Our 2-

hybrid screen identified the C-terminal region of Mph1 (amino acids 762-993, henceforth referred 

to as Mph1-Ct), which has been shown to act as a regulatory domain on this protein, providing 

interaction sites for numerous proteins that regulate its function  [97–100]. To define the region of 

Fkh1 that interacts with Mph1-Ct, we tested several GBD constructs containing different regions 

of Fkh1 (Figure 2-2A) and found that amino acids 50-202 of Fkh1, the majority of which is 

comprised of the FHA domain, was sufficient for interaction with Mph1-Ct (Figure 2-2B). 

Conversely, the fkh1(Δ50-202) mutant did not interact with Mph1-Ct. Thus, the region of Fkh1   
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Figure 2-2. Fkh1 interacted with Mph1 through the FHA domain. (A) Diagram of GBD-Fkh1 

fusions used in panel (B). (B) Yeast 2-hybrid assays performed using various regions of Fkh1 as 

bait (shown in panel (A)). Interaction was assessed by selection for activation of reporter genes 

HIS3 and ADE2 on media lacking histidine or both adenine and histidine. Note that many GBD-

Fkh1 fusion proteins were able to activate transcription of the HIS3 reporter gene in the absence 

of an interaction partner. Therefore, interaction was defined as the ability to grow on selective 

media only in the presence of an interaction partner, and not the GAD alone. For most constructs 

analyzed, interaction was determined by growth on media lacking both histidine and adenine 
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containing amino acids 50-202 (henceforth referred to as Fkh1-FHA) was necessary and sufficient 

to interact with Mph1-Ct. 

 

2.4.3 Modeling of the FHA domain of Fkh1 defined residues predicted to be important for 

phosphothreonine binding 

Next, we examined whether the predicted phosphothreonine binding ability of Fkh1-FHA was 

required for binding Mph1. To this end, we performed homology modeling (Fig 2-3A-D) using 

published structures of multiple FHA domains as template (see Table 2-2). Of the homology 

models generated, the one using the well-characterized N-terminal FHA domain of the checkpoint 

protein Rad53 [39] as template yielded the highest quality model (Table 2-2). Using this 

information, as well as additional secondary structure prediction [104] of the regions not modeled, 

we generated a structure-based sequence alignment of the Fkh1 and Rad53 FHA domains. Upon 

generation of the homology model and alignment, we found that the FHA domain of Fkh1 is ~50 

amino acids larger than previous studies have reported [10,60], as it contains two extra predicted 

β-strands in addition to the 11 β-strands which comprise the core FHA domain fold [38] (Figure 

2-3). In addition, this approach allowed for identification of several amino acids predicted to be 

on or near the phosphopeptide binding surface of Fkh1 (Figure 2-3). Five of these residues (Figure 

2-3E, boxed) form the phosphothreonine binding pocket and are conserved among FHA domains 

[113]. In addition, multiple residues within loops two, three, and four of this domain can make 

direct contacts with phosphopeptide binding partners in other FHA domains and are less well 

conserved, allowing different FHA domains to have distinct binding specificities [38]. We note 

that the predicted phosphopeptide binding surface of Fkh1 FHA is predominantly positively  
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Figure 2-3. Homology modeling and structure-based sequence alignment of the Fkh1 FHA 

domain. (A) A predicted structure for amino acids 72-170 of the Fkh1 FHA domain was generated 

by SWISS-MODEL using the N-terminal Rad53 FHA domain as a template (PDB 1G6G) 

[39,101–103]. See Table 2-2 for a table of other templates used for homology modeling. The 

Rad53 structure with associated peptide is shown in orange and was chosen for this comparison 

because it produced the highest quality model (as determined by QMEAN Z-scores-see Table 2-

2). The predicted Fkh1 FHA domain structure is shown in blue. (B) Predicted structure for the 

Fkh1 FHA domain. Residues analyzed that were required for binding Mph1 in the 2-hybrid context 

are shown in red and labeled by their residue number. Residues analyzed that were not required 

for binding Mph1 are shown in black (See Figure 2-4 for 2-hybrid data). (C) Model of electrostatic 

potential of the Fkh1 FHA domain. Blue indicates positively charged regions. Red indicates 

negatively charged regions. (D) The positively charged region on the phosphopeptide interaction 

surface contains residues R80, K107, R111, K112, and R132. (E) Structure-based sequence 

alignment between the N-terminal Rad53 FHA domain (Rad53-1) and the Fkh1 FHA domain 

(Fkh1). Alignment was generated using structural predictions of the Fkh1 FHA domain, which 

include a combination of the Rad53-based homology model and secondary structure prediction 

[104]. Conserved FHA domain β-strands and the loops which comprise the peptide binding site 

are labeled [38]. Rad53 β-strands are shown in red. Fkh1 β-strands predicted in the homology 

model are shown in red and those predicted from secondary structure prediction are shown in blue. 

The five conserved FHA residues that comprise the phosphothreonine binding pocket are boxed. 

Fkh1 residues shown to be required for binding to Mph1 are highlighted yellow and residues from 

Rad53 that make direct contact with a Rad9-derived peptide are highlighted green. Fkh1 residues 

that were tested but not required for Mph1 binding are underlined.  
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Table 2-2. Template structures used for homology modeling of the Fkh1 FHA domain. 

QMEAN4 scores provided by SWISS-MODEL [105]. 

Protein Name PDB ID Ref QMEAN4 

Raw Score 

QMEAN4 

Z-Score 

Chfr-Native 1LGQ [106] 0.417 -3.691 

Chfr-Tungstate bound 1LGP [106] 0.302 -4.772 

Chk2-P2 form 3I6W [107] 0.323 -4.571 

Chk2-P212121 form 3I6U [107] 0.417 -3.688 

Chk2 1GSC [42] 0.496 -2.98 

Ki67 2AFF [41] 0.419 -3.633 

Ki67 1R21 [45] 0.357 -4.23 

PNK3-P 2BRF [108] 0.183 -5.6 

PNK 1YJM [109] 0.405 -3.4 

Rad53-1 1G6G [39] 0.491 -2.773 

Rad53-1 1J4P [110] 0.409 -3.237 

Rad53-2 1J4K [111] 0.439 -3.41 

Rad53-2 1DMZ [112] 0.256 -5.07 

RNF8 2PIE [43] 0.392 -3.51 
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charged, suggesting a preference for binding to a peptide with negatively charged residues (Figure 

2-3C, D). 

 

2.4.4 Putative phospho-binding residues of the Fkh1 FHA domain were important for 

associating with Mph1 

Based on this structural and alignment information we engineered several single amino acid 

substitutions in Fkh1-FHA and assessed their ability to interact with Mph1-Ct in 2-hybrid assays. 

We found that several amino acids predicted to be on the phosphopeptide binding surface, as well 

as a more distal residue (S155), were important for interaction with Mph1 (Figure 2-3B-red, 2-3E- 

highlighted yellow, and 2-4A). For example, Fkh1 R80 is conserved in all FHA domains and the 

analogous residue in Rad53 makes direct contact with its partner peptide [39,113]. Substitution of 

alanine for Fkh1 R80 abolished the interaction between Fkh1-FHA and Mph1-Ct (Figure 2-3B, E 

and Figure 2-4A). In contrast, amino acid substitutions in several amino acids predicted not to be 

on the phosphopeptide binding interface of Fkh1-FHA had no effect on the Fkh1-FHA-Mph1-Ct 

2-hybrid interaction, including substitutions within the extended loop two (Figure 2-3B-black, 2-

3E-underlined, and 2-4B). Taken together, these mutagenesis studies suggest that the predicted 

phosphopeptide-interaction surface of the FHA domain of Fkh1 is important for interaction with 

Mph1. 

 

2.4.5 Fkh1 interacted with five partner proteins via its conserved FHA domain 

To test whether the FHA domain of Fkh1 is also involved in interacting with other proteins 

recovered from our 2-hybrid screen, we examined their binding to Fkh1-FHA and the mutant 

constructs described above in the 2-hybrid assay (Figure 2-4A, C). Fkh1-FHA was necessary and   
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Figure 2-4. Phosphothreonine binding capability of the Fkh1 FHA domain was required for 

interaction with multiple partner proteins. (A-C) Yeast 2-hybrid assays using different mutant 

forms of Fkh1 bait. The FHA domain is defined as amino acids 50-202. GAD constructs contain 

the segment of each protein identified in the original 2-hybrid screen (listed in Table 2-1) or the 

GAD alone.  
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sufficient to interact with Ecm30(1005-1183), Gln3(20-189) and Ure2(84-354) (Figure 2-4A). In 

addition, with only a few exceptions for assays with Gln3, the amino acid substitutions that 

abolished Fkh1-FHA-Mph1-Ct binding also abolished the interaction with these other proteins. 

Finally, a region containing the FHA domain of Fkh1 was necessary but not sufficient to interact 

with Fdo1, suggesting the involvement of additional regions for their interaction (Figure 2-4C). 

Thus Fkh1 can interact with a number of distinct proteins via its conserved FHA domain. 

 

2.4.6 The FHA domain contributed to Fkh1’s overlapping role with Fkh2 in the regulation of 

cell growth 

To understand the biological functions of protein interactions observed with the Fkh1 FHA 

domain, we investigated whether this domain was required for the functions shared between Fkh1 

and 2, namely the regulation of the cell cycle and colony morphology. Deletion of both FKH1 and 

FKH2, but not either gene alone, causes cell-cycle dysfunction that leads to a pseudohyphal-like 

growth that produces rough, chalky colonies that scar solid agar medium [9–13]. While the FHA 

domain of Fkh2 is important for FKH2 function [25,26], the role of the Fkh1 FHA domain in 

FKH1 function in these phenotypes has not been reported. Therefore, we determined whether 

mutant versions of Fkh1 examined above (referred to as fkh1-m) resulted in these defects in a fkh2Δ 

background (Figure 2-5A). We note that all the examined fkh1-m proteins were expressed at levels 

similar to that of wild type Fkh1 (Figure 2-5B), indicating that any observed defects are not due to 

a loss of Fkh1 protein. 

By examining spore clones generated from diploids heterozygous for both fkh1-m and 

fkh2Δ, we first confirmed previous findings that fkh1Δ fkh2Δ and fkh1-dbdΔ fkh2Δ yeast grew 

slowly and produced a colony that scarred the agar medium (Figure 2-5C) [9]. We also found that   
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Figure 2-5. The FHA domain of Fkh1 was involved in maintaining proper cell morphology 

and growth rate. (A) Schematic of morphology experiment. Haploids expressing the indicated 

mutant were crossed to fkh2Δ haploid yeast to form heterozygous fkh1-m/+ fkh2Δ/+ diploids. 

Diploids underwent meiosis and tetrads were dissected. Spore clones containing both the indicated 

mutation and fkh2Δ were assessed for morphology differences by agar scarring assays. All 

pertinent genotypes were assessed by PCR. Agar scarring was assessed by gently patching haploid 

strains onto YPD and washing with H2O after three days. (B) Protein immunoblot of fkh1-m strains 

using anti-Fkh1 antibody. Orc1 detected with an anti-Orc1 antibody [114] served as a loading 

control. (C) Morphology assays as described in panel (A). Representative tetrads in which all four 
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possible allelic combinations are present are shown. Spore clones containing both the indicated 

mutation and fkh2Δ are underlined. Agar scarring assays were performed on the underlined spore. 

(D) Doubling times of fkh1-m fkh2Δ strains in liquid YPD media. Averages are based on at least 

3 replicates. Error bars represent 1 standard deviation. Asterisks indicate level of statistical 

significance compared to fkh2Δ cells. P-value of 0.05-0.001=*, p-value <0.001=**. 
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a fkh1 allele lacking the FHA domain coding region (Δ50-202, fkh1-fhaΔ), when combined with 

fkh2Δ, produced the same phenotype as fkh1Δ and fkh1-dbd∆ (Figure 2-5C). Thus, this N-terminal 

region including the Fkh1 FHA domain (residues 50-202) was important for Fkh1’s role in cell 

cycle regulation. The single residue substitution alleles examined, fkh1-R80A, fkh1-S110A and 

fkh1-R111A produced smaller colonies when combined with fkh2Δ, indicating that these single 

amino acids were also essential for wild-type Fkh1 function in this assay (Figure 2-5C). Each of 

these residues is predicted to be critical for the phosphopeptide binding function of the Fkh1 FHA 

domain. The remainder of the fkh1-m alleles examined in this assay caused no discernible defect 

when combined with fkh2Δ (Figure 2-5C). However, most of the alleles did reduce mitotic growth 

rates in liquid culture when combined with fkh2Δ, suggesting a defect in functions that overlap 

with Fkh2 (Figure 2-5D). The different effects of fkh1-fhaΔ versus the fkh1-m alleles suggest that 

Fkh1 residues 50-202 have functions beyond phosphopeptide binding activity in cell cycle 

regulation. Regardless, most single amino acid substitutions predicted to reduce or abolish FHA 

phosphopeptide binding activity caused mitotic growth defects, supporting a role for the Fkh1 

FHA domain in Fkh1’s overlapping roles with Fkh2 in the yeast cell cycle. 

 

2.4.7 Fkh1’s overlapping role with Fkh2 did not depend on any single binding partner identified 

in the 2-hybrid screen 

The data presented above supported the hypothesis that Fkh1’s role in cell-cycle regulation 

is mediated through the Fkh1 FHA domain’s interaction with one or more partner proteins. To test 

if any of the putative partners defined in the 2-hybrid screen were important for this role, we 

examined whether deletions of genes encoding these proteins phenocopied a fkh1-fhaΔ or the fkh1-

m alleles, such as fkh1-R80A, using the same genetic logic as in Figure 2-5A. A complete deletion 



50 

 

 

 

 

of the protein coding regions for MPH1, ECM30, GLN3, URE2 or FDO1 did not reduce colony 

size when combined with a fkh2Δ, the diagnostic for Fkh1 function in this assay (Figure 2-5C). A 

ure2Δ did slow colony formation after dissection, but this effect did not require a fkh2Δ mutation. 

Therefore, no single Fkh1 interaction partner identified in the 2-hybrid screen could explain how 

the FHA domain contributed to Fkh1’s overlapping role with Fkh2 in cell-cycle regulation and 

morphology. 

 

2.4.8 The Fkh1-Mph1 interaction required either one of two specific threonines within the C-

terminus of Mph1 

An important transcription-independent function of Fkh1 lies in the regulation of recombination-

mediated mating-type switching [56,60]. Only one Fkh1-interaction partner identified in our 2-

hybrid screen, Mph1, has an established role in recombinational repair [95,96,115]. Therefore, we 

focused on gaining a better molecular understanding of the Fkh1-Mph1 interaction. First, we 

confirmed this interaction using co-immunoprecipitation. Fkh1 was recovered in an 

immunoprecipitation with anti-FLAG antibodies only in cells expressing Mph1-FLAG (Figure 2-

6A). Conversely, Mph1-FLAG was recovered in an immunoprecipitation with anti-Fkh1 

antibodies only in cells expressing Fkh1 (Figure 2-6B). We found that this co-immunoprecipitation 

interaction depended on the region containing the FHA domain of Fkh1 (Figure 2-6B), validating 

our 2-hybrid results. In addition, 2-hybrid assays using different GBD-Mph1 fusions showed that 

amino acids 762-993 of Mph1 were both necessary and sufficient for its interaction with Fkh1-

FHA, a result consistent with our finding in the original 2-hybrid screen (Figure 2-7A). Moreover, 

a smaller Mph1 fragment composed of amino acids 751-810 was sufficient to interact with Fkh1- 
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Figure 2-6. Fkh1 and Mph1 interacted in yeast cell extracts. (A) Co-immunoprecipitation using 

anti-FLAG antibodies. Anti-FLAG antibodies were used to immunoprecipitate proteins from 

MPH1-FLAG (+) or MPH1 (-) cells. The starting extract (extract) and immunoprecipitated proteins 

(IP) were then examined by protein immunoblotting using either anti-FLAG or anti-Fkh1 

antibodies. (B) Anti-Fkh1 antibodies were used to immunoprecipitate proteins from FKH1 (+), 

fkh1Δ (Δ), or fkh1-fhaΔ (fhaΔ) cells and proteins were examined as described in panel (A).  
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Figure 2-7. The Fkh1-Mph1 interaction required either one of two closely spaced threonines 

within the C-terminus of Mph1. (A) Yeast 2-hybrid assays performed using the indicated regions 

of Mph1 as bait. Note that many GBD-Mph1 fusion proteins were able to activate transcription of 

the HIS3 reporter gene in the absence of an interaction partner. Therefore, interaction was defined 

as the ability to grow on selective media only in the presence of an interaction partner, and not the 
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GAD alone. (B) Diagram of Mph1 primary structure [116]. The Mph1 region that interacts with 

Fkh1 occurs at the overlap between amino acids 751-810 and 762-993 (762-810, boxed in red) 

based on data in panel (A). The sequence of this region is displayed, with the two threonines it 

contains, T776 and T785, shown in red. (C) Yeast 2-hybrid assays using mutant forms of GBD-

Mph1-Ct (amino acids 762-993) as bait and several known Mph1 interaction partners as prey. (D) 

Anti-Fkh1 antibodies were used to immunoprecipitate proteins from cells expressing MPH1-

FLAG (+) or mph1-2TA-FLAG (2TA) in FKH1 (+) or fkh1Δ (Δ) backgrounds as described in 

Figure 2-6. (E-G) Yeast 2-hybrid assays using GBD-Fkh1-FHA (amino acids 50-202) and mutant 

forms of GAD-Mph1-Ct (amino acids 762-993) as indicated. 
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FHA, albeit to a weaker extent than Mph1-Ct (amino acids 762-993), while Mph1 lacking this 

region was unable to bind the Fkh1 FHA domain (Figure 2-7A). 

Previous studies of FHA domains [27,37,113] and the alignment and mutagenesis 

described in Figure 2-3, 4 led to the prediction that the Fkh1 FHA domain binds partner proteins 

through contact with a phosphothreonine residue. To test this idea, we used the 2-hybrid assay to 

examine if any threonine in Mph1 was required for binding Fkh1. We focused on the overlapping 

49 residues between Mph1(751-810) and Mph1(762-993), which contained only two threonines 

(Figure 2-7B). Substitution of alanine for both of these threonines (T776AT785A), but not either 

single TA substitution, abolished the Mph1-Fkh1 interaction (Figure 2-7C). This finding was 

confirmed by co-immunoprecipitation, as Fkh1 failed to pull down mph1-T776AT785A in an 

immunoprecipitation experiment (Figure 2-7D). Both assays suggest that the Fkh1-Mph1 

interaction required one of two threonines (T776 and T785) within Mph1. These residues are 

located within a highly acidic region of Mph1. The modeled structure of Fkh1-FHA showed a 

strongly positively charged concave surface, mainly formed by R80, K107, R111, K112, and R132 

(Figure 2-3C, D), all of which were required for binding Mph1, suggesting Fkh1 uses this lysine-

arginine-rich region to help recognize Mph1 through electrostatic interactions. The Mph1-Ct 

region serves as a regulatory hub on the Mph1 multifunctional helicase, directing its interactions 

with several partner proteins, including a subunit of the Smc5/6 complex (Smc5), the large subunit 

of RPA (Rfa1), and a subunit of the histone fold complex (Mhf2) [97–100]. To determine whether 

T776 and T785 were involved in these previously reported interactions, 2-hybrid assays were 

performed with the same series of Mph1 variants examined for interaction with Fkh1. Mph1-

T776AT785A was able to interact with all three tested proteins (Figure 2-7C). Thus T776 and 
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T785 directed a specific interaction between Fkh1 and Mph1 that was distinct from Mph1’s 

interaction with several other protein partners. 

 To better establish how Fkh1-FHA interacted with Mph1 we performed 2-hybrid assays in 

which T776 and/or T785 of Mph1 were replaced with aspartic acid or glutamic acid (Figure 2-7E). 

These negatively charged residues can act as phosphomimetics, and thus it was possible that if the 

role of these two threonine residues were fulfilled via their phosphorylation, that TD or E 

substitutions would support the Fkh1-Mph1 2-hybrid interaction via electrostatic contributions 

alone. However, substitution of these threonines with aspartic acid or glutamic acid, but not the 

single substitutions, abolished interaction with Fkh1, indicating that TD or E substitutions were 

as disruptive to the Fkh1-Mph1 interaction as the TA substitutions we examined (Figure 2-7E). 

These data provide evidence that the threonine residue identities are particularly important, 

supporting the conclusion that the Fkh1 FHA domain is interacting with this region of Mph1 via 

classical FHA-phosphothreonine peptide contacts and not merely electrostatic interactions. 

Many FHA domains (including the Rad53 N-terminal FHA domain) display a preference 

for particular amino acids at the pT +3 residue, while other FHA domains have a preference for 

particular amino acids at other positions [38,117]. As a first step toward understanding the binding 

preferences of the Fkh1 FHA domain we looked at how substitution of alanine for residues 

surrounding the two threonines in Mph1 affected Fkh1 binding. We found that substitution of 

alanine for any of these residues alone did not abolish Fkh1 binding, consistent with the finding 

that any single TA substitution (T776A or T785A) did not abolish the Fkh1-Mph1 interaction. 

However, substitution of alanine for residues surrounding T776 in combination with a T785A 

substitution did reduce the Fkh1 2-hybrid interaction (Figure 2-7F). In particular, substitution of 

alanine for the aspartate at position 774, the serine at position 775, or the glutamate at position 777 
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in combination with T785A reduced or abolished the Fkh1-Mph1 interaction. Thus the region 

surrounding T776, including residues D774, S775 and E777, contributed to the Fkh1-Mph1 

interaction. We used the same approach to define important residues surrounding T785, analyzing 

alanine substitutions in combination with T776A (Figure 2-7G). These data provided evidence that 

the region surrounding T785, most notably residue E786 but also to a lesser degree residue S782 

and E784, contributed to the Fkh1-Mph1 interaction. These data provide additional evidence that 

this region of Mph1 contains two separate and independent FHA-binding motifs and that both 

motifs have similar features, including a preference for glutamic acid at the pT+1 position. 

 

2.4.9 Recombinant Fkh1 interacted directly with phosphorylated Mph1-derived peptides 

Next, we tested whether Fkh1 interacted directly with Mph1 through the region containing 

T776 and T785 and if this interaction was controlled by phosphorylation of these threonines. To 

this end, recombinant Fkh1-6xHis was purified from E. coli and its ability to bind an 18-residue 

peptide representing Mph1(772-789) was assessed by fluorescence anisotropy (Figure 2-8). The 

peptide that was phosphorylated on both T776 and T785 bound purified Fkh1 efficiently, with a 

Kd of 2.2 μM, well within range of other FHA-phosphopeptide interaction affinities [38]. The non-

phosphorylated version of the peptide bound Fkh1 with a >100-fold reduced affinity (Kd of 270.8 

μM). In addition, and consistent with the effects observed in the 2-hybrid assays in Figure 2-7C, 

mono-phosphorylated forms of the peptide (i.e. containing phosphorylation on only T776 or T785) 

also bound Fkh1, albeit with modestly reduced affinities. These data support the conclusion that 

Mph1 contained two independent Fkh1-FHA binding motifs, each having a similar affinity for 

Fkh1. 
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Figure 2-8. Recombinant Fkh1 directly bound to an Mph1-derived peptide in a 

phosphorylation-dependent manner. (A) Polyacrylamide gel showing recombinant Fkh1-6xHis 

protein used for peptide binding in panel (B). (B) Peptide binding assay of Fkh1-6xHis and Mph1-

derived peptides using fluorescence anisotropy. Binding reactions contained the indicated 

concentration of purified His-tagged Fkh1 and 3 nM 5-carboxyfluorescein labeled Mph1-derived 

peptide (5cf-aha-ENDSTEEASSSLETEDEE) with threonines phosphorylated or unmodified, as 

indicated. 
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2.4.10 The Fkh1-Mph1 interaction contributed to the directionality of mating-type switching but 

not to MPH1’s role in tolerance for MMS-induced DNA damage or genome stability 

After establishing that the Fkh1-Mph1 interaction was mediated by the FHA domain of 

Fkh1 and one of two phosphothreonines on Mph1, we assessed whether this interaction was 

important for Fkh1’s role in mating-type switching. Fkh1 regulates donor preference during 

mating-type switching by directly binding to the recombination enhancer (RE) and promoting 

recombination between an HO-induced DSB at MAT and the donor locus HML. In a previous 

study, the N-terminal region of Fkh1 containing the FHA domain was shown to be sufficient to 

direct RE function [60]. This point was elucidated by engineering a strain in which RE was 

replaced with LexA binding sites and a LexA-Fkh1-FHA fusion protein was expressed [60]. In 

this Fkh1-dependent assay, the a-mating-type genes located at HMR were replaced by MATα 

sequences that contained a unique BamHI restriction site (HMRα-B), such that repair of a DSB 

generated by the HO endonuclease at MATa will always result in a MATα cell, and those using the 

HMRα-B donor sequence can be cut by BamHI, while those using HMLα cannot. Thus donor 

preference can be examined by testing the relative abundance of the two different repair products 

through a PCR reaction that amplifies MATα sequences followed by a BamHI restriction digest 

(Figure 2-9A). Consistent with a previous finding [60], HML was the preferred donor, as it was 

used as template for repair in >90% of cells, while in a strain containing a mutant version of LexA-

FHA containing the R80A substitution (LexA-FHA-R80A), recombination between MATa and 

HML was reduced to less than 20% (Figure 2-9B). We found that mph1Δ reduced the function of 

RE, as HML now acted as the donor in <80% of cells (Figure 2-9B). While this level of reduction 

was not equivalent to that caused by loss of Fkh1-FHA function, it was highly reproducible. 

Moreover, mph1-2TA phenocopied the effect of the mph1Δ allele and reduced HML usage to   
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Figure 2-9. The Fkh1-Mph1 interaction contributed to the regulation of donor preference 

during mating-type switching. (A) Schematic showing Fkh1-dependent PCR-based switching 

assay and model proposed in [60]. A galactose-inducible HO endonuclease cuts at MATa. The 

resulting double strand break is repaired through recombination with either HML or HMR, both of 

which contain MATα sequence, but with the insertion of a unique BamHI restriction site in HMR 

(HMRα-B). Directionality is controlled through the recombination enhancer (RE), which has been 

replaced by 4 LexA binding domains. LexA-fused Fkh1-FHA binds to RE causing a preference 

for recombination with HML. Primers that specifically amplify MATα were used to amplify the 

repaired MAT locus by PCR. The PCR products were then digested with BamHI and donor 
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preference was calculated as MATα / (MATα + MATα-B). (B) A switching assay was performed 

using at least four replicates of each strain. Average HML usage and standard deviations were 

calculated and a representative gel is shown. Strains were congenic and contained all alleles 

represented in panel (A) unless otherwise noted. P-value significance of differences observed 

between strains is indicated by connecting lines. (C) MMS assays of MPH1 mutant strains. Cells 

were grown in liquid YPD media to mid-log phase and 10-fold serial dilutions were spotted onto 

YPD plates containing the indicated concentration of MMS. (D) Mutation rate of MPH1 mutant 

strains. Forward CAN1 mutation rate was calculated using FALCOR by the Ma-Sandri-Sarkar 

maximum likelihood method in which the data are fit to the Luria-Delbrück distribution [118]. 
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<80%. Additionally, mph1-2TA did not reduce HML preference further in strains expressing LexA-

FHA-R80A, providing additional genetic evidence that the Fkh1-Mph1 interaction contributed to 

donor preference during mating-type switching. The helicase activity of Mph1 is not responsible 

for this activity, as a helicase defective mutant of MPH1 (mph1-Q603D) did not alter donor 

preference as drastically as deletion of MPH1 or the mph1-2TA allele, although it did have a 

statistically small effect. This donor preference defect caused by mph1-2TA was specific to this 

function because, unlike mph1∆ cells, mph1-2TA cells did not exhibit sensitivity to MMS (Figure 

2-9C) or an increase in mutation rate (Figure 2-9D). Thus the mph1-2TA allele caused a specific 

functional defect in Mph1’s role in regulating RE function while leaving at least two other known 

roles for Mph1 intact.  

 

2.4.11 FDO1 also contributed to the regulation of donor preference during mating-type switching 

The reduction in HML usage in mph1-2TA strains is less than that in cells expressing LexA-

FHA-R80A, suggesting there must be other Fkh1 partners required for its role in mating-type 

switching. To address a role for additional Fkh1-FHA partner proteins, we examined the switching 

profile in cells lacking Fdo1. We found that deletion of FDO1 reduces HML usage to ~80%, a 

10% reduction relative to the wild type control similar to the level of reduction caused by deletion 

of MPH1 (Figure 2-10A). Interestingly, in contrast to the Mph1-Fkh1 interaction, the Fkh1 FHA 

domain was not sufficient for interaction with Fdo1 (Figure 2-4C). However, further examination 

of this interaction by 2-hybrid showed that, in the context of full length Fkh1, the fkh1-R80A 

mutation reduced the Fkh1-Fdo1 interaction, strongly suggesting that the established 

phosphothreonine binding function of the FHA domain was necessary for the Fkh1-Fdo1 

interaction as it was for the Fkh1-Mph1 interaction (Figure 2-10B). To test whether the defects in   
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Figure 2-10. Fdo1 contributed to Fkh1-FHA-dependent regulation of donor preference 

during mating-type switching. (A) A switching assay was performed using at least four replicates 

of each strain. Average HML usage and standard deviations were calculated and a representative 

gel is shown. Strains were congenic and contained all alleles represented in Figure 2-9A unless 

otherwise noted. P-value significance of differences observed between strains is indicated by 

connecting lines. (B) Yeast 2-hybrid assays using different forms of full-length Fkh1 as bait. GAD 

constructs contained the region of Fdo1 identified in the 2-hybrid screen (Table 2-1) or the GAD 

alone. (C) Model for Fkh1 function at RE. Fkh1-FHA interacts with multiple proteins that 

associate with the DSB generated at MAT and are phosphorylated on threonines (we represent only 

4 putative phosphoproteins). Deletion of any single Fkh1-FHA partner only slightly reduces 
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interaction with the DSB at MAT and, therefore, HML preference. Deletion of more than one 

partner reduces binding and HML preference further. Thus Fkh1-FHA’s role at the RE requires its 

interaction with many different proteins that together define a DSB. 
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donor preference caused by deletions of MPH1 and FDO1 were additive, we also examined 

mating-type switching in mph1Δ fdo1Δ cells. HML usage was reduced in these cells to a greater 

degree than in cells containing either single mutation, suggesting that Mph1 and Fdo1 contribute 

independent Fkh1-FHA binding interactions to control Fkh1-regulated donor preference. 

 

2.5 Discussion 

This study provided evidence that Mph1 was a direct Fkh1-FHA phosphoprotein partner relevant 

to Fkh1’s role in regulating the directionality of mating-type switching. This Fkh1-Mph1 

interaction was mediated through a small peptide within the C-terminal regulatory region of Mph1 

that contains two threonines each capable of directing interactions with the Fkh1 FHA domain. 

Mutagenesis studies show that these two threonines likely act as two independent Fkh1-FHA 

binding motifs, as both threonines must be substituted with alanine to abolish binding by 2-hybrid. 

Additionally, the amino acid sequences surrounding the two threonines are similar and highly 

acidic. Both motifs have a glutamic acid residue at the pT+1 position, and mutational analyses 

indicated that this residue was important for each motif to direct binding of the Fkh1 FHA domain 

to Mph1. While the 2-hybrid data cannot exclude the possibility that the +1 glutamic acid is 

required for phosphorylation of the relevant threonine and not directly involved in Fkh1-FHA 

binding, they nevertheless indicate that a TE signature is relevant to each motif’s independent 

ability to direct an Mph1-Fkh1-FHA interaction. These observations underscore that there are two 

redundant Fkh1-FHA binding motifs built into this small region of Mph1.  Because a mutant 

incapable of phosphorylation on these threonines, mph1-2TA, behaved as an mph1Δ in a mating-

type switching assay, but not in other commonly used assays that assess MPH1 function, we 
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propose that the Fkh1-Mph1 interaction helps establish the long-range chromosomal interaction 

essential for donor preference during mating-type switching.  

While our data were consistent with the model for Fkh1 bound to the recombination 

enhancer (RE) guiding the HML locus to the DSB at MAT [60], they also raised an important new 

question. In particular, why does loss of Fkh1-FHA function cause a much larger defect in RE 

function compared to mph1-2TA (or mph1Δ), both of which abolish the Fkh1-FHA-Mph1 

interaction? The simplest explanation is that Mph1 is only one of several proteins bound to the 

DSB at MAT that the Fkh1 FHA domain uses to locate this lesion. It makes sense for Fkh1 to bind 

several different proteins at the DSB with relatively weak affinities—in this way the RE remains 

close to MAT long enough to increase the opportunity for strand invasion into HML. At the same 

time Fkh1 is not bound so tightly to any one partner or the DSB region itself to inhibit strand 

invasion and the protein/DNA remodeling necessary to drive the recombination event. Therefore, 

we propose that there must exist other Fkh1-FHA partner proteins at the HO-induced DSB at MAT 

that contribute to the RE’s ability to direct the MAT locus to HML. The multi-partner model for 

Fkh1 FHA function in donor preference may represent a general mechanism by which Fkh1-FHA 

performs its other biological functions in transcription and replication. This type of mechanism 

may allow for relatively high specificity but low affinity (and thus potentially highly dynamic) 

interactions that may be important to these complex chromosomal processes.  

Based on this idea and data reported in a previous study, the CK2 kinase likely 

phosphorylates many Fkh1-interacting proteins involved in donor preference [60]. In this regard 

we note that, consistent with our observation of an interaction in asynchronous cells and within 

the 2-hybrid context, CK2 constitutively phosphorylates target proteins [119]. Additionally, the 

amino acid sequence surrounding both relevant Mph1 threonines are consistent with a CK2 target 
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[119]. When these phosphorylated proteins come together at a DSB, perhaps with other proteins 

phosphorylated in a more regulated manner by other kinases, they collectively serve to define the 

DSB for Fkh1-FHA. Consistent with this proposal, a deletion of FDO1, a gene encoding another 

Fkh1-FHA interaction partner identified in our screen, also reduced donor preference to a degree 

similar to that of mph1-2TA (or mph1Δ). Moreover, a deletion of both genes to create an fdo1Δ 

mph1Δ cell reduced preference for HML to a degree greater than deletion of either gene alone. 

However, a substantial amount of Fkh1-FHA-dependent donor preference remained intact even in 

cells carrying null mutations in both of these genes, suggesting that another protein or proteins at 

the DSB must interact with Fkh1-FHA. Many proteins, in addition to Mph1, bind to DSBs and 

would be good candidates for additional Fkh1-FHA interaction partners that regulate donor 

preference [120–122]. While mating-type switching is a specific form of homologous 

recombination, it is clear that DSB repair in diploids also requires a search for homologous regions 

by the DSB [123]. It will be interesting to learn whether this more generalized process uses similar 

protein-protein interactions to stabilize chromosomal interactions that serve to juxtapose 

homologous regions.  

Our data provided evidence that the Fkh1 FHA domain may be controlling most, if not all, 

Fkh1-mediated biology in yeast. Indeed, many fkh1-fha single residue substitution (fkh1-m) 

mutants abolished interaction with all protein partners uncovered here and reduced Fkh1’s ability 

to function in cell-cycle regulation with Fkh2, even though deletion of no single gene encoding an 

interaction partner had an effect. Based on the results with donor preference, it seems likely that 

multiple different Fkh1-FHA interaction partners will be needed to fully explain Fkh1-FHA’s role 

in cell cycle regulation. A deletion of the entire FHA domain of Fkh1 (fkh1-fhaΔ) phenocopied a 

fkh1Δ mutation in cell cycle regulation as measured by both mitotic cell division rates and 
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pseudohyphal-like growth and agar scarring when combined with a fkh2Δ allele. Because the 

established role of FHA domains is to bind phosphopeptides, it was perhaps unexpected that amino 

acid substitutions in the FHA domain predicted to abolish FHA-phosphopeptide interactions only 

slowed mitotic cell division in fkh2Δ cells without causing pseudohyphal-like growth. The Fkh1 

FHA domain may play roles in Fkh1 function in addition to phosphopeptide binding by providing 

as yet undefined interaction surfaces for other regulators of transcription. Alternatively, the fkh1-

fhaΔ allele used in this study lacked coding information for an additional ~30 amino acids outside 

of the alignment-defined FHA domain that may provide surfaces for additional protein-protein 

interactions. Regardless, these data raise new questions about whether Fkh1’s roles in regulating 

cell proliferation rate and suppressing pseudohyphal growth are completely separable, or whether 

a certain threshold of reduced transcription/altered transcriptional regulation must be met before 

pseudohyphal growth is also observed. 

Our data provided evidence that several Fkh1-FHA interaction partners that can direct 

Fkh1 cellular roles remain unidentified. As we have shown, determining the role of any particular 

Fkh1-protein interaction is difficult through mutation of Fkh1-FHA itself, as the same FHA 

residues participate in multiple Fkh1-protein interactions and Fkh1 processes. For this reason, it 

will be important to identify other Fkh1-FHA-partner proteins and engineer mutations that 

specifically abolish their ability to interact with Fkh1, as we did for Mph1 in this study, to isolate 

the discrete mechanisms and pathways influenced by Fkh1. 

 

2.6 Materials and methods 

 

2.6.1 Yeast strains and plasmids 
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Strains used in this study were derived from the Saccharomyces cerevisiae strain w303 

unless otherwise noted. Standard methods were used for yeast growth, strain and plasmid 

construction. Strains used in this study are listed in Table 2-3. Plasmids are listed in Table 2-4. 

Random mutagenesis of pGBDU-C1 plasmids was performed as described in [124]. Lack of 

interaction alleles were identified by replica plating from non-selective media to media selective 

for 2-hybrid interaction and identifying colonies that were no longer viable. Mutants identified by 

random mutagenesis were confirmed by directed mutagenesis and 2-hybrid assays.  

 

2.6.2 Yeast 2-hybrid assays 

2-hybrid assays were performed in the PJ69-4A strain as described in [88]. The strain 

contains two reporter genes, HIS3 and ADE2. The original screen was performed using a Fkh1-

GBD fusion protein in which the entire DNA binding domain was precisely replaced with the 

GBD. This GBD-Fkh1 fusion activated transcription of the HIS3 reporter gene. Therefore colonies 

harboring potential Fkh1-interacting partners were identified on minimal media lacking both 

histidine and adenine. 

 

2.6.3 Homology modeling and FHA alignment 

A predicted structure for the Fkh1 FHA domain was generated using the N-terminal Rad53 

FHA domain as a template using SWISS-MODEL [39,101–103]. Amino acids 72-170 were 

modeled. A structure-based sequence alignment of the N-terminal Rad53 FHA domain (Rad53-1) 

and the Fkh1 FHA domain was generated using a combination of the Rad53 crystal structure (PDB 

1G6G) [39] and structural predictions of the Fkh1 FHA domain based on a combination of  
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Table 2-3. Yeast strains used in this study. For many assays multiple independent strains were 

used. For brevity only one is included in this table. 

Name Description Source 

PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ gal80Δ 

GAL2-ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ 

[88] 

CFY3533 MATa ADE2+ RAD5+ CAN1+ This study 

CFY3537 MATa ADE2+ RAD5+ CAN1+ fkh1Δ::HisG This study 

CFY3539 MATa ADE2+ RAD5+ CAN1+ mph1Δ::KanMX This study 

CFY3549 MATa ADE2+ RAD5+ CAN1+ fkh2Δ::HisG This study 

CFY3552 MATa ADE2+ RAD5+ CAN1+ fkh1Δ::HisG fkh2Δ::HisG This study 

CFY3886 MATa ADE2+ RAD5+ CAN1+ fkh1-R132A This study 

CFY3888 MATa ADE2+ RAD5+ CAN1+ fkh1-K107A This study 

CFY3893 MATa ADE2+ RAD5+ CAN1+ fkh1-D102A This study 

CFY3894 MATa ADE2+ RAD5+ CAN1+ fkh1-R111A This study 

CFY3956 MATa ADE2+ RAD5+ CAN1+ fkh1-R80A This study 

CFY3960 MATa ADE2+ RAD5+ CAN1+ fkh1-S110A This study 

CFY3963 MATa ADE2+ RAD5+ CAN1+ fkh1-S155A This study 

CFY3969 MATa ADE2+ RAD5+ CAN1+ fkh1-fhaΔ (Δ50-202) This study 

CFY3971 MATa ADE2+ RAD5+ CAN1+ fkh1-N133A This study 

CFY3978 MATa ADE2+ RAD5+ CAN1+ fkh1-K112A This study 

CFY3995 MATa ADE2+ RAD5+ CAN1+ fkh1-S110A fkh2Δ::HisG This study 

CFY4034 MATa ADE2+ RAD5+ CAN1+ fkh1-dbdΔ Modified 

from [9] 

CFY4038 MATa ADE2+ RAD5+ CAN1+ mph1-2TA This study 

CFY4068 MATa ADE2+ RAD5+ CAN1+ Mph1-3FLAG-HIS3 

fkh1Δ::HisG 

Modified 

from [125] 

CFY4069 MATa ADE2+ RAD5+ CAN1+ Mph1-3FLAG-HIS3 Modified 

from [125] 

CFY4143 MATa ADE2+ RAD5+ CAN1+ mph1-2TA-3FLAG-HIS3 This study 

CFY4246 MATa ADE2+ RAD5+ CAN1+ fkh1-R80A fkh2Δ::HisG This study 

CFY4248 MATa ADE2+ RAD5+ CAN1+ fkh1-fhaΔ (Δ50-202) 

fkh2Δ::HisG 

This study 

CFY4249 MATa ADE2+ RAD5+ CAN1+ fkh1-D102A fkh2Δ::HisG This study 

CFY4251 MATa ADE2+ RAD5+ CAN1+ fkh1-K112A fkh2Δ::HisG This study 

CFY4252 MATa ADE2+ RAD5+ CAN1+ fkh1-S155A fkh2Δ::HisG This study 

CFY4254 MATa ADE2+ RAD5+ CAN1+ fkh1-K107A fkh2Δ::HisG This study 

CFY4257 MATa ADE2+ RAD5+ CAN1+ fkh1-R111A fkh2Δ::HisG This study 

CFY4258 MATa ADE2+ RAD5+ CAN1+ fkh1-R132A fkh2Δ::HisG This study 

CFY4262 MATa ADE2+ RAD5+ CAN1+ fkh1-N133A fkh2Δ::HisG This study 

CFY4267 MATa ADE2+ RAD5+ CAN1+ fkh1-fhaΔ (Δ50-202) Mph1-

3FLAG-HIS3 

Modified 

from [125] 

CFY4345 MATa ADE2+ RAD5+ CAN1+ fkh1-dbdΔ fkh2Δ::HisG Modified 

from [9] 

CFY4383 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho  

Modified 

from [60] 
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CFY4387 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho 

mph1Δ::KanMX  

Modified 

from [60] 

CFY4394 MATa ADE2+ RAD5+ CAN1+ ecm30Δ::KanMX This study 

CFY4397 MATa ADE2+ RAD5+ CAN1+ ure2Δ::KanMX This study 

CFY4400 MATa ADE2+ RAD5+ CAN1+ fdo1Δ::KanMX This study 

CFY4417 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho mph1-

2TA 

Modified 

from [60] 

CFY4465 MATa ADE2+ RAD5+ CAN1+ gln3Δ::KanMX This study 

CFY4500 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho 

fdo1Δ::KanMX 

Modified 

from [60] 

CFY4501 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho 

fdo1Δ::KanMX mph1Δ::KanMX 

Modified 

from [60] 

CFY4509 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-R80A-LEU2 Δho 

Modified 

from [60] 

CFY4511 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-R80A-LEU2 Δho 

mph1-2TA 

Modified 

from [60] 

CFY4522 MATa ADE2+ RAD5+ CAN1+ ade3::GAL-HO HMRα-B 

reΔ::4LexA-Kan arg56::LexAFkh1FHA-LEU2 Δho mph1-

Q603D-3FLAG-HIS3 

Modified 

from [60], 

[125] 
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Table 2-4. Plasmids used in this study. 

Name Description Source 

pGBDU-C1 Yeast-2-hybrid vector-Gal4 DNA Binding Domain [88] 

pGAD-C1 Yeast-2-hybrid vector-Gal4 Activation Domain [88] 

pCF577 pRS426 Fkh1-GBD (GBD in place of FKH1 DBD-

used for original 2-hybrid screen) 

This study 

pCF2086 pGBDU-C1 Mph1 (762-993) (pGBDU-C1 Mph1-Ct) This study 

pCF2098 pGBDU-C1 Fkh1 This study 

pCF2099 pGBDU-C1 Fkh1 (50-291) This study 

pCF2101 pGBDU-C1 Fkh1 (100-291) This study 

pCF2106 pGBDU-C1 Fkh1 (50-202) This study 

pCF2113 pGBDU-C1 Fkh1 (50-158) This study 

pCF2183 pGAD-C1 Fkh1 (50-202) This study 

pCF2185 pGAD-C1 Mph1 (762-993) (pGAD-C1 Mph1-Ct) This study 

pCF2203 pGBDU-C1 Mph1-Ct T785A This study 

pCF2205 pGBDU-C1 Mph1-Ct T776A This study 

pCF2297 pGBDU-C1 Fkh1 R80A This study 

pCF2299 pGBDU-C1 Fkh1 (50-202) R80A This study 

pCF2411 pGBDU-C1 Fkh1 (50-202) A106V This study 

pCF2413 pGBDU-C1 Fkh1 (50-202) R117A This study 

pCF2415 pGBDU-C1 Fkh1 (50-202) S155A This study 

pCF2422 pGBDU-C1 Fkh1 (50-202) K107A This study 

pCF2423 pGBDU-C1 Fkh1 (50-202) R111A This study 

pCF2424 pGBDU-C1 Fkh1 (50-202) R132A This study 

pCF2461 pGBDU-C1 Fkh1 (50-202) N81A This study 

pCF2463 pGBDU-C1 Fkh1 (50-202) D102A This study 

pCF2465 pGBDU-C1 Fkh1 (50-202) N133A This study 

pCF2504 pGBDU-C1 Fkh1 (50-202) T82A This study 

pCF2506 pGBDU-C1 Fkh1 (50-202) D83A This study 

pCF2508 pGBDU-C1 Fkh1 (50-202) N86A This study 

pCF2510 pGBDU-C1 Fkh1 (50-202) K96A This study 

pCF2512 pGBDU-C1 Fkh1 (50-202) K97A This study 

pCF2514 pGBDU-C1 Fkh1 (50-202) N98A This study 

pCF2516 pGBDU-C1 Fkh1 (50-202) S110A This study 

pCF2518 pGBDU-C1 Fkh1 (50-202) K112A This study 

pCF2559 pGAD-C3 Ecm30 (1005-1183) [88] 

pCF2561 pGAD-C1 Gln3 (20-189) [88] 

pCF2568 pGAD-C2 Ure2 (84-354) [88] 

pCF2570 pGAD-C2 Fdo1 (98-342) [88] 

pCF2571 pGAD-C1 Smc5 This study 

pCF2573 pGAD-C1 Rfa1 This study 

pCF2575 pGAD-C1 Mhf2 This study 

pCF2586 pGBDU-C1 Mph1-Ct T776AT785A This study 

pCF2663 pGBDU-C1 Mph1 This study 

pCF2694 pGBDU-C1 Mph1 (Δ751-810) This study 

pCF2696 pGBDU-C1 Mph1 (Δ762-993) This study 
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pCF2697 pGBDU-C1 Mph1 (751-810) This study 

pCF2774 pGBDU-C1 Fkh1 (Δ50-202) This study 

pCF2958 pET28b-Fkh1 Ct His tag This study 

pCF4144 pGAD-C1 Mph1-Ct N773A This study 

pCF4146 pGAD-C1 Mph1-Ct N773AT785A This study 

pCF4148 pGAD-C1 Mph1-Ct D774A This study 

pCF4150 pGAD-C1 Mph1-Ct D774AT785A This study 

pCF4152 pGAD-C1 Mph1-Ct S775A This study 

pCF4153 pGAD-C1 Mph1-Ct S775AT785A This study 

pCF4154 pGAD-C1 Mph1-Ct E777A This study 

pCF4156 pGAD-C1 Mph1-Ct E777AT785A This study 

pCF4157 pGAD-C1 Mph1-Ct E778A This study 

pCF4159 pGAD-C1 Mph1-Ct E778AT785A This study 

pCF4160 pGAD-C1 Mph1-Ct S782A This study 

pCF4161 pGAD-C1 Mph1-Ct T776AS782A This study 

pCF4162 pGAD-C1 Mph1-Ct L783A This study 

pCF4164 pGAD-C1 Mph1-Ct T776AL783A This study 

pCF4166 pGAD-C1 Mph1-Ct E784A This study 

pCF4168 pGAD-C1 Mph1-Ct T776AE784A This study 

pCF4170 pGAD-C1 Mph1-Ct E786A This study 

pCF4172 pGAD-C1 Mph1-Ct T776AE786A This study 

pCF4174 pGAD-C1 Mph1-Ct D787A This study 

pCF4175 pGAD-C1 Mph1-Ct T776AD787A This study 

pCF4177 pGAD-C1 Mph1-Ct E788A This study 

pCF4179 pGAD-C1 Mph1-Ct T776AE788A This study 

pCF4207 pGAD-C1 Mph1-Ct T776D This study 

pCF4209 pGAD-C1 Mph1-Ct T785D This study 

pCF4211 pGAD-C1 Mph1-Ct T776DT785D This study 

pCF4213 pGAD-C1 Mph1-Ct T776E This study 

pCF4215 pGAD-C1 Mph1-Ct T785E This study 

pCF4217 pGAD-C1 Mph1-Ct T776ET785E This study 
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the homology model and secondary structure predicted using JPred [104]. Electrostatic potential 

was generated by PyMol v 1.7 [126]. 

 

2.6.4 Determining morphology and growth rates 

Heterozygous fkh1-m/+ fkh2Δ/+ diploids expressing Fkh1 mutants were dissected and 

scanned after three days growth. Agar scarring was assessed by gently patching haploid strains 

onto YPD and washing with H2O after three days. Growth curves were generated by growing to 

saturation in YPD media, diluting to an OD600 of 0.1 in a 96-well plate, and monitoring growth by 

measuring the OD600 every three minutes over a 24 hour period in a Biotek Synergy 2 plate reader 

shaking at 30°C. Doubling times were calculated by exponential regression of data generated from 

growth curves during log-phase [127]. 

 

2.6.5 Co-immunoprecipitation and Western blotting 

Cell extracts for Western blotting were prepared as described in [128]. Cell extracts for co-

immunoprecipitation were prepared by breaking cells by the glass bead method in CoIP buffer (50 

mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% TX-100, protease inhibitors (Calbiotech)). 

Lysates were then diluted 1:1 in CoIP buffer and incubated with the appropriate antibody. Beads 

were washed with CoIP buffer without detergents followed by washes with the same buffer with 

200 mM NaCl. 

Co-immunoprecipitation of Fkh1 and FLAG-tagged Mph1 (modified from [125]) were 

performed using Anti-FLAG antibodies (ANTI-FLAG M2 Affinity Gel, Sigma) or Protein A 

sepharose-linked anti-Fkh1 antibodies [129]. The starting extract and immunoprecipitated proteins 

were examined by protein immunoblotting using either anti-FLAG (ANTI-FLAG M2 monoclonal, 
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Sigma) or anti-Fkh1 antibodies. Orc1 detected with an anti-Orc1 antibody [114] served as a 

loading control. 

 

2.6.6 Fluorescence anisotropy 

C-terminally His-tagged full length Fkh1 protein was expressed from a pET28b expression 

vector in Rosetta E. coli. E. coli were broken with modified B-PER (Thermo Fisher) diluted 1:1 in 

wash buffer (50 mM Tris pH 7.0, 5 mM MgCl2, 5 mM ATP, 10% glycerol, 1M NaCl, 5 mM BME, 

20 mM imidazole, protease inhibitors (Calbiotech)) with 1 mM EDTA. His-tagged Fkh1 protein 

was purified using nickel chromatography (Qiagen) and eluted in buffer (Wash buffer with 200 

mM NaCl, 500 mM imidazole, and without ATP). Peptides (synthesized by the University of 

Wisconsin-Madison and the Tufts University Core Facility) were labeled on the N-terminus with 

5-carboxy fluorescein and an aminohexanoic acid linker. Peptides (constant final concentration of 

3 nM) were mixed with titrations of purified Fkh1-6xHis protein in binding buffer (50 mM HEPES 

pH 7.0, 200 mM KCl, 10% glycerol, 5 mM BME, 1 mM EDTA, 1 mM EGTA, 5 mM MgOAc, 

0.02% NP-40, protease inhibitors (Calbiotech)). Polarization at each concentration was measured 

in triplicates in 384-well polystyrene black microplates (Thermo Fisher Scientific #262260) by a 

Biotek Synergy H4 multimode plate reader (light source: xenon flash, offset from top: 7 mm, 

sensitivity: 60 %, excitation: 485/20 nm, emission: 528/20 nm, both parallel and perpendicular, 

normal read speed). Fraction bound (Fb) at each concentration was calculated based on the 

corresponding polarization values (P): Fbc = (Pc - Pmin) / (Pmax - Pmin), where Pmin is the polarization 

value of the no-protein control and Pmax is the polarization value of the saturation value for that 

peptide. Dissociation constants (Kd) were derived by KaleidaGraph (version 4.1.3) using the 

following equation: Fb = [protein] / ([protein] + Kd). 
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2.6.7 Mutation rate analysis and MMS assays 

Mutation rates were calculated by fluctuation analysis as in [130]. Briefly, single colonies 

were inoculated into minimal media lacking arginine and grown overnight, diluted 1:10,000 and 

aliquoted into a 96-well plate. Cells were then incubated, without shaking, at 30°C for 2 days. 24 

of the 96 samples were pooled and plated in triplicate to determine the number of viable cells. The 

remaining 72 samples were spotted onto 10x canavanine plates (minimal media lacking arginine 

+ 0.6 g/L canavanine). Mutation rate was analyzed using FALCOR by the Ma-Sandri-Sarkar 

maximum likelihood method in which the data are fit to the Luria-Delbrück distribution [118]. For 

MMS assays, cells were grown to mid-log phase, diluted so that the OD600 was 0.5 and 10-fold 

serial dilutions were spotted onto YPD plates containing the indicated concentration of MMS. 

MMS plates were poured fresh on the day of each experiment. Plates were imaged three days after 

plating. 

 

2.6.8 Mating-type switching assays 

Donor preference during mating-type switching was determined by a PCR-based method 

as described in [60]. Briefly, cells were grown in YP-lactate medium to mid-log phase. Expression 

of the HO endonuclease was induced by addition of 2% galactose and incubated for one hour. 

Induction was stopped by the addition of 2% glucose and the cells were allowed to recover for 24 

hours. DNA was then isolated using quick genomic DNA extraction [131] and PCR was used to 

amplify MATα sequences using primers Yalpha105F and MAT-dist4R [60]. 700 ng of PCR DNA 

was then cut with BamHI and the resulting digest was run on an agarose gel. Relative densities of 

the different bands were determined using ImageJ [132], and donor preference (as HML usage) 

was calculated using the formula MATα / (MATα+MATα-B).  
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Chapter 3 

Summary and Future Directions 

 

3.1 Summary 

I have demonstrated that the phosphothreonine binding FHA domain of Fkh1 is involved 

in many Fkh1-protein interactions and likely governs most, if not all, Fkh1 biology. Fkh1 interacts 

with several proteins through its FHA domain, and these interactions require the phosphopeptide 

binding capability of Fkh1. Substitution of alanine for multiple different residues within the Fkh1 

FHA domain also affects Fkh1 transcription. Doubling times in fkh1 mutant yeast in a fkh2Δ 

background were significantly increased compared to FKH1 yeast. This phenotype was not 

recapitulated by deletion of any single gene that I identified in my 2-hybrid screen as one that 

encoded a Fkh1-FHA interaction protein. These findings suggest that the Fkh1 FHA domain’s role 

in the cell cycle may require interaction with an unidentified protein, or possibly multiple different 

protein partners. They also show that creating mutants in Fkh1 (such as the R80A mutant that is 

unable to interact with phosphopeptides) likely affects multiple different Fkh1-protein interactions 

and, therefore, multiple different Fkh1-related processes. 

Further examination of the interaction between Fkh1 and one interacting protein, Mph1, 

demonstrated that these two proteins interact via a canonical FHA-phosphopeptide interaction. My 

data suggest that Mph1 contains two independent FHA binding motifs that are close together 
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within a small region of Mph1, each of which can be recognized by the FHA domain of Fkh1. 

Both of these FHA recognition motifs must be disrupted to abolish Fkh1-Mph1 binding. I was 

unable to assign a role for this interaction in any Mph1-associated genome maintenance roles, 

including resistance to DNA damaging agents and replication fork reversal (see Appendix A). 

However, I was also unable to rule out the possibility that the Fkh1-Mph1 interaction may also be 

involved in these processes. 

The Fkh1-Mph1 interaction was important for regulating donor preference during mating-

type switching. Disrupting this interaction via mutation of MPH1 led to a change in donor 

preference, albeit one significantly less severe than that caused by mutation of FKH1. This result 

indicated that while the Fkh1-Mph1 interaction is involved in regulating donor preference, there 

must exist other Fkh1-protein interactions to fully explain the role of Fkh1 in this process. Deletion 

of another gene encoding a previously uncharacterized Fkh1-interacting protein, YMR144W, also 

led to a change in donor preference that was additive with deletion of MPH1. This result led us to 

name this gene FDO1 for Forkhead one interacting protein involved in donor preference. 

However, these two genes still do not fully explain Fkh1’s role in regulating donor preference, 

indicating there must be additional proteins with which Fkh1 interacts to fulfill its role. 

It is clear that the Fkh1 FHA domain interacts with multiple proteins to control multiple 

different processes. I have assigned a role in regulating donor preference to two distinct Fkh1-

protein interactions, but Fkh1 must interact with additional as yet unidentified proteins to carry out 

this role. Additionally, I have shown that the FHA domain is important for Fkh1’s role in the cell 

cycle (presumably through interactions with other proteins) but was unable to identify the partner 

protein(s) involved in this process. I have also identified additional Fkh1-FHA-protein interactions 

for which there is currently no assigned role. These results indicate that Fkh1 interacts with 
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multiple different proteins via the same interface to accomplish different goals. The identities of 

many of these proteins remain unknown. Identification of these proteins will aid in the 

characterization of the mechanisms involved in Fkh1 biology. 

 

3.2 Characterizing the Fkh1-Fdo1 interaction and Fdo1’s role in mating-type switching 

 

3.2.1 Characterizing the Fkh1-Fdo1 interaction 

I have shown that Fdo1 (formerly Ymr144w) plays a role in regulating donor preference 

during Fkh1-dependent mating-type switching. However, as little is known about any roles Fdo1 

plays in cells an interesting future direction would be to further investigate its role in this process, 

as well as its interaction with Fkh1. Fdo1 interacts with Fkh1 and loss of this interaction in fdo1Δ 

cells is the likely cause of alteration in donor preference. However, I have not definitively shown 

that this defect is caused by a loss of interaction rather than being an indirect effect of loss of a 

different, as yet undefined, FDO1 function. Therefore, it would be best to examine donor 

preference in a strain, similar to mph1-2TA, in which Fdo1 is still present but is unable to interact 

with Fkh1. 

Fdo1 was previously found to interact with Fkh1 in an affinity-capture mass spectrometry 

screen, validating that this interaction likely occurs in cells [94]. I showed by 2-hybrid that this 

interaction depends on the phosphopeptide binding capability of Fkh1, suggesting that, like the 

Fkh1-Mph1 interaction, the Fkh1-Fdo interaction may be a classical FHA-phosphopeptide 

interaction. As a first step to engineering mutations in FDO1 that abolish interaction with Fkh1 I 

would examine the need for threonines in Fdo1 by 2-hybrid. While many serines have been shown 

to be phosphorylated in this protein, no threonines have yet been found to be phosphorylated 
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[133,134]. The original region of Fdo1 pulled out of the 2-hybrid screen (amino acids 98-342) 

contains 18 threonines (Figure 3-1). Of these threonines only one, T288, has a glutamate at the +1 

position, which I have shown to be important for Fkh1 interaction with Mph1. I would start by 

substituting alanine for this threonine to see if interaction with Fkh1 is weakened or lost. A region 

containing the Fkh1 FHA domain (amino acids 50-202) was found to not be sufficient for 

interaction with Fdo1. This could indicate that the interaction is more complicated than a simple 

FHA-pT interaction, similar to the way the Ki67 FHA domain interacts with a longer 

phosphopeptide through the canonical FHA-pT interface and an additional interface on the Ki67 

FHA domain [45]. However, it is also possible that the Fkh1-Fdo1 interaction is weak enough that 

small differences in protein abundance or stability in the 2-hybrid assay affect the ability to grow 

on selective media. If T288 is not essential for the Fkh1-Fdo1 interaction I would use the 2-hybrid 

assay to further narrow down the interaction region of Fdo1 to simplify the search for relevant 

threonines, as well as attempt to better define the regions of Fkh1 necessary for interaction. 

In addition to defining a possible threonine within Fdo1 required for interaction for Fkh1 

I will tag Fdo1 so co-immunoprecipitation experiments can be performed in yeast with wild-type 

and any mutant versions of the protein. These experiments will provide validation for any results 

found in the 2-hybrid assays as well as provide a valuable tool for examining the interaction under 

different conditions in yeast. I was able to observe the Fkh1-Mph1 interaction by co-

immunoprecipitation using extracts derived from asynchronously growing yeast. It is possible that 

I may observe the same result for the Fkh1-Fdo1 interaction. Alternatively, I may only be able to 

observe the interaction in cells in which a double strand break has been generated by induction of 

the HO endonuclease or other means. It is also possible that I will see binding in extracts derived 

from asynchronous cultures but that this interaction will be enhanced in the presence of a double  
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Figure 3-1. Primary amino acid sequence of Fdo1. Interaction with Fkh1 occurs through amino 

acids 98-342 (shown in italics). This region contains 18 threonines (shown in bold). Known 

phosphorylation sites (on serines) and ubiquitination sites (on lysines) are underlined in red 

[133,134]. T288 is marked with a red asterisk. 
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strand break. This would indicate that the interaction is regulated by events that take place 

following DNA damage. This may also be the case for the Fkh1-Mph1 interaction and would be 

worth examining. Interaction could also be observed in live cells before and after induction of a 

double strand break by high-resolution confocal microscopy in strains expressing Fkh1 and 

Fdo1/Mph1 that have been tagged with fluorescent proteins. 

 

3.2.2 Examining the role of Fdo1 in DNA repair and DSB biology 

Mph1 was a good candidate for a Fkh1 partner protein involved in mating-type switching 

as it was already known to localize to double strand breaks and have a role in DNA repair 

[89,115,120]. Unlike Mph1, Fdo1 has not been shown to play a role in any form of DNA repair 

and its localization upon induction of a double strand break has not been reported. To examine the 

localization of Fdo1 upon induction of a double strand break I would perform chromatin 

immunoprecipitation experiments before and after induction of a double strand break at the MAT 

locus. Fluorescence microscopy techniques could also be applied to examine Fdo1 localization in 

strains expressing Fdo1 that has been tagged with a fluorescent protein and a protein known to 

localize to DSBs and form foci, such as Rad52, tagged with a different fluorescent protein. Co-

localization of the two proteins could then be assessed by microscopy. This technique could be 

used to examine Fdo1 localization in real time in live cells. 

 

3.2.3 Examining the role of Fdo1 in other areas of Fkh1 biology 

I have shown that Fkh1 interacts with Mph1 and Fdo1, and likely many additional proteins, 

to regulate donor preference during mating-type switching. However, Fkh1 must also, presumably, 

interact with proteins to accomplish its functions in other areas of biology, including transcription 
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and DNA replication. Thus far, Fdo1 has no known roles in either of these processes. However, 

genome-wide studies indicate that levels of FDO1 mRNA increase upon exposure to hydroxyurea, 

a DNA replication inhibitor that induces a replication checkpoint [135,136]. Additionally, 

expression of FDO1 is cell cycle regulated such that it is more highly expressed during S-phase 

[4,135]. These results indicate that Fdo1 may play a role in DNA replication. It would be 

interesting to note if this role is in any way related to the role Fkh1 plays in this process. There are 

many techniques currently and previously in use in the Fox lab which could be used to observe the 

effects of FDO1 mutation on DNA replication timing/efficiency.  

 

3.3 Examining a possible role for CK2 in the Fkh1-Mph1 or Fkh1-Fdo1 interactions 

The Haber lab has demonstrated that the essential CK2 kinase is necessary for Fkh1 

function in donor preference during mating-type switching [60]. Whereas wild type cells in the 

Fkh1-dependent mating-type switching assay choose HML as a donor ~90% of the time, cells 

expressing a temperature sensitive CK2 kinase choose HML only ~40% of the time. While this 

reduction in HML usage is not as great as that seen upon mutation of Fkh1 (~10% HML usage), 

the data provide evidence that the CK2 kinase plays a critical role in this process. I have shown 

that Fkh1 is able to interact with Mph1 through one of two threonine residues. Disrupting this 

interaction by substituting alanine for both threonines (mph1-2TA) reduces HML preference to 

~80%, a 10% reduction. The amino acids surrounding these threonines in Mph1 are highly acidic, 

similar to other CK2 target sites [119]. To determine if CK2 does phosphorylate Mph1, donor 

preference can be measured in mph1-2TA CK2 mutant yeast. If CK2 does phosphorylate these 

threonines, then mutation of MPH1 should not further alter donor preference in a CK2 mutant 

background. Additionally, co-immunoprecipitation of Fkh1 and Mph1 should be reduced or 
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abolished in CK2 mutant yeast. The same experiments could be performed in FDO1 mutant yeast 

to examine the requirement for CK2 in the Fkh1-Fdo1 interaction. 

 

3.4 Identification of new Fkh1-FHA interaction partners 

 

3.4.1 Rationale 

As summarized above, the data I have shown in Chapter 2 demonstrate that a specific Fkh1-

FHA-Mph1 interaction plays a role in regulating mating-type switching. However, this interaction 

does not fully explain the Fkh1 FHA domain’s role in mating-type switching or its role in 

regulating cell cycle transcription. There must be additional, as yet unidentified, protein partners 

that account for these discrepancies. Additionally, Fkh1 is involved in regulating the activation 

timing of DNA replication origins [20,69–71,137]. The mechanisms by which Fkh1 regulates this 

process are unknown and may also involve important FHA-protein interactions. Therefore, 

defining the Fkh1-FHA-interactome will reveal insights essential to understanding this conserved 

protein’s multipronged role in chromosome structure and function.  

The approach many have used for characterizing FHA domains is to perform binding 

experiments using a peptide library to define the specificity of a given FHA domain. While this 

approach is useful for general characterization of FHA domains, and to aid in the identification of 

relevant threonines within known partners, it does not aid in the identification of new protein 

partners. The results of these peptide binding experiments often show a modest preference for a 

certain amino acid at one position (i.e. the pT+3 position). With this limited information it is nearly 

impossible to identify binding targets in the genome with any confidence, as multiple proteins with 

the identified motif are likely encoded in the genome and many, if not most, likely do not interact 
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with the FHA domain of interest. To attempt to narrow down the search by only looking at proteins 

shown to be phosphorylated on the relevant threonines might be misleading due the fact that many 

phosphorylation sites likely remain uncharacterized. Additionally, because many FHA-protein 

interactions may be dynamic and involve large semi-stable macromolecular complexes, standard 

protein-protein interaction approaches have not identified many direct Fkh1 FHA domain partner 

proteins to date. Therefore, an approach which can simultaneously identify new and existing 

interaction partners and the relevant threonines required for binding Fkh1 would be ideal. 

 

3.4.2 Phosphoproteomics approach for identifying new Fkh1-FHA partners 

To identify new FHA domain interaction partners, the Matrix-Assisted Reader Chromatin 

Capture (MARCC) method developed in the Denu lab and phosphoproteomic methods developed 

in the Coon lab could be adapted to define yeast phosphopeptides that bind Fkh1 [138–140] 

(method schematic shown in Figure 3-2). The identities of interacting phosphopeptides would 

allow for rapid identification of putative direct Fkh1-FHA interaction partners and simultaneously 

provide target threonines for mutagenesis. As many of the proteins involved in Fkh1-related 

functions (such as Mph1) are multifunctional proteins involved in many processes, it is difficult to 

determine the exact role of an interaction using null alleles alone. Therefore the identification of 

the exact threonine required for interaction is crucial. Creating a targeted disruption of the FHA-

protein partner interface allows a targeted disruption of a discrete cellular role, leaving other 

known roles unperturbed. Thus the biological role(s) of any putative direct Fkh1-FHA-partner 

could be rapidly assessed. 

Two different Fkh1-FHA domains would be purified from E.coli and used in affinity resins 

for yeast phosphopeptide purification: WT-FHA and Mutant-R80A-FHA. R80A destroys the  
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Figure 3-2. Phosphoproteomics approach for purifying Fkh1-FHA-interacting peptides. 

 

  



86 

 

 

 

 

phosphothreonine binding pocket in FHA domains and would serve as a negative control [27,37]. 

To generate a pool of endogenous phosphopeptides for experimentation, yeast protein extracts 

could be proteolytically digested with trypsin and phosphorylated peptides could be purified using 

immobilized metal affinity chromatography [140].  These samples would then be split and 

incubated with WT-FHA affinity resin or Mutant-R80A-FHA resin. Quantitative high resolution 

nano-LC-MS/MS analysis of the purified phosphopeptides could then be performed. The mass 

spectral analysis would be used to identify bound phosphopeptides, localize the phosphoryl 

modification to a single amino acid, and provide quantitative information on the relative amount 

of each phosphopeptide sequence bound to the WT-FHA resin compared to the negative control 

resin. These steps would identify phosphopeptide sequences that bind to the WT-FHA domain 

with specificity and statistical significance. The data these experiments would generate would 

define candidate protein partners as well as the relevant threonines to target for substitution in vivo. 

Florescence anisotropy on selected phosphopeptides from the bound and unbound fractions would 

be performed as a quality control measure to test the selectivity for target peptides. 

The interacting peptides most relevant to Fkh1-FHA function may be in low abundance. 

This may be due to low abundance of the interacting protein generally. Additionally, some of these 

interacting proteins may only be phosphorylated on the relevant threonines at specific stages of 

the cell cycle or after a specific cellular event, such as the formation of a double strand DNA break. 

These factors increase the challenge to isolating and detecting these peptides. Thus extracts could 

also be made from arrested cell cultures or otherwise manipulated cells to enhance the 

concentration of relevant interacting partners. Peptides could also be purified from nuclear 

extracts, chromatin-enriched extracts or Fkh1-enriched fractions to increase the likelihood of 

isolating and detecting Fkh1-FHA interacting peptides. 
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3.4.3 Potential for contribution to new and existing projects 

This technique has the potential to identify multiple new Fkh1 protein partners of great 

interest to the Fox lab. The lab has experience studying multiple different Fkh1-related biological 

areas including mating-type switching and DNA replication. Several assays for FKH1 function 

that have been performed in the lab could be used to define the cellular roles represented by 

individual Fkh1-FHA interactors identified in the phosphoproteomics screen. 

As the data presented in Chapter 2 suggest, Fkh1 likely requires interaction with multiple 

proteins via its FHA domain to carry out its function in regulating mating-type switching. The 

identification of additional protein partners required for Fkh1 function in mating-type switching 

would solidify this hypothesis and strengthen our knowledge of how Fkh1 regulates donor 

preference. Peptides could be purified after induction of a double strand break at the MAT locus to 

increase the chances of identifying a relevant partner protein. If new protein partners are identified 

that play a role in mating-type switching, studies can be conducted to further elucidate the roles of 

these proteins. Some of these proteins, as is the case for Fdo1, may not previously have been 

characterized as playing a role in DNA repair. Localization of these proteins after the induction of 

a double strand break can be assessed through chromatin immunoprecipitation or fluorescence 

microscopy assays to determine if/when they are recruited to double strand breaks. 

The Fox lab is particularly interested in the DNA replication field. Fkh1 has been shown 

to be involved in regulating replication timing, but the exact mechanisms of this regulation remain 

elusive [20,69–71,137]. Several models for how Fkh1 regulates timing have been proposed, but 

there is little supporting evidence for any of these models yet and no indication of what regions of 

Fkh1 are most critical. It seems reasonable to propose that the FHA domain is important for this 

function. The identification of new interaction proteins involved in DNA replication would be an 
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important step in characterizing the mechanisms by which Fkh1 regulates this process. Fkh1 binds 

to origins in G1 phase, suggesting that Fkh1’s role in regulating replication occurs in this phase 

[20]. Therefore, peptides purified from G1-arrested cultures or from purified DNA replication 

components may be used to increase the chance of detecting partner proteins relevant to DNA 

replication. Newly identified partners could then be mutated on the relevant threonines and various 

replication assays could be performed to determine any defects caused by these mutants. Many 

different experimental approaches, such as ARS assays and 2D gel electrophoresis, could further 

define the role that Fkh1 and its partner proteins play in DNA replication. 

 

3.5 Expansion of phosphoproteomics approach for other FHA domains 

 

3.5.1 Rationale 

FHA domains act as signaling modulators that transduce information by forming specific 

phosphothreonine-dependent protein-protein interfaces that in turn control specific cellular 

responses. However, because FHA-protein interactions are often components of signaling 

cascades, they are likely transient and/or part of large protein complexes. For these reasons the 

identities of many proteins that function as direct interaction partners of FHA domains remain 

unknown. The phosphoproteomics approach proposed to identify new Fkh1-FHA interactors could 

be expanded to assess the roles of the other FHA domains in yeast (15 FHA domains in 14 different 

yeast proteins [141–143]), or any FHA domain from any species, and thus develop into a high 

throughput proteomics project. Given the conservation and obvious biological relevance of FHA 

domains, this work has the potential to be of transformative value to multiple fields. 
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3.5.2 Identification of FOXK1 interacting proteins in human muscle cells 

FOXK1 is a human ortholog of yeast Fkh1. FOXK1, unlike other Fkh1 orthologs in 

humans, contains an FHA domain. FOXK1 is required for the proliferation of muscle stem cells 

and muscle generation [83,84]. A recent study provides evidence for a central role for FOXK1 in 

mTOR-signaling-controlled transcriptional regulation of autophagy genes [85]. While autophagy 

research has traditionally focused on cytoplasmic events, it is now clear that highly regulated 

nuclear events, including major epigenetic changes at autophagy genes, are equally critical. The 

responsiveness of FOXK1 molecular behavior to mTOR signaling leads to the postulate that 

interactions between it and partner proteins is important for proper cellular control of autophagy. 

The role of the FOXK1 FHA domain in this process thus far remains unknown. 

To examine the role of the FOXK1 FHA domain in regulating autophagy genes, siRNA 

knockdowns of FOXK1 and rescue experiments with wild-type and FHA domain-mutant siRNA 

resistant FOXK1 transgenes could be performed and expression of key autophagy genes could be 

examined. These experiments would be performed in C2C12 myoblasts, a common cell line used 

in studies of skeletal muscle cell behavior. It is possible that the FOXK1 FHA domain is important 

to all of FOXK1’s behaviors in controlling the autophagy program. If true, then the Mutant-FHA-

FOXK1 would likely be incapable of repressing autophagy genes regardless of mTOR signaling 

status. Alternatively, Mutant-FHA-FOXK1 may still bind promoters and even repress autophagy 

genes, but fail to respond to mTOR signaling and leave the nucleus. If true, basal autophagy gene 

repression would be unaffected but FOXO3-induction of autophagy gene expression would be 

perturbed. 

If the FHA domain is found to be necessary for regulation of autophagy genes, the 

phosphoproteomics approach developed for yeast Fkh1-FHA could be used to characterize the 
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FOXK1-FHA-interactome. WT-FOXK1 and Mutant-FHA-FOXK1 proteins would be expressed 

and purified, and phosphopeptides prepared from extracts of C2C12 cells would be analyzed for 

binding to these proteins following the approach developed for yeast Fkh1. Protein partners of 

FOXK1-FHA identified in the phosphoproteomics approach would be examined for their roles in 

mTOR-regulated autophagy gene expression and FOXK1 molecular behavior using standard 

siRNA approaches and assays.  
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Appendix A 

Role of the Fkh1-Mph1 interaction in DNA repair and protection 

against DNA damaging agents 

 

A.1 Introduction to Mph1 

Mph1 is a multifunctional DNA helicase that plays a role in many genome maintenance 

processes. It was first discovered as a deletion mutant that caused an increase in basal mutation 

rate [144]. Mutants are sensitive to multiple DNA damaging agents including MMS, EMS and 4-

NQO [89,115]. Mph1 is able to unwind many different DNA structures in vitro (Table A-1), 

suggesting it may play multiple roles in DNA damage repair and protection. The human homolog 

of Mph1, FANCM, is one of 17 members of the Fanconi Anemia (FA) group of proteins found to 

be mutated in human patients with FA, a condition characterized by bone marrow failure, 

congenital abnormalities and predisposition to cancer [145]. FANCM and Mph1 carry out many 

of the same biochemical activities (Table A-1). Therefore Mph1 can serve as a model for FANCM 

function and possibly regulation. 

Mph1 activity has been shown to promote or inhibit different mechanisms of DNA repair. 

For example, Mph1’s ability to catalyze displacement loop (D-loop) dissociation affects the rate 

of crossover during double strand break repair [120]. This dissociation prevents double Holliday  
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Table A-1. Biochemical activities of Mph1 and FANCM. Adapted from [96]. 

DNA substrate Activity Mph1 FANCM 
In vivo 

implications 
Reference 

Triple helix 

 
Translocase ND  

Translocate 

along dsDNA 
[146] 

3’ overhang 

 
Unwinding   

3’ to 5’ DNA 

helicase 
[146,147] 

Flap 

 

Unwinding   
Lagging 

strand 

unwinding 

[148] 

Movable replication fork 

 

Fork reversal   
Replication 

fork repair 
[99,148,149] 

Movable Holliday 

junction 

 

Branch 

migration 
  

Replication 

fork repair 
[99,148,149] 

σ structure 

 

Branch 

migration 
  

Replication 

fork repair 
[148,149] 

Synthetic D-loop 

 

D-loop 

unwinding 
  

Crossover 

control 
[120] 

D-loop 

 

D-loop 

dissociation 
  

Crossover 

control 
[120,149] 
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Figure A-1. Double strand break repair pathways in yeast. Mph1 promotes the synthesis 

dependent strand annealing (SDSA) pathway of double strand break repair, which can only result 

in non-crossover products. A double Holliday junction can be repaired through dissolution, an 

unwinding of the dHJ structure by Sgs1, or resolution, in which the dHJ is cut by The Mus81-

Mms4 endonuclease. Resolution can lead to crossover events. Break-induced repair (BIR) leads 

to non-reciprocal crossover and loss of heterozygosity. Modified from [150]. 
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Junction (dHJ) formation and promotes the synthesis-dependent strand annealing (SDSA) pathway 

of homologous recombinational repair, a pathway that does not produce crossovers (Figure A-1) 

[122]. D-loop dissociation also inhibits break-induced repair (BIR) at double strand breaks, a 

process that results in non-reciprocal crossover and loss of heterozygosity [151]. Additionally, 

Mph1 has recently been implicated in the Recombination Execution Checkpoint (REC) [152]. The 

REC regulates the choice between standard double strand break repair (DSBR) and BIR based on 

the homology status of the double strand break ends [153]. If homology is only present for one 

DNA end, or if the homologous regions for both ends are situated far away or in the wrong 

orientation, DSBR is blocked and ultimately BIR will be the chosen repair pathway after a 

significant delay. Deletion of MPH1 disrupts this checkpoint mechanism and results in reduction 

in the delay and a preference for DSBR [152]. Whether Mph1 is involved in sensing the homology 

status of the DNA ends or if its role in dissociating D-loops can fully explain its role in the REC 

is unknown. Regardless, regulation of Mph1 function has important implications for cellular 

outcomes after DNA damage. 

 

A.2 Examining the role of the Fkh1-Mph1 interaction in MMS resistance 

 

A.2.1 Background 

 Deletion of MPH1 leads to multiple defects related to DNA repair in the cell and produces 

multiple observable phenotypes. One of the most straight forward phenotypes to assay is 

sensitivity to DNA damaging agents. Fkh1 has not been implicated previously in protection against 

DNA damage, so any sensitivity to DNA damaging agents would be a new phenotype observed. 

As a first step to examine whether the Fkh1-Mph1 interaction is contributing to any of the DNA 
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repair roles in which Mph1 has been implicated FKH1 mutant yeast and MPH1 mutant yeast that 

do not interact with Fkh1 (mph1-2TA) were assayed for sensitivity to the DNA damaging agent 

MMS. 

 

A.2.2 Deletion of FKH1 confers sensitivity to MMS 

Unlike mph1Δ cells, mph1-2TA cells are not sensitive to MMS (Figure A-2A), suggesting 

that interaction with Fkh1 is not required for protection against MMS-induce damage. However, 

fkh1Δ cells were mildly sensitive to MMS at higher concentrations. Whether or not this sensitivity 

was additive with that of mph1Δ cells was difficult to determine, as mph1Δ cells were much more 

sensitive to MMS. Fkh1 interacts with Mph1 through its FHA domain. Consistent with the result 

seen with mph1-2TA, both fkh1-fhaΔ and fkh1-R80A (a mutant that abolishes Fkh1-Mph1 binding) 

yeast were not sensitive to MMS (Figure A-2B). Interestingly, cells lacking the Fkh1 DNA binding 

domain (fkh1-dbdΔ) were also not sensitive to MMS. 

That the DNA binding domain of Fkh1 can be dispensed without causing MMS sensitivity 

suggests that loss Fkh1 transcriptional activity is not the cause of MMS sensitivity in fkh1Δ cells. 

However, it is possible that in cells lacking the Fkh1 DBD Fkh2, a Fkh1 paralog that is able to 

carry out many of the same functions, is able to substitute for some Fkh1 function. Therefore it is 

possible that sensitivity to MMS in fkh1Δ cells is due to a change in transcriptional activity. This 

transcriptional activity would also have to be independent of the Fkh1 FHA domain, as deletion 

of this domain also does not lead to MMS sensitivity. I have shown that FHA function is important 

for Fkh1-regulated transcription, but cannot fully explain its role (see Chapter 2). There is evidence 

that Fkh2 is able to interact with some partner proteins that regulate transcription through the N-

terminus in a region outside of the FHA domain [22], so this fkh1-fhaΔ protein may still be able  
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Figure A-2. Sensitivity of MPH1 and FKH1 mutants to MMS. (A-B) Chronic exposure MMS 

assay. 
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Figure A-3. Sensitivity to MMS in FKH1 and MPH1 mutants is additive. Acute exposure 

MMS assay. 
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to partially function in transcriptional regulation. Another possible explanation is that Fkh1 binds 

and sequesters some partner protein through a region outside of the DBD or FHA domain and loss 

of Fkh1 increases the available concentration of this protein, leading to MMS sensitivity. 

 

A.2.3 fkh1Δ and mph1Δ MMS sensitivity is additive 

 The epistasis between FKH1 and MPH1 mutants under chronic MMS treatment conditions 

is difficult to assess due to the much higher sensitivity seen in MPH1 mutants. To better assess the 

epistatic relationship between FKH1 and MPH1, cells were acutely treated with MMS and assayed 

for viability. Under acute treatment conditions deletion of FKH1 and MPH1 produced similar 

results, both showing a mild MMS sensitivity phenotype (Figure A-3). Deletion of both FKH1 and 

MPH1 led to a higher degree of MMS sensitivity than deletion of either gene alone. These results 

suggest that sensitivity to MMS in cells lacking FKH1 is not likely due to a loss of interaction with 

Mph1. 

 

A.3 Possible role for Fkh1 in MMM complex 

 

A.3.1 Identification of an Mph1-containing complex involved in ICL repair 

 Interstrand crosslinks (ICLs) are among the most toxic types of DNA lesions a cell can 

experience. It has been estimated that even a single unrepaired ICL can kill a yeast cell [154]. To 

avoid such catastrophic effects, cells contain multiple networks that are able to repair these lesions. 

The human homolog of Mph1, FANCM, has been shown to be involved in the repair of these 

DNA lesions [146], however MPH1 mutants are not sensitive to ICL agents due to the presence 

of other ICL repair pathways in yeast. Three epistasis groups have been implicated in ICL repair  
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Figure A-4. A model for two ICL repair pathways in yeast. In the absence of Pso2, the MMM 

(Mph1-MutSα-Mgm101) complex acts as a secondary pathway to repair ICLs. Exo1 acts as the 

nuclease that degrades the lesion after which the gap is repaired by the HR machinery. From [155]. 
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in yeast – PSO2, RAD52, and RAD18 [156]. The precise role that Pso2 plays in this process is not 

yet worked out in detail, but existing evidence suggests that the Pso2 nuclease is required to 

degrade the ICL after it has been excised from one strand by other endonucleases [155]. After the 

ICL has been removed the gap is filled by the post-replicative repair machinery. Although MPH1 

mutants are not sensitive to ICL agents in wild type cells, deletion of MPH1 does increase 

sensitivity in PSO2 mutants, suggesting that Mph1 plays a role in a redundant ICL repair pathway 

[155]. In fact, Mph1 was found to associate with a complex, which includes Mgm101 and MutSα, 

that acts upstream of homologous recombination proteins Rad51 and Rad52 in repair of ICLs in 

the absence of Pso2 (Figure A-4). 

 

A.3.2 Role of the Fkh1-Mph1 interaction in ICL repair is unclear 

 This Mph1-MutSα-Mgm101 complex was identified after a genome-wide search for 

proteins that interact with Mgm101. In addition to Mph1 and MutSα, Fkh1 was identified as an 

Mgm101-interacting protein. To examine whether Fkh1 may play a role in ICL repair, the 

sensitivity of MPH1 mutant yeast that are unable to interact with Fkh1 (mph1-2TA) to the ICL 

agent nitrogen mustard (mechlorethamine, or HN2) was examined. After repeated attempts I was 

unable to replicate published results showing that deletion of MPH1 increases HN2 sensitivity in 

a pso2Δ or rad18Δ background (Figure A-5A) [155]. I found sensitivity to HN2 in all strains to 

be much higher than what has been previously published, making experiments using high 

concentrations of HN2 difficult to perform due to the low survival rates. At 100 μM HN2 

pso2Δmph1Δ strains were more sensitive than pso2Δ strains, however this trend failed to hold at 

higher concentrations (Figure A-5B). pso2Δmph1-2TA strains had a survival rate after exposure 

to 100 μM HN2 that was in between that of pso2Δ and pso2Δmph1Δ strains, suggesting it may   
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Figure A-5. Sensitivity of MPH1 mutants to HN2. (A) Acute exposure HN2 spot assay. (B) 

Acute exposure HN2 survival curve. 
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have a slight defect in ICL repair. However, as I was unable to replicate published results it is 

difficult to conclude anything from the results I obtained. 

 

A.4 Potential regulation of Mph1 fork reversal activity by Fkh1 

 

A.4.1 Regulation of Mph1 fork reversal activity by Smc5/6 and Mhf2 

 Many proteins have been shown to bind Mph1 and regulate its activity. Most of these 

interactions occur through the C-terminal region of Mph1, the same region that Fkh1 binds. For 

example, Mph1 is known to interact with the Smc5/6 complex through direct binding to Smc5 

[125]. This binding mainly occurs through amino acids 751-810, a region of Mph1 that overlaps 

with the Fkh1-interacting region (~amino acids 772-789) [98]. Deletion of MPH1 rescues the 

lethality of mutants in the Smc5/6 complex [125], suggesting that Smc5/6 may play a role in 

attenuating Mph1 functions which result in negative outcomes. Indeed, it has recently been shown 

that the Smc5/6 complex specifically inhibits Mph1’s replication fork reversal activity [99] (Figure 

A-6). Without attenuation of this biochemical activity excess fork reversal leads to an 

accumulation of toxic DNA intermediates and ultimately cell death. The histone fold complex, 

MHF, also binds to Mph1, relieving inhibition of fork reversal activity caused by Smc5/6 binding 

[100]. Interestingly, neither Smc5/6 nor the MHF complex affect the ratio of crossovers to non-

crossovers during double strand break repair, showing that their regulation of Mph1 is specific to 

fork reversal activity and not D-loop dissociation [99,100].  
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Figure A-6. Function and regulation of Mph1 and Rad5 in replication fork repair. Modified 

from [96] with information from [99]. Loss of Rad5 replication fork reversal activity leads to a 

reduction in fork reversal and increased sensitivity to DNA damaging agents. Releasing Smc5/6 

inhibition of Mph1 through mutation of MPH1 partially compensates for the loss of Rad5 fork-

reversal. Releasing Smc5/6 inhibition of Mph1 in cells expressing RAD5 leads to excess fork 

reversal and the buildup of toxic DNA intermediates that are resolved in part by Srs2 and Mms4. 
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A.4.2 Examining the role of the Fkh1-Mph1 interaction in regulating Mph1 fork reversal activity 

These observations raised the possibility that Fkh1 competes for Mph1 binding with 

Smc5/6 or the MHF complex and perhaps also regulates the biochemical activity of Mph1. Like 

Mph1, the DNA helicase Rad5 is also able to catalyze replication fork reversal [157]. Only Mph1 

and Rad5 are known to have this catalytic activity in yeast. For this reason, mutation or removal 

of both MPH1 and RAD5 causes extreme sensitivity to DNA damaging agents [115]. However, a 

strain expressing a mutant version of Mph1 that is unable to interact with Smc5/6 (mph1ΔS1) 

partially rescues the MMS sensitivity phenotype seen in a RAD5 mutant in which Rad5 is unable 

to catalyze fork reversal (rad5-DEAA). This allele of MPH1 is able to compensate for the loss of 

Rad5 replication fork reversal activity due to its increased ability to catalyze replication fork 

reversal without the inhibition of Smc5/6 (Figure A-6) [99]. To examine whether Fkh1 may also 

play a role in regulating Mph1’s fork reversal activity, the effect the mph1-2TA mutant has in a 

rad5-DEAA background was examined. 

Initial experiments showed that, like the mph1ΔS1 allele that cannot interact with Smc5/6, 

the mph1-2TA allele reduced MMS sensitivity in a rad5-DEAA background (Figure A-7A). 

However, this observation was not seen again after repeating the same experiment (Figure A-7B). 

Additionally, I was unable to replicate the published results demonstrating that the mph1ΔS1 allele 

reduces MMS sensitivity in a rad5-DEAA background. The previously published results show that 

the MMS sensitivity of the mph1ΔS1 allele in the rad5-DEAA background is variable [99], so it is 

possible the initial observation of an effect caused by the mph1-2TA allele was accurate but that 

the effect is stochastic. However, as I was unable to repeat the previously published results it is 

difficult to conclude the effects this allele has. It is also possible that even if the mph1-2TA allele 

has an effect on MMS sensitivity in the rad5-DEAA background that this effect is due to a  
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Figure A-7. mph1-2TA does not cause excessive fork reversal.  (A-C) Chronic exposure MMS 

assays. The mph1ΔS1 allele is lacking amino acids 751-810.  

  



106 

 

 

 

 

reduction in interaction with Smc5/6. Yeast-2-hybrid experiments show that this allele still 

interacts with Smc5, although it may be weakened. In vitro experiments measuring Mph1 and 

mutant Mph1’s ability to catalyze fork reversal in the presence of Fkh1 and/or Smc5/6 may be able 

to clear up this confusion. 

 Yeast expressing a mutant form of Mph1 that does not interact with Smc5/6 (mph1ΔS1) 

have an increased sensitivity to MMS in both srs2Δ and mms4Δ mutant backgrounds [99]. This 

effect is proposed to be due to the DNA repair activities of Srs2 and Mms4. Without inhibition 

from Smc5/6 the Mph1 fork reversal activity is increased, causing a buildup of toxic DNA 

recombination intermediates. The activities of Srs2 and Mms4 are required to resolve these 

intermediates (Figure A-6). I saw no such increase in MMS sensitivity in mph1-2TA srs2Δ or 

mph1-2TA mms4Δ cells, suggesting that this allele likely does not lead to excessive replication 

fork reversal activity (Figure A-7C).  

 

A.5 Genetic interaction between RAD5 and FKH1 

The yeast strain used in the Fox lab, w303, contains a mutation in the RAD5 gene, rad5-

535, which causes a change in amino acid at position 535 from glycine to arginine [158]. Rad5 is 

a DNA helicase and ubiquitin ligase that is able to catalyze replication fork reversal and is also 

involved in post-replication repair [157,159]. Deletion of RAD5 leads to sensitivity to a number 

of DNA damaging agents, including MMS [160]. The rad5-535 mutation leads to a weak DNA 

repair defect phenotype that is further weakened in certain backgrounds. Very little has been 

reported about the effects of this allele, however unpublished results from multiple groups suggest 

that defects observed in rad5-535 strains are indirect and are due to loss of interaction with 

chromatin-associated proteins or the transcription machinery (summarized in [161]). MMS  
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Figure A-8. Genetic effects of RAD5 and FKH1 mutation on MMS sensitivity. (A-B) Chronic 

exposure MMS assays. The fkh1-fhaΔ allele is lacking amino acids 50-202. 
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sensitivity in rad5-535 mph1Δ cells was greater than that of rad5-535 cells or mph1Δ cells (Figure 

A-8A), suggesting the rad5-535 mutant causes some defect in an overlapping role with Mph1. 

Unlike in RAD5 cells, deletion of FKH1 in rad5-535 cells did not lead to MMS sensitivity, 

suggesting Rad5 activity or interaction with an unknown protein is essential for MMS sensitivity 

in fkh1Δ cells. 

Interestingly, deletion of FKH1 in a rad5-DEAA background caused an increase in MMS 

sensitivity, even at concentrations where deletion of FKH1 alone causes no sensitivity (Figure A-

8B). Removal of only the FHA domain of Fkh1 does not cause the same effect. These results 

suggest that Fkh1 may play a role in MMS sensitivity that overlaps with Rad5. 

 

A.6 Materials and methods 

 

A.6.1 Yeast strains 

 Strains were derived from the Saccharomyces cerevisiae strain w303. Standard methods 

were used for yeast growth and strain construction. Strains used in this appendix are listed in Table 

A-2. Strains have all alleles present in the w303 background (his3-11, trp1-1, leu2-3,112, ura3-1) 

unless otherwise noted. 

 

A.6.2 HN2 and MMS assays  

 Chronic exposure MMS assays were performed as described in Chapter 2 (see methods 

section 2.6.7). Acute exposure HN2 assays were performed as described in [155]. Briefly, cells 

were grown in liquid YPD media to mid-log phase, pelleted, and then resuspended in PBS   
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Table A-2. Yeast strains used for experiments in Appendix A. 

Name Description Source 

CFY3533 MATa ADE2+ CAN1+ RAD5+ This study 

CFY3537 MATa ADE2+ CAN1+ RAD5+ fkh1Δ::HisG This study 

CFY3539 MATa ADE2+ CAN1+ RAD5+ mph1Δ::KanMX This study 

CFY3541 
MATa ADE2+ CAN1+ RAD5+ fkh1Δ::HisG 

mph1Δ::KanMX 
This study 

CFY3612 MATa ADE2+ CAN1+ rad5-535 This study 

CFY3613 MATa ADE2+ CAN1+ rad5-535 mph1Δ::KanMX This study 

CFY3622 MATa ADE2+ CAN1+ rad5-535 fkh1Δ::HisG This study 

CFY3952 
MATa ADE2+ CAN1+ RAD5+ pso2Δ::TRP1 

mph1Δ::KanMX 
This study 

CFY3956 MATa ADE2+ CAN1+ RAD5+ fkh1-R80A This study 

CFY3969 MATa ADE2+ CAN1+ RAD5+ fkh1Δ50-202 This study 

CFY4034 MATa ADE2+ CAN1+ RAD5+ fkh1-dbdΔ Modified from [9] 

CFY4038 MATa ADE2+ CAN1+ RAD5+ mph1-2TA This study 

CFY4092 MATa ADE2+ CAN1+ RAD5+ pso2Δ::TRP1 mph1-2TA This study 

CFY4268 MATa ADE2+ CAN1+ RAD5+ fkh1Δ::HisG mph1-2TA This study 

CFY4270 MATa ADE2+ CAN1+ RAD5+ pso2Δ::TRP1 This study 

CFY4295 MATa ADE2+ CAN1+ rad5-DEAA mph1Δ::KanMX Modified from [99] 

CFY4297 MATa ADE2+ CAN1+ rad5-DEAA mph1-2TA Modified from [99] 

CFY4299 MATa ADE2+ CAN1+ RAD5+ srs2Δ::TRP1 Modified from [99] 

CFY4301 
MATa ADE2+ CAN1+ RAD5+ srs2Δ::TRP1 

mph1Δ::KanMX 
Modified from [99] 

CFY4303 MATa ADE2+ CAN1+ RAD5+ srs2Δ::TRP1 mph1-2TA Modified from [99] 

CFY4304 MATa ADE2+ CAN1+ RAD5+ mms4Δ::KanMX Modified from [99] 

CFY4306 
MATa ADE2+ CAN1+ RAD5+ mms4Δ::KanMX 

mph1Δ::KanMX 
Modified from [99] 

CFY4308 MATa ADE2+ CAN1+ RAD5+ mms4Δ::KanMX mph1-2TA Modified from [99] 

CFY4313 MATa ADE2+ CAN1+ RAD5+ rad18Δ::KanMX 
rad18Δ allele 

courtesy X. Zhao 

CFY4315 
MATa ADE2+ CAN1+ RAD5+ rad18Δ::KanMX 

mph1Δ::KanMX 

rad18Δ allele 

courtesy X. Zhao 

CFY4317 MATa ADE2+ CAN1+ RAD5+ rad18Δ::KanMX mph1-2TA 
rad18Δ allele 

courtesy X. Zhao 

CFY4335 MATa ADE2+ CAN1+ rad5-DEAA Modified from [99] 

CFY4355 MATa ADE2+ CAN1+ rad5-DEAA fkh1Δ::HisG Modified from [99] 

CFY4356 MATa ADE2+ CAN1+ rad5-DEAA fkh1Δ50-202 Modified from [99] 

CFY4389 MATa ADE2+ CAN1+ RAD5+ mph1ΔS1 (Δ751-810) Modified from [99] 

CFY4392 MATa ADE2+ CAN1+ rad5-DEAA mph1ΔS1 (Δ751-810) Modified from [99] 
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supplemented with the indicated concentration of HN2 and incubated at 30°C for 1 hour. Acute 

exposure MMS assays were performed identically except that cells were resuspended in water and 

incubated at 30°C for 2 hours. Cells were then spotted onto YPD agar media and imaged after two 

or three days growth. For survival assays cells were plated onto YPD agar media and colonies 

were counted to calculate viability. 
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Appendix B 

Examining the Fkh2-Mph1 interaction and the role of Fkh2 in DNA 

damage avoidance 

 

B.1 Examining the Fkh2-Mph1 interaction 

 Fkh1 and Fkh2 have very similar amino acid sequences. Every residue in the Fkh1 FHA 

domain that I have shown to be required for Mph1 binding is also present in the Fkh2 FHA domain 

(Figure B-1A). This led to the prediction that Fkh2 is likely able to bind many, if not all, Fkh1 

interacting proteins I identified in the 2-hybrid screen. Indeed, Fkh2 is able to bind Mph1, Ecm30, 

and Gln3 in 2-hybrid assays, although these interactions appear weaker than interactions between 

these proteins and Fkh1 (Figure B-1B). Interaction with these proteins also required the Fkh2 FHA 

domain. Unlike Fkh1, Fkh2 was unable to interact with Ure2 or Fdo1. These results suggest that 

the Fkh1-Ure2 and Fkh1-Fdo1 interactions may require other amino acids in Fkh1 that are not also 

present in Fkh2. This is consistent with my other results showing that the FHA domain of Fkh1 

was not sufficient to interact with Fdo1. It is also possible that small differences in protein 

abundance or stability in the 2-hybrid context reduce the levels of Fkh2 binding with Ure2 and/or 

Fdo1 such that interaction is not observable by 2-hybrid. However, whether Fkh2 binds these 

proteins in extracts remains to be explored. 



112 

 

 

 

 

 

Figure B-1. The Fkh2 FHA domain interacts with many of the same proteins as the Fkh1 

FHA domain. (A) Alignment of the Fkh1 and Fkh2 FHA domains. Alignment was generated 

using structural predictions of the Fkh1 FHA domain, which include a combination of the Rad53-

based homology model and secondary structure prediction, and secondary structure prediction of 

the Fkh2 FHA domain [104] (See Figure 2-3 and section 2.6.3 for details). Conserved FHA domain 

β-strands and the loops which comprise the peptide binding site are labeled [38]. Fkh1 β-strands 

predicted in the homology model are shown in red and those predicted from secondary structure 

prediction are shown in blue. The five conserved FHA residues that comprise the 

phosphothreonine binding pocket are boxed. Fkh1 residues shown to be required for binding to 

Mph1 are highlighted yellow. (B) Yeast-2-hybrid assay using different forms of Fkh2 as bait and 

Fkh1 interactors described in Chapter 2 as prey. The Fkh2 FHA domain in these assays is defined 

as amino acids 57-212. (C-D) 2-hybrid assays using mutant forms of Fkh2 and Mph1. The FHA 

domain of Fkh2 is defined as amino acids 1-214 in these assays. 
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 Further examination of the Fkh2-Mph1 interaction by 2-hybrid revealed that the same two 

threonines in Mph1 that are required for binding Fkh1 are also required for binding Fkh2 (Figure 

B-1C). These two threonines are also redundant for interaction with Fkh2, as both need to be 

substituted with alanine to see a loss of interaction. The phosphothreonine binding capability of 

Fkh2 is required for this interaction, as substitution of alanine for R87 (the analogous residue to 

Fkh1 R80) also abolishes binding to Mph1 (Figure B-1D). These results suggest that Fkh2 binds 

Mph1 with the same mechanism as Fkh1. However, I have not shown that Fkh2 and Mph1 interact 

in extracts. These proteins are overexpressed in the 2-hybrid system and it is possible that in normal 

cells in which Fkh1 is present Fkh2 and Mph1 do not interact. 

 

B.2 Deletion of FKH2 leads to MMS sensitivity in RAD5 or MPH1 mutant backgrounds 

 Unlike deletion of FKH1, deletion of FKH2 in wild-type cells did not lead to MMS 

sensitivity. However, deletion of FKH2 did lead to MMS sensitivity in both an mph1Δ background 

and a rad-535 background, suggesting that deletion of FKH2 causes a defect in a role overlapping 

with Mph1 and Rad5. Whether or not this role is a direct role in DNA repair or the by-product of 

altered cell cycle transcription is currently unknown.  

 

B.3 Materials and methods 

 

B.3.1 Yeast strains and plasmids 

Strains were derived from the Saccharomyces cerevisiae strain w303. Standard methods 

were used for yeast growth and strain construction. Strains used in this appendix are listed in Table 

B-1. Strains have all alleles present in the w303 background (his3-11, trp1-1, leu2-3,112, ura3-1)   
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Figure B-2. Effect of FKH2 mutation on MMS sensitivity in different genetic backgrounds. 

Cells were grown to mid-log phase in YPD and then spotted onto plates with the indicated 

concentration of MMS. 
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Table B-1. Yeast strains used for experiments in Appendix B. 

Name Description Source 

PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ gal80Δ GAL2-

ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ 

[88] 

CFY3533 MATa ADE2+ CAN1+ RAD5+ This study 

CFY3539 MATa ADE2+ CAN1+ RAD5+ mph1Δ::KanMX This study 

CFY3549 MATa ADE2+ CAN1+ RAD5+ fkh2Δ::HisG This study 

CFY3555 MATa ADE2+ CAN1+ RAD5+ fkh2Δ::HisG mph1Δ::KanMX This study 

CFY3612 MATa ADE2+ CAN1+ rad5-535 This study 

CFY4368 MATa ADE2+ CAN1+ rad5-535 fkh2Δ::HisG This study 
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Table B-2. Plasmids used for experiments in Appendix B. 

Name Description Source 

pGBDU-C1 Yeast-2-hybrid vector-Gal4 DNA Binding Domain [88] 

pGAD-C1 Yeast-2-hybrid vector-Gal4 Activation Domain [88] 

pCF2106 pGBDU-C1 Fkh1-FHA(50-202) This study 

pCF2123 pGBDU-C1 Fkh2-FHA(1-214) This study 

pCF2130 pGBDU-C1 Dun1-FHA(3-170) This study 

pCF2131 pGBDU-C1 Vps64-FHA(133-324) This study 

pCF2132 pGBDU-C1 Tos4-FHA(52-218) This study 

pCF2183 pGBDU-C1 Fkh1-FHA(50-202) This study 

pCF2185 pGAD-C1 Mph1 (762-993) This study 

pCF2280 pGAD-C1 Fkh2-FHA(1-214) This study 

pCF2559 pGAD-C3 Ecm30 (1005-1183) [88] 

pCF2561 pGAD-C1 Gln3 (20-189) [88] 

pCF2568 pGAD-C2 Ure2 (84-354) [88] 

pCF2570 pGAD-C2 Fdo1 (98-342) [88] 

pCF2776 pGBDU-C1 Fkh2 This study 

pCF2892 pGBDU-C1 Fkh2(1-214) R87A This study 

pCF4016 pGBDU-C1 fkh2-fhaΔ (Δ57-212) This study 

pCF4045 pGBDU-C1 Fkh2-FHA (aa 57-212) This study 
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unless otherwise noted. Plasmids were constructed using standard techniques and are listed in 

Table B-2. 

 

B.3.2 Structure-based sequence alignment 

 Alignment was generated based on Fkh1 structural predictions (see section 2.6.3 for 

details) and secondary structure prediction of the Fkh2 FHA domain. Secondary structure 

prediction was generated by J-Pred [104]. 

 

B.3.3 2-hybrid assays 

 Yeast-2-hybrid assays were performed as described in Chapter 2 (section 2.6.2). 

 

B.3.4 MMS assays 

Chronic exposure MMS assays were performed as described in Chapter 2 (section 2.6.7).   
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