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ABSTRACT OF THE DISSERTATION 
 

Dissecting the chromatin functions of the glucanosyltransferase Gas1  
in Saccharomyces cerevisiae 

 
by 

Moriah Rose Eustice 

Doctor of Philosophy in Biology 

University of California, San Diego, 2014 

Professor Lorraine Pillus, Chair 

 

Regulation of chromatin dynamics is crucial for DNA-mediated processes 

including transcription and DNA damage repair. The glucanosyltransferase Gas1, 

which has been elegantly studied at the cell wall, was recently found to influence 

transcriptional silencing. The role of Gas1 in silencing was dependent on the catalytic 

activity of Gas1 and was separable from its cell wall functions. My research has 

focused on further characterization of gas1Δ chromatin-associated phenotypes and 
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genetic interactions as well as analysis of the role of Gas1 localization in relation to 

chromatin dynamics.  

Interestingly, the gas1Δ strain is broadly sensitive to DNA damaging agents. In 

the gas1Δ mutant, initial sensing of DNA damage is intact, as observed by H2A serine 

129 phosphorylation levels following exposure to genotoxins. However, both Rad53 

phosphorylation and the DNA damage replication checkpoint are impaired following 

exposure to select genotoxins. The DNA damage sensitivity of the gas1Δ mutant is 

separable from the cell wall functions of Gas1 but is dependent on its β-1,3-

glucanosyltransferase activity.  

Analysis of gas1Δ genetic interactions with genes encoding the major histone 

H3 acetyltransferases revealed that whereas the gas1Δ gcn5Δ double mutant is 

synthetically lethal, deletion of SAS3 leads to select mutual suppression of silencing 

defects. These results suggest that Gas1 and Sas3 may act to balance the distribution 

of silencing factors. Further, deletion of SAS3 specifically suppresses gas1Δ sensitivity 

to genotoxins that trigger the DNA replication checkpoint, leading to restoration of 

Rad53 phosphorylation and the cell cycle checkpoint. These findings suggest that Sas3 

is antagonistic to the DNA replication checkpoint, which is unique and opposite to the 

role of the functionally overlapping acetyltransferases Gcn5. 

Finally, mutational analysis of select Gas1 domains demonstrates that blocking 

GPI anchor attachment, and thus passage of Gas1 through the secretory pathway, still 

permits rescue of Gas1’s chromatin-associated functions. Our findings thus suggest 

that there may be two pools, or isoforms, of Gas1 that are functionally distinct.  
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Overall, my research identifies new functions for both Gas1 and Sas3 and 

expands our understanding of Gas1’s chromatin functions. In addition, I have 

identified a separation-of-function mutant that provides insight into the mechanism of 

Gas1 influence on chromatin dynamics. 
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Chapter 1 Introduction  

 

OVERVIEW 

 The focus of this dissertation is my work characterizing the chromatin 

functions of the β-1,3-glucanosyltransferase Gas1. Based on the range of Gas1 

functions, and questions addressed by my research, the introduction is necessarily 

broad. Here I focus on three key topics: chromatin dynamics in relation to 

transcriptional silencing and the DNA damage response, structure and organization of 

the budding yeast cell wall and Gas1 structure and functions.  

 

CHROMATIN DYNAMICS IN S. CEREVISIAE 

 Regulation of chromatin structure is integral to fundamental DNA-driven 

processes including control of gene expression, DNA damage repair and DNA 

replication. Disruption of chromatin structure and regulation drives numerous disease 

states including cancers, neurodegeneration and developmental disorders. The 

complexity of signal integration and the dynamic nature of chromatin underscores the 

vital significance of chromatin in proper maintenance and management of the 

underlying genome.  

The central subunit of chromatin is the nucleosome, which is composed of 

~147 base pairs of DNA wrapped around an octamer of core histone proteins. The 

nucleosome consists of two of each of the highly conserved histones H3, H4, H2A and 

H2B (reviewed in Kornberg and Lorch 1999). The arrays of nucleosomes in linear 
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chromatin are further folded and condensed into higher order structures, the nature of 

which remains an active area of investigation (reviewed in Woodcock and Ghosh 

2010; Li and Reinberg 2011). The degree of chromatin compaction is dynamic, as the 

cell must alter transcriptional programs in response to environmental perturbations and 

changes in the cell cycle, as well as allow the underlying DNA to be accessed for 

processes such as replication and repair.  

The plasticity of chromatin can be attributed, at least in part, to the post-

translational modifications (PTMs) made to histones. Some of the most intensely 

studied modifications include acetylation, ubiquitylation, methylation, 

phosphorylation and sumoylation. The numerous types of PTMs, how they are written, 

erased, read and interpreted and their context-dependent influence on chromatin states 

are exceptionally complex, leading to the idea of a “histone language” (reviewed in 

Berger 2007; Lee et al. 2010; Gardner et al. 2011).  

Histone PTMs are enzymatically added and removed and influence chromatin 

dynamics in a variety of ways. PTMs can disrupt the interaction between the 

negatively charged DNA and positively charged histones, thus altering chromatin 

structure. They recruit chromatin-modifying enzymes and the replication and repair 

machineries. Histone modifications also influence the localization of chromatin within 

the nucleus. Localization of chromatin, including movement to the nuclear periphery, 

is integral for the regulation of transcription, repair and replication processes 

(reviewed in Taddei and Gasser 2012).  
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S. cerevisiae is a powerful model in which to explore the dynamics of 

chromatin regulation.  Budding yeast is highly genetically tractable and the relative 

ease of genetic manipulation has allowed for the dissection of complex pathways and 

processes.  Although yeast is a relatively simple model organism, many of the 

regulatory features of chromatin structure and dynamics are highly conserved. Further, 

with only two copies of each of the core histone genes, as compared to other 

organisms that can have over a hundred histone genes, analysis of the contribution of 

specific histones and their modifications to chromatin dynamics is relatively 

straightforward. Thus, yeast has provided, and will continue to provide, significant 

insight into the regulation of chromatin dynamics.  

 

Transcriptional silencing 

 Budding yeast has three distinct regions of the genome that are defined as 

transcriptionally silent due to their compacted chromatin structure. These are the 

ribosomal, or rDNA, array, the telomeres and the cryptic mating-type loci (Figure 1-

1). The state of chromatin at these silenced regions resembles heterochromatin and, 

although cytologically distinct from the heterochromatin found in multicellular 

organisms, many of the fundamental chromatin properties and proteins involved in 

chromatin regulation are highly conserved. Central to silencing at all three regions is 

Sir2, a lysine (K) deacetylase (KDAC) in the SIR (silent information regulator) family 

of proteins. The SIR proteins broadly regulate the establishment, spreading and 

maintenance of silent chromatin (reviewed in Rusche et al. 2003; Oppikofer et al.  
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Figure 1-1 Three silenced regions in S. cerevisiae. The rDNA array, telomeres 
and cryptic mating loci are all subject to chromatin-mediated silencing. The SIR 
family of proteins plays an integral role in silencing, with all family members present 
at the cryptic mating-type loci and the telomeres but only Sir2 is present in a unique 
complex at the rDNA array. 
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2013). Functional assays used in the analysis of silencing are presented in Chapters 2 

and 3.  

 

Silencing at the rDNA array 

 The rDNA locus contains ~100 to 200 copies of a 9.1-kilobase repetitive 

sequence encoding the rRNA genes, localized in the nucleolus. Each repeated unit 

contains a Pol I transcribed 35S rRNA gene and a Pol III transcribed 5S rRNA gene 

which are within a nontranscribed spacer region (subdivided into NTS1 and NTS2; 

reviewed in Warner 1999). Silencing at the rDNA array regulates the level of rRNA 

transcription. Moreover, it can repress the transcription of any Pol II transcribed gene 

inserted into the array as well as recombination in general (Bryk et al. 1997; Gottlieb 

and Esposito 1989). Uniquely, at the rDNA array only Sir2, among the SIR proteins, is 

required for silencing (Bryk et al. 1997; Smith and Boeke 1997). Here Sir2 acts in the 

nucleolar RENT complex, composed of Sir2, Net1 and Cdc14 (Figure 1-1; Shou et al. 

1999; Straight et al. 1999; Visintin et al. 1999). 

Silencing at rDNA spreads leftward in a manner dependent on transcription by 

RNA polymerase I (Buck et al. 2002). Silencing is impeded by boundaries, which 

serves to delineate silenced from active chromatin. At the rDNA array, spreading of 

silent chromatin is blocked by a cohesion binding site. When Sir2 is overexpressed, 

boundary formatin requires additional proteins including the lysine (K) 

acetyltransferases (KAT) Sas2 and Gcn5 (Biswas et al. 2009).  

 



	  

	  

6	  

Silencing at telomeres 

 At the end of chromosomes are regions of repetitive DNA known as telomeres. 

Telomeres contain multiple sequence elements integral to silencing to which several 

transcription factors bind, leading to the recruitment of the SIR proteins (Figure 1-1).  

Silencing is initiated at the chromosome ends and spreads toward the centromere 

(Moretti et al. 1994). This is accomplished by recruitment of Sir4 and Sir3, which in 

turn recruit Sir2, leading to spreading of the SIR complex mediated by the histone 

lysine deacetylation activity of Sir2 (reviewed in Rusche et al. 2003). Sir3 plays a key 

role in regulating the spreading of silent chromatin, with changes in Sir3 dosage 

significantly influencing the distance that silencing spreads from the telomeres 

(Renauld et al. 1993; Hecht et al. 1996).  

Yeast telomeres form clusters at the nuclear periphery, which colocalize as 

expected, with silencing factors such as the SIR proteins (Gotta and Gasser 1996). 

Their overall localization is dynamic in that cells have varied numbers of telomeric 

foci (Schober et al. 2008) and that the concentration of SIR proteins changes in 

response to stress (Ai et al. 2002), including DNA damage (Martin et al. 1999). 

Indeed, tethering of chromatin to the nuclear envelope was found to favor repression 

only in the presence of SIR proteins sequestered to the nuclear periphery, suggesting 

that it is the presence of pools of these silencing factors that mediate the silencing 

associated with telomere localization to the nuclear envelope (Taddei et al. 2009).  

 Boundary formation at telomeres involves the Sir2 counteracting activity of the 

lysine acetyltransferase Sas2 as well as the presence of the variant histone Htz1, also 
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known as H2A.Z, and the KDAC Rpd3 (Ehrentraut et al. 2010). Indeed, both Htz1 and 

Sas2 were found to have key roles in the cell cycle-dependent establishment of 

silencing at telomeres that occurs during M phase (Martins-Taylor et al. 2011).  

 

Silencing at the cryptic mating loci 

 Definition of mating type in S. cerevisiae is determined by two alleles, MATa 

and MATα. Budding yeast can either be a haploid or a diploid, MATa/MATα (reviewed 

in Herskowitz 1988). Chromsome III contains an expressed MAT locus, which defines 

the mating type, as well as silenced copies of both mating type loci (Figure 1-1). 

These are known as the cryptic, or silent, mating- type loci, and are designated HMRa 

and HMLα. Haploid budding yeast in nature are able to convert between mating types, 

in a process that involves the HO endonuclease (absent from most laboratory strains) 

and homologous recombination between the MAT locus and a locus of the opposite 

mating type (reviewed in Nasmyth 1993). Intriguingly, in addition to regulating entry 

into meiosis and mating proficiency, the genetic programs of haploid, diploid and 

mating-type heterozygotes confer different sensitivities to DNA damage, although the 

mechanisms remain to be fully characterized (reviewed in Haber 2012). 

 Chromatin structure at the silent mating-type loci blocks the expression of 

extra copies of the MAT genes by impeding polymerases and access of the HO 

endonuclease. At the molecular level, the establishment of silencing involves short 

DNA elements, known as silencers, which flank both the HML and HMR silent loci, 

designated as HML-I, HML-E, HMR-I and HMR-E, with I indicating important and E 
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indicating essential (Mahoney and Broach 1989; reviewed in Rusche et al. 2003). The 

silencers contain a distinct combination of binding sites for transcription factors, 

which act to recruit the SIR proteins. The SIR complex then spreads from the silencers 

and can directly repress transcription and/or lead to higher-order looping and 

compaction (Sekinger and Gross 2001; Valenzuela et al. 2008).  

  Boundary function at the HM loci involve numerous factors including 

components of the DNA polymerase III complex and various KAT complexes 

including SAGA, SAS-I, NuA4 and NuA3 (Donze and Kamakaka 2001; Oki et al. 

2004).  At HMR-E is a chromatin-associated complex consisting of more than 15 

proteins that contribute to boundary formation, including components of the DNA 

polymerase ε, various chromatin remodeling proteins and the KAT Sas3 (Tackett et al. 

2005). A genetic screen found that several proteins involved in nuclear-cytoplasm 

trafficking, including exportins, appear to provide robust boundary formation activity 

at HML and that this was related to physical tethering of the locus to the nuclear pore 

complex (Ishii et al. 2002). The role of the nuclear pore and nuclear envelope are 

broadly implicated in several aspects of chromatin regulation and are detailed below, 

both in relation to transcriptional silencing and DNA damage response.  

 

Role of nuclear localization in silencing 

 Both the telomeric and HM loci are enriched at the nuclear envelope. This 

enrichment leads to the formation of foci that are rich in SIR proteins. The 

accumulation of SIR proteins at the nuclear envelope is crucial for silencing efficiency 
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and keeps SIR-dependent ectopic repression from occurring genome-wide (Taddei et 

al. 2009).  

During mitosis telomeres are clustered at the nuclear periphery via two 

partially redundant pathways involving either Sir4 or the yKu complex (Taddei et al. 

2004; Taddei and Gasser 2004). The pathway used is related to stage of the cell cycle 

such that during mitosis localization is primarily mediated through Sir4/Esc1 whereas 

in S-phase, the yKu/Est1 and Est1/Mps3 pathways predominate. Interestingly, DNA 

replication underlies the delocalization of telomeres from the periphery, in part due to 

repression of the Ku complex (Ebrahimi and Donaldson 2008).  

 

DNA DAMAGE REPAIR 

 Both endogenous and exogenous insults, such as production of reactive 

oxidative species during metabolic processes and exposure to genotoxins, cause 

various forms of damage to DNA that must be repaired in order to insure genomic 

integrity. DNA damage triggers a highly regulated response, which takes various 

forms depending on the type of damage generated, stage of the cell cycle and degree 

of damage (Zierhut and Diffley 2008). Once damage is sensed, a kinase cascade is 

triggered that activates cell cycle checkpoints, alters transcriptional programs and 

recruits the repair machinery (reviewed in Putnam et al. 2009). DNA damage 

checkpoints delay or arrest cells at specific points to allow the cell time to repair the 

damaged DNA prior to cell cycle transitions. The sensing, amplification and 

subsequent repair processes vary depending on the conditions of damage and stage of 
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the cell cycle. As the underlying genome must be accessed during repair following 

DNA damage, chromatin and the chromatin-modifying machinery are central to the 

DNA damage response (DDR).  

 Analysis of the function of Gas1 and the histone H3 lysine acetyltransferases 

in DDR is the focus of Chapter 2. 

 

 Choosing a pathway: HR versus NHEJ 

 Double strand breaks (DSBs) are the most deleterious DNA lesions and can 

lead to chromosomal fragmentation and rearrangements. DSBs can also be produced 

either directly by chemical agents or generated during replication if primary lesions 

are not repaired. Indeed a primary source of DSBs occurs during replication when 

replication forks collide with pre-existing lesions. Some of the most commonly used 

genotoxins to study DNA damage include the DNA alkylating agent methyl  

methanesulfonate (MMS),  the topoisomerase I inhibitor camptothecin (CPT) and the 

ribonucleotide reductase inhibitor hydroxyurea (HU). 

Classically, there are two primary pathways for repair of damaged DNA: 

homologous recombination (HR) and non-homologous end-joining (NHEJ) (Figure 1-

2), with HR being the predominant mechanism in yeast. HR requires the presence of a 

homologous template, thus this is the primary repair pathway during the G2 and S-

phases of the cell cycle. By contrast, NHEJ can operate throughout the cell cycle but is 

the primary repair pathway during G1, when only one copy of the genome is present.  
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Figure 1-2 NHEJ and HR pathways. Following DNA damage, 1) the MRX and 
Ku complexes bind to broken ends. During NHEJ, 2) Tel1 binds to the MRX complex 
and Nej1 is recruited. 3) Nej1 recruits the DNA ligase IV complex, 3) leading to 
ligation of broken ends.  4) DNA pol IV then fills gaps. During HR, 2) the 
endonucleases generate ssDNA, 3) which attracts RPA. RPA recruits Mec1-Ddc2 and 
the clamp loader and clamp complexes. 4) Rad51 displaces RPA leading to strand 
invasion and recombination.  Adapted from Longhese et al. 2010.  
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These two pathways both cooperate and compete with each other, with 

pathway choice regulated by the type of lesion present and the phase of the cell cycle, 

among other variables (reviewed in Kass and Jasin 2010).  

 One way that the balance between HR and NHEJ can be modulated is by 

altering the phosphorylation of the checkpoint and repair machinery, which can 

influence the degree of end resection (reviewed in Lazzaro et al. 2009). The degree of 

end resection has a major impact on pathway choice in budding yeast, with mutants 

with enhanced end resection having increased HR and those with decreased end 

resection favoring NHEJ (Lee et al. 1998; Frank-Vaillant and Marcand 2002).  

Localization of the repair machineries is central to regulation of DDR, such that the 

checkpoint response can be activated even in the absence of a break, solely dependent 

on the colocalization and concentration of checkpoint proteins (Bonilla et al. 2008; 

Soutoglou and Misteli 2008).  

 In addition to positive reinforcement of the DNA damage response, there is 

also negative regulation. Such fine-tuning is necessary both to set the boundaries of 

DNA damage-induced changes in chromatin structure and to terminate the response 

when repair is complete, thus constraining repair pathways, which, if left unchecked, 

would lead to genomic instability (reviewed in Panier and Durocher 2013). 

 

Additional repair options 

 In addition to HR and NHEJ there are other pathways that function to repair 

damaged DNA. These include nucleotide excision repair (NER), base excision repair 
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(BER) and translesion synthesis (TLS) pathways. NER predominately specializes in 

the removal of bulky DNA lesions such as those generated by exposure to UV light 

while BER is primarily involved in the removal of non-bulky lesions, such as occurs 

following exposure to DNA alkylating agents. TLS, on the other hand, allows for 

completion of DNA replication in the presence of damage (reviewed in Boiteux and 

Jinks-Robertson 2013). If these pathways do not function efficiently, the lesion 

generated can be converted during replication into a secondary lesion, which triggers 

the cell cycle checkpoints. 

 

DNA damage cell cycle checkpoints 

  If DNA damage is persistent or cannot be quickly repaired, DNA damage 

checkpoints are triggered. The cell cycle checkpoints are mediated by kinase cascades 

that serve to coordinate DNA repair processes with progression through the cell cycle. 

The primary checkpoints occur during G1/S (prior to replication), S-phase (replication) 

and G2/M (prior to chromosome segregation), which give the cell time to repair 

damage. Each checkpoint is initiated by the sensing of DNA damage which is then 

relayed to adaptors and mediators that, in turn, activate the effectors that trigger the 

resulting changes in the cell cycle and transcriptional program. Central kinases in 

DDR are Tel1 and Mec1, which are involved in the initiation of checkpoint activation, 

and the effector kinase Rad53, whose hyperphosphorylation is crucial for most cell 

cycle checkpoints. While there are many overlapping components to each of the 

checkpoints, some unique aspects are also present.  
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 The G1/S cell cycle checkpoint transiently arrests cells prior to S-phase, thus 

delaying the onset of replication. As indicated above, during this checkpoint the sister 

chromatid is not available for HR-mediated repair. Therefore, other pathways 

predominate, including BER, NER and NHEJ. Tel1 is the primary mediator of 

checkpoint activation during this phase of the cell cycle (Shroff et al. 2004).  

 The S-phase checkpoints have a greater degree of tolerance to damage and a 

higher threshold must be reached before Rad53 is hyperphosphorylated. This is most 

likely due to the increased amount of ssDNA present during replication, which triggers 

DDR (Shimada et al. 2002). S-phase checkpoints require the activity of Mec1 and 

Rad53. However, full activation of Mec1 during the S-phase of the cell cycle is unique 

from the G1 and G2 checkpoints and remains an active area of investigation (reviewed 

in Navadgi-Patil and Burgers 2011).  

The S-phase checkpoints slow replication to allow time for repair during this 

critical process (Paulovich et al. 1997). The replication checkpoint arrests the cell 

cycle and may block late replication origins from firing. This occurs primarily in 

response to defective DNA replication, such as that which occurs with genotoxins that 

stall or block the replication fork (Santocanale and Diffley 1998). Indeed, the critical 

function of the S-phase checkpoints may be stabilization of the replication fork in 

order to ensure proper replication following repair (reviewed in Segurado and Tercero 

2009).  

 The repair machinery does not initially recognize certain types of DNA lesions 

until they have been converted during the process of replication to a secondary type of 
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lesion. This includes exposure to UV irradiation, which triggers the G2/M arrest 

thereby blocking sister chromatid separation. In S. cerevisiae the G2/M arrest occurs at 

the metaphase to anaphase transition (Weinert and Hartwell 1988; Yamamoto et al. 

1996). Dpb11, which activates Mec1, is necessary only at the G2/M checkpoint 

(Mordes et al. 2008).  

 

DNA damage in the context of chromatin  

 Similar to the role of chromatin in transcriptional regulation, modification of 

chromatin during DDR has several important functions including changing the level of 

compaction and recruiting repair machinery to sites of damage. In addition to histone 

PTMs, chromatin remodelers also play crucial roles in the DNA damage response and 

subsequent repair processes.  Although the role of chromatin modifications and the 

modifying machinery is extensive in DDR, much remains to be elucidated (reviewed 

in Papamichos-Chronakis and Peterson 2013).  

   

Histone Modifications 

 One of the first histone modifications to be identified and associated with DNA 

damage repair was phosphorylation of H2A at serine 129 (H2AS129) in budding yeast 

by Tel1 and Mec1 (Rogakou et al. 1998; Downs et al. 2000; Burma et al. 2001). The 

phosphorylation of H2A is also one of the earliest events in DNA damage repair and 

plays a role in the accumulation and retention of repair factors to distinct foci at sites 

of damage (Paull et al. 2000) and subsequent amplification of the damage signal.   
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 KATs and KDACs are also broadly and intricately linked to DDR, with 

acetylation and deacetylation of both histone and non-histone proteins playing key 

functions at several steps of DDR. For example, the function of KAT Gcn5 in these 

processes is incredibly diverse and encompasses numerous aspects of Gcn5 activity. 

Deletion of GCN5 leads to broad DNA damage sensitivity and G2/M arrest (Zhang et 

al. 1998) and Gcn5 is itself recruited to DSB sites (Tamburini and Tyler 2005). The 

roles of Gcn5 in DDR are numerous and include acetylation of histone H3, 

particularly the residues H3K14 and H3K23 (Qin and Parthun 2002; Tamburini and 

Tyler 2005), replication coupled nucleosome assembly (Burgess et al. 2010), 

recruitment of the SWI/SNF chromatin remodeling complex (Lee et al. 2010) and 

activation of the RSC chromatin remodeling complex via acetylation of the subunit 

Rsc4, which is essential for replication stress resistance (Charles et al. 2011). Thus, 

Gcn5 serves several functions to alter chromatin and permit efficient damage repair.   

In a broader sense, heterochromatin also serves to suppress potentially 

deleterious homologous recombination, as occurs with silencing at the rDNA array 

described above. Several members of the SIR family, when incorporated into 

minichromosomes, impede HR. This blocking of recombination required the histone 

residues H4K16 and H3K79 as well as the H4 N-terminal domain (Sinha et al. 2009). 

The SIR and yKu proteins are also recruited to sites of DNA damage (Martin et al. 

1999).  

Another mechanism by which histone modifications can influence DDR is by 

altering the transcription of repair genes. For example, the KDACs Rpd3 and Hos2 are 
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required for the expression of the DNA damage responsive genes RNR2 and HUG1 

(Sharma et al. 2007). Thus histone-modifying enzymes influence the DNA damage 

response via multiple mechanisms including altering chromatin compaction, recruiting 

chromatin modifiers and changing transcriptional programs. The complexity and 

diversity of the signals underscores the incredible significance of these proteins in 

maintaining genome integrity.  

   

Chromatin remodelers 

 The function of chromatin remodelers has been studied extensively in DDR, 

particularly with respect to their role in enabling access to the genome and, thus, sites 

of damage.  

 For example, RSC localization to break sites is implicated at several stages of 

the repair process and is involved in both HR and NHEJ. RSC is one of the first 

remodelers to arrive at sites of DNA damage and is required for full H2AS129 

phosphorylation via recruitment of Tel1 and Mec1. It is also required for full 

activation of the Rad53-dependent checkpoint as well as changes in surrounding 

nucleosome structure (Liang et al. 2007).  

 The SWI/SNF remodeling complex both facilitates the phosphorylation of 

H2A and binds phosphorylated H2A nucleosomes. The binding of SWI/SNF to these 

nucleosomes is mediated by the H3 acetylation catalyzed by Gcn5 (Lee et al. 2010).  

Uniquely among chromatin remodelers, SWI/SNF was also found to facilitate Rad51-
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mediated joint formation in overcoming the SIR protein block of HR (Sinha et al. 

2009). 

    

Nuclear localization 

 Several reports have described the relocalization of either irreparable or slowly 

repaired DSBs to the nuclear periphery (Nagai et al. 2008; Oza et al. 2009; Schober et 

al. 2009). Localization to the nuclear periphery acts to sequester potentially 

deleterious DSBs (Oza et al. 2009; Schober et al. 2009). This localization relies on 

Mps3, an inner nuclear membrane bound protein, and components of the telomerase 

machinery, including Cdc13 and Est2. Several other mediators have also been 

identified, including Htz1 (Kalocsay et al. 2009), Nup84 and Slx5/Slx8 (Nagai et al. 

2008). Thus, similar to transcriptional regulation, nuclear localization of chromatin is 

also crucial to DDR.  

 

THE CELL WALL 

 Budding yeast has an outer layer of carbohydrates and proteins extending 

beyond the plasma membrane. This structure, known as the cell wall, provides osmotic 

stability and regulates cell shape. The cell wall is a dynamic structure, as it must be 

altered in response to environmental signals and internal processes such as division 

and mating. One of the key mechanisms for balancing the demands of rigidity with 

elasticity is the remodeling of carbohydrates at the cell wall. Suitably, the proteins 

involved in remodeling and elongating cell wall carbohydrates also serve as signals for 
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cell wall integrity. These same enzymes are also important during cell division, as 

many are active at the mother-bud neck and regulate the process of bud emergence, 

elongation and separation. The function of the β-1,3-glucanosyltransferase Gas1 has 

been elegantly studied for its role in these processes.  

A definition of Gas1’s previously unsuspected chromatin functions is at the 

heart of all aspects of this thesis. In addition, new mutational analysis presented in 

Chapter 4 provides insight into the contributions of discrete domains and subcellular 

localization to its chromatin functions. Therefore, a detailed description of Gas1 

function and processing is outlined below.  

 

Function and structure of the cell wall  

 The cell wall of budding yeast serves several purposes including osmotic 

stability, protection from mechanical stress and maintenance of cell shape 

(morphogenesis) (Klis et al. 2006). The cell wall is a bilayered structure, consisting of 

an outer layer of glycoproteins and an inner layer of carbohydrates, which anchors the 

glycoproteins. The glycoproteins themselves serve multiple functions ranging from 

enabling mating to regulating the uptake of sterols (reviewed in Klis et al. 2010).  

The meshwork of the cell wall is provided by the extensive interconnectedness 

of the polysaccharide inner layer. β-1,3-glucan is branched by β-1,6-glucan, which 

forms a backbone connecting to chitin and the mannoproteins (Kollár et al. 1997; 

reviewed in Klis et al. 2006). Many of the external cell wall proteins are anchored to 

β-1,6-glucan chains via a modified GPI (glycophosphatidylinositol) anchor (Lu et al. 
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1994; Montijn et al. 1994). On the other hand, certain cell wall proteins, designated as 

“alkali-sensitive linkage” cell wall proteins (reviewed in de Groot et al. 2005), can be 

attached directly to the β-1,3-glucan via an alkali-labile ester bond at a glutamine 

residue of the protein (Kapteyn et al. 1999; Ecker et al. 2006).   

 

β-1,3-glucan synthesis and remodeling 

β-1,3-glucan is the most abundant polysaccharide in the inner wall and is 

connected to every other component of the cell wall.  The helical shape of β-1,3-

glucan, which can extend and retract, also provides much of the elasticity to the cell 

wall. It is thus not surprising that such a central polysaccharide is carefully regulated 

in terms of both synthesis and remodeling.  

Synthesis of β-1,3-glucan begins in the cytoplasm, where molecules of UDP-

glucose are converted to chains of β-1,3-glucan at the plasma membrane as they are 

extruded from the cell. The synthase complex is composed of the regulatory subunit 

Rho1 (Qadota et al. 1996) and the integral membrane catalytic subunit comprised of 

members of the FKS family (Douglas et al. 1994). Rho1 is a GTPase, which activates 

the FKS proteins in response to numerous signals linked to the morphogenesis 

(Drgonova et al. 1996) and cell wall integrity (Heinisch et al. 1999). The FKS family 

of UDP-glucose:1,3-β-D-glucan 3-β-glucose transferases consists of Fks1, which is 

expressed during vegetative growth, Fks2 (Gsc2), primarily expressed during 

sporulation (Mazur et al. 1995) and Fks3, which has not yet been extensively 
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characterized but appears to also function primarily during sporulation (Ishihara et al. 

2007). Analysis of Fks1 function in chromatin dynamics is presented in Appendix A. 

Once extruded from the cell, chains of β-1,3-glucan are remodeled and 

elongated by the activity of the β-1,3-glucanosyltransferase GAS family of proteins 

(Figure 1-3) via a transglycosylation reaction (reviewed in Popolo and Vai 1999). The 

GAS family has five members; Gas1 and Gas5, which are expressed during vegetative 

growth, Gas2 and Gas4, which are expressed during sporulation and Gas3, which is 

expressed at a low level throughout the cell cycle but is inactive (Ragni et al. 2007; 

Rolli et al. 2010). Of these, Gas1, which is the focal point of this dissertation, has been 

most extensively characterized.  

Gas1, like other members of the GAS family, is in the glycosyl hydrolase 

(GH72) family in CAZy (carbohydrate active enzymes database: www.cazy.org), 

which are β-1,3-glucanosyltransglycosylase enzymes. GH72 enzymes hydrolyze 

bonds between carbohydrates or between carbohydrates and non-carbohydrate 

moieties (reviewed in Henrissat and Romeu 1995). These enzymes first cleave internal 

β-1,3-linkages of a donor substrate. The newly made reducing end is released while  

the non-reducing end forms a covalent glycosyl-enzyme intermediate with the 

catalytic acid residue of the enzyme, thus they are known as retaining enzymes. The 

glycan then either undergoes hydrolysis or is transferred to the non-reducing end of an 

acceptor molecule in a process known as transglycosylation (reviewed in McCarter 

and Withers 1994). Thus GH72s possess both hydrolytic activity and  
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Figure 1-3 Modular architecture of the GAS family of proteins.  The N-
terminus of the GAS family is highly similar, with all members having an ER signal 
sequence (SS, dark blue) and two glutamate residues (indicated) that are necessary for 
catalytic activity. A flexible linker domain (peach) connects the N-terminus to the 
more variable C-terminus. Only Gas1 and Gas2 contain a cysteine box (green), 
whereas all members except Gas2 have a Ser-box (teal). Common to all members is 
the C-terminal GPI anchor signal sequence (brown) encompassing the GPI anchor 
attachment site (ω) and a hydrophobic tail. Adapted from Ragni et al. 2007. 
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transglycosylation activity. Which one of these activities is favored depends on several 

variables including substrate concentration and size of acceptor β-1,3-glucan chains 

(Mazáň et al. 2011). The hydrolytic and transglycosylation activity of the enzymes can 

at least be partially separated. Crystal structure and mutational analyses of Gas2 

revealed that some mutants have a stronger effect on transglycosylation than on 

hydrolysis (Hurtado-Guerrero et al. 2009). However, deletion of one or two glutamate 

residues within the N-terminus domain of each member of the GAS family results in 

complete loss of both catalytic activities. For Gas1 these residues are E161 and E262 

(Carotti et al. 2004).  

 

GAS1 STRUCTURE, FUNCTION AND LOCALIZATION 

Gas1 has a modular architecture (Figure 1-3), which includes an N-terminal 

endoplasmic reticulum signal sequence (ER SS) that is cleaved following translocation 

into the ER. As mentioned above, the N-terminus domain (NtD) contains the catalytic 

activity of the enzyme and is highly conserved in the GAS family. Following the NtD 

are a short linker region, a cysteine rich region, a serine rich region (Ser-box) and, 

near the C-terminus at residue N528, the GPI anchor site, or ω, which is followed by 

the hydrophobic C-terminal tail (reviewed in Ragni et al. 2007). The cysteine box is 

necessary for protein stability and catalytic activity (Popolo et al. 2008), the heavily 

glycosylated Ser-box was previously found to be dispensable for Gas1 cell wall-

associated functions (Gatti et al. 1994). However, the Ser-box is common to GPI 

anchored proteins (GPI-APs) (Caro et al. 1997) and was previously shown to be able 
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to override the GPI anchor localization and to shift localization of some proteins, 

including Gas1, from the plasma membrane to the cell wall (de Groot et al. 2005; 

Boisramé et al. 2011). The hydrophobic C-terminus is also common to GPI-APs and 

is inserted into the membrane of the ER during translocation but subsequently clipped 

during processing and addition of the GPI anchor to the protein (Eisenhaber et al. 

1999).  Gas1 was one of the first GPI anchored proteins to be identified in yeast 

(Nuoffer et al. 1991) and its processing has been elegantly studied since then, 

generally providing much insight into GPI-APs. 

By amino acid sequence analysis Gas1 should be approximately 59kD, 

however, the fully processed enzyme migrates in SDS-PAGE to a mobility 

approaching 125kD (reviewed in Popolo and Vai 1999). Processing of Gas1 begins in 

the ER following translocation, which is directed by the ER SS and was recently found 

to be signal recognition particle (SRP) independent. The SRP-independence of Gas1 

translocation is also found with other yeast GPI-APs (Ast et al. 2013).  

After Gas1 enters the ER, the N-terminal ER SS is cleaved and the 

hydrophobic C-terminus is inserted into the ER membrane. The hydrophobic C-

terminus is also necessary for subsequent processing of Gas1 in the secretory pathway, 

as gas1 mutants with the C-terminus deleted are secreted from the cell (Nuoffer et al. 

1991). The GPI anchor is subsequently attached en bloc to the ω site (N528). During 

the attachment of the GPI anchor the C-terminal hydrophobic region, and all amino 

acids downstream of N528 are cleaved (Nuoffer et al. 1991; 1993). Following anchor 

attachment, GPI-APs then enter COPII vesicles for transport to the Golgi (Doering and 
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Schekman 1996; Friedmann et al. 2002; Watanabe et al. 2008). During its passage 

through the secretory pathway, Gas1 is further modified with O- and N-linked 

glycosylation, with the majority of this occurring in the serine rich region (Gatti et al. 

1994).   

 Gas1 activity in remodeling and elongating chains of β-1,3-glucan at the cell 

wall serves several functions that are indicative of its localization. Early work 

demonstrated that deletion of GAS1 leads to changes in cell morphology, growth 

arrest, a higher percentage of budded cells and reduced viability (Popolo et al. 1993). 

Of note, the authors did not observe phenotypic changes when overexpressing GAS1. 

More recently Gas1 was found to localize to the mother-bud neck, bud scars and at the 

septum line during cytokinesis. This localization is consistent with perturbations in 

bud neck size and cell separation in gas1Δ strains (Rolli et al. 2009).   

 

GAS1 AND CHROMATIN DYNAMICS 

A genome-wide screen indicated that a pool of Gas1 also localizes to the 

nuclear periphery (Huh et al. 2003). The localization of Gas1 to the nuclear periphery 

is particularly intriguing as Gas1 has numerous physical and genetic interactions with 

the chromatin-modifying machinery, as reported from previous genome-wide studies 

(www.biogrid.org). Our lab became interested in Gas1 when it was identified in a 

screen for physical interaction with Sir2 (Garcia 2003; Koch 2009). In addition to 

these interactions, it was found that deletion of GAS1 causes a unique constellation of 

silencing defects, such that telomeric silencing is reduced, silencing at the rDNA array 



	  

	  

26	  

is increased but silencing at the HM loci is unchanged. Silencing phenotypes in the 

gas1Δ strains are dependent on the β-1,3-glucanosyltransferase activity of Gas1 but 

are separable from its cell wall functions (Koch and Pillus 2009). 

Many unanswered questions remained about the role of Gas1 in chromatin, 

however. For example, what chromatin-related pathways does Gas1 effect?  How does 

Gas1 processing and localization influences its function in chromatin dynamics? Do 

other components of the glycosylation machinery also have chromatin-related 

functions? The experiments reported herein attempt to address these questions and to 

further dissect the function of Gas1 in chromatin dynamics.   
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Chapter 2 Unexpected function of the glucanosyltransferase Gas1 in the DNA  

damage response linked to histone H3 acetyltransferases in S. cerevisiae  

 

ABSTRACT 

Chromatin organization and structure are crucial for transcriptional regulation, 

DNA replication and damage repair. Although initially characterized in remodeling 

chains of cell wall glucans, the β-1,3-glucanosyltransferase Gas1 was recently 

discovered to regulate transcriptional silencing in a manner separable from its activity 

at the cell wall. However, the function of Gas1 in modulating chromatin remains 

largely unexplored. Our genetic characterization revealed that GAS1 had critical 

interactions with genes encoding the histone H3 lysine acetyltransferases Gcn5 and 

Sas3. Specifically, whereas the gas1Δ gcn5Δ double mutant was synthetically lethal, 

deletion of both GAS1 and SAS3 restored silencing in Saccharomyces cerevisiae. The 

loss of GAS1 also led to broad DNA damage sensitivity with reduced Rad53 

phosphorylation and defective cell cycle checkpoint activation following exposure to 

select genotoxins. Deletion of SAS3 in the gas1Δ background restored both Rad53 

phosphorylation and checkpoint activation following exposure to genotoxins that 

trigger the DNA replication checkpoint. Our analysis thus uncovers previously 

unsuspected functions for both Gas1 and Sas3 in DNA damage response and cell cycle 

regulation.
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INTRODUCTION 

Chromatin packages DNA in the nucleus and regulates the accessibility of the 

underlying genome. Tightly compacted chromatin, or heterochromatin, impedes 

nuclear processes including transcription, DNA replication and DNA damage repair 

(reviewed in Li and Reinberg 2011; Papamichos-Chronakis and Peterson 2013). Thus, 

genes found within heterochromatin regions are repressed, or silenced (reviewed in 

Rusche et al. 2003). However, the degree of chromatin compaction is highly dynamic, 

as cells must continuously alter transcriptional programs in response to environmental 

or metabolic demands while promoting replication and repair processes.  

The basic unit of chromatin is the nucleosome, which consists of DNA 

wrapped around an octamer of conserved core histone proteins (Kornberg and Lorch 

1999). Post-translational modification (PTM) of histones is one of the primary 

mechanisms for altering chromatin structure. These modifications are dynamic and 

tightly controlled as they regulate higher order chromatin structure and DNA 

accessibility by altering the interaction between DNA and histones in addition to 

recruiting chromatin-modifying enzymes (reviewed in Kouzarides 2007; Campos and 

Reinberg 2009).   The localization of chromatin within the nucleus also plays a 

fundamental role in chromatin dynamics, such that localization to the nuclear 

periphery regulates processes including silencing and the DNA damage response 

(reviewed in Taddei and Gasser 2012; Bermejo et al. 2012).  

The β-1,3-glucanosyltransferase Gas1, a member of the Gas family of 

proteins, was initially characterized at the cell wall where it remodels chains of β-1,3-
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glucan (Ragni et al. 2007). However, a pool of Gas1 also localizes to the nuclear 

periphery (Huh et al. 2003) and genome-wide studies have identified genetic and 

physical interactions between Gas1 and diverse components of the chromatin-

modifying machinery (www.thebiogrid.org). Reflecting these findings, deletion of 

GAS1 was recently discovered to lead to  a unique constellation of silencing defects in 

yeast. Specifically, loss of Gas1 catalytic activity increases rDNA silencing and 

decreases telomeric silencing, yet has no observable change at the HM cryptic mating-

type loci. These alterations in silencing are not remediated by the osmoregulator 

sorbitol (Koch and Pillus 2009), which rescues the cell wall-associated defects of gas1 

and other cell wall mutants (Turchini et al. 2000; Levin 2005). Combined, these data 

support a function for Gas1 in chromatin-mediated processes that is separable from its 

role at the cell wall.  

A genome-wide screen reported that GAS1 has a negative genetic interaction 

with GCN5 (Costanzo et al. 2010), which encodes a prominent lysine acetyltransferase 

(KAT). Gcn5-catalyzed acetylation of histone and non-histone substrates affects 

numerous chromatin-dependent processes (reviewed in Lee and Workman 2007; 

Koutelou et al. 2010). Gcn5 functions in several important complexes including 

SAGA, ADA and SLIK/SALSA (Grant et al. 1997; Pray-Grant et al. 2002) to 

acetylate nucleosomal substrates on histone H3, with lysine 14 (K14) being a 

predominant target (Kuo and Andrews 2013).  Gcn5 acts as a co-activator, with 

H3K14 acetylation correlating with active transcription (Pokholok et al. 2005) and 

Gcn5 is enriched at the promoters of active genes (Robert et al. 2004).   
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Gcn5 functionally overlaps with another KAT, Sas3. Gcn5 and Sas3 target 

overlapping nucleosomal H3 targets (reviewed in Lafon et al. 2007) and deletion of 

both GCN5 and SAS3 is synthetically lethal (Howe et al. 2001). Further, both Gcn5 

and Sas3 are recruited to similar genomic regions (Rosaleny et al. 2007). Whereas 

Gcn5 has been studied extensively, less is known about Sas3, due in part to the 

functional redundancy with Gcn5 as well as the limited independent phenotypes 

defined for SAS3 mutants. Deletion of SAS3 leads to a modest increase in silencing at 

the HM loci (Reifsnyder et al. 1996) and Sas3 has been identified at the boundary of 

the HM loci, blocking the spread of silent chromatin (Tackett et al. 2005). Sas3 

physically associates with the N-terminus of Spt16, a subunit of the elongation 

complex FACT (John et al. 2000), which is essential for recovery from replication 

stress (O’Donnell et al. 2004) and boundary formation (Tackett et al. 2005). 

In addition to functions in transcriptional regulation and silencing, Gcn5 and 

other histone modifying enzymes also have crucial roles in the DNA damage response 

(DDR). One of the earliest marks associated with activation of DDR in budding yeast 

is the phosphorylation of H2A at serine 129 (S129), which serves as a scaffold that 

amplifies the DNA damage signal in part by recruiting the repair machinery (reviewed 

in Rossetto et al. 2010). Subsequently, phosphorylation of other mediators, 

prominently including the kinase Rad53, triggers a cascade that leads to changes in 

transcription and activation of cell cycle checkpoints, which foster the repair of 

damaged DNA (reviewed in Branzei and Foiani 2006; Sirbu and Cortez 2013).  
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 Deletion of GCN5 renders cells sensitive to DNA damaging agents such as the 

topoisomerase I inhibitor camptothecin (CPT), the radiomimietic drug methyl 

methanesulfonate (MMS) and the replication inhibitor hydroxyurea (HU) (Choy and 

Kron 2002; Burgess et al. 2010). Indeed, Gcn5-catalzyed acetylation of both histone 

and non-histone substrates features prominently at numerous stages of the DNA 

damage response (Burgess et al. 2010; Lee et al. 2010; Charles et al. 2011) 

There is also some evidence that Sas3 may play a role in DDR. For example, 

Sas3 has a reported physical interaction with the DNA damage checkpoint effector 

kinase Chk1 (Liu et al. 2000), although the functional significance of this interaction 

has not been established. Further, mutants of nucleosomal substrates  of both Gcn5 

and Sas3, H3K14 and H3K23, have increased sensitivity to DNA-damaging agents 

(Qin and Parthun 2002; Tamburini and Taylor 2005).  However, what role, if any, 

Sas3 may play in DNA damage has yet to be defined, in part due to the functional 

overlap with Gcn5.  

Here we report that GAS1 has strong genetic interactions with the histone H3 

lysine acetyltransferases encoded by both GCN5 and SAS3. The gas1Δ gcn5Δ 

combination was synthetically lethal. In contrast, the gas1 sas3 double mutant was 

viable and, moreover, displayed selective mutual suppression of each individual 

mutant’s phenotypes. We also discovered that gas1Δ has broad DNA damage 

sensitivity following exposure to the genotoxins MMS, HU and CPT. Sensing and 

initial activation of the DNA damage response was intact in gas1Δ strains, as 

evidenced by phosphorylation of histone H2A. However, the MMS and HU sensitivity 
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of gas1Δ reflects failure to trigger the DNA damage cell cycle checkpoint as 

demonstrated by loss of both the cell cycle delay and Rad53 phosphorylation. The 

deletion of SAS3 in the gas1Δ background specifically suppressed both MMS and HU 

sensitivity, leading to restoration of cell cycle delay and Rad53 phosphorylation upon 

damage. These findings define a role for Gas1 in the DNA damage response that is 

separable from its cell wall function. We have also identified a specific role for Sas3 

in antagonizing the replication checkpoint, which is unique and opposite to the role 

previously identified for Gcn5.  

 

RESULTS 

The synthetic lethality of gas1Δ gcn5Δ is separable from Gas1 cell wall functions 

The function of Gas1 at the cell wall has been studied extensively (reviewed in 

Popolo and Vai 1999; Orlean 2012), but less is known about the pool of Gas1 that is 

contiguous with the nuclear periphery (Huh et al. 2003). Genome-wide studies report 

over 50 genetics interactions for GAS1 with genes encoding nuclear proteins, many of 

which are active in chromatin dynamics and/or the DNA damage response 

(www.thebiogrid.org). However, few of these interactions have been validated. Based 

on the silencing defects of gas1Δ and its reported interactions, we chose to further 

define the chromatin-based functions of Gas1 by analyzing interactions with genes 

encoding nuclear factors. We selected these genes based on previous genome-wide 

analysis of synthetic interactions, such as the synthetic lethality for gas1Δ and orc2-1 

(Suter et al. 2004) or based on independent observations from our laboratory. The 
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initial analysis included genes encoding the Orc2 subunit of the DNA replication 

origin recognition complex, the histone lysine deacetylase Rpd3 and the ATPase 

Swr1. The double mutants gas1Δ rpd3Δ and gas1Δ orc2-1 were synthetically lethal, 

however, these interactions were at least partially rescued by the osmoregulator 

sorbitol (Figure 2-1A; 2-1B), which rescues phenotypes of cell wall-defective 

mutants, including gas1Δ (Turchini et al. 2000; Levin 2005). Conversely, deletion of 

SWR1 rescued both gas1Δ temperature and Calcofluor White (CFW) sensitivity 

(Figure 2-1C), which disrupts the cell wall by inhibiting chitin synthesis (Roncero and 

Duran 1985). Although these results do not eliminate the possibility that the proteins 

encoded by these genes may also be significant for Gas1-related chromatin functions, 

we directed our focus to other chromatin-modifying enzymes as a means to define the 

roles of Gas1 in chromatin dynamics that are separable from its cell wall function.  

A recent genome-wide study indicated that GAS1 and GCN5 have a negative 

genetic interaction (Costanzo et al. 2010). We found that the gas1Δ gcn5Δ 

heterozygous double mutant failed to sporulate unless covered by a plasmid encoding 

either GAS1 or GCN5. When dissected, the resulting haploid double mutants were not 

viable without the covering plasmid as demonstrated in two ways: first by the inferred 

genotype of dead spores and second by inability to grow on 5-FOA, which selects 

against the URA3-marked covering plasmids. The catalytic activity of both Gas1 and 

Gcn5 is required for viability, as neither of the previously defined catalytically 

inactive mutants, gcn5-KQL (Wang et al. 1998) or gas1-E161Q, E262Q (Carotti et al. 

2004), rescued the lethality of the double mutant in plasmid-shuffle tests (Figure 2-2). 
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Figure 2-1 The synthetic lethality of gas1Δ orc2-1 and gas1Δ rpd3Δ is rescued 
by sorbitol, whereas deletion of SWR1 rescues gas1Δ cell wall-associated defects. 
A. Wild type (LPY10266), orc2-1 (LPY10267), gas1Δ (LY10271) and gas1Δ orc2-1 
covered by p-GAS1 (LPY10270) were plated on SC or SC with 5-FOA, to 
counterselect p-GAS1, URA3, with or without sorbitol at 25°. B. Wild type 
(LPY4196), rpd3Δ (LPY14355), gas1Δ (LPY19200), gas1Δ rpd3Δ covered by p-
GAS1, URA3 (LPY15695) were plated at 30° on SC and SC with 5-FOA, to 
counterselect p-GAS1, URA3, with or without sorbitol. C. Wild type (LPY5), swr1Δ 
(LPY16104), gas1Δ (LPY10129) and gas1Δ swr1Δ (LPY17161) were plated on SC at 
30° or 37° or SC with CFW at 30°. 
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Figure 2-2 The gas1Δ gcn5Δ double mutant is synthetically lethal. A. Synthetic 
lethality of gas1Δ gcn5Δ is due to loss of catalytic activity of both Gas1 and Gcn5 and 
is not rescued by sorbitol. Serial dilutions of wild type (LPY18050), gcn5Δ 
(LPY12264), gas1Δ (LPY18081), and gas1Δ gcn5Δ (LPY16798) and gas1Δ gcn5Δ 
covered by plasmid-born p-gcn5-KQL (gcn5*; LPY16800) or p-gas1-E161Q, E262Q 
(gas1**; LPY16801) were plated on SC with 5-FOA, to counterselect the p-GCN5, 
URA3 plasmid, with or without sorbitol at 30°.  
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Additionally, the osomoregulator sorbitol did not rescue the synthetic lethality of 

gas1Δ gcn5Δ. Thus, the synthetic lethality of gas1Δ gcn5Δ is due to loss of the 

catalytic activities of Gas1 and Gcn5 and is separable from Gas1 cell wall-associated 

function.  

The substrate specificity of Gcn5 is largely defined by the macromolecular 

complexes in which it is found, including SAGA, ADA and SLIK/SALSA (Grant et 

al. 1999; Lee et al. 2011; Figure 2-3). To determine whether the synthetic lethality 

observed for gas1Δ gcn5Δ was specifically mediated through one complex or 

functional module, double mutants were generated with gas1Δ to include genes 

encoding components of the SAGA modules and unique subunits for both 

SLIK/SALSA and ADA. These included genes encoding a central component of the 

HAT module (ADA2), key structural or functional components of other SAGA 

modules including DUB (SGF73) and SPT  (SPT20), in addition to genes encoding 

unique components of SLIK/SALSA (RTG2) and ADA (AHC1 and AHC2). The TAF 

module subunits are essential and shared with TFIID (Grant et al. 1998) and thus were 

not analyzed.  

Although deletion of ADA2, which is required for Gcn5 association with all 

complexes and nucleosome acetylation (Candau et al. 1997; Balasubramanian et al. 

2002), did not have a synthetic interaction with gas1Δ, modest synthetic interactions 

were observed with distinct subunits of each Gcn5-containing complex (Figure 2-4). 

However, as deletion of no single subunit defining modules or complexes 

recapitulated the synthetic lethality of gas1Δ gcn5Δ at 30°, it is likely that Gcn5 



	  

	  

37	  

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2-3 Primary Gcn5-containing complexes are shown with color-coding to 
highlight defined subunits in each functional module. Boldface indicates subunits 
analyzed in this study. Adapted from Lee et al. 2011.  
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Figure 2-4 gas1Δ has modest synthetic interactions with genes encoding 
subunits of all three Gcn5-containing complexes including increased temperature 
sensitivity with gas1Δ sgf73Δ and gas1Δ ahc1Δ at 37°.  A more severe effect is 
observed in which gas1Δ rtg2Δ is synthetic sick at 30° and dead at 37°. Serial 
dilutions of wild type (LPY5), ada2Δ (LPY6439), gas1Δ (LPY10129), gas1Δ ada2Δ 
(LPY19197), sgf73Δ (LPY19816), gas1Δ sgf73Δ (LPY19771), spt20Δ (LPY16914), 
gas1Δ spt20Δ (LPY19630), ahc1Δ (LPY17370), ahc2Δ (LPY18518), gas1Δ ahc1Δ 
(LPY19467), gas1Δ ahc2Δ (LPY19414), rtg2Δ (LPY18206) and gas1Δ rtg2Δ 
(LPY18372) were plated on SC at either 30° or 37°.   
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catalytic activity itself is the critical factor in the interaction with Gas1, as was 

previously observed for the synthetic lethality between GCN5 and SAS3 (Howe et al. 

2001).  

 

Mutual suppression in the gas1Δ sas3Δ double mutant  

 Gcn5 and Sas3 have overlapping sites of genomic localization (Rosaleny et al. 

2007), share nucleosomal substrates and loss of both GCN5 and SAS3 leads to 

inviability (Howe et al. 2001). Based on the similarity between functions of Gcn5 and 

Sas3, we chose to analyze the gas1Δ sas3Δ double mutant to determine if the synthetic 

lethality observed with gas1Δ gcn5Δ was gene-specific.  

 In sharp contrast to gas1Δ gcn5Δ, not only was gas1Δ sas3Δ viable but the 

double mutant also displayed mutual suppression of select phenotypes (Figure 2-5). 

Deletion of SAS3 suppressed gas1Δ phenotypes including temperature sensitivity and 

telomere and rDNA silencing defects. In turn, deletion of GAS1 restored normal levels 

of silencing at the cryptic mating type loci in sas3Δ. However, deletion of SAS3 did 

not suppress the sensitivity of gas1Δ to CFW. This suggests that, like the gas1Δ gcn5Δ 

mutant, the interaction between GAS1 and SAS3 is separable from the cell wall 

functions of Gas1.  

Sas3 is targeted to specific chromatin regions by the NuA3 complex (Howe et 

al. 2002; Figure 2-6A), which includes the subunit Yng1, a PHD-finger protein that 

recognizes methylated H3K4 (Martin et al. 2006). To determine whether the NuA3 

complex plays a role in the suppression of gas1Δ phenotypes, we generated the double 
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Figure 2-5 Mutual suppression of phenotypes in the gas1Δ sas3Δ double 
mutant. Deletion of SAS3 rescued gas1Δ temperature sensitivity and silencing defects 
at the telomere and rDNA array but did not rescue CFW sensitivity. In turn, deletion 
of GAS1 restored HM silencing in sas3Δ to wild type levels. The sir2Δ mutant is 
included as a positive control for disruption of silencing. Top panel: Serial dilutions of 
wild type (LPY4924), sir2Δ (LPY5035), sas3Δ (LPY19731), gas1Δ (LPY19773) and 
gas1Δ sas3Δ (LPY16444) were plated on SC at 30° and 37°, SC with 5-FOA 
(TELVR::URA3) or SC-Trp (hml::TRP1). Middle panel: Serial dilutions of wild type 
(LPY2444), sir2Δ (LPY2447), sas3Δ (LPY17686), gas1Δ (LPY10074) and gas1Δ 
sas3Δ (LPY17685) were plated on SC or SC-Ura (RDN::Ty-1-mURA3) at 30°. Bottom 
panel: wild type (LPY5), sas3Δ (LPY8256), gas1Δ (LPY10129) and gas1Δ sas3Δ 
(LPY17520) were plated on either SC or SC with CFW.  
 

Telomeric 
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mutant gas1Δ yng1Δ. The double mutant did not display synthetic interactions and 

phenocopied gas1Δ (Figure 2-6B). Thus the interaction observed between GAS1 and 

SAS3 depends on Sas3 activity but is independent of specific substrate targeting 

properties of the NuA3 complex.  

Based on the mutual suppression observed in the gas1Δ sas3Δ double mutant, 

we next tested whether deletion of SAS3 suppressed the gas1Δ gcn5Δ synthetic 

lethality. The triple mutant gas1Δ gcn5Δ sas3Δ was not viable (Figure 2-7). These 

results suggest that the interactions between GAS1 and GCN5 or SAS3 are of distinct 

and opposite outcomes.  

Due to the strength of the genetic interactions with H3 KATs, we analyzed H3 

acetylation (H3Ac) levels under suppressing conditions. As previously reported, 

deletion of GAS1 did not alter the level of H3K9Ac, H3K14Ac at 30° (Koch and Pillus 

2009), which are targets of both Gcn5 and Sas3 (reviewed in Lafon et al. 2007). At 

37°, a condition under which deletion of SAS3 suppresses gas1Δ temperature 

sensitivity, neither the gas1Δ strain nor the gas1Δ sas3Δ double mutant had altered 

global levels of H3K9Ac, K14Ac (Figure 2-8). This suggests that the suppression is 

not mediated through changes in global H3K9Ac, H3K14Ac levels, which are largely 

intact in sas3Δ strains due to the presence Gcn5.   
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Figure 2-6 Suppression of gas1Δ phenotypes by deletion of SAS3 is not 
mediated by select NuA3 targeting. A. NuA3 complex with subunits analyzed herein 
shaded green. Adapted from Lafon et al. 2007. B. Deletion of YNG1 does not have a 
synthetic interaction with gas1Δ. Serial dilutions of wild type (LPY6285), yng1Δ 
(LPY5526), gas1Δ (LPY9820) and gas1Δ yng1Δ (LPY16997) were plated on SC at 
either 30° or 37°.  
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Figure 2-7 Analysis of GAS1, GCN5 and SAS3 reveals distinct and opposing 
outcomes for synthetic interactions. Serial dilutions of wild type (LPY5), gcn5Δ 
(LPY8242), sas3Δ (LPY16039), gas1Δ (LPY10129), gas1Δ gcn5 + p-GCN5, URA3 
(LPY16736), gas1Δ sas3Δ (LPY19823), gas1Δ gcn5Δ sas3Δ + p-GCN5, URA3 
(LPY19101) were plated on SC or SC with 5-FOA, to select against p-GCN5, URA3, 
at 30° with and without sorbitol. 
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Figure 2-8 Neither gas1Δ nor gas1Δ sas3Δ have significantly reduced global 
levels of H3K9Ac, K14Ac. Whole cell lysates from wild type (LPY5), sas3Δ 
(LPY8256), gas1Δ (LPY10129) and gas1Δ sas3Δ (LPY17520) were separated on 18% 
SDS-PAGE after growth at either 30° or 37° and probed with anti-H3K9Ac, K14Ac 
Blots were reprobed with anti-H3 as a loading control.   
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Deletion of GAS1 leads to broad DNA damage sensitivity with specific 

suppression in the absence of SAS3 

 Several studies have demonstrated a role for Gcn5-based acetylation of 

histone and non-histone substrates in the DNA damage response (Choy and Kron 

2002; Qin and Parthun 2002; Tamburini and Tyler 2005; Liang et al. 2007; Burgess et 

al. 2010; Wang et al. 2012). GAS1, SAS3 and GCN5 also all have numerous genetic 

and physical interactions with key components of the DNA damage response, as 

defined from previous genome-wide screens (www.thebiogrid.org). Based on these 

connections we  asked whether GAS1 function in the context of chromatin may also 

influence DNA damage response.  

We analyzed the sensitivity of gas1Δ to a spectrum of DNA damaging agents 

including MMS, HU, CPT and exposure to UV light. Deletion of GAS1 led to 

sensitivity to all chemical agents tested, but not to UV irradiation. The genotoxin 

sensitivity was due to loss of the β-1,3-glucanosyltransferase activity of Gas1 and was 

not rescued by sorbitol (Figure 2-9). DNA damage sensitivity was not shared with 

other members of the GAS family, nor other components of the cell wall machinery 

tested (Figure 2-10), thus sensitivity was not a general phenotype of cell wall mutants.  

As deletion of SAS3 suppressed specific phenotypes of gas1Δ, we analyzed the 

gas1Δ sas3Δ double mutant upon DNA damage. Deletion of SAS3 suppressed both the 

HU and MMS sensitivity of gas1Δ but did not rescue the CPT sensitivity (Figure 2-

11).  These results suggest Sas3 may specifically act antagonistically to the DRC. 
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Figure 2-9 Loss of GAS1 leads to broad DNA damage sensitivity. gas1Δ 
mutants are sensitive to MMS, CPT and HU but not exposure to UV. Sensitivity is due 
to loss of Gas1 catalytic activity and separable from cell wall function as demonstrated 
by failure of sorbitol to rescue these phenotypes. Serial dilutions of wild type 
(LPY18050), gas1Δ (LPY12247), gas1Δ + p-gas1-E161Q, E262Q  (gas1**; 
LPY12251) and gas1Δ + p-GAS1 (LPY12326) were plated on selective media with 
MMS, HU or CPT in DMSO with or without  sorbitol or on SC buffered with 
phosphate and supplemented with DMSO as a control.  
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Figure 2-10 Genotoxin sensitivity is not a common feature of the GAS family 
nor cell wall disruption.  Wild type (LPY5), gas1Δ (LPY10129), gas2Δ (LPY10047), 
gas3Δ (LPY10051), gas5Δ (LPY11544) and bgl2Δ (LPY13102) were plated on SC or 
SC with HU, MMS or CPT, with DMSO as a control, and incubated at 30°. Among 
the five-membered GAS family, GAS2, like GAS4 (not shown) is expressed 
meiotically, whereas GAS1, GAS3, and GAS5 are vegetatively expressed (Ragni et al. 
2007). BGL2 encodes a cell wall endo-β-1,3-glucanase (Mrsa et al. 1993). 
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Figure 2-11 Deletion of SAS3 specifically suppresses the MMS and HU 
sensitivity of gas1Δ, but not CPT sensitivity. Serial dilutions of wild type (LPY5), 
sas3Δ (LPY8256), gas1Δ (LPY10129) and gas1Δ sas3Δ (LPY17520) were plated on 
SC plates using the same concentration of genotoxins and plate conditions as in Figure 
2-9. 
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Based on the DNA damage phenotypes we performed genetic analysis of 

nucleosomal targets of Sas3 that have been implicated in DDR. The residues, H3K14 

and H3K23, have increased sensitivity to DNA damaging agents when mutated to 

arginine (Qin and Parthun 2002; Tamburini and Taylor 2005). Lysine to arginine 

mutations both block acetylation and maintain a positive charge, thus mimicking the 

non-acetylated form. Conversely, mutation of lysine to alanine, which neutralizes the 

positive charge on lysine, leads to disruption of DNA-nucleosome contacts, as occurs 

with acetylation.  

The H3K23A mutant suppresses all gas1Δ phenotypes, including temperature- 

and genotoxin sensitivity, whereas the H3K14A, H3K23A double mutant suppressed 

temperature sensitivity alone (Figure 2-12A). Conversely, the H3K23R mutant had no 

obvious phenotype compared to the single gas1Δ mutant and the double H3K14R, 

H3K23R was synthetically sick at both higher temperature and with DNA damage 

(Figure 2-12B). The H3K14A mutant was also synthetically sick with gas1Δ (Figure 

2-12A) but this phenotype was also observed with wild type and sas3Δ (Figure 2-

13A). The increased sensitivity of the H3K14R, H3K23R is consistent with previous 

reports that this double mutant has increased sensitivity to genotoxic stress (Tamburini 

and Taylor 2005) and was also observed in both the wild type and sas3Δ histone 

mutant background (Figure 2-13B).   

These findings indicate that changes in the acetylation status of Sas3 histone 

lysine substrates can influence gas1Δ phenotypes. However, analysis of whether this is  
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Figure 2-12 H3K23A mutants suppress gas1Δ temperature and DNA damage 
sensitivity. A. H3K23A mutant in gas1 rescues temperature, HU and MMS 
sensitivity. This suppression is decreased in the absence of SAS3 as well as in the 
double mutant H3K14A, K23A.  B. Mutation of the same single residues to arginine 
does not alter phenotypes of either gas1Δ or gas1Δ sas3Δ yet, as in A, the double 
mutant exacerbates the phenotypes. gas1Δ (LPY18343) and gas1Δ sas3Δ 
(LPY19878). Transformations were performed with plasmids containing wild type 
H3-H4 (HHT2-HHF2; pLP1775), H3K14A (pLP1777), H3K23A (pLP3086), 
H3K14A, K23A (pLP3078), H3K14R (pLP3018), H3K23R (pLP3050) and H3K14R, 
K23R (pLP3064).  
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Figure 2-13 Dilution assay of wild type and sas3Δ with histone H3 mutants. 
A./B. Wild type and sas3Δ controls analyzed as in Figure 2-12. Although phenotypes 
are similar to wild type, sas3Δ decreased growth at elevated temperature. For these 
experiments, wild type (LPY12242) and sas3Δ (LPY16432) were freshly transformed 
with indicated histone mutants and struck out on 5-FOA to select against the covering 
wild type plasmid (pJH33). Transformations were performed with plasmids containing 
wild type H3-H4 (HHT2-HHF2; pLP1775), H3K14A (pLP1777), H3K23A 
(pLP3086), H3K14A, K23A (pLP3078), H3K14R (pLP3018), H3K23R (pLP3050) 
and H3K14R, K23R (pLP3064).  
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mediated by Sas3 is complicated in the histone mutant background.  Here, gas1Δ 

growth is improved and suppression by deletion of SAS3 is less apparent. It is possible 

that HHT1-HHF1 may modulate the suppression of gas1Δ phenotypes, as this histone 

locus is deleted in the histone mutant background. Indeed, we found that adding back 

a centromere plasmid containing wild type HHT1-HHF1 restored suppression of 

gas1Δ phenotypes by deletion of SAS3, although global histone levels remained 

comparable to the histone mutant strain (Figure 2-14).  

 

Deletion of SAS3 restores DNA damage cell cycle arrest in gas1Δ strains 

Genotoxin exposure triggers activation of cell cycle checkpoints via a kinase 

cascade that allow cells time to repair damaged DNA (reviewed in Sirbu and Cortez 

2013). To determine how the genotoxin sensitivity of gas1Δ and specific suppression 

by deletion of SAS3 may be linked to events in DDR pathway, we analyzed the mutant 

cell cycle profiles by flow cytometry. Whereas the wild type and sas3Δ strains had the 

expected cell cycle delay blocking replication following HU and MMS treatment, the 

gas1Δ strain did not, with cells remaining distributed throughout the cell cycle. The 

genotoxin-associated delay was restored with deletion of SAS3 in the gas1Δ 

background, although to a lesser extent with MMS treatment (Figure 2-15). 

Conversely, upon treatment with CPT, the gas1Δ strain displayed a clear cell cycle 

arrest at G2/M similar to wild type, and this response was not altered in the gas1Δ 

sas3Δ double mutant (Figure 2-16). Thus, whereas there are distinct functions for 

Gas1 under a spectrum of DNA damage conditions, Sas3 may act specifically to  
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Figure 2-14 Suppression of gas1Δ phenotypes by deletion of SAS3 is at least 
partially dependent on the presence of HHT1-HHF1. A. Diminished suppression 
by deletion of SAS3 is observed in the histone mutant background deleted for HHT1-
HHF1. Suppression is restored when the HHT1-HHF1 locus is provided on a CEN 
plasmid in the gas1Δ sas3Δ double mutant. B. However, this is not due to global 
changes in histone levels. Strains are as in Figure 2-12 and 2-13 with wild type p-
HHT2-HHF2 (pLP1775), except those also transformed with p-HHT1-HHF1 
(pLP3145). Strains plated in A were subsequently used for analysis in B. The 
immunoblot was probed with anti-H3, anti-H4, anti-H2A and anti-tubulin as a loading 
control.  
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Figure 2-15 Deletion of SAS3 rescues gas1Δ defects in cell cycle arrest following 
MMS and HU exposure.  Treatment of gas1Δ with HU fails to trigger the cell cycle 
delay observed in wild type whereas the cell cycle delay following treatment with 
MMS is severely impaired in gas1Δ. Cycle delay is significantly restored in the double 
mutant gas1Δ sas3Δ. Strains are as in Figure 2-11. 
 

 

 



	  

	  

55	  

 

 

 

 

 

 

Figure 2-16 CPT treatment triggers cell cycle arrest in all strains.  Strains are as 
in Figure 2-11. 
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antagonize the DNA replication checkpoint (DRC), as both MMS and HU trigger the 

DRC but CPT does not (Redon et al. 2003). 

 

Cell cycle defects in gas1Δ correspond to loss of Rad53 phosphorylation and are 

restored by deletion of SAS3  

Analysis of the cell cycle profiles following DNA damage suggested that the 

rescue of gas1Δ phenotypes by SAS3 deletion may specifically occur by restoring 

activation of the cell cycle checkpoint. One of the initial events following DNA 

damage in yeast is the phosphorylation of histone H2A at serine 129, which is 

indicative of sensing of DNA damage (reviewed in Rossetto et al. 2010). Downstream 

of H2AS129 phosphorylation, the effector kinase Rad53 is hyperphosphorylated, 

which is largely responsible for triggering cell cycle delay or arrest (Branzei and 

Foiani 2006; Sirbu and Cortez 2013).  

To determine whether gas1Δ is defective in sensing DNA damage we analyzed 

levels of H2A phosphorylation in gas1Δ and gas1Δ sas3Δ by immunoblotting . In all 

mutants, H2AS129 phosphorylation levels are comparable to WT levels following 

exposure to HU, MMS and CPT (Figure 2-17), consistent with intact sensing of DNA 

damage.   

To monitor subsequent activation of the downstream effectors, we next 

evaluated Rad53 phosphorylation. In the gas1Δ strain, Rad53 phosphorylation was 

severely impaired upon treatment with HU and MMS. However, moderate 

phosphorylation of Rad53 was evident following MMS exposure (Figure 2-18A),  
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Figure 2-17 H2AS129 is phosphorylated following genotoxin exposure in all 
strains. Levels of H2AS129 phosphorylation following exposure to HU (top), MMS 
(middle) and CPT (bottom) are comparable to wild type in all strains analyzed. Strains 
and conditions are as in Figure 2-11.  
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Figure 2-18 Rad53 phosphorylation is significantly reduced in gas1Δ following 
exposure to MMS and HU and is restored with deletion of SAS3. A. Following 
exposure to MMS and HU. B. Conversely, CPT does not trigger Rad53 
phosphorylation. Note that overall levels of Rad53 are diminished in gas1Δ. Strains 
and conditions are as in Figure 2-11. 
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consistent with the partial activation of the cell cycle checkpoint observed in Figure 2-

15. As with the rescue of gas1 HU and MMS sensitivity by deletion of SAS3, in the 

double mutant gas1Δ sas3Δ Rad53 phosphorylation was restored to near wild type 

levels. On the other hand, Rad53 phosphorylation levels following CPT treatment are 

negligible (Figure 2-18B), which is consistent with previous reports that CPT only 

minimally triggers Rad53 phosphorylation (Redon et al. 2003). The reduced level of 

Rad53 phosphorylation was due to loss of Gas1 activity, as the catalytically inactive 

gas1-E161Q, E262Q mutant was also defective for Rad53 phosphorylation (Figure 2-

19). Together, these data demonstrate that sas3Δ suppression of gas1Δ HU and MMS 

sensitivity is linked to re-activation of the cell cycle delay via restoration of Rad53 

phosphorylation.  

 

DISCUSSION 

Our findings demonstrate that GAS1 has striking yet distinct genetic 

interactions with genes encoding the lysine acetyltransferases Gcn5 and Sas3, which 

themselves are synthetically lethal, have overlapping nucleosomal substrates (Howe et 

al. 2001) and genome-wide localization patterns (Rosaleny et al. 2007). Whereas the 

gas1 gcn5 double mutant is dead, there is mutual suppression of specific phenotypes 

in the gas1 sas3 strain. The suppression phenotypes include both silencing defects and 

specific relief of the newly identified gas1 sensitivity to genotoxins. The strong 

genetic interactions with the KATs and the DNA damage sensitivity of the gas1Δ  
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Figure 2-19 Reduction of Rad53 protein levels and phosphorylation is due to 
loss of Gas1 catalytic activity. Wild type (LPY5), gas1Δ (LPY10129), gas1Δ + p-
gas1** (LPY12251) and gas1Δ + p-GAS1 (LPY122326) were treated with HU or 
MMS. Whole cell lysates were separated on 8% SDS-PAGE and probed with anti-
Rad53 followed by anti-tubulin as loading control, as done for Figure 2-18. 
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mutant demonstrate that Gas1 plays an important role in chromatin dynamics, which is 

separable from its cell wall function. Further, whereas Gcn5 and Sas3 have often been 

considered to be largely functionally overlapping, our results distinguish the biological 

roles of Sas3 and Gcn5 in the important process of DNA repair. 

 

Gas1 and Sas3 counter-balance silencing at all three silenced loci 

 Previous research indicates that Gas1 and Sas3 contribute to transcriptional 

silencing at distinct loci. Whereas loss of SAS3 leads to an increase in silencing at the 

HM loci (Reifsnyder et al. 1996), gas1 mutants have impaired silencing at telomeric 

loci and improved silencing within rDNA (Koch and Pillus 2009). We demonstrate 

that deletion of both enzymes leads to restoration of silencing to wild type levels at all 

loci analyzed (Figure 2A). Locus-specific silencing relies on a balance of silencing 

proteins and other chromatin factors, some of which are limiting (Smith et al. 1998; 

Benbow and DuBois 2008). Altering the distribution of these factors can lead to 

changes in the strength of silencing between loci (Lustig et al. 1996). As silencing is 

both strengthened and/or disrupted at specific loci in the individual mutants under 

study, one potential explanation for the mutual suppression observed in the gas1 sas3 

strain is that localization of limiting silencing factors is normalized.  In this case, Sas3 

and Gas1 counteract the influence of each other, such that in the absence of both 

enzymes balance is restored. This idea is in agreement with our previous observation 

that Gas1 and the histone deacetyltransferase Sir2, which is a limiting factor that is 
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essential for establishment and maintenance of silencing (Rusche et al. 2003), 

physically interact (Koch and Pillus 2009).  

 

Sas3 antagonizes the DNA replication checkpoint 

In addition to previously defined silencing defects (Koch and Pillus 2009) we 

found that deletion of GAS1 led to broad DNA damage sensitivity. Strains lacking 

Gas1, or with defective Gas1 catalytic activity, were sensitive to the genotoxins MMS, 

HU and CPT but not UV (Figure 3A). Thus, although Gas1 plays a broad role in DNA 

damage, there are distinctions for particular types of damage or repair pathways.  

Whereas H2AS129 phosphorylation, indicating sensing and initial DDR 

activation, was intact in all strains analyzed, the levels of Rad53 phosphorylation were 

significantly reduced in gas1 and restored by deletion of SAS3.  Impairment of the HU 

or MMS DNA damage-associated cell cycle delay and Rad53 phosphorylation levels 

in gas1 strains (Figures 4; 5) indicates that Gas1 functions in triggering 

hyperphosphorylation of Rad53 and the subsequent cell cycle checkpoint.  Although 

GAS1 mutants failed arrest in response to HU and MMS, they did undergo CPT-

induced G2/M arrest. These observations strengthen the idea that Gas1 is broadly 

relevant to DDR, yet its contributions appear to depend on the type of lesion 

generated.  

Distinct mechanistic roles for Gas1 in DNA damage are further supported by 

the suppression seen with deletion of SAS3, which rescued HU and MMS sensitivity 

but not CPT sensitivity (Figure 3B). Exposure to MMS and HU elicit a largely 
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overlapping transcriptional response, which is primarily dependent on Rad53 

phosphorylation of substrates. By contrast, CPT leads to induction of a markedly 

different set of genes (Travesa et al. 2012; Travesa and Wittenburg 2012). Both MMS 

and HU trigger the replication checkpoint via fork arrest or by slowing fork 

progression by reducing dNTP pools, respectively (reviewed in Branzei and Foiani 

2007). Conversely, CPT is considered to be “checkpoint blind” as exposure leads to 

only modest induction of Rad53 phosphorylation and does not trigger the DNA 

replication checkpoint (Redon et al. 2003; Tourriere and Pasero 2007).  

The primary checkpoints activated by DNA damage include delay of the G1/S 

transition, block of the G2/M transition and the S-phase checkpoints. Although there 

are overlaps in the proteins involved in these checkpoints there are also distinctions 

that depend on the phase of the cell cycle, type of DNA damage and repair pathway 

choice (reviewed in Warmerdam and Kanaar 2009; Symington and Gautier 2011; 

Gobbini et al. 2013). Cell cycle checkpoints and DNA damage repair require both 

positive and negative regulation to ensure proper spatio-temporal dynamics and 

maintenance of genomic integrity (reviewed in Panier and Durocher 2013). Thus, Sas3 

may be particularly relevant in antagonizing activation of the replication checkpoint 

pathway, specific to the repression of the cell cycle delay prior to DNA replication 

mediated by Rad53 phosphorylation.  

DNA damage occurs within the context of chromatin, yet the functions of the 

chromatin-modifying enzymes and histone post-translational modifications in the 

DNA damage response remain incompletely defined (reviewed in Papamichos-
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Chronakis and Peterson 2013). Multiple chromatin factors, including key silencing 

enzymes, are known to dynamically redistribute from telomeres to sites of double-

strand breaks (Martin et al. 1999; Mills et al. 1999). Further, silencing at the HM loci 

was recently found to involve key factors of the homologous recombination pathway 

(Kirkland and Kamakaka 2013). If Sas3 and Gas1 act to balance chromatin-modifying 

enzymes, as proposed above, the suppression of gas1 genotoxin sensitivity could 

relate to redistribution of the same or similar factors that alter the silencing phenotypes 

in the double mutant gas1 sas3. Indeed, localization of chromatin to the nuclear 

periphery is linked to both maintenance of silencing (reviewed in Zimmer and Fabre 

2011; Taddei and Gasser 2012) and regulation of the DNA damage response 

(reviewed in Bermejo et al. 2012). Thus the pool of Gas1 at the nuclear periphery may 

be optimally localized at the interface of both silencing and DDR.  

We found that the HHT1-HHF1 locus may, at least in part, mediate the 

suppression observed by deletion of SAS3 in the gas1 background (Figure S5A). The 

role of histones in the DNA damage response is complex, such that even modest 

imbalances in histone levels can alter DNA damage sensitivity (see for example: 

Gunjan and Verreault 2003; Sanders et al. 2004; Du et al. 2006). Whereas the 

duplicate histone loci are believed to be largely redundant there are distinctions both at 

the level of dosage (Cross and Smith 1988; Libuda and Winston 2010) and in regards 

to regulation of their expression (Zunder and Rine 2012). Our findings here, and in 

previous work (Sanders et al. 2004; Du et al. 2006), suggests that the HHT1-HHF1 

locus may indeed have a unique function in relation to DNA damage.  Histones are 
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highly regulated at multiple levels including expression, localization, PTM and 

degradation (reviewed in Kurat et al. 2013). Whether the restoration of suppression by 

HHT1-HHF1 is relevant to precise histone levels or some other aspect of this locus’s 

biology has yet to be determined. 

 

Distinct functions for Gcn5 and Sas3  

Although the function of Gcn5 in both transcription and DNA damage has 

been analyzed extensively (Robert et al. 2004; Burgess et al. 2010; Lee et al. 2010), 

less is known about the functions of Sas3. Several lines of research indicate that Sas3 

may have a role in cell cycle regulation and DDR. Using a sas3 allele with diminished 

function, it was found that both Gcn5 and Sas3 play a role in cell cycle regulation, 

with diminished Sas3 activity coupled with deletion of GCN5 leading to a G2/M arrest 

(Howe et al. 2001).  Loss of SAS3 leads to a decrease of H3K14Ac, primarily at genes 

involved in cell cycle regulation and cell division (Rosaleny et al. 2007). Sas3 

physically interacts with Chk1 (Liu et al. 2000), a Mec1 DNA damage pathway 

effector kinase and Dpb4, which regulates DNA replication and telomere silencing 

(Tackett et al. 2005). As noted above, Sas3 also physically associates with the FACT 

remodeling complex via interaction with the N-terminus of Spt16 (John et al. 2000), 

which is necessary for the DNA replication stress response (O’Donnell et al. 2004). 

Several chromatin-remodeling complexes have been linked to the synthetic lethality 

observed between SAS3 and GCN5, including RSC (Choi et al. 2008) and ISWI 

(Lafon et al. 2012). Chromatin remodeling complexes have well-established roles in 



	  

	  

66	  

DDR, with Gcn5-based acetylation of Rsc4 identified as a key factor in replication 

stress resistance (Charles et al. 2011).  

Although Sas3 is often considered to be largely functionally redundant with 

Gcn5, previous research indicated that Sas3 can disrupt Gcn5-based acetylation of 

H3K14 at distinct genomic loci (Rosaleyn et al. 2007). They may also compete during 

other dynamic cellular processes.  Whereas Gcn5 has primarily been implicated as a 

broad positive regulator of the DNA damage response, our finding that Sas3 may 

function antagonistically in DDR further demonstrates a unique, and opposing, 

function for Sas3. This possibility is consistent with the strong yet opposing genetic 

interactions observed between GAS1 and GCN5 and SAS3. Future studies should 

reveal how the protein modifications controlled by these three enzymes are balanced 

to respond to distinct forms of cellular and genotoxic stresses.  
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MATERIALS AND METHODS 

 Yeast strains and plasmids: Strains are listed in Table 2-1, plasmids are listed 

in Table 2-2 and oligos are listed in Table 2-3. All mutations are deletions, unless 

otherwise noted, and were constructed using standard techniques (Amberg et al. 

2005). 

 Growth, silencing and DNA damage dilution assays: Plate assays are five-

fold serial dilutions adjusted to an A600 of 1.0 after growth to saturation in synthetic 

complete (SC) medium. Dilution assays were incubated at 30°, except where noted. 

Telomeric silencing assays were performed with the TELVR::URA3 reporter with 

strains grown in SC medium and plated on SC as growth control or SC supplemented 

with 0.1% 5-Fluoroorotic Acid (5-FOA) to assay silencing (Renauld et al. 1993; van 

Leeuwen and Gottschling 2002). Silent mating type analysis was performed with the 

hml::TRP1 reporter (Le et al. 1997). Silencing of the rDNA was assayed using the 

RDN::Ty-1-mURA3 construct (Smith and Boeke 1997). Strains were plated on SC as a 

growth control and SC-Ura for rDNA silencing. HU sensitivity was analyzed using 

medium supplemented with 0.2M HU. MMS sensitivity was analyzed using medium 

with 0.015% MMS. CPT sensitivity was analyzed using 20µg/mL CPT dissolved in 

DMSO added to plates buffered with 100mM potassium phosphate (pH 7.5) to 

maintain CPT activity (Nitiss and Wang 1988) with growth control plates at the same 

concentration of DMSO. DMSO is shown as a control with all CPT images as gas1Δ 

is mildly sensitive to DMSO. For ultraviolet light (UV) sensitivity, strains were plated 
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at A600 of 1.0 and exposed to 60 J/m2. Where indicated plates were supplemented with 

1M sorbitol.  

 Protein immunoblots: Strains for analysis of H2AS129 and Rad53 

phosphorylation were incubated at 30° to an A600 of 0.4. Asynchronous cultures were 

then treated with  indicated genotoxin or untreated as a control. The concentrations of 

HU, MMS and CPT were the same as used for dilution assays. Cells were incubated in 

indicated genotoxin for two hours at 30° with shaking. Cell extracts were prepared by 

bead beating (Clarke et al. 1999). Proteins were separated on 18% (H2A) or on 8% 

(Rad53) SDS-polyacrylamide gels and transferred to nitrocellulose. After blocking, 

H2AS129 phosphorylation levels were analyzed with the primary antiserum anti-H2A 

phospho S129 (1:5000, Abcam) and blots were imaged using ECL Plus (GE 

Healthcare Amersham) with anti-H2A (1:5000, Abcam) used as a probe for protein 

loading. For analysis of Rad53 phosphorylation the primary antiserum was anti-Rad53 

(1:5000 dilution; Pike et al. 2003, a gift from J. Heierhorst) and blots were imaged as 

above. Anti-tubulin (1:10000; Bond et al. 1986) used as a probe for protein loading.  

 Analysis of histone levels following addition of HHT1-HHF1 were performed 

as described above for H2A, with the addition of H3 (1:10000; Millipore) and H4 

(1:5000; Millipore).  

 Flow cytometry: Cells were grown in SC media with genotoxin conditions as 

used for immunoblots, fixed with ethanol overnight, then treated with RNase A 

(Clarke et al. 1999). Cells were stained with propidium iodide for two days at 4°, 

sonicated and analyzed with Accuri (BD). 
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Table 2-1 Strains used in Chapter 2.  

 
Strain Genotype Source 
LPY5 
(W303-1a) MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein 

LPY1597 W303 MATa sas2Δ::TRP1 
 LPY2444 MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert J.S. Smith 

LPY2447 MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 
sir2Δ2::HIS3 J.S. Smith 

LPY4196 LPY5 + pLP60 
 LPY4924 W303 MATa hmr::TRP1 TELVR::URA3 
 LPY5035 W303 MATa sir2Δ::HIS3 hmr::TRP1 TELVR::URA3 
 LPY5526 W303 MATa yng1Δ::HIS3 rDNA::ADE2-CAN1 TELVR::URA3 
 LPY6285 W303 MATa rDNA::ADE2-CAN1 TELVR::URA3 K. Runge 

LPY6439 W303 MATa ada2Δ::kanMX R. Rothstein 
LPY8242 W303 MATa gcn5Δ::HIS3 

 LPY8256 W303 MATa sas3Δ::HIS3 
 LPY9820 W303 MATa gas1Δ::kanMX rDNA::ADE2-CAN1 TELVR::URA3 
 LPY10047 W303 MATa  rDNA::ADE2-CAN1 hmr::TRP1 gas2Δ::kanMX 
 LPY10051 W303 MATa rDNA::ADE2-CAN1 hmr::TRP1 gas3Δ::kanMX 
 LPY10074 MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 

gas1Δ::kanMX 
 LPY10129 MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 

gas1Δ::kanMX 
 LPY10266 W303 MATα rDNA::CAN:ADE2 + pLP1823 
 LPY10267 W303 MATα orc2-1 rDNA::CAN:ADE2 + pLP1823 
 LPY10270 W303 MATα gas1Δ::kanMX orc2-1 rDNA::CAN:ADE2 + pLP1823 
 LPY10271 W303 MATα gas1Δ::kanMX orc2-1 rDNA::CAN:ADE2 + pLP1823 
 LPY11544 W303 MATa gas3Δ::kanMX rDNA::CAN:ADE2  hmr::TRP1 
 LPY12232 W303 MATa hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH 

+ pJH33 M.M. Smith 

LPY12247 LPY10129 + pLP135 
 LPY12251 LPY10129 + pLP2114 
 LPY12264 W303 MATa rDNA::CAN:ADE2  hmr::TRP1 gcn5Δ::NatMX  
 LPY12326 LPY10129 + pLP1951 
 LPY13102 W303 MATa rDNA::CAN:ADE2  hmr::TRP1 bgl2Δ::kanMX 
 LPY14355 W303 MATa rpd3Δ::kanMX + pLP60 
 LPY15695 W303 MATa gas1Δ::kanMX rpd3Δ::kanMX + pLP60 + pLP1823 
 LPY16039 W303 MATa sas3Δ::HIS3 
 LPY16104 W303 MATa swr1Δ::kanMX 
  

  



	  

	  

70	  

Table 2-1 Strains used in Chapter 2, Continued. 

Strain Genotype Source 

LPY16432 W303 MATa hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH 
sas3Δ::HIS3 + pJH33 

 LPY16444 W303 MATa sas3Δ::HIS3 hmr::TRP1 TELVR::URA3 
 LPY16736 W303 MATa gas1Δ::kanMX gcn5Δ::HIS3 + pLP1640 
 LPY16798 W303 MATa gas1Δ::kanMX gcn5Δ::HIS3 + pLP 1640 + pLP 135 
 LPY16800 W303 MATa gas1Δ::kanMX gcn5Δ::HIS3 + pLP 1640 + pLP 1950 
 LPY16801 W303 MATa gas1Δ::kanMX gcn5Δ::HIS3 + pLP 1640 + pLP 2114 
 LPY16914 W303 MATa spt20Δ::HIS3 D. Stillman 

LPY16997 W303 MATa gas1Δ::kanMX yng1Δ::HIS3 rDNA::ADE2-CAN1 
TELVR::URA3 

 LPY17161 W303 MATa swr1Δ::kanMX gas1Δ::kanMX TELVR::URA3 
 LPY17370 W303 MATa ahc1Δ::kanMX 
 LPY17685 MATa his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 

gas1Δ::kanMX sas3Δ::HIS3 
 LPY18050 LPY5 + pLP 135 
 LPY18081 LPY10129 + pLP 135 
 LPY18206 W303 MATa rtg2Δ::kanMX 
 LPY18343 W303 MATa hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH 

gas1Δ::kanMX + pJH33 
 LPY18372 W303 MATa gas1Δ::kanMX rtg2Δ::kanMX 
 LPY18518 W303 MATa ahc2Δ::kanMX 
 LPY19101 W303 MATa gas1Δ::kanMX gcn5Δ::HIS3 sas3Δ::HIS3 + pLP 1640 
 LPY19200 LPY10129 + plp60 
 LPY19272 W303 MATa gas1Δ::kanMX ada2Δ::kanMX 
 LPY19414 W303 MATa gas1Δ::kanMX ahc2Δ::kanMX 
 LPY19467 W303 MATa gas1Δ::kanMX ahc1Δ::kanMX 
 LPY19630 W303 MATa gas1Δ::kanMX spt20Δ::HIS3 
 LPY19670 W303 MATa gas1Δ::kanMX sas2Δ::HIS3 
 LPY19731 W303 MATa sas3Δ::HIS3 hmr::TRP1 TELVR::URA3 
 LPY19771 W303 MATa gas1Δ::kanMX sgf73Δ::URA3 
 LPY19773 W303 MATa gas1Δ::kanMX hmr::TRP1 TELVR::URA3 
 LPY19816 W303 MATa sgf73Δ::URA3 
 LPY19823 W303 MATa gas1Δ::kanMX sas3Δ::HIS3  
 LPY19878 W303 MATa hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH 

sas3Δ::HIS3 gas1Δ::kanMX + pJH33 	  	  
All strains were constructed during the course of this study or are part of our standard 
lab collection unless otherwise indicated.  
All strains are W303 unless otherwise indicated. 
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Table 2-2 Plasmids used in Chapter 2. 

Plasmid Description Alias Source 
pJH33 HTA1 HTB1 HHF2 HHT2 URA3 CEN Ahn et al. 2005 
pLP60 vector HIS3 CEN  pRS313  
pLP135 vector LEU2 2µ YEP351  
pLP1640 GCN5 URA3 CEN  S. Lo 
pLP1775 HHT2-HHF2 TRP1 CEN  S.L. Berger 
pLP1777 hht2-K14A HHF2 TRP1 CEN  S. Lo  
pLP1823 vector TRP1 2µ pRS424 C. Nislow 
pLP1950 gcn5-KQL LEU2 2µ   
pLP1951 GAS1 LEU2 2µ   
pLP2114 gas1-E161Q, E262Q LEU2 2µ   
pLP3018 hht2-K14R HHF2 TRP1 CEN   
pLP3050 hht2-K23R HHF2 TRP1 CEN   
pLP3064 hht2-K14R, K23R HHF2 TRP1 CEN  
pLP3078 hht2-K14A, K23A HHF2 TRP1 CEN  
pLP3086 hht2-K23A HHF2 TRP1 CEN   
pLP3145 HHT1-HHF1 LEU2 CEN     
All plasmids were constructed during the course of this study or are part of our 
standard lab collection unless otherwise indicated.  
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Table 2-3 Oligos used in Chapter 2. 
 
Oligo # Sequence Name 
oLP1965  CCA CTG GTG GTA GAG CCC CAA G H3K14R sense 
oLP1966   CTT GGG GCT CTA CCA CCA GTG G H3K14R antisense 
oLP1969  CAA TTA GCC TCC AGG GCT GCC AG H3K23R sense 
oLP1970  CTG GCA GCC CTG GAG GCT AAT TG H3K23R antisense 
oLP1985  CAA TTA GCC TCC GCG GCT GCC AG H3K23A sense 
oLP1986  CTG GCA GCC GCG GAG GCT AAT TG H3K23A antisense 
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CHAPTER 3 Analysis of GAS1 interactions with select genes encoding     

components of the chromatin-modifying machinery 

 

ABSTRACT 

 Genetic interactions can provide insight into the function of a gene in relation 

to what pathways it influences and permits the characterization of where in a given 

pathway the encoded protein functions. The newly described functions of Gas1 in 

chromatin dynamics raises questions about which pathways Gas1 may be influencing 

in the nucleus and how it is exerting that influence. Here I evaluated a subset of 

genetic interactions with GAS1 in order to address these questions. The selection 

included several previously reported genetic interactions from the primary literature as 

well as a set of genes that were of interest based on their phenotypes and known 

interactions, which are relevant to those of GAS1. Many of the genetic interactions I 

analyzed were strong, both in terms of synthetic sickness or lethality and suppression 

of phenotypes. Of note, many of these interactions were not clearly separable from 

Gas1 cell wall functions.  However, these results do not rule out that the interactions 

described herein may provide insight into Gas1 function in the context of chromatin.  
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INTRODUCTION 

Analysis of genetic interactions between genes provides clues into the 

pathways and functions of the proteins they encode. The glucanosyltransferase Gas1 

has been elegantly studied at the cell wall but less is known about its role in 

transcriptional silencing and DNA damage, two more recently described chromatin-

associated functions (Koch and Pillus 2009; Eustice and Pillus 2014). Specifically, 

deletion of GAS1 caused decreased telomeric silencing and improved rDNA silencing 

(Koch and Pillus 2009). The loss of Gas1 catalytic activity also caused DNA damage 

sensitivity, as evidence by increased sensitivity when gas1Δ strains were treated with 

the topoisomerase I inhibitor camptothecin (CPT), the radiomimetic methyl 

methanesulfonate (MMS) and the replication inhibitor hydroxyurea (HU) (Eustice and 

Pillus 2014). All of these chromatin-related phenotypes were separable from Gas1’s 

cell wall functions.  

GAS1 has over fifty reported interactions with genes encoding chromatin-

modifying and nuclear proteins, as reported primarily from genome-wide screens 

(www.biogrid.org; Table 3-1). However, few of these interactions have been validated 

independently or analyzed in detail. Previously, I validated a reported negative 

interaction (Costanzo et al. 2010) for gas1Δ by observing that it is synthetically lethal 

with the gene encoding the histone H3 lysine acetyltransferase Gcn5. However, I 

found that the deletion of another KAT, SAS3, which functionally overlaps with Gcn5, 

rescued gas1Δ chromatin-related phenotypes. Both of these interactions were 

separable from Gas1 chromatin functions, as the osmoregulator sorbitol failed to  
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Table 3-1   Select genes encoding nuclear and chromatin-modifying enzymes and 
their reported interaction with GAS1 (www.biogrid.org). Those analyzed in our lab 
are highlighted in yellow. 
Name Interaction Function Source 

ARP8 positive chromatin remodeling, DDR Hannum et al. 2009 
BRE1 negative silencing, DDR, transcription Hoppins et al. 2011 
BRE2 negative transcription, silencing Costanzo et al. 2010 
CAF120 dosage rescue transcription Tomishige et al. 2005 
CBF1 negative nucleosome position, transcription Hoppins et al. 2011 
CDC13 growth defect telomere capping and replication Addinall et al. 2008 
DOT1 synthetic lethal silencing, DDR Lesage et al. 2004 
EAF1 negative silencing, replication, DDR Mitchell et al. 2008 
EAF7 negative silencing, replication, DDR Hoppins et al. 2011 
ELP3 positive transcription Hoppins et al. 2011 
ESA1 negative silencing, DDR Mitchell et al. 2008 
ESC1 negative silencing Costanzo et al. 2010 
GCN5 negative transcription, DDR  Costanzo et al. 2010  
HIR3 negative silencing, nucleosome assembly Hoppins et al. 2011 
IES2 positive chromatin remodeling Hoppins et al. 2011 
IPL1 growth defect chromosome segregation Ng et al. 2009 
KIN3 negative chromosome segregation, DDR Sharifpoor et al. 2012 
LYS20 positive silencing Costanzo et al. 2010 
MCM1 dosage rescue transcription Tomishige et al. 2005 
MSN5 negative nuclear import and export Hoppins et al. 2011 
NOP1 positive processing of pre-18S rRNA Hoppins et al. 2011 
NPL6 growth defect chromatin remodeling, DDR Wilson et al. 2006 
NRD1 negative Small RNA processing Costanzo et al. 2010 
ORC2 synthetic lethal silencing, DNA replication Suter et al. 2004 
PHO23 negative silencing, transcription Hoppins et al. 2011 
POL3 lethal DNA replication, DDR Tong et al. 2004 
POM33 negative NPC dynamics Hoppins et al. 2011 
RAD27 lethal DDR, replication Loeillet et al. 2005 
RAP1 positive transcription, silencing Costanzo et al. 2010 
RPT4 negative proteosome, ERAD Costanzo et al. 2010 
RSC2 synthetic lethal transcription, telomere maintenance Lesage et al. 2004 
RXT2 negative transcription, silencing Costanzo et al. 2010 
SEN1 positive RNA processing Hoppins et al. 2011 
SGF29 negative silencing, transcription Hoppins et al. 2011 
Sir2 physical silencing, transcription Koch and Pillus 2009 
Sir3 physical silencing, transcription Ho et al. 2002 
SLX8 positive DDR, telomere maintenance Hoppins et al. 2011 
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Table 3-1   Select genes encoding nuclear and chromatin-modifying enzymes and 
their reported interaction with GAS1, Continued. 
Name Interaction Function Source 

SNT1 negative transcription, KDAC Costanzo et al. 2010 
SPT3 negative transcription, silencing Costanzo et al. 2010 
SWC5 negative transcription, silencing Hoppins et al. 2011 
SWE1 negative cell cycle Costanzo et al. 2010 
SWI4 synthetic lethal DDR, replication Lesage et al. 2004 
SYH1 negative nuclear pore distribution Hoppins et al. 2011 
TAF1 synthetic lethal transcription, cell cycle van Pel et al. 2013 
TAF6 negative transcription, silencing Costanzo et al. 2010 
TEL1 negative DDR, telomere Hoppins et al. 2011 
YPL041C synthetic lethal telomere length Lesage et al. 2004 
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rescue the lethality of the gas1Δ gcn5Δ double mutant and deletion of SAS3 failed to 

rescue the gas1Δ mutant cell wall-associated phenotype of Calcoflour White (CFW) 

sensitivity (Eustice and Pillus 2014).  

To further characterize the role of Gas1 in modulation of chromatin dynamics I 

analyzed additional interactions between GAS1 and genes encoding chromatin 

modifiers. My emphasis was on genes whose genetic interactions overlap with those 

of GAS1 and those encoding proteins whose phenotypes are most relevant to the 

transcriptional silencing and DNA damage phenotypes observed with gas1Δ. The 

rationale for analysis of each of the selected genes is discussed below.  

 

Histone-modifying enzymes 

 The core of a nucleosome is composed of an octamer of two of each of the 

histone proteins H3, H4, H2A and H2B (Luger et al. 1997). Post-translational 

modifications (PTMs) made to histones play numerous roles in altering the landscape 

of chromatin and serve several purposes, including changing the interaction between 

histones and DNA and recruiting enzymes that regulate integral DNA and chromatin 

processes. Thus, the PTMs made to histones are fundamental to nearly every process 

involving DNA, ranging from replication to gene expression and damage repair.  By 

nature these processes are highly regulated and, as such, it is not surprising that there 

are many types of covalent PTMs, including acetylation and methylation.  

Acetylation of histones is associated with an open chromatin state, which 

permits active transcription, whereas deacetylation is generally associated with 



	  

	  

78	  

condensed chromatin, which is recalcitrant to the transcriptional machinery and 

impedes other DNA metabolic processes such as repair and replication. Acetylation is 

accomplished by the action of a class of enzymes known as lysine acetyltransferases, 

or KATs, which is countered by the lysine deacetylases, or KDACs. 

Histone methylation also plays numerous roles in the regulation of chromatin 

states, with methylation influencing silencing, transcription, repair and replication. 

Methylation of histones is mediated by the histone methyl-transferases, which are 

countered by demethylases. In addition to influencing chromatin states, methylation of 

histones, like acetylation, also acts in the recruitment of the chromatin-modifying 

machinery. 

Histone modifications do not exist in isolation: presence or absence of a 

specific modification can influence neighboring residues. For example, methylation of 

histone H3 at residue lysine 4 (H3K4) enhances the recruitment of the NuA3 complex 

and subsequent increase in the level of acetylation at lysine 14 of histone H3 (H3K14) 

(Martin et al. 2006). Such interplay between histone modifications is highly dynamic 

and context-specific, leading to the proposed histone language, which replaces the idea 

of the histone code, accounting for the complexity of the signals (Lee et al. 2010). 

Further, many histone modifying enzymes are also capable of modifying non-histone 

proteins. Therefore, understanding how, when and where a given modification 

influences chromatin and deciphering the resulting functional output remains an active 

area of research.  
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Histone acetylation  

The MYST (MOZ, YBF2/SAS3, SAS2 and TIP60) family of KATs includes 

Sas3, Sas2 and Esa1 (reviewed in Pillus 2008). Sas2 is the catalytic subunit of the 

SAS complex, which acts in opposition to the KDAC Sir2 (Suka et al. 2002). SAS-

mediated acetylation of H4K16 is linked not only to silencing and boundary formation 

(Oki et al. 2004) but to placement of the histone variant Htz1 (H2A.Z) at telomeric 

loci (Shia et al. 2006). Intriguingly, Sas2 was previously identified as having a 

physical interaction with Gas5 (Shia et al. 2005), which is another GAS family 

member with reported localization at the nuclear periphery (Huh et al. 2003).  

 Esa1 is the catalytic component of the NuA4 complex, which primarily acts on 

H4 and H2A lysine residues. Esa1 an essential KAT in budding yeast (Allard et al. 

1999; Clarke et al. 1999) and has numerous roles in key processes including 

transcriptional regulation and DNA damage repair (reviewed in Doyon and Coté 

2004). NuA4 shares several subunits with other complexes, such as SWR1, with the 

only known NuA4-specific subunit being Eaf1 (Esa1-associated factor 1), which 

functions as a platform for complex assembly (Auger et al. 2008; Mitchell et al. 

2008).  

 Our interest in NuA4 was due not only to NuA4’s well-established roles in 

silencing and DNA damage but also from several lines of evidence linking NuA4 to 

Gcn5, which is synthetically lethal with gas1Δ (Eustice and Pillus 2014 For example, 

NuA4 shares the Tra1 subunit with Gcn5-containing complexes, which leads to co-

recruitment of these two complexes to the same loci (Brown et al. 2001). Further, the 
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combined activities of both Esa1 and Gcn5 are believed to account for the majority of 

histone acetylation in budding yeast (Robert et al. 2004; Pokholok et al. 2005). NuA4 

also has genetic interactions with other β-1,3-glucan processing factors. Strikingly, 

Fks1, a β-1,3-glucan synthase reproducibly co-purified with the NuA4 complex 

(Mitchell et al. 2008; Mitchell et al. 2013), and genome-wide studies indicate that 

GAS1 has negative genetic interactions with ESA1, EAF1 (Mitchell et al. 2008) and 

EAF7 (Costanzo et al. 2010), a gene encoding another NuA4 subunit. 

 

Histone deacetylation 

 Based on phylogenetic analysis and sequence homology, KDACs are divided 

into three classes in budding yeast.  Class I consists of Rpd3, Hos2 and Hos1, Class II 

consists of Hda1 and Hos3 and Class III includes Sir2, Hst1, -2, -3 and -4, which are 

also known as the Sirtuins (Gregoretti et al. 2004). KDACs tend to have overlapping 

histone substrates and deacetylation of histones is generally associated with gene 

repression and silencing (reviewed in Ekwall 2005).   

 The Class I KDAC Rpd3 primarily deacetylates histone H4 at K5 and K12 

(Robyr et al. 2002) and histone H3 at K9, K16 and K18 (Kurdistani et al. 2002); the 

H3 lysines are shared substrates of with Gcn5. Rpd3 represses expression of genes 

encoding proteins involved in meiosis, carbohydrate metabolism (Robyr et al. 2002) 

and cell cycle regulation (Bernstein et al. 2000) as well as osmotic regulation (de 

Nadal et al. 2004) and heat stress (Ruiz-Roig et al. 2010). Rpd3 forms two distinct 

complexes, designated Rpd3L (Large) and Rpd3S (Small). The Rpd3L complex 
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contains the catalytic subunit Rpd3 as well as Ume1, Sin3, Sds3, Sap30 and Pho23 

(Keogh et al. 2005). The Rpd3S complex also contains Rpd3, Ume1, Sin3 and the 

unique Rpd3S subunits Rco1 and Eaf3. The Eaf3 subunit is shared with NuA4 (Eisen 

et al. 2001; Keogh et al. 2005). Whereas Rpd3L is associated with deacetylation of 

histones at promoter regions and transcriptional silencing at all three silenced regions 

in budding yeast (Keogh et al. 2005), Rpd3S is targeted to intragenic regions where it 

blocks transcription initiation but does not appear to alter silencing (Carrozza et al. 

2005; Keogh et al. 2005). Further, Rpd3 also functions in boundary formation by 

removing acetylation at a key Sir2 substrate, H4K16 (Ehrentraut et al. 2010). From 

genome-wide studies, it has been suggested that GAS1 has a negative genetic 

interaction with the gene encoding the Rpd3L complex component Pho23 (Hoppins et 

al. 2011) and previous research in our lab found that gas1Δ rpd3Δ is synthetic lethal 

(Koch 2009).  

 The Class II KDAC Hda1’s primary histone substrates include histone H3 at 

K9 and K18, which are acetylated by Gcn5 and Sas3, as well as histone H2B at K16 

(Robyr et al. 2002). Hda1 is associated with repression of genes involved in carbon 

metabolism and carbohydrate transport (Bernstein et al. 2000) as well as genes in the 

subtelomeric region that are induced in response to nutritional stress (Robyr et al. 

2002). In addition to transcriptional regulation, Hda1 is also implicated in silencing 

and chromosome segregation (Kanta et al. 2006). Further, Gcn5 and Hda1 compete for 

recruitment to a subset of promoters, such that binding of Hda1 blocks Gcn5 

recruitment (Islam et al. 2011).  
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 The Class III KDAC Sir2 is a NAD+-dependent KDAC (Landry et al. 2000) 

that has been studied extensively for its role in the establishment and maintenance of 

silent chromatin (reviewed in Rusche et al. 2003) as well as regulation of lifespan 

(reviewed in Wierman and Smith 2013). The primary histone target of Sir2 is H4K16 

as well as H4K5, K8 and H3K9 and K14 (Borra et al. 2004).  Previously, our lab 

established that Gas1 and the Sir2 have a physical interaction (Koch and Pillus 2009).  

 

Histone methylation 

 As mentioned above, histone methylation has a strong influence on the level of 

histone acetylation, in addition to regulating chromatin dynamics in its own right. The 

Set1 methyltransferase, the catalytic subunit of the COMPASS complex (Takahashi et 

al. 2011), primarily targets H3K4 and loss of SET1 leads to decreased transcription at 

approximately 80% of yeast genes (Boa et al. 2003). Set1 also plays central roles in 

silencing at all three silent loci in budding yeast (Nislow et al. 1997; Fingerman et al. 

2005) and DNA damage repair (Corda et al. 1999; Schramke et al. 2001). Set1 and 

H3K4 trimethylation (H3K4me3) is an early mark at the dsDNA break and is required 

for efficient NHEJ repair (Faucher and Wellinger 2010). Set1-mediated methylation of 

H3K4 also recruits the Sas3-containing NuA3 complex to chromatin, with H3K4me 

leading to increased H3K14ac (Martin et al. 2006). Intriguingly, histone H2BK123 

monoubiquitination is required for Set1-mediated methylation of H3K4, as well as 

Dot1-mediated methylation of H3K79 (Sun and Allis 2002; Lee et al. 2007), although 

not for their monomethylation (Shahbazian et al. 2005). Indeed, this interaction 
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between histone methylation and H2BK123 monoubiquitination is required for 

activation of the DNA damage checkpoint (Giannattasio et al. 2004).  

Previous genome-wide analysis indicated that DOT1 and GAS1 were 

synthetically lethal (Lesage et al. 2004).  This is certainly a promising connection 

considering Dot1’s role in both silencing (van Leeuwen et al. 2002) and DNA damage 

repair (Giannattasio et al. 2004; Wysocki et al. 2005), yet our lab was unable to 

recapitulate these results (Koch 2009). Therefore, an open question that remains is 

whether histone methyltransferases, like the H3 KATs, may also be important for 

Gas1’s chromatin functions. This is a particularly intriguing question due to the 

interplay between methylation and acetylation.    

  

Regulators of chromatin structure and position  

 In addition to histone post-translational modifications, the dynamic regulation 

of chromatin structure also involves several other key features, including chromatin 

remodeling, histone variants and the localization of chromatin within the nucleus.  

Chromatin remodeling enzymes directly alter both nucleosome position and 

composition. All remodelers contain an ATPase domain and can be divided into four 

subfamilies, SWI/SNF, ISWI, CHD and INO80, based on their auxiliary domains 

(reviewed in Clapier and Cairns 2009). Swr1 is in the INO80 subfamily, members of 

which have a characteristic split ATPase domain (reviewed in Bao and Shen 2007). 

Swr1 uses ATP hydrolysis to remodel chromatin and is part of the 1MDa SWR1 

complex (SWR1-C) that exchanges the canonical histone H2A for histone variant 
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H2A.Z (or Htz1) (Kobor et al. 2004; Mizuguchi et al. 2004). SWR1-C shares many 

subunits with NuA4 and, indeed, these two complexes have intimate interactions and 

are thought to be represented by the unified TIP60 complex in multicellular organisms 

(reviewed in Lu et al. 2009). SWR1-C also shares several subunits with the INO80 

complex.  

 To date, the only characterized function of Swr1 is the incorporation of Htz1 

into chromatin. However, Swr1 may also play independent roles, as several lines of 

evidence suggest. For example, Swr1 appears to play several roles in DNA damage 

repair, both dependent and independent of Htz1. Homologous recombination-

associated resection mediated by Exo1 is blocked by nucleosomes but is stimulated by 

incorporation of Htz1 in a Swr1-dependent manner (Adkins et al. 2013). Conversely, 

whereas loss of SWR1 leads to impaired yKu80 loading and NHEJ repair, this appears 

to be independent of Htz1 incorporation (van Attikum et al. 2007). Further, there is 

only ~40% overlap between genes regulated by Swr1 and Htz1 (Mizuguchi et al. 

2004). However, it was reported that many of the phenotypes associated with deletion 

of HTZ1 are due to SWR1-C negatively influencing chromatin integrity by removing 

H2A from nuclesomes without being able to replace them with Htz1 (Halley et al. 

2010; Morillo-Huesca et al. 2010). Therefore the functions of Htz1 and Swr1 are 

intimately connected but the possibility remains that they may also serve independent 

functions in specific contexts.  

 The H2A variant Htz1 has numerous important roles in budding yeast 

including transcriptional regulation (Santisteban et al. 2000), blocking the spread of 
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silent chromatin (Meneghini et al. 2003), DNA damage repair (Krogan et al. 2004), 

and recruiting transcription factors (Draker et al. 2012).  Htz1 is highly enriched at the 

promoters of active genes and is generally associated with labile nucleosomes flanking 

nucleosome free regions (Guillemette et al. 2005; Raisner et al. 2005). Intriguingly, 

Htz1 also physically interacts with both Sas3 and Gcn5 (Zhang et al. 2005).  

 HHO1 encodes the yeast linker histone H1, which binds nucleosomes and 

modulates chromatin dynamics (reviewed in Bustin et al. 2005). Hho1 suppresses both 

the homologous recombination DNA repair pathway (Downs et al. 2003) and 

recombination at the rDNA array (Li et al. 2008) while enhancing both boundary 

formation and de novo establishment of silent chromatin (Veron et al. 2006; Yu et al. 

2008). Deletion of HHO1 rescues the temperature-dependent synthetic lethality of 

gcn5Δ and a conditional allele of sas3. This suppression was suggested to relate to the 

disruption of nucleosome “breathing” and mobility in the absence of the KATs’ 

acetylation of both H3 and Rsc4, which would be restored by deletion of  HHO1 (Choi 

et al. 2008).   

 Finally, the nuclear envelope embedded protein Esc1 plays a key role in 

localization of telomeres to the nuclear periphery via a physical interaction with Sir4 

(Andrulis et al. 2002). The tethering of telomeres to the periphery is important for 

both silencing and DNA damage repair (Taddei et al. 2004; Therizols et al. 2006). A 

recent genome-wide study found GAS1 and ESC1 have a negative genetic interaction 

(Costanzo et al. 2010).  
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 Thus, based on strong connections to Gcn5 and Sas3, as well as Gas1, I chose 

to validate or analyze in detail the genetic interactions between GAS1 and the genes 

encoding the proteins described above. This selection includes key factors that are 

integral to the numerous processes that influence chromatin dynamics, thus allowing 

us to further define Gas1’s potential role in the nucleus.  

 

RESULTS  

Gas1 and histone-modifying enzymes 

Based on GAS1’s strong genetic interactions with H3 KATs (Eustice and Pillus 

2014), I was interested in determining whether GAS1 interactions are specific to the 

genes encoding Gcn5 and Sas3 or whether the interactions may extend to other KATs. 

As lysine acetylation is, by necessity, a highly dynamic process, I also sought to 

determine whether GAS1 has interactions with representatives from each class of 

KDACS whose substrates overlap with residues acetylated by Gcn5 and Sas3. 

Furthermore, as methylation of histones strongly influences acetylation, I investigated 

whether these modifications may also be relevant to Gas1.  

 

GAS1 and the MYST KATs 

 Based on SAS3’s strong positive genetic interaction with GAS1, I analyzed 

interactions with genes encoding other members of the MYST family to determine 

whether the interaction observed between GAS1 and SAS3 was unique or a general 

property of the family.  
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 The SAS complex, with the catalytic KAT subunit Sas2, has many well 

characterized functions in silencing (reviewed in Lafon et al. 2007). To analyze the 

interaction between GAS1 and SAS2 I generated the double mutant gas1Δ sas2Δ. The 

double mutant phenocopied the single gas1Δ mutant and no synthetic sickness nor 

suppression of gas1Δ temperature sensitivity was observed (Figure 3-1A). Therefore, 

there is no apparent synthetic interaction between GAS1 and SAS2. 

 The MYST family member Esa1 is found in the NuA4 complex, which has key 

roles in transcriptional silencing and DNA damage repair (reviewed in Lafon et al. 

2007).   Although NuA4 shares most of its subunits with other complexes, the scaffold 

subunit Eaf1 is unique to NuA4 (Auger et al. 2008). Previously our lab verified that 

gas1Δ eaf1Δ was synthetic lethal (Koch 2009), as was indicated from a genome-wide 

screen (Mitchell et al. 2008). To determine if this interaction is independent of gas1Δ 

cell wall defects I analyzed whether the addition of the osmoregulator sorbitol, which 

rescues cell wall-associated defects of gas1Δ, could rescue the synthetic lethality. 

Strains were grown in the presence of the wild type GAS1 on a URA3 plasmid. When 

the wild type covering plasmid was selected against on 5-FOA, these strains failed to 

thrive, as was previously observed (Koch 2009) and the presence of sorbitol did not 

rescue this lethality. However, the Gas1 catalytic mutant, gas1-E161Q, E262Q, 

robustly rescued the synthetic lethal phenotype (Figure 3-1B). These results suggest 

that the although the interaction between gas1Δ and eaf1Δ may be separable from 

gas1Δ cell wall defects, the synthetic lethality is not due to loss of the β-1,3-

glucanosyltransferase activity of Gas1. 
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Figure 3-1 Suppression of gas1Δ phenotypes by deletion of SAS3 is not shared 
by genes encoding other MYST family members. A. gas1Δ does not have a 
synthetic interaction with sas2Δ. Wild type (LPY79), sas2Δ (LPY1597), gas1Δ 
(LPY10129) and gas1Δ sas2Δ (LPY19670) were plated on YPD at either 30° or 37°.  
B. The double mutant gas1Δ eaf1Δ synthetic lethality is not rescued in the presence of 
sorbitol but is rescued by the catalytically inactive gas1-E161Q, E262Q. Wild type 
(LPY5), gas1Δ (LPY16681), eaf1Δ (LPY15719), and gas1Δ eaf1Δ covered by vector 
(LPY16683), catalytically dead p-gas1-E161Q, E262Q (LPY16728) or wild type 
GAS1 (LPY16729) were plated on SC, 5-FOA and 5-FOA supplemented with sorbitol 
at 30°. All gas1Δ eaf1Δ double mutant strains were covered by wild type p-GAS1, 
URA3, which was counterselected by growth on 5-FOA. 
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 Together, these results demonstrate that although the MYST KATs, 

particularly NuA4, may have a synthetic interaction with GAS1, the suppression 

observed with gas1Δ sas3Δ is unique to the H3 MYST and not a general feature of the 

MYST family.  

 

GAS1 and KDACs 

 Previous work in our lab led to the discovery that gas1Δ rpd3Δ is synthetic 

lethal (Koch 2009). In order to determine whether the observed synthetic lethality was 

separable from Gas1 cell wall functions, I analyzed the double mutant in the presence 

of sorbitol. The gas1Δ rpd3Δ double mutant was grown with a wild type RPD3, URA3 

covering plasmid. When counterselected by growth on 5-FOA, the double mutant was 

inviable. However, the presence of sorbitol at least partially rescued this lethality. 

Conversely, neither the presence of the catalytically dead rpd3, rpd3-H150A, H151A, 

nor gas1, gas1-E161Q, E262Q, rescued the synthetic lethality (Figure 3-2A).  Thus, 

although the synthetic interaction is due to loss of Rpd3 KDAC activity and Gas1 β-

1,3-glucanosyltransferase activity, the lethality is not clearly separable from cell wall 

functions of Gas1. This finding is consistent with the role of Rpd3 in the cell wall 

integrity pathway (de Nadal et al. 2004).  

To determine whether the synthetic lethality with the gas1Δ rpd3Δ double 

mutant was due to disruption of the Rpd3L or the Rpd3S complex I next analyzed  

 

 



	  

	  

90	  

 

 

 
 

 
 
Figure 3-2 The gas1Δ rpd3Δ synthetic lethality is rescued by sorbitol and is 
independent of Rpd3S. A. The gas1Δ rpd3Δ double mutant synthetic lethality is due 
to loss of both Rpd3’s KDAC activity and Gas1’s β-1, 3-glucanosyltransferase activity 
but is rescued by sorbitol. Wild type (LPY4196), rpd3Δ (LPY14355), gas1Δ 
(LPY19200) and gas1Δ rpd3Δ with vector (LPY15695) or covered by the catalytic 
dead p-rpd3-H150A, H151A (LPY15699) or p-gas1-E161Q, E262Q (LPY15701) were 
plated on SC-His or on SC-His supplemented with 5-FOA with or without sorbitol at 
30°. All gas1Δ rpd3Δ double mutants were covered by p-GAS1, URA3, which was 
counterselected by 5-FOA B. The double mutant gas1Δ rco1Δ does not have a 
synthetic interaction and phenocopies the single gas1Δ null mutant. Wild type 
(LPY4653), rco1Δ (LPY12642), gas1Δ (LPY14110) and gas1Δ rco1Δ (LPY18468) 
were grown on YPD at either 30° or 37°.  
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RCO1, which encodes a PHD containing protein that recognizes methylated H3K36 

(Li et al. 2007) and is unique to the Rpd3S complex. The double mutant gas1Δ rco1Δ 

did not display a synthetic interaction (Figure 3-2B), suggesting that it is Rpd3 in the 

context of Rpd3L that mediates the observed lethality in the gas1Δ rpd3Δ strain. 

Hda1 deacetylates several histone residues on which both Sas3 and Gcn5 act. 

Thus, I tested whether this KDAC was relevant to Gas1 chromatin phenotypes. 

Indeed, in the gas1Δ hda1Δ double mutant there is a modest mutual suppression of 

temperature sensitivity in both mating-type backgrounds (Figure 3-3).   

Sir2 is one of the central KDACs in the establishment and maintenance of 

silencing in budding yeast (reviewed in Rusche et al. 2003). Although Gas1 and Sir2 

physically interact (Pillus and Koch 2009), deletion of SIR2 did not noticeably alter 

gas1Δ phenotypes, although there may be a modest suppression of temperature 

sensitivity (Figure 3-4).  

 Based on the synthetic interactions between GAS1 and the genes encoding 

KDACs analyzed here, HDA1 may be the most promising for future analysis, due to 

both relevant histone H3 substrates and suppression phenotypes.  

 

Histone methylation 

 Histone methylation influences chromatin properties such as DNA damage and 

transcriptional silencing as well as modulating histone acetylation dynamics. 

Therefore asked whether specific methyltransferases are also relevant to Gas1’s 

chromatin functions. Set1 is known to influence H3 acetylation as well as NuA3  
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Figure 3-3 The double mutant gas1Δ hda1Δ displays mutual suppression of 
temperature sensitivity. Wild type (LPY4653), gas1Δ (LPY14110), hda1Δ 
(LPY12886), gas1Δ hda1Δ MATa (LPY18470) and gas1Δ hda1Δ MATα (LPY18471) 
were grown on YPD at either 30° or 37°.  
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Figure 3-4 The double mutant gas1Δ sir2Δ does not have a strong synthetic 
interaction. The strains sir2Δ (LPY4981), gas1Δ (LPY9820), gas1Δ sir2Δ (LPY7601) 
and wild type (LPY4924), were grown as SC at either 30° or 37°, and SC plates 
supplemented with CFW, HU, MMS or CPT on phosphate buffered SC plates. For 
telomeric silencing (TELVR::URA3) strains were grown on 5-FOA plates. 
 

 

 

Telomeric 
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localization (Martin et al. 2006). The gas1Δ set1Δ double mutant phenocopied the 

gas1Δ single mutant, thus showing no apparent synthetic interaction (Figure 3-5A). 

Further, I found that neither di- nor trimethylation of H3K4 was altered in gas1Δ 

(Figure 3-5B) and that gas1Δ did not have a synthetic interaction with the H3K4A 

mutant (Figure 3-5C). Thus, the methylation of H3K4 does not appear to mediate 

gas1Δ mutant phenotypes. 

 

Gas1 and regulators of chromatin structure and position 

 The Swr1 chromatin remodeling enzyme has numerous roles in various DNA 

metabolic processes, including transcriptional silencing and DNA damage response, 

similar to Gas1. The gas1Δ swr1Δ double mutant robustly suppressed all gas1Δ 

phenotypes, including temperature-, HU-, CPT- and CFW-sensitivity. Strikingly, 

similar to deletion of SAS3, this suppression was only observed in the MATa 

background and not in MATα. However, unlike the gas1Δ sas3Δ double mutant, 

deletion of SWR1 suppresses both gas1Δ CPT- and CFW-sensitivity and, surprisingly, 

CFW suppression was observed in both mating types, albeit to a lesser extent in MATα 

(Figure 3-6). 

Based on the role of Htz1 in DNA damage and silencing, which are notably 

similar to gas1Δ phenotypes, I generated the gas1Δ htz1Δ double mutant. I found that 

in both the MATa and MATα background, deletion of HTZ1 fully suppressed gas1Δ 

temperature sensitivity. Further, both htz1Δ and gas1Δ CPT-sensitivity was modestly  
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Figure 3-5  gas1Δ phenotypes are independent of SET1 and H3K4 
methylation.  A. Wild type (LPY4653), gas1Δ (LPY17702), set1Δ (LPY6929), gas1Δ 
set1Δ MATa (LPY17704) and gas1Δ set1Δ MATα (LPY17705) were grown on YPD at 
30° or 37°. B. Whole cell lysates of wild type (LPY4653), gas1Δ (LPY17702) and 
set1Δ (LPY17691) or H3K4A (LPY18388) were separated on 18% SDS-PAGE and 
incubated with indicated immunoreagents. The H3K4me3 blot was then reprobed with 
tubulin. C. Wild type (LPY18463), gas1Δ (LPY19114), H3K4A in the wild type 
background (LPY18388) or in the gas1Δ background (LPY19117) were grown on SC 
at either 30° or 37°. All strains in histone mutant background were freshly transformed 
then struck three times on 5-FOA to remove the wild type histone plasmid (pJH33) 
before analysis. 
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Figure 3-6  Deletion of SWR1 suppresses gas1Δ phenotypes in MATa. The 
MATa strains wild type (LPY5), swr1Δ (LPY16104), gas1Δ (LPY10129) and  gas1Δ 
swr1Δ (LPY17160) or MATα strains wild type (LPY79), swr1Δ (LPY16104), gas1Δ 
(LPY10133) and gas1Δ swr1Δ (LPY17178) were grown as YPD at either 30° or 37°, 
and on YPD plates supplemented with HU, CPT (phosphate buffered) or CFW.  
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suppressed whereas deletion of HTZ1 robustly suppressed gas1Δ HU- and CFW-

sensitivity (Figure 3-7). As both the SWR1 and HTZ1 deletions suppress gas1Δ DNA 

damage and temperature sensitivity phenotypes, I next asked whether these deletions 

could also rescue gas1Δ telomere silencing defects. Indeed, loss of either lead to at 

least partial restoration of telomeric silencing. For both gas1Δ swr1Δ and gas1Δ htz1Δ 

the suppression was evident in MATa whereas neither appeared to rescue telomeric 

silencing in MATα (Figure 3-8). The htz1Δ mutant phenotypes, including 

transcriptional misregulation and genetic instability, can be suppressed by deletion of 

SWR1. The SWR1 complex leads to the accumulation of DNA damage in the absence 

of Htz1 and can impair the induction of the DNA damage checkpoint (Morillo-Huesca 

et al. 2010).  As there are distinct phenotypes, in relation to mating type differences, 

for two genes which are reported to largely overlap in terms of function, I next 

analyzed whether the triple mutant gas1Δ swr1Δ htz1Δ still lead to suppression of the 

temperature sensitive phenotype. In the triple mutant the gas1Δ phenotype was 

suppressed in both MATa and MATα (Figure 3-9), as was seen for the gas1Δ htz1Δ 

double mutant.  

Based on GAS1’s striking interactions with SAS3 and GCN5, I chose to analyze 

whether the lack of nucleosomal “breathing” previously found to partially  

mediate gcn5Δ sas3Δ synthetic lethality (Choi et al. 2008), was relevant to Gas1 in the 

context of chromatin. Deletion of HHO1 in the gas1Δ background suppressed gas1Δ 

temperature, genotoxin and CFW sensitivity (Figure 3-10). Thus, while “breathing” 

does appear to play a role in Gas1’s chromatin related phenotypes, the suppression of  
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Figure 3-7  Deletion of HTZ1 suppresses gas1Δ phenotypes in both mating 
types. The MATa strains wild type (LPY5), htz1Δ (LPY11654), gas1Δ (LPY10129) 
and gas1Δ htz1Δ (LPY17087) or MATα strains wild type (LPY79), htz1Δ 
(LPY11659), gas1Δ (LPY10133) and gas1Δ htz1Δ (LPY17088) were grown on YPD 
at either 30° or 37°, and on YPD plates supplemented with HU, CPT (phosphate 
buffered) or CFW.  
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Figure 3-8  Deletion of either SWR1 or HTZ1 suppresses gas1Δ telomeric 
silencing defects only in MATa. A. The MATa strains wild type (LPY4653), sir2Δ 
(LPY4981), gas1Δ (LPY14113), htz1Δ (LPY11654), swr1Δ (LPY16104), gas1Δ 
swr1Δ (17160), gas1Δ htz1Δ (17087) and B. MATα strains wild type (LPY4654), sir2Δ 
(LPY4977), gas1Δ (LPY14116), swr1Δ (LPY16104), htz1Δ (LPY11659), gas1Δ 
swr1Δ (LPY17178) and gas1Δ htz1Δ (LPY17088) were grown on YPD at either 30° or 
37°, and on YPD plates supplemented with 5-FOA to test for silencing at 
TELVR::URA3.  
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Figure 3-9 The triple mutant gas1Δ swr1Δ htz1Δ suppresses gas1Δ 
temperature sensitivity in both mating types. The strains wild type (LPY4653), 
swr1Δ (LPY17258), htz1Δ (LPY17538), gas1Δ (LPY10362), gas1Δ swr1Δ htz1Δ 
MATa (LPY19041) and gas1Δ swr1Δ htz1Δ MATα (LPY19038) were grown on YPD 
at either 30° or 37°. 
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Figure 3-10 Deletion of HHO1 suppresses gas1Δ temperature, genotoxin and 
CFW sensitivity. The strains wild type (LPY4924), hho1Δ (LPY18696), gas1Δ 
(LPY10129) and gas1Δ hho1Δ (LPY18481) were grown on YPD at either 30° or 37° 
and YPD supplemented with CFW,  HU, MMS or CPT (phosphate buffered). Of note, 
hho1Δ is also sensitive to CFW.  
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CFW sensitivity suggests that a general mechanism broadly relevant to gas1Δ 

phenotypes is at play. 

Due to Gas1’s localization to the nuclear periphery, I next sought to verify if 

one of the genes encoding a protein required for anchoring chromatin to the nuclear 

envelope, Esc1, has a synthetic interaction with gas1, as previously reported 

(Costanzo et al. 2010). Here, the double mutant gas1Δ esc1Δ was only modestly 

synthetically sick at higher temperature (Figure 3-11).  

 

DISCUSSION 

The above analysis of GAS1 genetic interactions (summarized in Table 3-2) 

provides additional clues into the nature of Gas1’s influence on chromatin. I found 

that the suppression phenotype observed with deletion of SAS3 is not a general 

property of the MYST family of KATs. However, I did observe a synthetic lethality 

with the gene encoding the only unique subunit of NuA4, Eaf1, which was not rescued 

by the osmoregulator sorbitol (Figure 3-1B). Unlike the synthetic lethality observed 

with gas1Δ gcn5Δ, however, the interaction is not due to loss of Gas1 β-1,3-

glucanosyltransferase activity. One explanation for this could be that the physical 

presence of Gas1 may influence NuA4 localization, as has been seen with other 

chromatin-modifying enzymes, such as Hda1 and Gcn5 (Islam et al. 2011). 

Conversely, several of the interactions that I analyzed could not be separated 

from Gas1 cell wall-associated defects, including those rescued by sorbitol (gas1Δ 

rpd3Δ; Figure 3-2) or those that also rescued gas1Δ CFW-sensitivity (deletion of  
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Figure 3-11 The double mutant gas1Δ esc1Δ is modestly synthetic sick at 
elevated temperature. The strains wild type (LPY4653), sir2Δ (LPY4977), esc1Δ 
(LPY17092), gas1Δ (LPY14113), gas1Δ esc1Δ MATa (LPY17031) and gas1Δ esc1Δ 
MATα (LPY17032) were incubated on YPD at either 30° or 37°. 
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SWR1; Figure 3-6, HTZ1; Figure 3-7 and HHO1; Figure 3-10). Although these results 

do not rule out the possibility that these proteins contribute in some way to Gas1 

chromatin functions, they do not provide the clear separation of function we have seen 

with both GCN5 and SAS3 (Eustice and Pillus 2014). 

Many chromatin-modifying enzymes are multi-functional, in the sense that 

they integrate signals from multiple pathways into a context-dependent output. For 

example, in addition to functions in silencing and boundary formation, the rescue of 

gas1Δ rpd3Δ synthetic lethality by sorbitol may relate to the function of Rpd3 in the 

Hog1 osmotic stability and cell wall integrity pathway (de Nadal et al. 2004; reviewed 

in Levin 2005). In relation to the rescue of gas1Δ sensitivity CFW by deletion of 

SWR1 and HTZ1 (Figures 3-6; 3-7), Htz1 has been implicated in maintenance of ER 

retrieval pathways and ER homeostasis as have, intriguingly, various subunits of 

NuA4, SWR1-C and the SIR family protein Sir4. Indeed, several of the chromatin-

associated genes identified in screens related to the ER function also had phenotypes 

that suggested pleiotropic defects in the secretory pathway, which is believed to be 

related to deregulation of gene expression in these mutants (Bonangelino et al. 2002; 

Wright et al. 2003; Lockshon et al. 2007; Copic et al. 2009). Therefore, these proteins 

could influence both the cell wall and chromatin defects associated with the loss of 

GAS1 in a unique manner.  

The lack of striking genetic interactions between GAS1 and the histone 

methyltransferases SET1 (Figure 3-5) and DOT1 (Koch 2009) is somewhat surprising, 

considering the numerous relationships between these enzymes and the KATs, 
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including Gcn5 and Sas3. Indeed, histone methylation appears to broadly regulate 

histone acetylation, such that methylation of specific residues is often required for 

subsequent acetylation or deacetylation (for example Martin et al. 2006). However, 

whether the genetic interactions of GAS1 with the KATs and KDACs are related to 

nucleosomal acetylation remains unclear as global levels of several H3 acetylation 

sites do change in gas1Δ (Koch and Pillus 2009; Eustice and Pillus 2014). In the 

future, a detailed analysis of selected candidate loci and/or gene expression changes 

will help resolve if Gas1 is modulating the highly context-specific modification of 

histones. Further, such an analysis may also provide a means of separating the cell 

wall-related and chromatin related phenotypes of the synthetic interactions described 

in this chapter.  

Further analysis of Gas1 interactions may, indeed, provide significant insight 

into several key aspects of chromatin dynamics, particularly as Gas1 appears to have 

multiple functions in both silencing and DNA damage repair. As we have seen with 

gas1Δ sas3Δ, gas1Δ htz1Δ and gas1Δ swr1Δ these functions are distinguishable by the 

ability of different mutants to rescue a subset of each phenotype, often depending on 

mating type. These results are striking as the DNA damage pathways are classically 

thought to involve many of the same enzymes and processes. Further, few differences 

have been detailed between the mating types in the process of DNA damage repair. 

However, as more details emerge about both DNA damage repair pathways and 

mating types, it is becoming increasingly evident that there are significant differences, 

many of which remain poorly defined (reviewed in Haber 2012). Thus, analysis of 
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GAS1 interactions may be valuable for identifying the subtle difference between both 

mating type and DNA damage responses.  

 

MATERIALS AND METHODS 

Yeast strains and plasmids. Yeast strains are listed in Table 3-3 and plasmids 

are listed in Table 3-4. All mutations are deletions and were constructed using 

standard techniques (Amberg et al. 2005). 

Growth, silencing and DNA damage dilution assays: Plate assays are five-

fold serial dilutions adjusted to an A600 of 1.0 after growth to saturation in synthetic 

complete (SC) medium. Dilution assays were incubated at 30°, except where noted. 

Telomeric silencing assays were performed with the TELVR::URA3 reporter with 

strains grown in SC medium and plated on SC as growth control or SC supplemented 

with 0.1% 5-FOA to assay silencing (Renauld et al. 1993; van Leeuwen and 

Gottschling 2002). Silencing of the rDNA was assayed using the RDN::Ty-1-mURA3 

construct (Smith and Boeke 1997). Strains were plated on SC as a growth control and 

SC-Ura for rDNA silencing. Cell wall damage sensitivity was measured using SC 

plates supplemented with 10µg/mL Calcoflour White (CFW). HU sensitivity was 

analyzed using medium supplemented with 0.2M HU. MMS sensitivity was analyzed 

using medium with 0.03% MMS. CPT sensitivity was analyzed using 20µg/mL CPT 

dissolved in DMSO added to plates buffered with 100mM potassium phosphate (pH 

7.5) to maintain CPT activity (Nitiss and Wang 1988) with growth control plates at the 

same concentration of DMSO. DMSO is shown as a control with all CPT images as 
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gas1Δ is mildly sensitive to DMSO. Where indicated plates were supplemented with 

1M sorbitol.  

Protein immunoblots: Strains for analysis of H3K4 di- or trimethylation 

(H3K4me2 or H3K4me3) were incubated at 30° to an A600 of 0.6 - 0.8. Cell extracts 

were prepared by bead beating (Clarke et al. 1999). Proteins were separated on 18% 

SDS-polyacrylamide gels and transferred to nitrocellulose. After blocking, 

methylation was analyzed with the primary antiserum anti-H3K4me2 (1:10000, 

Abcam) or anti H3K4me3 (1:10000, Abcam) and blots were imaged using ECL Plus 

(GE Healthcare Amersham) with anti-tubulin (1:10000; Bond et al. 1986) used as a 

probe for protein loading.  
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Table 3-3  Strains used in Chapter 3.  

Strain  Genotype Source 
5 (W303-1a) MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein 
79 (W303-1b) MATα ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  

 LPY1597 MATα sas2Δ::TRP1 
 LPY4196 LPY5 + pLP60 
 LPY4653 W303-1a hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2   
 LPY4654 W303-1b hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2   
 LPY4924 W303-1a hmr::TRP1 TELVR::URA3  
 LPY4977 MATα sir2Δ::HIS3 hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2 
 LPY4981 MATa sir2Δ::HIS3 TELVR::URA3 rDNA::CAN:ADE2 
 LPY6929 MATα set1Δ::HIS3 TELVR::URA3 rDNA::CAN:ADE2 
 LPY7601 MATa gas1Δ::kanMX sir2Δ::HIS3 TELVR::URA3 rDNA::CAN:ADE2 
 LPY9820 MATa gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY10129 MATa gas1Δ::kanMX 
 LPY10133 MATα gas1Δ::kanMX 
 LPY10362 MATa gas1Δ::kanMX TELVR::URA3  
 LPY11654 MATa htz1Δ::kanMX 
 LPY11659 MATα  htz1Δ::kanMX 
 LPY12642 MATa rco1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY12886 MATa hda1Δ::TRP1 
 LPY14110 MATα gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY14113 MATa gas1Δ::kanMX hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2 
 LPY14116 MATα gas1Δ::kanMX hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2 
 LPY14355 MATa rpd3Δ::kanMX + pLP60 
 LPY15695 MATa gas1Δ::kanMX rpd3Δ::kanMX + pLP60, pLP1823 
 LPY15699 MATa gas1Δ::kanMX rpd3Δ::kanMX + pLP1823, pLP1946 
 LPY15701 MATa gas1Δ::kanMX rpd3Δ::kanMX + pLP1823, pLP2116 
 LPY15719 MATa eaf1Δ::kanMX + pLP60, pLP1823 
 LPY16104 MATa swr1Δ::kanMX 
 LPY16681 MATa gas1Δ::kanMX + pLP60, pLP1823 
 LPY16683 MATα gas1Δ::kanMX eaf1Δ::kanMX + pLP60, pLP1823 
 LPY16728 MATα gas1Δ::kanMX eaf1Δ::kanMX + pLP60, pLP2116 
  

 

Table 3-3  Strains used in Chapter 3, Continued. 



	  

	  

110	  

Strain  Genotype Source 

LPY17031 MATa gas1Δ::kanMX esc1Δ::kanMX hmr::TRP1 TELVR::URA3 
rDNA::CAN:ADE2 

 LPY17032 MATα gas1Δ::kanMX esc1Δ::kanMX  hmr::TRP1 TELVR::URA3 
rDNA::CAN:ADE2 

 LPY17087 MATa htz1Δ::kanMX gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY17088 MATα htz1Δ::kanMX gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 

hmr::TRP1  
 LPY17092 MATα esc1Δ::kanMX  hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2 
 LPY17160 MATa swr1Δ::kanMX gas1Δ::kanMX hmr::TRP1 TELVR::URA3 

rDNA::CAN:ADE2 
 LPY17178 MATα swr1Δ::kanMX gas1Δ::kanMX hmr::TRP1 TELVR::URA3 

rDNA::CAN:ADE2 
 LPY17258 MATα swr1Δ::kanMX TELVR::URA3 hmr::TRP1  
 LPY17538 MATα htz1Δ::kanMX TELVR::URA3  
 LPY17702 MATα gas1Δ::kanMX hmr::TRP1 TELVR::URA3 rDNA::CAN:ADE2 
 LPY17704 MATα gas1Δ::kanMX set1Δ::HIS3TELVR::URA3 rDNA::CAN:ADE2 
 LPY17705 MATa gas1Δ::kanMX set1Δ::HIS3 TELVR::URA3 rDNA::CAN:ADE2 
 LPY18388 MATα hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH + 

pJH33, pLP1779 
 LPY18463 MATα hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-htb2Δ::HPH + 

pJH33, pLP1775 M.M. Smith 

LPY18468 MATα gas1Δ::kanMX rco1Δ::kanMXhmr::TRP1 TELVR::URA3 
rDNA::CAN:ADE2 

 LPY18470 MATa hda1Δ::TRP1 gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY18471 MATα hda1Δ::TRP1 gas1Δ::kanMX TELVR::URA3 rDNA::CAN:ADE2 
 LPY18481 MATa gas1Δ::kanMX hho1Δ::kanMX hmr::TRP1 TELVR::URA3 
 LPY18696 MATα hho1Δ::kanMX TELVR::URA3  
 LPY19038 MATα gas1Δ::kanMX swr1Δ::kanMX htz1Δ::kanMX TELVR::URA3  
 LPY19041 MATa gas1Δ::kanMX swr1Δ::kanMX htz1Δ::kanMX TELVR::URA3  
 LPY19114 MATa gas1Δ::kanMX hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-

htb2Δ::HPH + pJH33, pLP1775 
 LPY19117 MATα gas1Δ::kanMX hht1-hhf1Δ::kanMX hht2-hhf2Δ::kanMX hta2-

htb2Δ::HPH + pJH33, pLP1779 
 LPY19200 MATa gas1Δ::kanMX + pLP60 
 LPY19670 MATα gas1Δ::kanMX sas2Δ::TRP1   

All strains were constructed during the course of this study or are part of our standard 
lab collection unless otherwise indicated.  
All strains are W303 unless otherwise indicated. 

 

 

Table 3-4  Plasmids used in Chapter 3.  
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Plasmid  Description Alias Source 
pJH33 HTA1 HTB1 HHF2 HHT2 URA3 CEN 

 
Ahn et al. 2005 

pLP60 vector HIS3 CEN  pRS313 
 pLP1775 HHT2-HHF2 TRP1 CEN 

  pLP1779 hht2-K4A-HHF2 TRP1 CEN 
  pLP1823 GAS1 URA3 2µ 
  pLP1946 rpd3-H150A, H151A HIS3 CEN 
  pLP2089 GAS1 HIS3 CEN 
  pLP2116 gas1-E161Q, E262Q     

All plasmids were constructed during the course of this study or are part of our 
standard lab collection unless otherwise indicated.  
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Chapter 4 Structure-function analysis of Gas1 reveals a separation-of- 

function mutant that rescues the chromatin but not cell wall defects  

of gas1Δ.  

 

ABSTRACT 

 The β-1,3-glucanosyltransferase Gas1 has been characterized extensively at the 

cell wall where it functions in the elongation and remodeling of β-1,3-glucan chains. 

Less is known about the role of Gas1 in its recently identified functions in chromatin 

dynamics, which include both silencing defects and sensitivity to genotoxins in gas1Δ 

mutants. These phenotypes are separable from Gas1 cell wall-associated roles, which 

raises the question of what aspects of Gas1 biology may be most relevant to 

chromatin-related phenotypes. Here I report that whereas entry into the secretory 

pathway is necessary for the stability and function of Gas1, GPI anchor attachment, 

and subsequent localization to the plasma membrane and cell wall, are dispensable for 

Gas1 chromatin functions. However, gas1 mutants that were either retained in the ER 

or that disrupted Gas1 association with the ER membrane failed to rescue any gas1Δ 

defects. These results suggest that while Gas1 localization at the cell wall and plasma 

membrane is not necessary for Gas1 chromatin-based functions, Gas1 emtry into the 

ER and its association with the ER membrane is required.  Mutational analysis thus 

establishes a separation-of-function mutant, gas1-N528-N536, and highlights the 

distinctions between the cell wall and chromatin-related functions of Gas1.  
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INTRODUCTION 

 The yeast cell wall serves several crucial functions, including protecting the cell 

from osmotic and mechanical stress while simultaneously maintaining cell shape. This 

requires that the wall be strong yet elastic in order to allow for growth and cell 

division processes (reviewed in Levin 2011). The structure and modification of 

carbohydrates at the cell wall plays a key role in balancing these demands.  

 The cell wall has a layered structure (Figure 4-1), with an inner layer of 

composed of glucans and chitin and an outer layer of glycoproteins. The glucans are 

networked into chains primarily by β-1,3-glucan (~90%) and β-1,6-glucan (~10%) 

linkages. The inner layer of carbohydrates provides mechanical strength and elasticity 

as well as acting to anchor the outer layer of glycoproteins (reviewed in Klis et al. 

2006; Orlean 2012). β-1,3-glucan, the primary component of the inner wall, is integral 

to the maintenance of cell morphology and proper bud emergence.  As such, synthesis 

of β-1,3-glucan is tightly regulated and chains of β-1,3-glucan are remodeled in 

response to changes in cell cycle and stress (reviewed in Latge 2007). Remodeling is 

accomplished by the activity of the GAS family of proteins, of which Gas1 has been 

the most extensively studied. The importance of β-1,3-glucan remodeling, and the 

central role of Gas1 in this process, is demonstrated by the cell wall defect-associated 

phenotypes of gas1Δ, which include disruption in cell morphology, clumping of cells 

and bud defects (Popolo et al. 1993) as well as the more recently identified defects in 

septation and cytokinesis (Rolli et al. 2009). 
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Figure 4-1  Layered structure of cell wall in S. cerevisiae. The outer layer 
consists of cell wall proteins (CWP) attached to the inner glucan layer via modified 
GPI anchors and proteins with internal repeats (PIR) attached directly to β-1,3-glucan 
chains. Light blue circles represent β-1,3-glucan, dark blue circles are β-1,6-glucan 
and orange circles are chitin.  
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The GAS family consists of five members (Gas1-Gas5) with Gas1 and Gas5 

expressed during vegetative growth, Gas2 and Gas4 primarily expressed during 

sporulation and Gas3 expressed at low levels throughout the cell cycle (Ragni et al. 

2007; Rolli et al. 2010). All members of the GAS family of proteins have a modular 

architecture, with a highly similar N-terminus and a more variable C-terminus (Figure 

1-3).   

The GAS family N-terminus contains a cleavable signal sequence (SS) that 

enables translocation into the ER and prevents aggregation (reviewed in Rapaport 

2007). The ER SS of Gas1, as well as other GPI (glycophosphatidylinositol) anchor 

containing proteins in yeast, is recognized by a signal recognition particle (SRP)-

independent pathway (Ast et al. 2013). The highly conserved N-terminal domain also 

contains two glutamate residues, which are required for catalytic activity (Ragni et al. 

2007).  

The C-terminus of the GAS family is more variable and is connected to the N-

terminus by a linker region. Only Gas1 and Gas2 have a cysteine-rich domain (Cys-

box), whereas all members except Gas2 have a serine-rich region (Ser-box). Previous 

analysis of Gas1 defined the Cys-box as being required for catalytic activity and 

protein stability (Popolo et al. 2008). A modified GPI anchor is also present in the cell 

wall proteins (CWP), a group which includes Gas1 (Caro et al. 1997; Hamada et al. 

1998).  

Gas1 is heavily glycosylated by both N- and O-linked oligosaccharides, 

accounting for ~ 50% of total carbohydrate modifications made to Gas1 during 
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processing in the ER and Golgi (Vai et al. 1991; Gatti et al. 1994). Altogether, the 

carbohydrate modifications made to Gas1 contribute approximately 66kD to total 

protein molecular weight (Popolo and Vai 1998).  

Gas1 was one of the first proteins characterized to contain a GPI anchor in S. 

cerevisiae (Conzelmann et al. 1988; Nuoffer et al. 1991). GPI anchors generally serve 

as signals for protein localization to the external surface of the plasma membrane, and 

in fungi they can be further modified leading to cross-linking to the cell wall 

(reviewed in Orlean and Menon 2007), as indicated above. In budding yeast the GPI 

signal sequence consists of a C-terminal sequence that is hydrophobic and is removed 

to expose the alpha-carboxy group, allowing for en bloc attachment of the GPI anchor 

to the ω amino acid, which is the residue to which the GPI anchor is attached 

(reviewed in Orlean and Menon 2007). Originally, the ω amino acid for Gas1 was 

identified as N506 (Nuoffer et al. 1991; 1993), which has since been amended to 

N528 based on updated sequence information for Gas1 (for example Gatti et al. 1994). 

 Mutation of the GPI anchor or the hydrophobic C-terminus disrupts Gas1 

localization to the plasma membrane and cell wall (Nuoffer et al. 1991). Blocking the 

addition of the GPI anchor or mutation of the ω amino acid leads to the accumulation 

of a 105kD immature form of Gas1, indicative of incomplete modifications made to 

Gas1 in later compartments of the secretory pathway (Nuoffer et al. 1993; Hamburger 

et al. 1995). Using inositol starvation, which impairs GPI formation, the Schekman lab 

determined that the immature form of Gas1 accumulates in the ER due to failure to 

enter the Golgi, but remains competent for GPI attachment when inositol is added 
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back. Further, it was postulated that the hydrophobic C-terminal peptide, which is 

removed during the addition of the GPI anchor, could act as an ER retention signal 

(Doering and Schekman 1996). Indeed, removal the hydrophobic C-terminus leads to 

Gas1 secretion from the cell (Nuoffer et al. 1991). 

In addition to Gas1’s localization at the cell wall and plasma membrane, there 

is also a pool of Gas1 at the nuclear periphery (Huh et al. 2003). Further, genome-

wide studies indicate that GAS1 has numerous interactions with genes encoding key 

chromatin-modifying enzymes (www.biogrid.org). Previously, we found that deletion 

of GAS1 caused defects in transcriptional silencing (Koch and Pillus 2009) and led to 

DNA damage sensitivity (Eustice and Pillus 2014), that were specifically linked to 

loss of Gas1’s catalytic activity. These phenotypes were separable from cell wall 

associated functions of Gas1, as the osmoregulator sorbitol, which rescues gas1Δ cell 

wall defective phenotypes (Turchini et al. 2000; Levin 2005), failed to rescue the 

chromatin-associated phenotypes. Together, these findings raise the question of 

whether processing of Gas1 in the secretory pathway, and subsequent localization to 

the cell wall, are necessary for Gas1 function in the context of chromatin or whether 

there may be a functionally independent pool of Gas1.  

To answer this question I constructed a series of mutants (Figure 4-2), 

focusing on characterizing domains in relation to Gas1 chromatin functions. My 

analysis included deletion of the ER SS and the Ser-box as well as removal of the GPI 

anchor site. I further characterized the effect of altering Gas1 localization by 

generating a mutant with an ectopic ER retention signal (HDEL) and a truncation  
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Figure 4-2  Gas1 mutants generated in this study. Mutants were generated as 
described in Materials and Methods. The ER SS mutant was made by deletion of 
amino acids K4 to A19. The GPI anchor mutant was generated by deletion of the ω-
site (N528) to N536, to remove two additional downstream asparagine residues. The 
HDEL mutant was generated by replacing the C-terminus of Gas1 from N528 to V559 
with HDEL. The truncation mutant was generated by deletion of amino acids N528 to 
V559. For all mutants, the native Gas1 STOP codon is retained.  
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mutant that removes the entire GPI anchor signal, including the C-terminal hydrophobic 

region. I found that although entry into the ER is necessary for protein stability, further 

processing of Gas1 in later compartments of the secretory pathway and subsequent 

localization to the cell wall is dispensable in the context of Gas1’s chromatin functions. 

Specifically, deletion of the GPI anchor region lead to accumulation of Gas1 near the nuclear 

periphery and rescued both the silencing defects and DNA damage sensitivity of gas1Δ strains 

but not cell wall-associated phenotypes. However, retaining Gas1 in the ER was not 

sufficient for this rescue, whereas the association of Gas1 with the ER membrane was 

required. Thus, I have identified a separation-of-function mutant wherein blocking addition 

of the GPI anchor specifically rescues Gas1’s chromatin functions. This finding supports 

the possibility that there are two functionally separable pools of Gas1.  

 

RESULTS 

Deletion of ER signal sequence causes pleotropic phenotypes 

 The ER SS acts as a signal for the translocation of Gas1 into the ER, thus 

initiating Gas1’s journey through the secretory pathway. To address whether entry into 

the ER is necessary for the chromatin functions of Gas1, I generated the mutant gas1-

K4-A19. For this mutant, 16 amino acids were deleted with the first three retained to 

ensure proper transcription and translation.  

Removal of the ER signal sequence caused extensive protein aggregation, such 

that whole cell lysates had to be treated with denaturing loading buffer to enable entry 

into the PAGE gel. From the coding sequence the molecular weight of Gas1, without 

the secretory pathway-associated modifications and accounting for removal of the 16 
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amino acids of the ER SS, is predicted to be approximately 58kD 

(www.bioinformatics.org). Once denatured, there were three clear bands evident at 

approximately 49kD, 82kD and 180kD (Figure 4-3).  

I next analyzed protein localization by immunofluorescence (IF). The gas1-

K4-A19 mutant does not accumulate near the nuclear periphery of the cell as is seen 

with wild type Gas1 but rather has a very strong punctate signal at the cell periphery 

and near the bud neck (Figure 4-4). Thus, Gas1 entry into the ER is necessary for 

proper protein stability and localization, consistent with the function of protein 

processing in the ER (reviewed in Rapaport 2007).  

The mutant gas1-K4-A19 also had drastic changes in cell morphology. These 

changes included elongated cells and defective cell separation, such that there is a high 

proportion of enlarged, multinucleated cells (Figure 4-5A). In cells were budding is 

evident, the morphological defects are particularly striking in that the buds remain 

relatively small or, in the case of the multinucleate cells, it appears that pinching of the 

mother-bud neck is aberrant. Enlargement at the neck suggests that, at least in ~ 25% 

of gas1-K4-A19 mutant cells, both the septin and chitin rings are defective, as these 

two structures are able to compensate for each other to some degree (reviewed in 

Cabib 2004). These phenotypes are distinct from both the wild type and gas1Δ strains. 

In addition to the abnormal morphology of the gas1-K4-A19 mutants, I also observed 

increased flocculation and invasiveness, with the strain taking on a “sticky” character  

when grown on YPD plates, such that colonies were not easily removed from plates 

following rinsing (Figure 4-5B). 
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Figure 4-3 Protein aggregation in the gas1-K4-A19 mutant.  Gradient across top 
of lanes 3-5 indicates increasing amount of protein loaded. Arrows highlight the anti-
Gas1 specific bands. Wild type (LPY5), gas1Δ (LPY10129) and gas1Δ transformed 
with p-gas1-K4-A19 (pLP2717). For lanes 1-3 an A600 of 0.25 was loaded whereas 
lane 4 is 0.5 and lane 5 is 0.75.  
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Figure 4-4 The gas1-K4-A19 mutant causes mislocalization, aggregation and 
changes in cell morphology. The gas1Δ strains were transformed with a plasmid born 
gas1-K4-K19 mutant and stained with DAPI and Gas1 antibodies. Bar in third and 
fourth row of DIC column indicates relative size to compare cells with single and 
multiple nuclei. Percentages of each cell type are shown in Figure 4-5. Strains are as in  
Figure 4-3. 
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Figure 4-5 Phenotypes of gas1-K4-A19 mutant are distinct from both wild type 
and gas1Δ. A. Approximately 25% of ER SS mutants have multiple nuclei or 
elongated single budding cell, whereas the more common phenotype for gas1Δ is 
multiple buds and elongated cells. B. The ER SS mutant has increased invasiveness as 
demonstrated by adherence to plates following growth on YPD and mild washing as 
described (Roberts and Fink 1994).  Strains are as in Figure 4-3.  
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The extreme phenotypes of the ER mutant precluded plate-based analysis of Gas1 

chromatin-associated functions. However, our results indicate that removal of the ER 

SS has broad impacts on numerous Gas1 functions, particularly the roles in 

maintenance of bud neck size and cell separation (Rolli et al. 2009) as well as stability 

and localization.  

 

The GPI anchor is dispensable for Gas1 chromatin functions 

 As our previous research indicated that Gas1 cell wall function is separable 

from chromatin function (Koch and Pillus 2009; Eustice and Pillus 2014), I next asked 

if the GPI anchor dependent movement of Gas1 through the secretory pathway to the 

cell wall was necessary for chromatin functions. To include all possible attachment 

sites I deleted 9 amino acids to generate the mutant gas1-N528-N536, which removes 

both the reported ω amino acid (N528) and two adjacent asparagine residues (Nuoffer 

et al. 1993). 

 Removing the GPI anchor attachment led to a modest decrease in the size of 

Gas1 (Figure 4-6A). I first analyzed the localization of Gas1 using IF microscopy and 

found that gas1-N528-N536 is enriched in the perinuclear region (Figure 4-6B).  This 

finding is consistent with previous reports indicating that blocking the GPI anchor 

attachment of Gas1 leads to accumulation of the protein in the ER and interferes with 

subsequent entry into the Golgi (Doering and Schekmann 1996).  
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The gas1-N528-N536 mutant was unable to rescue the temperature or CFW 

sensitivity of gas1Δ, consistent with loss of GPI attachment causing defects in Gas1  

 

 

 
Figure 4-6  Impairing GPI anchor attachement does not alter stability of Gas1 
and leads to its enrichment at the nuclear periphery. A. Removal of GPI anchor 
leads to modest decrease in mobility of Gas1 B. The gas1-N528-N536 mutant is 
enriched at the nuclear periphery. Strains are wild type (LPY5), gas1Δ (LPY10129) 
and gas1Δ with p-gas1-N528-N536 (pLP2599).  
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cell wall localization and functions. Whereas the rDNA silencing remained stronger 

than wild type even in the presence of the mutant gas1, I observed a marked 

improvement in telomeric silencing as well as complete rescue of gas1Δ genotoxin 

sensitivity (Figure 4-7). This suggests that neither Gas1 movement and processing in 

the secretory pathway nor Gas1 localization at the cell wall are necessary for Gas1’s 

chromatin functions. This result is consistent with the separation of function for Gas1 

cell wall and chromatin phenotypes and suggests that there may two functionally 

distinct pools or isoforms of Gas1.  

 

Gas1 ER retention is not sufficient to rescue chromatin defects whereas ER 

membrane association is required 

Based on the specific rescue of Gas1’s chromatin-associated phenotypes 

coupled with increased Gas1 accumulation in the perinuclear region, I next asked if  

Gas1 retention in the ER was necessary for rescue of gas1Δ chromatin-associated 

defects. To do so, I generated a gas1-HDEL mutant. HDEL is a signal in yeast for 

retention of soluble proteins in the ER. This mutant is a truncated version of Gas1 that 

removes the GPI-signal sequence and downstream hydrophobic C-terminus, which is 

then replaced with HDEL followed by the wild type STOP codon and 3’ UTR 

sequence. Although the addition of HDEL did not disrupt proteins stability (Figure 4-

8A), the gas1-HDEL mutant did not rescue any gas1Δ phenotypes, either related to  
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Figure 4-7 The gas1-N528-N536 mutant rescues gas1Δ chromatin-associated 
defects but not cell wall defects. Deletion of the GPI region rescued most chromatin-
associated defects with the exception of increased rDNA silencing (middle panel). 
Strains were incubated at 30° on SC-HIS to monitor growth. Telomeric silencing was 
tested on SC-HIS supplemented with 5-FOA and rDNA silencing was analyzed on 
SC-HIS-URA plates. DNA damage was assayed with SC-HIS supplemented with 
CPT, HU and MMS. Strains for growth, CFW, CPT, HU and MMS were wild type 
(LPY5 + pLP60), gas1Δ (LPY10129 + pLP60), and gas1Δ with p-gas1-N528-N536 
(pLP2599). Strains for rDNA silencing were wild type (LPY2444 + pLP60), sir2Δ 
(LPY2447 + pLP60), gas1Δ (LPY10074 + pLP60) and gas1Δ with p-gas1-N528-N536 
(pLP2599). Strains for telomere silencing were wild type (LPY4916 + pLP60), sir2Δ 
(LPY5034 + pLP60), gas1Δ (LPY10362 + pLP60) and gas1Δ with p-gas1-N528-N536 
(pLP2599).  

Telomeric 
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Figure 4-8 Retention in ER is not sufficient to restore gas1Δ chromatin 
phenotypes, whereas Gas1 association with the ER membrane is required. A.  
Both mutants are stable, although there is significantly less gas1-N528. B. Neither the 
gas1-HDEL mutant nor gas1-N528 are able to rescue any phenotypes in the gas1Δ 
background. Strains were plated on SC-HIS at 30°, and SC-HIS supplemented with 
CFW, HU, MMS or CPT. Strains used were wild type (LPY5 + pLP60), gas1Δ 
(LPY10129 + pLP60) and gas1Δ with either p-gas1-HDEL (pLP2888) or p-gas1-
N528 (pLP3206).  
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the cell wall or the chromatin functions of Gas1 (Figure 4-8B). Thus, although 

movement into later stages of the secretory pathway is not essential for Gas1 

chromatin functions, simply maintaining Gas1 in the ER is not sufficient. Based on the 

ability of the GPI anchor mutant, but not the gas1-HDEL mutant, to rescue gas1Δ 

chromatin defects I next asked if this was due to the association of Gas1 with the ER 

membrane. The C-terminal hydrophobic domain of Gas1 is inserted into the ER 

membrane during translocation and is subsequently cleaved during GPI anchor 

addition.  I generated a truncation mutant, removing the C-terminus from the GPI 

anchor site to the STOP codon (gas1-N528). There was a marked reduction in the 

amount of protein present in the truncated mutant, which is consistent with loss of 

Gas1 when the C-terminus is removed (Figure 4-8A). Loss of the hydrophobic  

region led to the inability of the mutant to rescue any gas1Δ phenotypes (Figure 4-

8B), which is distinct from removing the GPI anchor region but maintaining the C-

terminal hydrophobic region. Therefore, the hydrophobic tail, and Gas1 association 

with the ER membrane, may be necessary for Gas1 chromatin functions.  This is an 

intriguing possibility as several integral membrane proteins in the ER move between 

the ER and the inner nuclear membrane (INM) (reviewed in Zuleger et al. 2008).  

 

DISCUSSION 

The processing of Gas1 in the secretory pathway and its function at the cell 

wall have been extensively and elegantly characterized. Our recent research 
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demonstrating functions of Gas1 in chromatin, which are separable from those at the 

cell wall (Koch and Pillus 2009; Eustice and Pillus 2014), raised the question of 

whether Gas1 localization at the cell wall was necessary for its activity in 

transcriptional silencing and the DNA damage response. Although entry into the ER 

was necessary for Gas1 stability and localization (Figure 4-2; 4-3), Gas1 localization 

to the cell wall and processing in the Golgi was not required for its chromatin-related 

functions (Figure 4-7). However, the association of Gas1 with the ER membrane was 

necessary (Figure 4-8), which raises several intriguing possibilities for how Gas1 is 

influencing chromatin dynamics.  

 Although I was unable to analyze the chromatin-associated function of the 

gas1-K4-K19 mutant, our results support a role for Gas1 in cell morphology and 

polarity as well as cytokinesis.  These functions for Gas1 have previously been 

suggested, based on Gas1 localization and mutant phenotypes, indeed, early analysis 

of Gas1 suggested a role in morphogenesis and cell separation (Popolo et al. 1993).    

 Gas1 has been implicated in regulating the size of the mother-daughter neck 

region (Rolli et al. 2009), which is essential for the pinching-off stage of septation 

(reviewed in Cabib 2004). Further, Gas1 at both the septum and plasma membrane 

facilitates cell separation (Rolli et al. 2009). The morphological defects in the gas1-

K4-K19 mutant are consistent with Gas1 functioning in both septation and cytokinesis.  

 Deletion of the GPI anchor attachment site was previously shown to result in 

the accumulation of the immature form of Gas1 in the ER (Nuoffer et al. 1993; 

Doering and Schekman 1996) by impeding Gas1 movement from the ER to the Golgi 
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(Doering and Schekman 1996). Our observation of Gas1 accumulation at the nuclear 

periphery in the gas1-N528-N536 mutant (Figure 4-7) is consistent with these earlier 

findings. The inability of Gas1 to reach the cell wall should impair cell wall related 

defects, as demonstrate here. However, Gas1 without a GPI anchor still robustly 

rescued several gas1Δ chromatin-associated phenotypes. These results further 

demonstrate that the cell wall and chromatin functions of Gas1 are separable and may 

relate to functionally distinct pools of Gas1.  

The GPI anchor signal includes a C-terminal hydrophobic domain, a short 

stretch of hydrophilic amino acids and the GPI-attachment site (ω) (Eisenhaber et al. 

1998). The C-terminal hydrophobic region is inserted into the ER membrane as the 

nascent protein is translocated into the ER, although insertion into the membrane is 

not necessary for anchor attachment (Galian et al. 2012). During addition of the GPI 

anchor, all amino acids downstream of the ω site are cleaved, including the 

hydrophobic tail (reviewed in Udenfriend and Kodukula 1995). Intriguingly, while the 

GPI anchor is not essential for Gas1 chromatin functions, the anchoring of Gas1 into 

the ER membrane is (Figure 4-9). Previous sequence analysis used to predict GPI 

anchor attachment has suggested that some GPI anchor proteins may be retained in the 

ER or Golgi (Eisenhaber et al. 1999). Indeed, the C-terminal hydrophobic region of 

Gas1 has been found to function in retention of Gas1 in the ER, as mutations within 

the hydrophobic region lead to transport out of the ER and secretion from the cell 

(Horvath et al. 1994; Letourneur and Cosson 1998). Therefore, while the GPI anchor 

mutant of Gas1 is retained in the ER, the truncated mutant missing the hydrophobic 
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tail is not. That Gas1 association with the ER membrane is necessary for chromatin 

function is further demonstrated by the HDEL mutant. Even though Gas1 is retained 

in the ER with this signal sequence, the membrane association is lost and this mutant 

is not able to rescue Gas1 chromatin defects. Thus, one possibility is that at least a 

pool of Gas1 is maintained at the ER membrane, where its function may be most 

relevant to chromatin.  

Several ER membrane integral proteins localize to the inner nuclear membrane 

(INM), such as the E3 ubiquitin ligase Doa10 (Deng and Hochstrasser 2006), where 

they have a strong influence on chromatin dynamics.  Numerous distinct pathways 

have been identified for movement between the ER membrane and the INM and the 

details of these pathways are an active area of research (reviewed in Zuleger et al. 

2008; Antonin et al. 2011). However, whether the pool of Gas1 that localizes to the 

nuclear periphery is an ER resident or capable of reaching the INM is currently 

unclear. The localization of a pool of Gas1 to the INM would certainly be in alignment 

with the chromatin-based phenotypes, as localization of chromatin to the INM is 

integral to the same processes in which Gas1 has been implicated, including silencing 

and the DNA damage response (reviewed in Taddei and Gasser 2012). Thus, if Gas1 

is able to reach the INM, it would provide a direct means for its chromatin-related 

functions. However, few carbohydrate-modifying enzymes have been reported outside 

the secretory pathway. Another possibility is that ER membrane-associated Gas1 

influences an INM protein, thus altering chromatin dynamics indirectly. Therefore, 

clearly demonstrating whether or not Gas1 is directly influencing chromatin would be 
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imperative, particularly as indirect effects cannot currently be ruled out. Overall, I 

have found that Gas1 without the GPI anchor is still able to rescue chromatin-related 

functions of Gas1, thus identifiying a separation of function mutant. This mutant will 

enable future analysis of Gas1 chromatin-based functions and further distinguishes the 

roles of Gas1 in both chromatin and cell wall related processes.  

 

MATERIALS AND METHODS 

Yeast strains and plasmids: Strains are listed in Table 4-1, plasmids are listed 

in Table 4-2 and oligos used to generate mutants are listed in Table 4-3. All gas1 

mutants were made using PCR-mediated deletion as described (Hannson et al. 2008). 

 Growth, silencing and DNA damage dilution assays: Plate assays are five-

fold serial dilutions adjusted to an A600 of 1.0 after growth to saturation in synthetic 

complete (SC) medium. Dilution assays were incubated at 30°, except where noted. 

Telomeric silencing assays were performed with the TELVR::URA3 reporter as 

described (Renauld et al. 1993; van Leeuwen and Gottschling 2002). Strains were 

grown in SC medium and plated on SC as growth control or SC supplemented with 

0.1% 5-Fluoroorotic Acid (5-FOA) to assay for telomeric silencing. Silencing of the 

rDNA was assayed using RDN::Ty-1-mURA3 as described (Smith and Boeke 1997). 

Strains were plated on SC as a growth control and SC-Ura for rDNA silencing. HU 

sensitivity was analyzed using medium supplemented with 0.2M HU. MMS sensitivity 

was analyzed using medium with 0.015% MMS. CPT sensitivity was analyzed using 

20µg/mL CPT dissolved in DMSO added to plates buffered with 100mM potassium 
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phosphate (pH 7.5) to maintain CPT activity (Nitiss and Wang 1988) with growth 

control plates at the same concentration of DMSO.  

Immunoblots. For all immunoblots, except gas1-K4-A19, strains were harvest 

at OD600 between 0.6 and 0.8 and cell extracts were prepared by bead beating (Clarke 

et al. 1999). Immunoblot for gas1-K4-A19 was performed by harvesting strains at 

OD600 of between 0.6 and 0.8 with liquid nitrogen. Lysates were then resuspended in 

denaturing buffer and boiled for 5 minutes at 100°.  Subsequent processing was the 

same as for all Gas1 immunoblots. Specifically, proteins were separated on 8% SDS-

PAGE gels and transferred to nitrocellulose followed by overnight block in 5% milk-

TBST. Blots were incubated with anti-Gas1 (Scheckman lab) at 1:30,000 for 1 hour 

followed by 45 minute incubation in 1:20,000 anti-Rabbit.  

Invasive growth. Analysis of invasive growth was done as previously 

described (Roberts and Fink 1994). Briefly, strains were patched onto YPD and 

incubated at 30° for 3 days followed by an additional two days at room temperature. 

Plates were then gently washed with deionized water, with pictures taken before and 

after washing.  

Immunofloresence microscopy. Microscopy was performed as described 

(Scott and Pillus 2009). Slides were incubated for one hour in anti-Gas1 (1:200, a 

generous gift from R. Schekman) followed by a 45 minute incubation in Texas Red-

conjugated AffiniPure goat anti-rabbit IgG (1:50; Jackson ImmunoResearch 

Laboratories). Slides were then stained with DAPI.  
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Table 4-1  Srains used in Chapter 4. 

Strain  Genotype Source 
LPY5  
(W303-1a) MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein 
LPY2444 MATa his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 

 
LPY2447 

MATa his3Δ200 leu2Δ1 ura3-52 sir2Δ2::HIS3 with rDNA Ty 
mURA insert 

 LPY4916 W303-1a TELVR::URA3 
 LPY5034 W303-1a TELVR::URA3 sir2Δ::HIS3 
 

LPY10074 
MATa his3Δ200 leu2Δ1 ura3-52 gas1Δ::kanMX with rDNA Ty 
mURA insert 

 LPY10129 W303-1a gas1Δ::kanMX 
 LPY10133 W303 MATα gas1Δ::kanMX 
 LPY10362 W303-1a TELVR::URA3 gas1Δ::kanMX   

All strains were constructed during the course of this study or are part of our standard 
lab collection unless otherwise indicated.  
All strains are W303 unless otherwise indicated. 
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Table 4-2  Plasmids used in Chapter 4.  

Plasmid  Description Alias 
pLP60 vector HIS3 CEN  pRS313 
pLP135 vector LEU2 2µ Yep351 
pLP2531 GAS1 HIS3 CEN 

 pLP2599 gas1-N528-N536 HIS3 CEN (parent pLP2531 mutated with oLP1534/1535) 
 pLP2717 gas1-K4-A19 LEU2 2µ (parent pLP2531 mutated with oLP1657/1658) 
 pLP2888 gas1-HDEL HIS3 CEN (parent pLP2531 mutated with oLP1833/1834) 
 pLP3206 gas1-528 HIS3 CEN (parent pLP2531 mutated with oLP2037/2038) 
 All plasmids were constructed during the course of this study or are part of our 

standard lab collection unless otherwise indicated.  
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Table 4-3 Oligos used in Chapter 4.  

Oligo Sequence 
oLP1534 CATCTTCTAGCAAGAAGTTAGCACAAGTGGTCT 
oLP1535 AGACCACTTGTGCTAACTTCTTGCTAGAAGATG 
oLP1657 CAACAATGTTGTTTGACGATGTTCCAGC 
oLP1658 GCTGGAACATCGTCAAACAACATTGTTG 
oLP1833 CATCTTCTAAGCAAGAAGCACGATGAACTCTAAAAAGCTTCG 
oLP1834 GTGTCGAAGCTTTTTAGAGTTCATCGTGCTTCTTGC 
oLP2037 TCATCTTCTAGCAAGAAGTAAAAAGCTTCGACACAT 
oLP2038 ATGTGTCGAAGCTTTTTACTTCTTGCTAGAAGATGA 
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Chapter 5 Conclusions and future directions 

CONCLUSIONS 

 Previously, our lab found that the glucanosyltransferase Gas1 influences 

silencing at telomeres and the rDNA array (Koch and Pillus 2009). The results 

presented herein demonstrate strikingly that Gas1 plays a role in the DNA damage 

response (DDR). The chromatin-related phenotypes of gas1Δ are linked to the histone 

H3 acetyltransferases and reveal a distinct function for Sas3 in DDR. Mutational 

analysis of Gas1 suggests that there may be two functionally distinct pools or isoforms 

of Gas1 that enable the separation of Gas1’s cell wall and chromatin-related functions. 

I have also characterized genetic interactions between GAS1 and additional genes 

encoding components of the chromatin-modifying machinery, thus providing new 

insights into how Gas1 may influence chromatin dynamics.  

In addition to functions in silencing, Gas1 has a strong influence on the DNA 

damage response. The gas1∆ mutant has reduced steady state levels of the Rad53 

effector kinase and, during the replication checkpoint, it impairs hyperphosphorylation 

of Rad53.  Loss of Rad53 phosphorylation is consistent with the inability of gas1Δ 

strains to properly trigger the S-phase checkpoint, with mutants continuing to cycle 

even in the presence of HU or MMS. Conversely, the cell cycle checkpoint in gas1Δ is 

unaffected by treatment with CPT, which triggers the G2/M checkpoint independent of 

Rad53 hyperphosphorylation. These results suggest that Gas1 has a broad role in the 
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DNA damage response, although there are distinct mechanisms based on type of 

lesion or phase of the cell cycle.  

In characterizing the genetic interactions between GAS1 and genes encoding 

chromatin-modifying enzymes, I found that many of these interactions are not clearly 

separable from the cell wall functions of Gas1. However, the synthetic lethality of the 

double mutant gas1Δ gcn5Δ and suppression of gas1Δ phenotypes by deletion of SAS3 

are separable from Gas1’s cell wall roles.  Intriguingly, there is mutual suppression of 

silencing phenotypes in the double mutant gas1Δ sas3Δ and deletion of SAS3 

specifically rescued the sensitivity of gas1Δ to HU and MMS, but not CPT. The 

specific suppression for genotoxins that trigger the DNA replication checkpoint 

(DRC) suggests a unique function for Sas3 in antagonizing the S-phase cell cycle 

checkpoints, which is in opposition to the functions that have been described for the 

functionally overlapping H3 KAT Gcn5 (Burgess et al. 2010; Lee et al. 2010; Charles 

et al. 2011).  

My analysis of gas1Δ phenotypes demonstrated that the chromatin-related 

phenotypes associated with loss of Gas1’s catalytic activity are clearly separable from 

its cell wall functions. Further, I found that the gas1 mutant impaired for GPI anchor 

attachment, which impedes Gas1’s movement out of the ER and to the cell wall, is 

able to rescue gas1Δ chromatin phenotypes but not cell wall phenotypes. This was not 

due to retention of Gas1 in the ER, as determined by replacing the GPI anchor signal 

with an HDEL ER retention signal. However, rescue of gas1Δ chromatin defects 

requires the association of Gas1 with the ER membrane, as demonstrated by deletion 
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of the C-terminal hydrophobic region, which mediates the association of Gas1 with the 

ER membrane. These findings suggest that there may be functionally distinct pools, or 

isoforms, of Gas1. The requirement that Gas1 associate with the ER membrane is 

particularly intriguing in this regard as several ER integral membrane proteins are 

known to cross into the inner nuclear membrane (INM) and play significant roles in 

chromatin dynamics (reviewed in Zuleger et al. 2008; Antonin et al. 2011).  

Overall, this work defines additional functions for Gas1 in chromatin 

dynamics, identifies a separation-of-function mutant that rescues chromatin but not 

wall functions, and has also uncovered a unique function for the histone H3 

acetyltransferase Sas3 in the DNA damage response that distinguishes it from Gcn5. 

This progress has deepened our understanding of Gas1 chromatin functions and also 

raises new questions. 

FUTURE DIRECTIONS 

Gas1 and the DNA damage response 

 Deletion of GAS1 impedes the DNA damage-associated cell cycle checkpoint 

following treatment by HU and MMS at or before Rad53 phosphorylation. To further 

characterize the function of Gas1 in this pathway, additional analysis should be 

undertaken, including deciphering the specific pathway(s) that Gas1 is influencing as 

well as determining at what point in the pathway Gas1 is acting.  

The sensitivity of gas1Δ strains to HU, which impedes replication by depleting 

dNTP pools, and MMS, which uncouples leading and lagging strand replication, 
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suggests that loss of GAS1 impairs the replication checkpoint. This checkpoint is 

activated following the initiation of replication and requires a certain threshold of 

single stranded DNA (ssDNA) exposure to be overcome, thus ensuring that normal 

replication processes do not trigger damage checkpoints (Shimada et al. 2002). 

Conversely, CPT is considered to be replication “checkpoint blind” (Redon et al. 

2003) as it impairs helicases, but does not result in increased ssDNA exposure 

(Tourriere and Pasero 2007). What causes gas1Δ sensitivity to CPT is still unclear.  It 

seems likely that the difference between CPT and HU/MMS provides a valuable 

starting point from which to define further genetic interactions relevant to the loss of 

Rad53 phosphorylation and cell cycle defects in gas1Δ that are most pertinent to 

Gas1’s role in the DRC.  

The DNA replication checkpoint has several unique components that will be of 

interest to analyze in the context of gas1Δ phenotypes. The initial damage signal is 

amplified through phosphorylation of the kinase Mrc1 by Mec1.  Mrc1 itself is a 

subunit of the replication fork (Katou et al. 2003; Osborn and Elledge 2003) and its 

phosphorylation stands in contrast to that of Rad9, which is activated in other cell 

cycle checkpoints (Alcasabas et al. 2001). The helicase Sgs1 is also unique to the intra 

S-phase checkpoint (Frei and Gasser 2000). Thus, analyzing the genetic interactions 

between GAS1 and genes encoding these two S-phase specific enzymes will be a good 

starting point to dissect at what point in the cascade Gas1 exerts its influence and 

whether it is specific to the S-phase cell cycle checkpoint. Analysis of the 
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phosphorylation levels of the kinases will also be valuable in determining at which 

point the signal is lost.  

Gas1’s reported localization to the nuclear periphery is also significant in the 

context of DDR. The INM protein Mps3, first identified for its role in spindle pole 

body (SPB) formation, functions in the localization of DSBs to the nuclear periphery 

in asynchronous cells (Oza et al. 2009). Based on Gas1’s reported localization to the 

nuclear periphery, and my findings in the mutational analysis of GAS1 (discussed 

below), it would be of interest to explore whether GAS1 has a genetic interaction with 

MPS3 or whether loss of Gasl activity disrupts localization of DSBs to the nuclear 

periphery.  The MPS3 mutant, mps3∆75-150, does not alter the SPB or MPS3 

localization to the nuclear periphery (Bupp et al. 2007) but does eliminate localization 

of DSBs to the nuclear periphery (Oza et al. 2009).  This mutant may be of interest to 

explore in relation to gas1. Of note, GAS1 has reported interactions with several of the 

genes encoding factors that have been identified to aid in the localization of persistent 

DSBs to the nuclear periphery (Nagai et al. 2008; Kalocsay et al. 2009; Oza et al. 

2009), including CDC13 (growth defect, rescue; Addinall et al. 2008) and SLX8 

(positive; Hoppins et al. 2011). These interactions and the localization of DSBs in 

gas1 strains should thus be explored in the future.  
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Sas3 and the DNA damage response  

 The findings presented herein raise many new questions about how Sas3 may 

function in antagonizing the DNA replication checkpoint. This result is opposite to the 

functions previously described for Gcn5 in relation to replication (Choy and Kron 

2002; Burgess et al. 2010; Espinosa et al. 2010). Therefore, further characterization of 

this opposing function of Sas3 will be important to better define the roles of Sas3, 

which have been a challenge to establish because of the functional overlap with Gcn5 

and limited independent phenotypes. This is particularly pertinent as the homolog for 

Sas3 is the MOZ oncogene in humans (reviewed in Lafon et al. 2007).  

 The analysis of Gas1 in DDR pathway, described above, should also be 

undertaken with sas3Δ and gas1Δ sas3Δ. With Sas3, however, several additional 

factors come into play, namely that there are a variety of ways in which it could be 

acting in opposition to the DRC. For example, Sas3 could influence the choice of 

repair pathway by exerting either a negative or positive effect. Indeed, several reports 

have described proteins that can act as switches between the two primary repair 

pathways of NHEJ and HR. Thus it would of interest to determine if deletion of SAS3 

alters the effeciency of either pathway.  

Alternatively, the effect could be more diffuse, such as altering the level and/or 

localization of proteins needed for repair or even altering histone levels. The mutual 

suppression of silencing phenotypes hints that Sas3 and Gas1 may act by balancing 

chromatin-modifying enzymes. It is tempting to speculate that this may relate to 
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localization of pools of limiting factors, such as Sir2 (Smith et al. 1998). Therefore, 

careful selection and analysis of localization of a set of factors that are limiting for 

silencing and, potentially, which play a role in DDR, would be of interest.  

 I found that in the histone mutant background, which is lacking the HHT1-

HHF1 locus, deletion of SAS3 no longer robustly suppresses gas1Δ genotoxin 

sensitivity. This suggests that HHT1-HHF1 may, in part, mediate the suppression 

observed following deletion of SAS3. It will thus be of interest to explore whether 

Sas3 is directly involved in regulation of histone expression, as several proteins with 

which Sas3 physically interacts are known to modulate histone expression (Gradolatto 

et al. 2008). These same proteins can also influence the levels of free histones (for 

example FACT; Morillo-Huesca et al. 2010), thus examining levels of non-chromatin 

bound histones may also provide insight into how Sas3 influences checkpoints. 

Overall, determining exactly how the HHT1-HHF1 locus is involved in the interaction 

between GAS1 and SAS3 will be challenging, yet raises several intriguing possibilities. 

 Finally, the chromatin remodeling complex RSC plays an integral role in the 

synthetic lethality observed in the gcn5Δ sas3Δ double mutant (Choi et al. 2008). 

Specifically, Gcn5 acetylation of Rsc4 at lysine 25 is essential when H3 acetylation is 

impaired. Intriguingly, Rsc4K25 acetylation is also imperative for replication stress 

resistance (Charles et al. 2011). Thus, whether Rsc4 is linked to GAS1’s interactions 

with GCN5 and SAS3 would be worthwhile to explore.  
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Other GAS1 interactions 

 Some of the additional genetic interactions analyzed in Chapter 3 appeared to 

involve both chromatin and cell wall functions.  Although beyond the scope of the 

current study, these are worth analyzing in future studies. For example, Swr1 functions 

in the context of a 1MDa complex, thus it may be of interest to determine if it is 

possible to separate the rescue of gas1Δ CFW-sensitivity from silencing defects by 

analyzing distinct SWR1-C subunits. One subunit, Bdf1, has tandem bromodomains, 

which bind to acetylated histones and thus may serve to link the genetic interactions 

with genes encoding H3 and H4 HATs and gas1Δ. The subunits SWR-C shares with 

NuA4 and INO80 are also of interest. The interaction between gas1Δ and genes 

encoding INO80 components may be particularly interesting as it appears that INO80 

and Swr1 function differentially in NHEJ and HR repair, possibly acting as a switch in 

repair pathway choice (van Attikum et al. 2007).  

 Of note, I have observed that several of the synthetic interactions between 

gas1Δ and components of the chromatin-modifying machinery are cell type specific. 

For example, I observed differences between MATa and MATα for the gas1Δ sas3Δ 

double mutant, wherein suppression only occurs in MATa. I also observed differences 

in suppression between cell types with deletion of SWR1 and HTZ1 in the gas1Δ 

background. Our lab also previously found that gas1Δ phenotypes are altered in the 

pseudo-diploid state (Koch 2009). While the mechanism behind these observations has 

not yet been characterized, mating type can influence the severity of DNA damage 

sensitivity (reviewed in Haber 2012). For example, the expression regulation of the 
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NEJ1 gene, which encodes a protein necessary for NHEJ, is repressed in diploids. This 

is due to the promoter sequence containing a binding site for the cell type specific 

repressors (Kegel et al. 2001).  Thus, exploring this aspect of Gas1 biology in the 

future, particularly in relation to DNA damage sensitivity, would be of interest. 

 Other intriguing interactions remain to be explored. For example, there are 

several interactions from genome-wide studies that strongly link GAS1 to the DNA 

repair machinery. This includes synthetic lethality between GAS1 and RAD27 (Loeillet 

et al. 2005), which encodes a nuclease that is integral to NHEJ (Tseng and Tomkinson 

2004). Therefore, independent validation of GAS1 interactions with genes encoding 

key DNA damage related proteins is certainly worth pursuing and would provide 

insight into Gas1 functions in relation to DDR.  

I have also analyzed several other glycosylation-modifying enzymes including 

other members of the GAS family, members of the protein mannosyltransferase 

(PMT) family and Fks1, which is the β-1,3-glucan synthase that acts upstream of 

Gas1. While Gas3 and Gas5 also have reported localization near the nuclear periphery, 

deletion of either GAS3 or GAS5 do not lead to strong defects in chromatin-associated 

phenotypes including silencing (Koch 2009) and DNA damage, as described here. 

However, they do further exacerbate gas1Δ defects and overexpression of GAS5 

rescues the lethality of gas1Δ gcn5Δ. The PMTs and Fks1, in contrast, have modest 

independent chromatin-associated defects. Additional characterization would be of 

interest, particularly for the PMTs, which are highly conserved and whose 

misregulation is associated with muscular dystrophies (for example Ueyama et al. 
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2010). However, the interactions between gas1Δ and these other glycosylation-

modifying enzymes suggests that they may function in parallel or even unique 

pathways.   

 

Gas1 in the nucleus? 

 Localization of glycosylation machinery outside of the secretory pathway is 

rare. However, an important example is the O-linked N-acetylglucosamine (O-

GlcNAc) transferase (OGT). OGT catalyzes the addition of the monosaccharide O-

GlcNAc to numerous proteins in both the cytoplasm and the nucleus, rivaling 

phosphorylation in terms of number of substrates modified and functional output. This 

modification is dynamically regulated by the opposing activity of the O-GlcNAcase 

(reviewed in Love et al. 2010). O-GlcNAc plays many significant functions in the 

context chromatin. For example, the OGT in Drosophila melanogaster is the 

Polycomb group protein, Super sex combs, which functions in transcriptional 

repression (Sinclair et al. 2009). Several reports have demonstrated that the histones 

themselves are O-GlcNAcylated in multiple organisms (reviewed in Hanover 2010). 

Although neither OGT nor O-GlcNAc are known to occur in yeast, several glycomic 

studies indicate that other carbohydrates, including mannose and glucose, are present 

on nuclear proteins in yeast (Gelperin et al. 2006; Kung et al. 2009). Of note, several 

of these reported yeast glycoproteins are key players in the DNA damage response 

including the kinase Dun1, the MRX subunit Xrs2 and the central NHEJ protein Nej1, 
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among others. In addition several important chromatin-modifiers were also recognized 

as having carbohydrate modifications, including the Rpd3 subunit Hos2, the SWR-C 

subunit Scw4 and the KATs Esa1 and Gcn5 (Gelperin et al. 2006; Kung et al. 2009).  

The previously reported localization of Gas1 to the nuclear periphery coupled 

with the findings that Gas1’s chromatin functions are separable from cell wall 

functions and that localization to the plasma membrane is not necessary for its 

chromatin roles, raises the intriguing possibility of conserved nuclear glycosylation. If 

Gas1-based glycosylation could directly influence chromatin dynamics, budding yeast 

would be an excellent model system in which to study nuclear glycosylation.   

Thus, one of the more compelling questions that remain is whether Gas1 is 

influencing chromatin directly, specifically, does Gas1 localize to the inner nuclear 

membrane? This is impossible to resolve by immunofluorescence microscopy as the 

ER and nuclear envelope are contiguous. However, mutational analysis of Gas1 

suggests that Gas1 association with the ER membrane is necessary for chromatin-

related functions, whereas subsequent processing and movement to the cell wall is not. 

This raises the possibility that Gas1, like other proteins integral to the ER membrane, 

may associate with the INM (reviewed in Lusk et al. 2007; Antonin et al. 2011). One 

means of attaining a higher degree of certainty about whether Gas1 localizes to the 

INM would be to use immuno-electron microscopy. The targeted silencing assay 

(Andrulis et al. 1998) has also been used to determine whether a protein can localize 

to the INM in an NLS-independent manner (Dent and Hochstrasser 2006). As some 

ER membrane proteins pass through the nuclear pore it may also be of interest to 
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characterize the reported interactions between GAS1 and the genes encoding NPC 

components including Pom33 (Hoppins et al. 2011) as well as the karyopherin Msn5 

(Hoppins et al. 2011). If Gas1 does localize to the INM, it will be of interest to 

determine whether Gas1 directly interacts with chromatin. Therefore, ChIP analysis of 

Gas1 localization to either the telomeres or sites of DSBs, for example, may provide 

insight into its function in this context.  

However, it is important to note that unlike other previously reported INM 

proteins, Gas1 is entirely within the lumen of the ER. Thus, determining whether it is 

directly associating with chromatin via localization to the INM or whether it may be 

indirectly influencing chromatin is a high priority. Movement of proteins to the INM 

is currently an active area of investigation, with several distinct pathways so far 

identified (reviewed in Lusk et al. 2007). Therefore, as additional details emerge it 

will be of interest to explore the relevance of these newly identified pathways to Gas1 

localization.  

Alternatively, Gas1 in the ER may influence the activity of an INM protein, in 

a similar manner as the relationship seen with the SUN-KASH proteins, which span 

the nuclear envelope (reviewed in Tapley and Starr 2007). Further, as the nuclear pore 

complex is also important in transcriptional regulation, Gas1 could interact with a 

component of this complex. Intriguingly, several of the reported genetic interactions 

for GAS1 are genes encoding NPC components (Table 3-1). Thus, analysis of the 

potentially indirect influence of Gas1 on chromatin dynamics will also be of interest to 

explore.  
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 Overall, the findings presented here support a strong role for Gas1 in 

chromatin dynamics and suggest an intimate and strong association between the 

chromatin-related functions of Gas1and the histone H3 lysine acetyltransferases Gcn5 

and Sas3. Further dissection of Gas1 localization and genetic interactions will greatly 

enhance our understanding of how Gas1 is influencing chromatin as well as providing 

additional insight into the function of Sas3. Determining whether Gas1 does, in fact, 

localize to the nuclear periphery is clearly important, as budding yeast would provide 

a valuable model in which to study how glycosylation can influence chromatin 

dynamics.  
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Appendix A Analysis of chromatin phenotypes of related carbohydrate- 

  modifying enzymes  

 

INTRODUCTION 

 β-1,3-glucan chains are formed by the activity of the 1,3-β-D-glucan synthase 

complexes, which are composed of a catalytic subunit (FKS) and a regulatory subunit 

(Rho1) (Mol et al. 1994). Members of the FKS family are integral plasma membrane 

proteins and are activated by the GTP-bound Rho1 GTPase. FKS enzymes catalyze 

the transformation of UDP-glucose into chains of β-1,3-glucan, which are extruded 

into the extracellular space (Dijkgraaf et al. 2002; Figure A-1) and subsequently 

remodeled by members of the GAS family. Of the three identified FKS family 

members, only Fks1 functions during vegetative growth, whereas Fks2 (Gsc2) and 

Fks3 are most relevant during sporulation (Mazur et al. 1995; Ishihara et al. 2007). 

Intriguingly, Fks1, like Gas1, has numerous reported interactions with the chromatin-

modifying machinery (Table A-1), including physical interactions with Esa1 and 

histone H3 (Mitchell et al. 2013; Gilmore et al. 2012).     

O-mannosylation was initially considered to be unique to fungi but is now well 

established in mammals and is implicated in several human diseases including 

congenital muscular dystrophies (Willer et al. 2003). The majority of cell wall 

proteins (CWP) are heavily mannosylated. While most are linked to β-1,6-glucan via a 

modified GPI anchor (Kollár et al. 1997), a subset of CWPs is directly linked to β-1,3- 
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Figure A-1  FKS activity at the plasma membrane. Members of the FKS family 
catalyze the synthesis of β-1,3-glucan from UDP-glucose at the plasma membrane. 
During synthesis the chains are extruded from the cell and subsequently remodeled 
and elongated. The distinct groups of mannoproteins at the cell wall are indicated. 
Light blue circle represent β-1,3-glucan, dark blue represent β-1,6-glucan. 
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Table A-1 Select interactions for Fks1 (www.biogrid.org). 

Name Interaction Function Source 
ASA1 negative ASTRA complex, remodeling Stirling et al. 2011 
CDC13 growth defect telomere capping Addinall et al. 2008 
Cse4 physical kinetochore function Ranjitkar et al. 2010 
Esa1 physical KAT Mitchell et al. 2013 
EST1 growth defect telomerase subunit Chang et al. 2011 
GCN5 negative KAT Costanzo et al. 2010 
Hht1 physical histone Gilmore et al. 2012 
Hht2 physical histone Gilmore et al. 2012 
HMO1 negative HMG Costanzo et al. 2010 
IOC4 negative Isw1b subunit Costanzo et al. 2010 
MMS22 synthetic lethal DDR Lesage et al. 2004 
Nab2 physical mRNA export Batisse et al. 2009 
Nfi1 physical SUMO E3 ligase, NE anchoring Srikumar et al. 2013 
ORC2 negative ORC subunit, DNA replication Costanzo et al. 2010 
RAP1 negative transcription  Costanzo et al. 2010 
RTT109 growth defect KAT Fillingham et al. 2008 
SLX4 growth defect DDR Pan et al. 2006 
SNF5 negative SWI/SNF subunit Costanzo et al. 2010 
SWI1 synthetic lethal transcription factor Lesage et al. 2004 
SWI3 negative SWI/SNF subunit Costanzo et al. 2010 
TAF1 synthetic lethal TFIID subunit van Pel et al. 2013 
TOP1 synthetic lethal Topoisomerase Lesage et al. 2004 
YPL041C synthetic lethal telomere maintenance Lesage et al. 2004 
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glucan via an alkali-soluble bond. This group consists of proteins known as proteins 

with internal repeats (PIR) (Kapteyn et al. 1999; Ecker et al. 2006). 

Protein O-mannosylation in S. cerevisiae is initiated in the lumen of the ER by 

conjugation of mannose to serine or threonine residues catalyzed by protein O-

mannosyltransferases (PMTs), consisting of a family of seven proteins, Pmt1-7 

(reviewed in Loibl and Strahl 2013). Pmt1 is the most extensively studied member of 

the family and is only fully functional when in a heterodimeric complex, primarily 

with Pmt2 (Gentzsch et al. 1995). Pmt1 also forms a minor complex with Pmt3 and it 

has been suggested that unique complexes may play a role in substrate specificity 

(Girrbach and Strahl, 2003).  Gas1 is itself heavily glycosylated and is a substrate of 

both Pmt4 (Gentzsch and Tanner 1997) and the Pmt1-Pmt2 heterodimer, which assist 

in its proper folding as well as degradation if improperly processed (Hirayama et al. 

2008). Similar to Gas1 and Fks1, Pmt1 and Pmt2 also have some very intriguing 

interactions with the chromatin modifying machinery (Table A-2).  

Given that there are several enzymes active upstream of Gas1, which also have 

reported interactions with genes encoding key chromatin modifying enzymes, I sought 

to determine whether these proteins also function in relation to chromatin dynamics 

and dissect their relationship to Gas1 in this context.  
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Table A-2 Select Pmt1 and Pmt2 interactions (www.biogrid.org). 

Pmt1 interactions 
  Name Interaction Function Source 

CDC13 rescue telomer capping Addinall et al. 2008 
DUN1 dosage lethal DDR Douglas et al. 2012 
Hhf1 physical histone Krogan et al. 2006 
Hmo1 physical HMG Krogan et al. 2006 
Hta2 physical histone Krogan et al. 2006 
Htb2 physical histone Krogan et al. 2006 
SPT4 suppression silencing Jonikas et al. 2009 

    
    Pmt2 interactions 

  Name Interaction Function Source 
CDC13 rescue telomere capping Addinall et al. 2008 
DUO1 negative Dam1 complex/kinetochore Costanzo et al. 2010 
PHO23 negative Rpd3 complex Costanzo et al. 2010 
RAD27 positive DDR Surma et al. 2013 
RPD3 dosage lethal KDAC Kaluarachchi Duffy et al. 2012 
SPT4 suppression transcription Jonikas et al. 2009 
SRS2 dosage lethal DNA helicase/DDR Leon Ortiz et al. 2011 
yKU70 negative telomere maintenance/DDR Addinall et al. 2008 
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RESULTS 

Fks1 does not have silencing defects 

 As Fks1 synthesizes the β-1,3-glucan chains on which Gas1 acts during 

vegetative growth I analyzed whether deletion of FKS1 would influence silencing. 

However, fks1Δ strains did not have a strong silencing defect at either the telomere or 

the rDNA loci. In addition, the double mutant gas1Δ fks1Δ phenocopied gas1Δ for all 

conditions tested, with the exception of a mild suppression of gas1Δ temperature 

sensitivity by deletion of FKS1 (Figure A-2).  

 

pmt1Δ and pmt2Δ have distinct silencing phenotypes and interactions with gas1Δ 

 In addition to their intriguing genetic interactions detailed in Table A-2, I was 

interested in the PMTs in part due to my finding that purified histones contain both 

glucose and mannose moieties, as determined by HPAEC-PAD analysis (Figure A-3). 

Pmt1 and Pmt2 act primarily as a heterodimer but interactions between different Pmts 

can determine substrate specificity, thus I chose to analyze both Pmt1 and Pmt2 

independently. Intriguingly, deletion of either or both of the PMTs lead to a unique 

constellation of silencing phenotypes. Deletion of PMT1 did not have defective 

telomeric silencing but did have increased rDNA silencing. Conversely, deletion of 

PMT2 lead to defective telomeric silencing whereas rDNA silencing remained 

undisturbed (Figure A-4). In the double mutant deletion of PMT1 suppressed pmt2Δ 

telomeric silencing defect but pmt1Δ’s increased rDNA silencing was further  
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Figure A-2  Deletion of FKS1 does not have strong silencing defects nor is a 
synthetic interactions observed in the double mutant gas1Δ fks1Δ. The strain wild type 
(LPY4916), sir2Δ (LPY5034), gas1Δ (LPY10362) and fks1Δ (LPY13927) all 
transformed with vector (pLP60) and fks1Δ gas1Δ (LPY18363) transformed with 
either vector (pLP60) or gas1-E161Q, E262Q (pLP2116) were plated on SC at 30° or 
37° or 5-FOA to test telomeric silencing (TELVR::URA3). The strains wild type 
(LPY2444), sir2Δ (LPY2447), gas1Δ (LPY10074) and fks1Δ (LPY13938) were plated 
on SC and incubated 30° for growth on on SC-Ura to test rDNA silencing 
(rDNA::mURA).  
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Figure A-3  HPAEC-PAD analysis of purified histones in wild type and gas1Δ 
gas3Δ gas5Δ indicate that amount of glucose is increased in the absence of the GAS 
genes. A. Purified histones from wild type (LPY79) and gas1Δ gas3Δ gas5Δ 
(LPY13534) were processed for B. HPAEC-PAD analysis performed by the UCSD 
Glycotechnology Core Resource (Biswas P. Choudhury, Director).  
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strengthened by deletion of PMT2. The double mutant also had a modest synthetic 

sickness that was only observed at elevated temperature. 

The difference between pmt1Δ and pmt2Δ were also evident in their genetic 

interaction with gas1Δ (Figure A-4). Deletion of PMT1 increased gas1Δ temperature 

sensitivity as well as further increasing the strengthened rDNA silencing but did not 

alter gas1Δ’s telomeric silencing defect. Conversely, deletion of PMT2 suppressed all 

gas1Δ phenotypes including temperature sensitivity and telomeric silencing defect as 

well as restoring rDNA silencing to wild type levels.  

 

pmt2Δ has a modest synthetic sick interaction with gcn5Δ  

 As gas1Δ has a strong genetic interaction with the histone H3 KATs, I next 

analyzed whether fks1Δ, pmt1Δ or pmt2Δ did as well. No synthetic genetic interactions 

were observed with the double mutants fks1Δ gcn5Δ nor pmt1Δ gcn5Δ. However, the 

double mutant pmt2Δ gcn5Δ is modestly synthetically sick at 30° and nearly dead at 37° 

(Figure A-5A). Building on these results, I found that pmt2Δ gcn5Δ also leads to 

alterations in silencing, such that telomere silencing phenocopies the stronger defect of 

the pmt2Δ mutant, the cryptic mating loci silencing is stronger than either individual 

mutant and deletion of PMT2 suppresses the increased rDNA silencing seen in gcn5Δ 

(Figure A-5B).   

 As pmt2Δ was the only deletion that had a synthetic interaction with gcn5Δ, I next 

analyzed whether the suppression observed with the double mutant gas1Δ sas3Δ would  
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Figure A-4 The pmt1Δ and pmt2Δ mutants have unique combinations of 
silencing defects and synthetic interaction with gas1Δ. Wild type (LPY4930), sir2Δ 
(LPY4981), pmt1Δ (LPY14139), pmt2Δ (LPY15270), pmt1Δ pmt2Δ (LPY16758), 
gas1Δ pmt1Δ (LPY14128) and gas1Δ pmt2Δ (LPY15595) were plated on SC at 30° to 
test for growth or 37° to test for temperature sensitivity. Telomeric silencing was 
tested on 5-FOA plates (TELVR::URA3) and rDNA was tested on Ade- plates 
supplemented with canavanine.  
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Figure A-5 The double mutant gcn5Δ pmt2Δ is modestly synthetic sick and has 
altered silencing phenotypes. A. The strains wild type (LPY5494), gcn5Δ 
(LPY17313), fks1Δ (LPY17399), pmt1Δ (LPY14139), pmt2Δ (LPY15269), gcn5Δ 
fks1Δ (LPY17003), gcn5Δ pmt1Δ (LPY17376) and gcn5Δ pmt2Δ (LPY17377) were 
plated on SC and incubated at 30° for growth and 37° for temperature sensitivity. B. 
Wild type (LPY5494), sir2Δ (LPY5032), pmt2Δ (LPY15269), gcn5Δ (LPY17313) and 
gcn5Δ pmt2Δ (LPY17377) were plated on SC with 5-FOA for analysis of telomeric 
silencing (TELVR::URA3), SC-trp for HM silencing (hml::TRP1) and SC-ade with 
canavanine to assay rDNA silencing (rDNA::ADE2:CAN1).  
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be relevant to pmt2Δ. However, no synthetic genetic interaction was observed in the 

double mutant pmt2Δ sas3Δ (Figure A-6). 

 

DISCUSSION 

The results presented here suggest that, although there is an intimate 

relationship between Gas1 and Fks1 at the cell wall, the chromatin functions of Gas1 

may be independent of Fks1. Further, while the Pmts did influence disparate silenced 

loci, their relationship to Gas1 is not straight-forward as they have unique phenotypes 

both independently and in relation to gas1Δ. Together, these results suggest that Pmt1 

and Pmt2 may have distinct roles in silencing, possibly related to unique functions 

and/or substrates.  Whether they have unique substrates that do relate to Gas1 in the 

context of chromatin dynamics is an open question. The discovery that purified 

histones appear to have both glucose and mannose modifications raises the question of 

whether these carbohydrates are added to histones in budding yeast. However, the 

relationship between Gas1, Sas3 and Gcn5 is distinct from the carbohydrate modifying 

enzymes analyzed herein.  
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Figure A-6  The double mutant pmt2Δ sas3Δ does not have a synthetic 
interaction. Wild type (LPY5), pmt2Δ (LPY15169), sas3Δ (LPY8272), pmt2Δ sas3Δ 
MATa (LPY17390) and pmt2Δ sas3Δ MATα (LPY17391) were plated on SC and 
incubated at either 30° for growth or 37° for temperature sensitivity.  
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MATERIALS AND METHODS 

Yeast strains and plasmids: Strains are listed in Table A-3 and plasmids are 

listed in Table A-4.  

 Growth, silencing and DNA damage dilution assays: Plate assays are five-

fold serial dilutions adjusted to an A600 of 1.0 after growth to saturation in synthetic 

complete (SC) medium. Dilution assays were incubated at 30°, except where noted. 

Telomeric silencing assays were performed with the TELVR::URA3 reporter as 

described (Renauld et al. 1993; van Leeuwen and Gottschling 2002). Strains were 

grown in SC medium and plated on SC as growth control or SC supplemented with 

0.1% 5-FOA to assay for telomeric silencing. Silencing of the rDNA was assayed 

using RDN::Ty-1-mURA3 as described (Smith and Boeke 1997). Strains were plated 

on SC as a growth control and SC-Ura for rDNA silencing. HU sensitivity was 

analyzed using medium supplemented with 0.2M HU. MMS sensitivity was analyzed 

using medium with 0.015% MMS. CPT sensitivity was analyzed using 20µg/mL CPT 

dissolved in DMSO added to plates buffered with 100mM potassium phosphate (pH 

7.5) to maintain CPT activity (Nitiss and Wang 1988) with growth control plates at the 

same concentration of DMSO.  
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Table A-3  Strains used in Appendix A.  
 

Strain  Genotype Source 
LPY5 (W303-1a) MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein 
LPY79 (W303-1b) MATα ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1  

 LPY2444 MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert J. Boeke 

LPY2447 
MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 
sir2Δ2::HIS3 

 LPY4916 MATa W303 TELVR::URA3 
 LPY4930 MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 
 LPY4981 MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 sir2Δ::HIS3 
 LPY5034 MATa W303 TELVR::URA3 sir2Δ::HIS3 
 LPY5494 MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
 LPY8272 MATα W303 sas3Δ::HIS3 
 

LPY10074 
MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 
gas1Δ::KanMX 

 LPY10362 MATa W303 TELVR::URA3 gas1Δ::KanMX 
 LPY13534 MATa W303 gas1Δ::KanMX gas3Δ::KanMX gas5Δ::KanMX 
 LPY13927 MATa W303 TELVR::URA3 fks1Δ::KanMX 
 

LPY13938 
MATα his3Δ200 leu2Δ1 ura3-52 with rDNA Ty mURA insert 
fks1Δ::KanMX 

 
LPY14128 

MATα W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
pmt1Δ::KanMX gas1Δ::KanMX 

 
LPY14139 

MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
pmt1Δ::KanMX 

 LPY15169 MATa W303 pmt2Δ::KanMX 
 

LPY15269 
MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
pmt2Δ::KanMX 

 
LPY15595 

MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
pmt2Δ::KanMX gas1Δ::KanMX 

 
LPY16758 

MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
pmt2Δ::KanMX pmt1Δ::KanMX 

 LPY17003 MATa W303  gcn5Δ::HIS3 fks1Δ::KanMX 
 

LPY17313 
MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
gcn5Δ::HIS3 

 
LPY17376 

MATα W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
gcn5Δ::NatMX pmt1Δ::KanMX 

 
LPY17377 

MATα W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
gcn5Δ::NatMX pmt2Δ::KanMX 

 LPY17390 MATa W303 pmt2Δ::KanMX sas3Δ::HIS3 
 LPY17391 MATα W303 pmt2Δ::KanMX sas3Δ::HIS3 
 

LPY17399 
MATa W303 TELVR::URA3 rDNA::ADE2:CAN1 hmr::TRP1 
fks1Δ::KanMX 

 LPY18636 MATa W303 TELVR::URA3 gas1Δ::KanMX fks1Δ::KanMX   
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Table A-4 Plamids used in Appendix A.  

Plasmid  Description Alias 
pLP60 vector HIS3 CEN  pRS313 
pLP2116 gas1-E161Q, E262Q HIS3 CEN   
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