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Abstract 

Cells need to adapt to a constantly changing environment in order to survive and thrive. 

They are able to do so by continually modulating their gene expression profile to meet 

challenges posed by these environmental stressors. While there are multiple stages at which cells 

can regulate their gene expression, regulation at the level of transcription is the most common 

mode. Despite much work devoted to understanding the fundamental switches and mechanisms 

underlying transcriptional regulation, many of the nuances in transcriptional regulation are not 

well understood, and scientists have only begun to appreciate the intricate details that formulate 

the molecular basis for fine-tuning transcriptional output. My work described here reveals a 

novel role for the budding yeast protein arginine methyltransferase enzyme, Hmtl , in fine-tuning 

the transcription of tRNA genes in response to stress. Hmtl methylates the RNA Pol III specific 

subunit Rpc31 , wherein the methyl marks promote interaction between Pol III and its repressor 

Mafl and thereby facilitates the repression of Pol III transcription in response to stress. We have 

also identified a role for Hmtl in the adaptation of yeast cells to fermentable carbon sources. As 

a survival strategy, yeast cells prefer the use of fermentation over respiration when presented 

with abundance of glucose and oxygen. Hmtl promotes this strategy by suppressing respiration. 

Additionally, in the presence of abundant glucose when yeast cells carry out fermentation, Hmtl 

suppresses the expression of many genes associated with mitochondrial functioning that promote 

respiration. This reduction in expression could decrease the abundance of proteins required for 

respiratory growth and accordingly increase the glycolytic flux through the fermentation 

pathway that provides a competitive advantage for the budding yeast in its natural habitat. 
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Chapter 1: Introduction 
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All living organisms operate under a set of physiological conditions that are most 

conducive to their optimal functioning . However, they are frequently exposed to a variety of 

environmental perturbations such as a change in the temperature or pH, exposure to toxic 

chemicals, or depletion in nutrient availability. When such stressors are present, cells modulate 

their gene expression profile to maintain homeostasis and to overcome the challenges presented 

by the stress (Causton et al. 2001 ; Yamaguchi-Shinozaki and Shinozaki 2006; Conrad et al. 

2014; Suhm and Ott 2017). Such examples include rapid transcription and translation of heat 

shock proteins as a response to elevated temperatures (Bunch 2017), or a change in a cell 's 

metabolic gene expression to harness nutrients during growth on encountering a switch in carbon 

sources (Galdieri et al. 2010b; Conrad et al. 2014). Distinct environmental stresses require 

tailored interventions, which can be achieved by regulating the various steps in gene expression 

including chromatin accessibility, transcription, RNA processing and stability, and translation. 

Of the possibilities above, the most well-studied strategy cells use to regulate gene expression 

occurs at the level of transcription. This type of control requires the well-orchestrated actions of 

transcription factors , transcriptional activators and repressors, and chromatin modifying enzymes 

(Kornberg 1999; Lelli et al. 2012; Voss and Hager 2014). In eukaryotes, three major RNA 

Polymerases (RNA Pol) are responsible for carrying out transcription in eukaryotes : RNA Pol I, 

RNA Pol II and RNA Pol III (Sentenac 1985; Nogales et al. 2017). Of particular interest to this 

work is RNA Pol III, which transcribes most of the small non-coding RNAs (ncRNAs) involved 

in housekeeping activities. One such class of ncRNA is the tRNA. tRNAs are adaptor molecules 

that help decode a messenger RNA (mRNA) sequence into a polypeptide during translation. The 

abundance of specific tRNAs can selectively alter protein synthesis rates for a particular set of 
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proteins, thereby adding another layer of regulation to determine how much protein a cell should 

be making (Torrent et al. 2018). Such post-transcriptional regulation of gene expression provides 

an avenue for a more rapid response to constant fluxes in environmental conditions (Picard et al. 

2013; Harvey et al. 2017). This is especially true in the case of unicellular organisms like the 

budding yeast Saccharomyces cerevisiae, where it is vital for cells to evolve mechanisms that 

can directly tune this process as it sees fit since the consequence of this tuning process pertains to 

their survival. 

In our current study, we have discovered a role for the arginine methyltransferase Hmtl , 

in regulating RNA Pol III. We found that Hmtl-catalyzed modification of an RNA Pol III 

subunit, Rpc31 , allows the transcription of tRNA genes to be fully repressed Mafl. This robust 

repression is a critical response for yeast cells under stress, as they strive to effectively govern 

their metabolic economy by making decisions on how to allocate their resources to maintain 

fitness and survivability. Our finding with respect to Hmtl 's role in RNA Pol III transcription 

further led us to uncover a role for Hmtl in the budding yeast carbon metabolism at the diauxic 

shift, the transition from fermentation to respiration in response to depletion of fermentable 

carbon sources. In this case, our data suggest that Hmtl suppresses the cellular respiratory 

pathway in an environment with an abundance of glucose, which is a fermentable carbon source. 

Presumably, suppression of respiration promotes fermentation for rapid energy and ethanol 

production, wherein ethanol provides a competitive advantage in the yeast's natural environment 

by slowing down the growth of other microorganisms that are less tolerant of ethanol. As yeast 

cells normally suppress respiratory growth under rich media, in spite of the presence of oxygen, 
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Hmtl 's role in promoting such suppression will ensure yeast cells maintain a growth advantage 

over other microorganisms. 

1 ·1 Key steps involved in regulating eukaryotic gene expression 

In eukaryotes, proper gene expression primarily stems from regulatory mechanisms 

found in transcriptional and post-transcriptional regulation (Causton et al. 2001 ; Galdieri et al. 

2010b; Picard et al. 2013; Bunch 2017; Harvey et al. 2017). For cells to maintain homeostasis, it 

is imperative for them to control which genes are expressed, as well as the level and timing of 

their expression. To achieve this goal, eukaryotes have developed multiple mechanisms that 

control this complex process. 

1.1.l Regulation at the level of transcription 

A critical step that controls the level of gene expression is transcription (Yamaguchi

Shinozaki and Shinozaki 2006; Galdieri et al. 201 Ob; Voss and Hager 2014 ). The transcription of 

eukaryotic genes is carried out by three main RNA Polymerases: RNA Pol I, which transcribes 

rRNA genes (except the 5S rRNA); RNA Pol II, which transcribes protein-encoding genes and a 

number of small non-coding RNA (ncRNA) genes; and RNA Pol III, which transcribes most of 

the ncRNA genes involved in housekeeping activities (Willis 1993; Orphanides et al. 1996; 

Grummt 1999; Lee et al. 2004; Dieci et al. 2007). The gene products of all three RNA 

polymerases are required for the biogenesis of ribosomes, which translate mRNAs to make 

proteins. Under optimal growth conditions, there is a high demand for protein synthesis to 

maintain cell growth and division. As such, the RNA polymerases chum out rRNAs, tRNAs, and 
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other ncRNAs, as well as mRNAs needed for ribosome biogenesis at high capacity. In rapidly 

growing cultures of yeast, 60% of a cell's transcription is devoted to rRNAs and 50% of its 

mRNA transcription is devoted to ribosomal protein synthesis, leading to substantial use of 

energy and resources (Warner 1999). Because there is a high demand for cellular resources to 

carry out biosynthetic processes at full capacity, it is not surprising that cells possess 

mechanisms to regulate resource allocations. This is especially true when cells encounter stress, 

upon which they must prioritize their resources away from biosynthetic activities to cope instead 

with the stress and survival. One way for a cell to do so is to repress the transcription of genes 

required in cell growth and to concomitantly upregulate transcription of stress-response genes. 

Because of the metabolic costs involved in the de nova synthesis of gene products, 

transcriptional control provides a major mechanism by which gene expression is regulated in the 

budding yeast (Warner 1999). 

In general, two complementary regulatory components directly influence transcription: 

cis-acting elements and trans-acting factors. Os-acting elements are DNA sequences present 

within the gene or the vicinity of the gene that impacts the binding of proteins required to control 

gene transcription (Majewska et al. 2018). These include core promoters, promoter-proximal 

elements, and enhancers. The combination of different cis-acting elements can determine the 

compendium of proteins allowed to associate with and thereby regulate the expression of a gene. 

Moreover, the affinity of the promoters and enhancers for regulatory proteins are determined by 

their sequence, which can vary between genes and can alter transcriptional output as a result. 

Trans-acting factors are the proteins that bind to cis-acting elements in order to activate (in the 

case of transcriptional activators) or silence (in the case of transcriptional repressors) the gene 
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expression. Once bound, trans-acting factors can change the conformation of DNA and interact 

with other proteins to control transcriptional output. Examples include general transcription 

factors , which are ubiquitous proteins that bind promoters and are required for transcription by 

RNA polymerases. 

In the budding yeast, the transcription of protein-coding genes is under the control of 169 

different DNA-binding proteins (Hahn and Young 2011), whereas transcription ofrRNAs and 

tRNAs have only a small number of trans-acting factors. Each protein-coding gene has a unique 

set of transcription factors which act in concert to determine the levels of expression of that gene. 

tRNA gene transcription requires only two transcription factor complexes, TFIIIC and TFIIIB, to 

recruit the RNA pol III to the gene and transcribe. This suggests a limited level of regulation by 

trans-acting factors (Geiduschek and Tocchini-Valentini 1988). However, the presence of 

several post-translational modifications on these factors and on the Pol III enzyme provide 

means to fine-tune the transcriptional output of each tRNA gene (Chymkowitch and Enserink 

2018). Additionally, in the regulation of transcription of tRNA genes, a prominent repressor is 

Mafl , which binds directly to the RNA Pol III holoenzyme to repress its transcription under 

stress (Pluta et al. 2001 ; Upadhya et al. 2002). 

1.1.2 Regulation at the level of chromatin state 

Eukaryotic DNA is tightly packaged into chromatin, whose basic unit is a nucleosome 

that consists of a 147 bp of DNA wrapped around a histone octamer (reviewed in Wolffe 1998). 

Nucleosomes are arranged into regularly-spaced arrays, and they occupy specific positions 

throughout the genome. Nucleosome positioning plays an important role in gene expression 
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because their positioning helps determine the access to genomic regions. Regions of the genome 

that are suppressed are densely packed and referred to as heterochromatin, whereas those that 

contain actively transcribing genes are generally less condensed and are referred to as 

euchromatin. The condensed state of chromatin governs gene expression by determining the 

degree of accessibility by transcription factors and RNA polymerases to genes (Igo-Kemenes et 

al. 1982). In addition to nucleosome positioning, the condensed or open state of chromatin is also 

influenced by histone composition and post-translational modification ofhistones. Post

translational modification ofhistones, such as acetylation and methylation, occur on their 

protruding amino-terminal ends (Turner 2007). These modifications serve to alter the properties 

ofhistones, and the combination of these modifications provides a ' code ' that can direct the 

activation or repression of genes by determining which proteins are recruited to the nucleosome. 

These proteins include chromatin remodeling complexes or chromatin modifiers such as 

SWI/SNF complex that can modify the chromatin architecture to potentiate activation or 

repression of genes (reviewed in Wu et al. 2009). Eukaryotic cells possess highly conserved 

machinery devoted to repositioning nucleosomes, altering histone composition, and modifying 

histones post-translationally (Henikoff and Ahmad 2005; Suganuma and Workman 2008; 

Hughes and Rando 2014). In S. cerevisiae, chromatin remodelers play an important role in 

carbon metabolism. When yeast cells need to switch from fermentation to respiration in response 

to changes in carbon source, chromatin remodelers function to help with the extensive 

transcriptional regulation required to bring about the associated metabolic changes (Canzonetta 

et al. 2016; Awad et al. 2017; Spain et al. 2018). 
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1.1.3 Regulation at the level of RNA processing and stability 

Unlike regulation at the level of transcription or chromatin modification, regulation at the 

level of RNA processing and stability provides a faster response to environmental changes. With 

an estimated 5600 different mRNAs coding for distinct proteins in S. cerevisiae (Byrne and 

Wolfe 2005), there is a high degree of complexity involved in regulating mRNA synthesis and 

processing, which is necessary for a cell to adapt to different environments. mRNA synthesis is 

coupled to a number of processing steps such as capping, splicing, and polyadenylation 

(Proudfoot et al. 2002). Each step can be regulated in response to environmental signals to 

control the level of mRNAs available for translation (Pleiss et al. 2007; Bergkessel et al. 2011). 

In the lifetime of a yeast cell i.e. one cell division, 60,000 mRNA molecules are 

produced versus over three million tRNA molecules (coding for 42 different anticodons) 

produced during the same period (Phizicky and Hopper 2010). tRNAs undergo a number of 

processing events similar to mRNAs such as splicing, 5 ' -processing and 3 ' -processing, but 

tRNAs contain many more modifications to its nucleotides. tRNAs are heavily modified because 

these modifications maintain the stability of the tRNA tertiary structure required for their 

interactions with the aminoacyl tRNA synthetases and ribosomes (Phizicky and Hopper 2010). 

In addition, modifications of tRNA nucleosides within the anti-codon loop can modulate the 

binding of tRN As to certain non-optimal codons, thereby regulating the rate of translation 

(Gustilo et al. 2008). Several tRNA anticodon modifications are upregulated under stress to 

translate stress-response transcripts, which have a codon bias towards the specifically modified 

tRNA bases (Gu et al. 2014). 
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Regulation at the level of translation 

1.1.4 Regulation of gene expression at the level of translation is another mechanism that allows 

cells to respond rapidly to changes in environmental conditions. Cells can selectively translate a 

specific mRNA from the pool of total mRNAs to synthesize proteins required for responding to 

particular stress (Kawaguchi et al. 2004; Smirnova et al. 2005; Yamasaki and Anderson 2008; 

Vesper et al. 2011 ). Specific mRNA translation can be directed by 5' and 3 ' untranslated regions 

(UTR) of mRNAs, including internal ribosome entry segments and upstream open reading 

frames (uORFs) which are themselves regulated by trans-acting factors (reviewed in Spriggs et 

al. 2010). 

Initiation is the rate-limiting step in translation. Translation initiation involves the 

coordinated recruitment of the small ribosomal subunit to the 5' cap of the mRNA by several 

eukaryotic translation initiation factors ( eIFs) and formation of a ternary complex that includes 

eIF2, methionyl-tRNAi, and GTP (Sonenberg and Hinnebusch 2009). Because of the number of 

factors involved in this process, initiation offers many targets that can be controlled to regulate 

translation. For example, phosphorylation of translation initiation factors is modulated by stress

related kinases and phosphatases (Spriggs et al. 2010). At a global level, translation can be 

inhibited by interfering with 5' cap recognition or with the way initiation factors are recruited 

(Hinnebusch et al. 2007; Raught and Gingras 2007). mRNAs that encode stress response proteins 

have evolved means to evade global translation repression. These mechanisms include 

overcoming the need for recognition of the 5' cap by sequences that subvert the need for cap 

machinery, and presence of the uORFs that allow translation of functional proteins from the 

authentic reading frame only under conditions when there is reduced formation of the ternary 
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complex (Hinnebusch 2005; Spriggs et al. 2008). A recent study has shown that modulating the 

abundance of specific tRNA can selectively regulate protein synthesis during stress conditions 

(Arimbasseri and Maraia 2016; Torrent et al. 2018). In sum, regulation at the level of translation 

provides a rapid means to counter the effects of environmental flux. 

1,1,5 Regulation at the level of protein activity 

At the post-translational level, the behavior or activity of a protein can be altered by the 

direct modification of the protein. This can be achieved through enzymatic cleavage of the 

protein or through the covalent addition of chemical groups by post-translational modifications. 

These modifications can impact a protein' s catalytic activity, cellular localization or biological 

activity (Tootle and Rebay 2005; Deribe et al. 2010). Post-translational modifications of proteins 

further extend the range of possible protein functions by increasing proteomic diversity via 

covalent modifications. Thus, determining which modification and when to catalyze or reverse 

such modification, provides a key regulatory mechanism for the protein function. Most 

modifications are dynamically controlled. For example, phosphorylation is carried out by kinases 

and counteracted by phosphatases. Yet, there are other PTMs such as protein arginine 

methylation where the existence of dynamic control is still unknown, or the proposed mechanism 

in reversing this modification remains controversial. My work described here led us to propose a 

new mechanism by which protein arginine methylation of a substrate empowers this substrate to 

be dynamically regulated without the need for ablating this modification. Moreover, my work 

also suggests that the regulation of protein arginine methylation may lie at optimizing the 



abundance of the enzyme itself This is based on our observation where a change in the level of 

the enzyme was seen in response to changes in carbon sources. 

1.2 Metabolic adaptation of budding yeast to carbon sources 

Carbon sources are essential to all cellular lifeforms for the production of energy required 

for cellular activities. Eukaryotes use diverse metabolic pathways like photosynthesis, 

fermentation, and respiration to metabolize carbon sources and generate energy-rich molecules 

such as adenosine 5'-triphosphate (ATP). However, which pathway gets used depends on a 

number of factors including the cell type, carbon identity, and growth conditions. 

Microorganisms are very versatile in the ways in which they acquire and utilize carbon sources. 

The budding yeast S. cerevisiae habitats sugar-rich environments such as fruits , barks of 

deciduous trees, nectar, and sap fluxes (Goddard and Greig 2015; Liti 2015). In these sugar-rich 

environments, the most common carbon sources available are fructose and glucose, which are 

present at very high concentrations. Yeast cells can breakdown glucose either through respiration 

or through fermentation (Figure 1). The process of fermentation involves breaking down glucose 

to pyruvate through glycolysis (Dorfman 1943; Johnston 1999; Van Maris et al. 2006). Pyruvate 

is then decarboxylated into acetaldehyde by pyruvate decarboxylase, and further reduced to 

ethanol by alcohol dehydrogenase. This is a rapid process, and for each glucose molecule, two 

ATP molecules are produced as well as ethanol and carbon dioxide (Flores et al. 2000). In 

addition to ethanol and CO2, glycerol is a significant product made during fermentation. In the 

cell, glycerol is produced from dihydroxyacetone phosphate (DHAP), by enzymes glycerol-3-
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phosphate dehydrogenase and glycerol-3-phosphate phosphatase in a two-step process (Ansell et 

al. 1997; Pahlman et al. 2001). Glycerol is synthesized during fermentation in response to 

osmotic stress and cytosolic redox imbalances within the cell (van Dijken and Scheffers 1986; 

Hohmann 2002). In contrast to fermentation, the process of respiration diverges after pyruvate is 

produced through glycolysis (Figure IA). Pyruvate is then actively transported into the 

mitochondrion where it is converted to acetyl CoA. Acetyl CoA then enters the citric acid cycle 

(TCA) cycle, leading to the release of ATP, NADH, and FADH2. NADH and FADH2 are 

oxidized through the electron transport chain on the mitochondrial membrane to produce ATP by 

oxidative phosphorylation which requires oxygen as the terminal electron acceptor. For each 

glucose molecule, respiration produces 36 ATPs while releasing water and carbon dioxide 

(Wilson et al. 1979; Flores et al. 2000). 

S. cerevisiae could produce energy through respiration, but fermentation is its preferred 

strategy to generate ATP when growing in a glucose-rich environment, regardless of the 

presence of oxygen (Waddell et al. 1999; Pfeiffer et al. 2001). This key metabolic trait of using 

fermentation over respiration likely evolved as an adaptive strategy in a situation where 

consuming sugars quickly provides a competitive edge over other micro-organisms. This is 

because, fermentation results in a higher rate of ATP production than respiration despite a lower 

net ATP yield (Waddell et al. 1999). A faster rate would provide an advantage in generating 

energy rapidly to promote faster growth (Pfeiffer et al. 2001). Furthermore, a by-product of 

fermentation is ethanol, and its release by the budding yeast into the local environment can 

provide a means to slow down the growth of other micro-organisms that are less tolerant to 

ethanol than budding yeast (Rozp~dowska et al. 2011 ; Thompson et al. 2013). As the glucose is 
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Figure 1: Key steps involved in respiration and fermentation of glucose. (A) The key processes 
involved in the respiratory metabolism of glucose include glycolysis which occurs in the cytoplasm, 
followed by pyruvate oxidation, citric acid cycle, and oxidative phosphorylation in the mitochondria. 
(B) Key steps involved in the fermentation of glucose include glycolysis followed by the reduction of 
pyruvate to ethanol. (C) Proposed pathway for ethanol and glycerol catabolism in budding yeast. 
Figure created with www.biorender.com. 

converted to ethanol, yeast cells can now take up ethanol and process it through 

respiration, further extracting additional energy out of each glucose molecule. The metabolic 

strategy described above is the Crabtree effect. It is the utilization of fermentation as the key 
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metabolic pathway to make ATP in spite of the presence of oxygen (Crabtree 1929; De Deken 

1966; Diaz-Ruiz et al. 2011). Once the fermentable sugar in the environment is depleted, yeast 

cells switch their metabolic programming to respiration to utilize ethanol and glycerol as their 

carbon source for ATP production (Causton et al. 2001). This change in metabolic programming 

is necessary because ethanol and glycerol are non-fermentable carbon sources, unlike glucose 

(Ohlmeier et al. 2004). 

Similar to what they are accustomed to in nature, the standard growth condition for 

budding yeast in the laboratory is a glucose-rich medium such as YPD (Figure 2). Under such 

media, yeast cells follow a predictable set of growth phases (Richards 1928). During the initial 

lag phase, cells are sensing nutrient availability and preparing to grow. Once the cells have 

adapted to the environment in which they sense glucose, they proliferate rapidly using 

fermentation to breakdown glucose and produce ATP and biomass. This phase is called the log 

or exponential phase. Once the glucose is consumed, the cells alter their metabolism to use non

fermentable carbon sources. This phase is called the diauxic-shift and is characterized by a 

change from fermentative to respiratory metabolism. In the post-diauxic phase, the growth rate is 

lowered, and respiration becomes the sole source of energy production. Lastly, after all the non

fermentable carbon sources are depleted, cells enter stationary where they are in a stable non

proliferating state until nutrients become available again. 
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During the post-diauxic growth, ethanol produced from fermentation is catabolized to 

generate energy (Strathem et al. 1982; Wills 1990). This process involves alcohol 

dehydrogenase, which converts ethanol to acetaldehyde that, in tum, is converted to acetate by 

acetaldehyde dehydrogenase. The acetyl CoA synthetase generates acetyl CoA by adding the 

cofactor coenzyme A to the acetate, thereby providing the acetyl group to the citric acid cycle 

(Krebs cycle) to be oxidized for energy production (Flores et al. 2000). Glycerol is another non

fermentable carbon source that is produced during fermentation, and therefore yeast has evolved 

to use it as a source of energy. During post-diauxic growth, glycerol is catabolized by the 

enzymes Gutl (a glycerol kinase) and Gut2 (mitochondrial glycerol-3-phosphate dehydrogenase) 

to produce DHAP, which enters the respiratory pathway to generate ATP (reviewed in Klein et 

al. 2017). 

To use non-fermentable carbon sources during the diauxic shift, major reprogramming of 

gene expression must occur to provide a metabolic switch from fermentation to respiration. 

Under exponential growth, cells upregulate genes required for fermentation and suppress those 
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1.3 

involved in respiration. But as cells transition to utilizing non-fermentable carbon sources such 

as ethanol and glycerol, they upregulate genes involved in respiration, while downregulating 

genes for fermentation (DeRisi et al. 1997; Roberts and Hudson 2006). In the budding yeast, 

three signaling pathways mediate the shift in carbon source utilization: PKA/RAS, TOR, and 

SNFl /AMPK. These pathways sense the differences in the level of fermentable carbon sources 

in the environment during cell growth and relay the information to bring about changes at the 

transcriptional level (reviewed in Galdieri et al. 2010a). Chromatin remodeling complexes such 

as the SAGA acetyltransferase complex, SWI/SNF nucleosome remodeling complex, and the 

RPD3 deacetylase complex have all been shown to be responsible for regulating gene expression 

involved in this metabolic shift (Canzonetta et al. 2016; Awad et al. 2017; Spain et al. 2018). 

Protein Arginine Methylation 

Proteins were first found to be methylated on arginine residues in 1967 (Paik and Kim 

1967), and subsequent studies have determined the enzymes involved in creating these 

methylarginines (reviewed in Clarke and Tamanoi 2006). Protein arginine methylation involves 

the addition of methyl groups onto arginine residues in the context of a protein. Arginine is a 

positively charged amino acid and can be methylated at each of its three side-chain nitrogen 

atoms. This modification leads to steric changes, reduced H-bonding capacity, and a slight 

reduction in its positive electrostatic potential (Tripsianes et al. 2011 ). These changes are thought 

to affect the interactions of the methylated protein' s with other proteins or nucleic acids and 
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consequently, regulate cellular processes that the methylated protein is involved in (reviewed in 

Bedford and Clarke 2009; Blanc and Richard 2017). 

1.3.1 Protein arginine methyltransferases (PRMTs) 

The enzymes that catalyze protein arginine methylation belong to a family called 12..rotein 

arginine methyl.transferases (PRMTs) (Figure 3). All PRMTs harbor the characteristic seven-beta 

strand motif common to methyltransferases. In addition, they have four conserved sequence 

motifs (I, post-I, II, and III) and the 'THW loop ' which are specific to PRMTs (Katz et al. 2003). 

PRMTs use S-adenosyl methionine (SAM) as the methyl group donor, and these enzymes are 

categorized into four types depending on the type of methylation they carry out (reviewed in 

Bedford and Clarke 2009). 

PRMTI 11:11 
P RMT3 I 11!!1 

P RMT5 

PRMT6 

PRJ\U7 I I I I I 
P RJ\'ITS l\lyristoyl - I 
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P RJ\U9 11·6 fAN I 
PR1\'IT10 

PRJ\U11 I 11·6 
I I I I 

II mI jl I 
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Signa ture PRl\'IT motifs: I' II II T HWLOO(l 

Figure 3: Family of protein arginine methyltransferase enzymes. There are currently 11 members 
of the PRMT family that share conserved catalytic domains which are displayed as black lines . 

Type I PRMTs can methylate an co-N to form a mono-methyl arginine (MMA) and then 

further methylate the same co-N to create an asymmetric dimethylarginine (aDMA). aDMAs are 
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the most prevalent methylarginines observed in all eukaryotes. In mammals, multiple enzymes 

(PRMTl , PRMT2, PRMT3, PRMT4, PRMT6, and PRMT8) can carry out this modification, 

whereas in budding yeast there is only one known enzyme (Hmtl) that carries out this 

modification. Similar to type I PRMTs, type II PRMTs also form MMA, but instead of adding 

the second methyl group to the same co-N, it is added to the other co-N to form symmetric 

dimethylarginine (sDMA). PRMT5 and PRMT 9 (in mammals) and Hsl7 (in the budding yeast) 

are known type II PRMTs. PRMT7 is the only type III PRMT and this type of PRMT forms 

MMA only (Jain and Clarke 2019). Type IV PRMTs methylate the 8-N instead of the co-N to 

form an MMA. A type IV PRMT has only been observed in the budding yeast ( the enzyme 

Rmt2) (Niewmierzycka and Clarke 1999). 
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Figure 4: The process of protein arginine methylation. Four types of PRMTs catalyze the formation 
of different methyl arginines; asymmetric dimethyl arginines (aDMA), symmetric dimethyl arginine 
(sDMA) or two different types of monomethyl arginines (MMA). 
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While multiple PRMTs of the same type are present in higher eukaryotes, their roles can 

be differentiated by their subcellular compartmentalization and substrate specificity (Baldwin et 

al. 2014). Nevertheless, the loss of a specific PRMT can lead to substrate scavenging, as was 

shown in the case of deletion of PRMTl in mammalian cell lines (Dhar et al. 2013). This 

observation reveals the underlying capability for a single substrate to be methylated by multiple 

PRMTs, including those that can carry out the same type of modification (e.g. , aDMA). 

Therefore, untangling the impact of a PRMT-catalyzed modification on the function of its 

substrate is a challenging task in mammalian cells. In S. cerevisiae, Hmtl is the only known type 

I PRMT. Moreover, HMTJ is a non-essential gene. This contrasts with its mammalian homolog 

PRMTl , which is required for viability in mice (Pawlak et al. 2000; Yu et al. 2009). Given these 

two important considerations, it follows that the budding yeast system allows for a 

straightforward approach to investigate the roles of type I PRMTs in biological processes. Given 

the extensive sequence conservation between mammalian and yeast PRMTl as well as their 

common substrates, findings extrapolated from yeast studies should be easily parlayed to the 

functions in higher eukaryotes. 

1.3.2 The predominant PRMT in budding yeast- Hmtl 

Yeast HnRNP Methyl!I"ansferase .! or Hmtl was first discovered through a genetic screen 

for proteins that interact with a heterogeneous nuclear ribonucleoprotein (hnRNP) called Npl3 

(Henry and Silver 1996). At the same time, this enzyme was also discovered by a second group 

(labeled it Rmtl) based on sequence similarity to human methyltransferases (Gary et al. 1996a). 

Hmtl exists as a hexamer or a trimer of dimers and this oligomerization of Hmtl is required for 
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its catalytic activity (Weiss et al. 2000). Hmtl is responsible for the majority (95%) of all SAM

dependent arginine methylation in budding yeast (Gary et al. 1996). A large cohort ofHmtl 

interactors and substrates have been identified using proteomic studies revealing that Hmtl plays 

multiple roles in a cell, ranging from transcription, translation, mRNA export to DNA repair, 

chromatin modification and mitochondrial function (Jackson et al. 2012; Yagoub et al. 2015; 

Low et al. 2016). The myriad of substrates in many different cellular processes makes studying 

Hmtl 's role in any specific process much more challenging, owing to the potential pleiotropic 

effects. As such, the approach of using methyl-specific point mutants in a substrate i.e. mutating 

arginine residues to a non-methylatable amino acid such as alanine, to study the impact of 

Hmtl 's function in a particular process is more interpretable than examining the Hmtl-null 

mutant. 

Hmtl preferentially methylates arginines within GAR (glycine and arginine-rich regions) 

motifs (Gary and Clarke 1998). These regions are usually solvent-exposed because of the polar 

nature of arginine, which makes them susceptible to interactions with other proteins or nucleic 

acids. As such, protein arginine methylation is known to modulate the way its substrates interact 

with other proteins and nucleic acids (Calnan et al. 1991 ; Luscombe et al. 2001). In most cases, 

this modification alters the degree of interaction rather than act as an on/off switch. 

Consequently, protein arginine methylation likely provides a mechanism for cells to fine-tune 

various cellular processes and the effects of protein arginine methylation are probably nuanced. 

Many previous studies have connected Hmtl ' s function to various aspects of gene 

expression. For example, one set ofHmtl substrates are RNA binding proteins that serve as 

messenger ribonucleoproteins (mRNP) during mRNA biogenesis (Yu et al. 2004a). Methylation 
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of these substrates promotes their co-transcriptional recruitment to target mRNAs. In addition, a 

number of ribosomal proteins are methylated by Hmtl , and this methylation is required for the 

stability of the ribosomes (Lipson et al. 2010). Proteomic studies analyzing physical binding 

partners or substrates of Hmtl have further identified proteins, such as chromatin modifying 

factors with known roles in the gene expression pathway(Jackson et al. 2012; Low et al. 2016). 

The vast number of substrates identified in these large-scale studies underscores the importance 

of this enzyme in the gene expression pathway. 

1.3.3 Regulation of protein arginine methylation 

Although, most PTMs are dynamically regulated with varying conditions (Spoel 2018). 

Past research on protein arginine methylation suggests that this modification is irreversible. The 

observed turnover rate of methyl-arginines on histones matched that of bulk histones indicating 

that protein turnover may be the only means for removing methyl-arginine marks (Byvoet et al. 

1972). However, recent studies on the methylation of mammalian substrates have shown this 

methyl mark to be dynamically modulated in vivo, implying the presence of a demethylation 

activity (Wesche et al. 2017). Despite this observation, no specific protein arginine demethylase 

has yet been identified. When considering the requirement for a demethylase or a yet-to-be

identified mechanism capable of reversing this modification, it should be noted that methylation 

is a very costly reaction in the cell and has a metabolic cost of twelve ATP molecules (Gary and 

Clarke 1998). As such, it would not be worthwhile for the cell to constantly turn over this 

modification. To address this outstanding question in the field, two mechanisms have been 

proposed based on empirical evidence (reviewed in Morales et al. 2016). 
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The first proposed mechanism for turning over arginine methylation is by an arginine 

demethylase. The existence of arginine demethylases has been controversial. Several lysine 

demethylases (KDM3A, KDM4E, KDM5C) have been demonstrated to possess arginine 

demethylation activity in vitro. However, there is no evidence of their ability to carry out the 

same reaction in vivo (Walport et al. 2016). Another enzyme, JmjD6 was identified as a histone 

arginine demethylase(Chang et al. 2007), but subsequent studies determined this enzyme likely 

functions as a lysine hydroxylase instead (Webby et al. 2009; Mantri et al. 2012; Unoki et al. 

2013). Nevertheless, JmjD6 has been suspected of possessing arginine demethylation activity. 

The second mechanism is an indirect method that modifies methyl-arginines to citrullines 

through enzymes called peptidyl arginine deiminases (PADs ). These enzymes convert peptidyl

arginine to peptidyl-citrulline, thereby inhibiting the addition of a second methyl group onto 

arginines (Cuthbert et al. 2004; Raijmakers et al. 2007). In contrast with a bona fide 

demethylase, the actions of PADs represent a pre-emptive mechanism to counter the potential of 

an MMA in becoming either aDMA or sDMA. This mechanism has been described only in 

higher eukaryotes (Vossenaar et al. 2003). In the budding yeast, no homologs of PADs have been 

identified. 

Regulation of Protein Arginine Methyltransf erases 
t.3.4 

Altering protein activities has been demonstrated to be a mechanism by which gene 

expression can be regulated in response to various environmental signals. In the case of protein 

arginine methylation, one way a cell can regulate the level of protein arginine methylation on a 

substrate is to tune PRMT activity. There are two ways a cell can alter PRMT function. The first 
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mechanism is through protein regulators. Most PRMTs have protein binding partners that can 

modulate their enzymatic activity or even change their substrate specificity (reviewed in Morales 

et al. 2016). For example, MEP50 binding to PRMT5 is required for PRMT5 activity in 

mammals (Friesen et al. 2002). However, in the budding yeast, it is unknown whether such a 

mechanism exists. The second mechanism for regulation of PRMT function is through post

translational modification of the PRMT. For example, when treated with an oxidant, cysteine 

residues (Cl0l and C208) on PRMTl can become reversibly oxidized to sulfenic acid (Morales 

et al. 2015). Such oxidized PRMT displays a different activity. Phosphorylation ofHmtl at 

serine 9 is dependent on nutrient levels and is mediated by the TOR pathway, which then affects 

Hmtl 's ability to oligomerize and is necessary for its catalytic function (Messier et al. 2013). 

PRMT 4 phosphorylation at serine 217 disrupts the binding of cofactor S-adenosylmethionine and 

methyltransferase activity(Feng et al. 2009). These modifications can thus affect the catalytic 

activity of the enzyme. 

1.3.5 Understanding the role of protein arginine methylation in RNA Pol III 

transcription 

Historically, the majority of functional studies on protein arginine methylation focused on 

histone modification and its consequences on transcription. To better characterize Hmtl 's other 

potential roles in gene expression, the Yu lab carried out a genome-wide localization study of 

Hmtl in the budding yeast (Milliman et al. 2012). This work revealed that Hmtl is enriched at a 

number of genes encoding ncRNAs including tRNAs. In yeast, tRNA genes are largely devoid of 

nucleosomes (Kumar and Bhargava 2013), and therefore this observation opened up new 
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grounds for understanding how arginine methylation contributes to transcription outside the 

context of histones. Furthermore, a comprehensive analysis of arginine methylation in Jurkat T

cells revealed arginine methylation of RNA Pol III subunits RPC4 and RPC7 (Geoghegan et al. 

2015). Together, these studies pointed to a potential role for Hmtl in the regulation of RNA Pol 

III transcription. Nevertheless, the molecular details and the mechanism by which Hmtl 

influences tRNA output is not known. Given the profound biological consequences surrounding 

transcriptional regulation of RNA Pol III, we set out to understand the molecular mechanisms by 

which Hmtl exerts its influence on RNA Pol III transcription. 
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Abstract 

Protein arginine methylation is an important means by which protein function can be 

regulated. In the budding yeast, this modification is catalyzed by the major protein arginine 

methyltransferase Hmtl. Here we provide evidence that the Hmtl-mediated methylation of 

Rpc31 , a subunit of RNA polymerase III, plays context-dependent roles in tRNA gene 

transcription: under conditions optimal for growth it positively regulates tRNA gene 

transcription, and in the setting of stress it promotes robust transcriptional repression. In the 

context of stress, methylation of Rpc31 allows for its optimal interaction with RNA Pol III global 

repressor Mafl. Interestingly, mammalian Hmt1 homologue is able to methylate one of Rpc31 's 

human homologue, RPC32~, but not its paralogue, RPC32a. Our data lead us to propose an 

efficient model whereby protein arginine methylation facilitates metabolic economy and 

coordinates protein-synthetic capacity. 
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2.1 Introduction 

In eukaryotes, RNA polymerase III (RNA Pol III) transcribes small, untranslated RNAs 

such as 5S rRNAs and tRNAs, highly abundant molecules that comprise of - 15% of total 

cellular RNA by weight and are requisite elements for protein synthesis (reviewed in Geiduschek 

and Tocchini-Valentini 1988; Turowski and Tollervey 2016; Lesniewska and Boguta 2017). The 

RNA Pol III transcription apparatus is highly conserved among eukaryotes. In the budding yeast 

Saccharomyces cerevisiae, the holoenzyme is composed of 17 subunits, 12 of which are either 

shared with or have homologs among the other RNA polymerases. Of the remaining five 

subunits, Rpc82, Rpc34, and Rpc31 form an RNA Pol III-specific trimeric subcomplex that 

contributes to transcription initiation (Werner et al. 1992; Thuillier et al. 1995). RNA Pol III is 

recruited to tRNA genes by two general transcription factors , TFIIIB and TFIIIC. The latter is a 

complex that recognizes sequence-specific promoter elements and guides the concerted binding 

of three TFIIIB subunits (TBP, Brfl , and Bdp 1) to the transcription start site. The resulting 

TFIIIB/C complex recruits RNA Pol III and contributes to the formation of an open promoter 

complex (Graczyk et al. 2018). 

RNA Pol III-mediated transcription is robust under optimal conditions. However, under 

non-favorable growth conditions or following exposure to other forms of stress, RNA Pol III 

transcription is repressed by the negative regulator Mafl (Upadhya et al. 2002). In the latter 

context, Mafl is dephosphorylated and then translocates from the cytoplasm to the nucleus, 

where it binds to and regulates the activity of RNA Pol III (reviewed in Boguta 2013; Willis and 

Moir 2018). Cryo-EM-based analysis of the structure of an RNA Pol III-Mafl complex revealed 
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that Mafl binding leads to rearrangement of the Rpc82/34/31 subcomplex (Vannini et al. 2010) 

and that this inhibits the interaction between Rpc34 and TFIIIB subunit Brfl , and thus prevents 

recruitment of RNA Pol III to promoters (Desai et al. 2005). 

The RNA Pol III machinery has been shown to undergo several types of post

translational modifications, and these have been implicated in its regulation (reviewed in 

Chymkowitch and Enserink 2018). Recently, a comprehensive proteomics analysis revealed that 

human RPC4 (yeast Rpc53) and RPC7 (yeast Rpc31) can undergo protein arginine methylation 

( Geoghegan et al. 2015). This modification is catalyzed by members of the protein arginine 

methyltransferase (PRMT) family of enzymes, which are divided into four subtypes based on the 

type of methylarginine formed (reviewed in Bedford and Richard 2005). PRMTl is the most 

conserved of the type I PRMTs, and it catalyzes the formation of monomethylarginine (MMA) 

and asymmetric dimethylarginine (ADMA). In yeast, Hmtl (also termed Rmtl) is the homolog 

of mammalian PRMTl and it is the only known type I PRMT in the budding yeast (Gary et al. 

1996b; Henry and Silver 1996). 

Our previous study revealed that Hmtl associates with the majority of tRNA genes in 

vivo and the tRNA abundance in Hmtl loss-of-function mutants are lower than in wild-type 

(HMTJ) counterparts (Milliman et al. 2012). However, the molecular mechanism by which Hmtl 

influences tRNA abundance remained unclear. In this study, we demonstrate that the degree of 

association of Hmtl with tRNA genes is dependent on the transcriptional activities of the latter. 

We also show that: Hmtl methylates Rpc31 in vitro; this ability is conserved in one of the two 

human homo logs of Rpc31 ; and under optimal growth conditions Rpc31 methylation promotes 

biogenesis of precursor tRNAs (pre-tRNAs) but in the setting of stress it represses the biogenesis 
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of these pre-tRNAs. Our finding further suggests that the observed difference in outcomes is due 

to Rpc31 methylation affecting the interaction between RNA Pol III and its repressor, Mafl. 

2.2 Results 

2.2.1 Hmtl occupancy at tRNA genes is correlates to RNA Pol III transcriptional activity 

In vivo, Hmtl is associated with many tRNA genes, and in both hmtl L1 and Hmtl-G68R 

(a catalytically inactive mutant ofHmtl) cells grown in rich medium, tRNA abundance is higher 

than that in their HMTJ counterparts (Milliman et al. 2012). These observations led us to 

investigate the relationship between the transcription of tRNA genes and the association of Hmtl 

with these loci. The transcriptional activity of tRNA genes is high in rich medium and low in the 

contexts of nutrient deprivation (Clarke et al. 1996), treatment with the antifungal compound 

chlorpromazine (CPZ) (Upadhya et al. 2002), and treatment with tunicamycin (Li et al. 2000). 

We subjected exponentially growing cultures of yeast cells expressing Myc-tagged Hmtl to each 

of these conditions and used chromatin immunoprecipitation (ChIP) to measure the extent to 

which Hmtl associated with tRNA genes before and after treatment (Fig. 5). This analysis 

revealed reductions in the association of Hmtl with these tRNA genes upon nutrient deprivation 

(Fig. 5A), treatment with CPZ (Fig. 5B), or treatment with tunicamycin (Fig. SC). In particular, 

the reduction in association following nutrient deprivation is similar to the reduction in 

occupancy seen for the RNA Pol III machinery under the same conditions (Roberts et al. 2003). 

We note that Hmtl occupancy in untreated samples across these treatments had varied level of 

occupancy and this is likely attributed to technical differences in the immunoprecipitation 

efficiency for each immunoprecipitation, as the background signals seen with the negative 
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control genes were also slightly higher as well. Nevertheless, the trend we observed for each of 

the three different treatments reflects a decreased association of Hmtl with tRNA genes that 

correlates to the levels of transcription of the latter. 
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Figure 5: Hmtl occupancy across tRNA genes is dependent on the transcriptional activity of the 
gene. Hmtl occupancy across tRNA genes was measured in yeast cells before and after nutrient 

deprivation (A), treatment with CPZ (B), or treatment with tunicamycin (C). qPCR results for products 

of chromatin immunoprecipitation are displayed in bar graphs. Percentage of input is calculated as 

L'iCT, with error bars representing the SEM of three biological samples (n=3). P-value as calculated by 

Student's t-test: *<0.05; **< 0.01 ; and ***<0.001. 
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2.2.2 Hmtl methylates the RNA Pol III subunit Rpc31 in vitro 

The RNA hybridization data for Hmtl-G68R hinted that a substrate of this 

methyltransferase may be crucial for Pol III transcription (Milliman et al. 2012). In hmtl L1 cells, 

the loss of methylation of such a substrate is likely responsible for the observed changes in tRNA 

levels. Examination of the amino acid sequences of all Pol III subunits for the presence of RGG 

tripeptides or RG repeats, which are common methylation motifs in substrates ofHmtl , 

identified Rpc3 las a candidate (Fig. 6A). Notably, this protein had previously been suggested as 

a putative Hmtl substrate based on another in silica analysis (Frankel and Clarke 1999). 

To test whether Rpc31 can be methylated by Hmtl , we utilized the yeast MORF 

(moveable ORF) expression plasmid collection (Gelperin et al. 2005) to overexpress and purify 

C-terminal epitope-tagged Rpc31 in the presence of endogenous Rpc31 expression. The rationale 

for choosing this approach is because 1) C-terminal tagging of endogenous Rpc31 has proven to 

be detrimental for cell growth, and 2) N-terminal tagging of Rpc31 is likely to interfere with the 

predicted methylation motiflocated close to the N-terminal end of the protein. The level of 

MORF-tagged Rpc31 is much more in abundance than endogenous Rpc31 , based on our 

immunoblot analysis (Fig. 6B). Using C-terminal epitope-tagged Rpc31 purified from HMTJ and 

hmtl L1 cells, we set up an in vitro methylation assay and our results revealed a signal 

corresponding to methylation of Rpc31 in only the Rpc31 purified from hmtl L1 cells (Fig. 6C, 

compare position of asterisk on the fluorograph in the HMTJ and hmtl L1 lanes). This is consistent 

with Rpc31 purified from hmtl L1 cells being in hypomethylated form and thus serving as a good 

substrate for in vitro methylation but Rpc31 purified from HMTJ cells being at least partially 

(and potentially fully) methylated and thus a poorer substrate for methylation in vitro. 
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Figure 6: Under optimal growth conditions, Hmtl methylates Rpc31 and loss of this modification 
adversely affects biogenesis of pre-tRNAs. (A) The amino acid sequence of yeast Rpc3 l with 
methylated arginines at positions 5 and 9 denoted in bold lettering. (B) Immunoblotting showing the 
relative levels of Rpc3 l-MORF to endogenous Rpc3 l was analyzed using lysates made from wild-type 
(WT) and hmtlL1 cells. Double asterisks denotes MO RF-tagged Rpc3 l and a single asterisk denotes 
endogenous Rpc3 l. The level of Pgkl is used as a loading control for the relative total protein levels 
loaded. 
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(C) In vitro methylation of Rpc3 l from the yeast MORF collection, following purification from wild
type and hmtl!J cells, using recombinant Hmtl and [methyl-3H]-SAM. The full protein complement in 
each reaction was resolved on a 4-12% SDS-PAGE; methylation was visualized by fluorography 
(arrow) and protein levels by Ponceau S staining. Recombinant GST-tagged Rps2 served as a positive 
control. (D) Biochemical purification of TAP-tagged Rpc82 from hmtl!J cells. (Top panel) Tandem
affinity purification (TAP) was performed from hmtl!J cells expressing TAP-tagged Rpc82. The 
purified proteins were resolved on a 4-12% SDS-PAGE and the gel was silver stained to determine the 
protein composition. (Bottom panel) The TAP-purified Rpc82 and associated proteins were subjected 
to an in vitro methylation assay using recombinant Hmtl and [ methyl-3H]-SAM. The full protein 
complement in each reaction was resolved on a 4-12% gel by SDS-PAGE. Methylation of Rpc3 l was 
visualized by fluorography and protein levels by Ponceau S staining. Recombinant GST-tagged Rps2 
served as a control. (E) In vitro methylation of GST-tagged wild-type Rpc3 l , Rpc31 RsK, Rpc31 R9K, and 
Rpc3 l R5,9K, following purification from E. coli, using recombinant Hmtl and [ methyl-3H]-SAM. 
Visualization of methylation and protein as in Part B. Recombinant GST-tagged Rps2 served as a 
positive control. (F) Fold change in levels of pre-tRNAs in hmtl!1 or Rpc3 l R5,9A vs wild-type cells 
under optimal growth condition in either synthetic complete (SC)+ glucose (for wild-type vs. hmtl!J 

cells) or YPD (for wild-type vs. Rpc3 l R5,9A cells), as assessed by hybridization ofprobes to intronic 
regions. Bars show abundance ofpre-tRNAs tL(CAA), tL(UAG), tP(UGG), and tY(GUA) in hmtl!J 

(left panel) or Rpc3 l R5
,
9
A (right panel) relative to those in wild-type cells. In each case, the signal was 

normalized based on levels of the U4 snRNA. Error bars represent the SEM of three biological 
replicates (n=3). P-value as calculated by Student's t-test: *<0.05 and **< 0.01. 

To demonstrate the physiological relevance of Rpc31 methylation, we carried out a 

tandem-affinity purification (TAP) of TAP-tagged Rpc82 that was expressed in hmtl L1 cells. Our 

purification results revealed Rpc34 and Rpc31 that were copurified with TAP-tagged Rpc82 in 

corresponding stoichiometry (Fig. 6D, top). When we subjected the entire TAP-purified fractions 

to an in vitro methylation assay, a signal that corresponds to the co-purified Rpc31 was detected 

(Fig. 6D, bottom). Thus, endogenous Rpc31 can be methylated when present as a complex along 

with Rpc34 and Rpc82 , which resembles a more physiological relevant condition that exists in a 

cell. Taken together, our data collectively demonstrated that Rpc31 is an in vitro substrate of 

Hmtl and is likely to be methylated by Hmtl under physiological conditions. 
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2.2.3 Hmtl methylates the Rpc31 arginines at positions 5 and 9 

To determine how arginine methylation influences Rpc31 function, it was necessary to 

identify the residues that are modified by Hmt1. Of the six arginines present in Rpc31 , only those 

in positions 5 and 9 are located within the N-terminal RGG motif (Fig. 6A). To test the 

methylation potential of these two arginines, we mutated them to lysines individually and in 

combination (Rpc31 RsK, Rpc31 R9K, or Rpc31 RS, 9K) and subjected recombinant Rpc31 harboring 

these substitutions to in vitro methylation (Fig. 6E). Our data revealed a reduction in the 

methylation signal for both Rpc31 RSK and Rpc31 R9
K (Fig. 6E, compare the signal from Rpc31 to 

Rpc31 RSK or Rpc31 R9K lanes) . Moreover, in the Rpc31 RS ,9K double mutant this signal was 

completely abolished (Fig. 6E, compare the signal from Rpc31 lane to Rpc31 RS,
9

K lane) . While 

each substitution had an impact on the total methylation of Rpc31 , it was clear that both 

arginines are methylated. 

2.2.4 In both hmtlA and Rpc31 Rs,9A mutants, the biogenesis of pre-tRNAs is impaired 

when cells are maintained under optimal growth conditions 

Our previous conclusions regarding RNA hybridization data for hmtl L1 cells maintained 

under optimal growth conditions, i.e. that tRNA levels increased in this context, were based on 

normalization to the Pol I transcript 5.8S (Milliman et al. 2012). We have since changed to using 

levels of the U4 snRNA transcript for normalization, for the following reasons: Firstly, Pol I and 

III are extensively coregulated (Li et al. 2000; Briand et al. 2001), making a Pol II transcript a 

potentially better means of assessing the impact of Hmt 1 on the transcriptional activities of Pol 

III. Secondly, the U4 snRNA, in particular, has been used in normalizing the results of RNA 
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hybridization studies investigating transcription by Pol III (Sethy-Coraci et al. 1998; Li et al. 

2000). Thirdly, the loss of Hmtl or its catalytic activity does not alter RNA Pol II-mediated gene 

transcription (Yu et al. 2004b ). 

We repeated our RNA hybridization assay, focusing on tRNAs that were bound by Hmtl 

and also contain introns. The presence of an intron on such tRNA allows us to follow the fate of 

the precursors by using a probe that binds to tRNA introns. This allows us to detect the earliest 

intermediate resulting from the transcription of these tRNA genes. When we normalized our data 

using U4, we found the levels ofpre-tRNAs to be lower in the hmtliJ vs. wild-type cells grown 

in both YPD and synthetic complete media supplemented with glucose (SC+glu). However, the 

differences seen in cells grown in YPD were smaller or not as consistent when compared to 

SC+glu grown cells. When hmtl iJ cells were grown in SC+glu, we consistently see a decrease in 

the levels of pre-tRNAs to be lower in the hmtl iJ cells across all four precursor tRNAs tested 

when compared to the wild-type cells (Fig. 6F, left panel). This is in contrast to our previous 

conclusions, based on normalization of the data to the levels of the 5.8S transcript. 

To determine whether methylation ofRpc31 is responsible for this change, we repeated 

the same experiment using a Rpc31 R5,9A mutant grown in YPD. Results from our RNA 

hybridization data demonstrated a consistent decrease in the levels of pre-tRNAs across the same 

four precursor tRNAs tested (Fig. 6F, right panel). Together, these findings suggest that Hmtl is 

required to promote transcription of the tested tRNA genes under optimal growth conditions, and 

that it does so by methylating Rpc31. 
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2.2.5 Investigating the repression of pre-tRNA biogenesis in hmtlA and Rpc31Rs,9A 

mutant strains. 
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C) Figure 7: In the context of stress, 
methylation of Rpc31 is required for 
robust. RNA hybridization was carried 

WT ~-~ '). ·: .. out for four pre-tRNAs in wild-type 
tRNA genes tested 

R59A. (WT) vs hmtl!J cells (A) or WT vs. 
• Pre-lL(CAA)Rpc3 1 - • Pre-tl (UAG) Rpc3 l R5,9A cells (B) grown in YPD-~\' J, • Pre-tP(UGG) 
• Pre-lY(GUA) before and after treatment with CPZ. 

hmf1i\, Ratios of signal intensities for each pre·:, -: . 
tRNA was individually normalized 

0 3 6 9 against three internal controls: U4, U3 , 

Fold Decrease Over Untreated and US. The normalized signals were 
plotted on a bar graph to compare against signal obtained from the untreated wild-type cells, which is 
set to 100%. Error bars represent the SEM of three biological replicates (n=3). P-value as calculated by 
Student's t-test: *<0.05, **< 0.01 , and ***< 0.001. (C) Fold decrease in expression of four candidate 
pre-tRNAs in wild-type (WT), hmtl!1 or Rpc3 l R5

,
9
A cells after treatment with CPZ, as assessed by 

hybridization of probes to intronic regions. Signal was normalized to levels of the U4 snRNA. Analysis 
of variance (ANOVA) revealed significant variation among the strains (p-value =1.4 x 1o-6

). Post hoc 

Tukey' s Honest Significant Differences method revealed a significant difference between WT and 
hmtl!J (after adjustment for the multiple comparisons, the adjustedp-value is 0.0014), WT and 
Rpc3 l R5

,
9

A (adjusted p-value is 2.8 x 10·6
). n= at least three per pre-tRNA. 
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In the context of stress, Pol III transcription is robustly repressed; this ensures cell 

survival by promoting metabolic economy (reviewed in Warner 1999). We examined the extent 

to which Hmtl contributes to this process by investigating the ability of the hmtl L1 and 

Rpc31 RS,
9

A mutants to repress tRNA biogenesis in the context of stress. For the four tRNA 

species examined in Fig. 6F, we carried out RNA hybridizations using total RNA extracted from 

cells grown in YPD before and after treatment by CPZ. For comparison, we calculated the 

percentage of pre-tRNA abundance for each strain and treatment, and compared these values to 

the one calculated from untreated wild-type cells. To ensure that our RNA hybridization results 

accurately reflects the levels of pre-tRNA examined, we employed two internal normalizing 

controls, U3 and U5 , in addition to U4. Both U3 and U5 have been used previously as internal 

controls for normalization of tRNA abundance (Moir et al. 2006; Arimbasseri et al. 2015). In the 

four pre-tRNAs examined, we saw that the loss ofHmtl compromised the cell 's ability to 

robustly repress pre-tRNA biogenesis in the context of stress (Fig. 7 A and Supplemental Fig. 

IA). This trend is also true for the Rpc31 RS,
9A mutants where diminished repression of pre

tRNAs was observed in the mutants versus those seen in wild-type cells (Fig. 7B and 

Supplemental Fig. IC). While there are slight variations depending on the use ofU3 , U4, or U5 

as normalizing controls, the overall trend in which tRNA repression is less robust in either hmtl L1 

or Rpc31 RS,9A mutants remains consistent. 

To better test the differences among the three strains for significance, we carried out 

Tukey' s HSD on U4-normalized RNA hybridization data. The results of this analysis is plotted 

as a violin plot (Fig. 7C) where the median point within the cluster of tRNA genes tested in both 

hmtl L1 and Rpc31 RS,
9

A mutants is lower than the one in the wild-type strain, indicating that both 

38 



mutants have a lower fold decrease of pre-tRNA abundance in their treated versus untreated 

samples. In other words, this plot implies an overall diminished repression in hmtl L1 and 

Rpc31 RS,
9A mutants (Fig. 7C). Hence, Hmtl-mediated methylation ofRpc31 contributes to the 

robust repression of pre-tRNA biogenesis in the context of stress, playing a role distinct from 

that under optimal growth conditions. 

Next, we set out to determine whether the attenuated repression of tRNA biogenesis 

observed in hmtl L1 and Rpc31 RS, 
9Amutants results from a change in Pol III occupancy at the 

relevant promoters. Using ChIP, we measured the in vivo occupancy of the same four tRNA 

genes by the RpcS2 and Rpc160 subunits of Pol III before and after treatment with CPZ. In both 

hmtl L1 and Rpc31 RS, 
9A point mutants under stress, RpcS2 and Rpc 160 occupancy at these tRNA 

genes are higher when compared to their levels seen in wild-type cells (Fig. SA and SB, compare 

the percentage of change in WT lanes to those in hmtl L1 and Rpc31 RS,
9A lanes). In addition, we 

carried out Tukey' s HSD on ChIP data from both RpcS2 and Rpc 160 in order to examine for 

significance with respect to their occupancy among the three strains. The resulting violin plot 

(Fig. SC) indicates the median point within the cluster ofRpcS2 and Rpc160 occupancy across 

the tested tRNA genes in both hmtl L1 and Rpc31 RS,
9A strains is lower than the wild-type, in the 

context of fold decrease between treated and untreated samples. What this result implies is that, 

under CPZ treatment, a higher RpcS2 and Rpc 160 occupancy in hmtl L1 and Rpc31 RS,
9A mutants 

is observed when compared to the wild-type (Fig. SC). It is likely that in the context of stress, a 

higher occupancy of Pol III in hmtl L1 and Rpc31 RS,
9Amutants is responsible for the higher levels 

of pre-tRNAs observed in these mutants. 
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• IL(CAA)G2 in vivo occupancy across the four
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• IP(UGG)A tRNA genes for Rpc82 (A) and 
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hmtlA, or Rpc3 l R5,9A cells before0 3 6 9 
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Fold Decrease Over Untreated 
displayed as bar graphs. Percentage 

of input is calculated by ~CT. The error bars representing SEM of three biological samples (n=3). P

value as calculated by Student's t-test: *<0.05; **< 0.01 , and ***<0.001. (C) Fold decrease in Rpc82 
and Rpc 160 occupancy for four candidate tRNA genes in wild-type (WT), hmtlA or Rpc3 l R

5
,
9
A cells 

after treatment with CPZ. qPCR was performed for products of ChIP on wild-type, hmtlA, or 
Rpc3 l R

5
,
9

A cells before and after treatment with CPZ. Percentage of input is calculated as ~CT. 
ANOVA on these values yielded significant variation among the three strains (p-value = 0.0015). Post 

hoc Tukey test revealed significant differences between WT and hmtlA cells (adjustedp-value is 5.4 x 
10-4

) , and between WT and Rpc3 l R5
,
9
A cells (adjustedp-value is 9.8 x 10-4

). n=3 per tRNA gene. 
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2.2.6 Arginine methylation of Rpc31 is important for its association with Mafl in the 

context of stress. 
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Figure 9: During stress, methylation of Rpc31 is required for the association of Pol III with its 
negative regulator Mafl. (A) Rpc3 l levels in yeast lysates generated from wild-type or hmtlL1 cells 
before and after treatment with CPZ, assessed by co-immunoprecipitation with an a-Rpc3 l antibody. 
The levels ofMyc-tagged Mafl-7SA were probed using an a-Myc antibody and the results are 
displayed in a bar graph. Error bars represent the SEM of three biological replicates (n=3). P-value as 
calculated by Student's t-test: *<0.05 and **< 0.01. (B) Rpc3 l and Myc-tagged Mafl-7SA levels in 
yeast lysates generated from wild-type or Rpc3 lR

5
,
9

A cells before and after treatment of CPZ, assessed 
using co-immunoprecipitation as in A (including the number ofreplicates). P-value as calculated by 
Student's t-test: *<0.05 and **< 0.01. (C) Rpcl60 and Rpc34 levels in complexes immunoprecipitated 
with a-Rpc3 l antibody. Samples were probed with a-Rpc 160, a-Rpc34, and a-Pgkl (as a negative 
control). (D) Hmtl physically interacts with Rpc3 l-containing complex. Co-immunoprecipitation of 
Rpc3 l was carried out using cell lysates generated from wild-type or hmtlL1 cells and resolved on a 4-
12% SDS-PAGE followed by immunoblotting using a-Hmtl , a-Rpc3 l , and a-Rpc34 antibodies to 
determine the levels of Hmtl , Rpc3 l , and Rpc34 present in the co-immunoprecipitates. The level of 
Pgkl was used as a negative control in the immunoprecipitation experiment. 

Arginine methylation plays a key role in mediating proper protein-protein interactions 

(Bedford and Richard 2005), and structural-functional studies have suggested that the 

recruitment of Pol III to target genes is inhibited by Mafl-mediated rearrangements of the 

Rpc82/34/31 subcomplex (Vannini et al. 2010). Thus, we hypothesized that Rpc31 methylation 

plays a key role in the biochemical association of Pol III with Mafl during stress. We tested this 

hypothesis by using a-Rpc31 antibodies to immunoprecipitate proteins from yeast lysates 

prepared from cells expressing a Myc-tagged Mafl-7SA (Fig. 9A and 9B). Mafl-7SA is a 

functional mutant that cannot be phosphorylated by PKA/Sch9 (Huber et al. 2009). It is 

constitutively localized in the nucleus (Lee et al. 2009) and, as such, provides an enhanced 

readout for our coimmunoprecipitation studies. Following treatment with CPZ, the association of 

Mafl-7SA with Rpc31 in hmtl L1 cells was - 40% lower than that in their wild-type counterparts 

5(Fig. 9A). The same effect was observed with the Rpc31 R ,9Amutant (Fig. 9B). Our co

immunoprecipitation likely pulled down the entire Pol III complex, as we were able to detect 
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both Rpc34 and Rpc160 in our co-immunoprecipitates (Fig. 9C). To determine whether Hmtl 

physically associates with the RNA Pol III, we carried out a co-immunoprecipitation experiment 

using a-Rpc31 antibodies. We were able to capture a weak but clear association between Hmt 1 

and RNA Pol III complex (Fig. 9D). The level of captured Hmtl association with RNA Pol III 

maybe reflective of Hmtl 's role as an enzyme, where its interaction with a substrate may be too 

transient to be completely captured. Overall, our data led us to infer that arginine methylation of 

Rpc31 promotes the interaction between Pol III and Mafl , and that this association is key to 

achieving robust repression of tRNA gene transcription in the context of stress. 

A genome-wide study had previously revealed that Mafl associates with all Pol III loci in 

a regulated manner, and that this association is enhanced under conditions of Pol III repression 

(Roberts et al. 2006). To determine whether this association is changed in hmtl L1 and Rpc31 RS,
9

A 

mutants, we performed ChIP on the four tRNA genes tested above using a Myc-tagged Mafl 

(Fig. 1 0A). In both hmtl L1 and Rpc31 RS ,
9A mutants, we observed a curtailed increase in Mafl 

occupancy across the tRNA genes after the CPZ treatment when compared to the wild-type cells 

(Fig. l0A, compare the percentage input in hmtl L1 and Rpc31 RS ,
9A lanes to WT lanes). To 

determine the significance of Mafl occupancy change within these three strains, we carried out 

Tukey' s HSD on Mafl ' s ChIP data in a similar manner as above. The resulting violin plot (Fig. 

1OB) support the notion that Mafl occupancy across the tested tRNA genes display a decreased 

median point in both hmtl L1 and Rpc31 RS ,
9A mutants, in the context of fold increase between 

treated versus untreated samples. The results from this analysis implied a lower Mafl occupancy 

in hmtl L1 and Rpc31 RS,
9

A mutants in the context of stress when compared the wild-type cells 

(Fig. l0B). 
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Figure 10: Decreased Mafl 
occupancy at tRNA genes is WT ..... .. observed in hmtlA and Rpc31R5,9A 

tRNA genes tested cells under stress. (A) Mafl 
R59A • tl(CAA)G2

Rpc31 ,,. .. • tl(UAG)J occupancy across the four tRNA 
• tP(UGG)A 
• tY(GUA)D genes was determined by ChIP. qPCR 

results for products of ChIP
hmm, .. . . -· - performed on wild-type, hmtlA, or 
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0 3 6 9 

treatment of CPZ are displayed as bar 
Fold Increase Over Untreated 

graphs. Percentage of input is 

calculated by L'iCT. The error bars representing SEM of three biological samples (n=3). P-value as 
calculated by Student's t-test: *<0.05; **< 0.01 , and ***<0.001. (B) Fold increase in Mafl occupancy 
of four candidate tRNA genes in wild-type (WT), hmtlA or Rpc3 l R5

,
9

A cells after treatment with CPZ. 

qPCR was performed on products of ChIP in WT, hmtlA, or Rpc3 l R5
,
9

A cells before and after treatment 

with CPZ. Percentage of input was calculated as L'iCT. ANOVA on these values revealed significant 

variation among the three strains (p-value = 4.6 x l o-6
). Post hoc Tukey test revealed significant 

difference between WT and hmtlA (adjustedp-value is 8.6 x I0-4) , and between WT and Rpc31R5,9A 

(adjustedp-value is 3.7 x 10-6
) . n=3 per tRNA gene. 

Taken together with the ChIP data obtained for Rpc82 and Rpc160, our observation of a 

reduced Mafl occupancy in the hmtl L1 and Rpc31 RS,
9

A mutants lend support to the notion that 

Mafl is not able to fully repress the transcription of tRNA genes in these cells upon exposure to 

stress. This is likely due to the inability of Mafl to fully engage in its association with a non

methylated Rpc31 based on findings from our biochemical data above. 
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2.2.7 The human orthologue of yeast Rpc31, RPC32p, is methylated by PRMTl in vitro. 

A) 
Figure 11: Mammalian PRMTl

C.elegans MXKNLLKFQ 
D.melanogaster -------- methylates human Rpc31 homolog 
S .cerevisiae ---------

~Human --------- RPC32~, but not RPC32a. (A) 
N Mouse ---------
tl Rat --------- Sequence alignment ofN-terminal amino 
~ Xenopus ---------

Zebrafish --------- acid sequences of yeast Rpc3 l with its 
Human 

2 Mouse homologs in C. elegans, D.
t) Rat 
~ Xenopus melanogaster, and various mammalian 

Zebra fish 

species. Arginines on yeast Rpc3 l that 
are colored red represent the identified 
methylated arginine and are conserved in 
RPC32~. (B) Wild-type RPC32~ and 
RPC32a were purified from E. coli and 
then subjected to in vitro methylation by 
rat PRMTl and [ methyl-3H]-SAM. In 

parallel, methylarginine substitution 
50 

mutants of RPC32~ (R4K, R8K, and R4, 

- 30 8K) were also tested. The arrow on the 

fluorograph denotes methylated RPC32~. 
RBP16 served as a positive control for Fluorograph 
the in vitro methylation. The protein 
loading levels for each sample are shown 
by Ponceau S staining of the sameI =---==~=1: 
membrane prior to fluorography, with the 
arrow denoting the substrate tested. 

Ponceau S 

The yeast ortholog ofRpc31/34/82 in humans is RPC32/39/62 (Wang and Roeder 1997; 

Hu et al. 2002). Of all the subunits of vertebrate RNA Pol III, RPC32 is the only one for which 

two paralogs exist: RPC32a and RPC32~ (Haurie et al. 2010). An alignment of the amino acid 

sequence of the Rpc31 N-terminus in orthologs from various eukaryotic species indicates that its 

methylarginines are conserved in RPC32~, but not RPC32a (Fig. 1 lA). To determine whether 

arginine methylation of Rpc31 is conserved, we performed an in vitro methylation assay, using 
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rat PRMTl to methylate both RPC32a and RPC32~ (Fig. 1 lB). A signal corresponding to 

methylation was observed for RPC32~, but not RPC32a, in the presence of rat PRMTl (Fig. 

1 lB). To determine whether either or both of the conserved arginines on RPC32~ is methylated, 

we generated arginine-to-lysine substitutions in RPC32~ to mimic the residues in Rpc31. We 

observed a significant reduction in the methylation signal from both the RPC32~R4K and 

RPC32~RSK mutants (Fig. 1 lB). As in the case of the Rpc31 RS, 9K double mutant, the methylation 

signal was completely abolished in the RPC32~R4,sK double mutant (Fig. 1 lB). Overall, our data 

demonstrated that the arginine methylation ofRpc31 is conserved in RPC32~, but not in 

RPC32a. 

2.3 Discussions 

2.3.1 The roles of arginine methylation of Rpc31 in controlling RNA Pol III transcription 

is dynamic 

Determining how arginine methylation is regulated remains the greatest challenge in the 

field because it requires the existence of enzymes capable of demethylating methylarginines 

(reviewed in Wesche et al. 2017). There is no evidence that budding yeast has an enzyme that 

directly removes the methyl moieties from arginines, casting doubt on the reversibility of this 

modification in yeast. However, one can argue that if arginine methylation of a substrate can 

promote distinct outcomes for a biological process ( e.g. Pol III transcription) based on the 

specific trigger ( e.g. nutrient or stress signaling), a lack-of-turnover mechanism may actually be 

better in achieving a higher efficiency and specificity in tuning a biological process. In addition, 
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arginine methylation has a substantial metabolic cost (12 ATPs are required), and thus a rapid 

reversal of this modification is not energetically favorable (Gary and Clarke 1998). Given this 

rationale, it is tantalizing to speculate that a mechanism bypassing the need for a demethylase 

might be involved, with the same modification resulting in distinct outcomes based on biological 

signals. Our data show that in cells responding to stress the methyl marks on Rpc31 leads to 

robust repression of Pol III, and that they do so by facilitating proper binding between Pol III and 

Mafl , but that under optimal growth conditions they ensure high-level transcription by Pol III. 

Although the underlying molecular mechanism is not yet clear, these marks could potentially 

influence how Pol III interacts with transcription factors at the pre-initiation complex. Given that 

Mafl is present in the cytoplasm in cells undergoing optimal growth, it would not interfere with 

the interaction between methylated Rpc31 and transcription factors in this context. Thus, it is 

possible that Rpc31 methylation plays both positive and negative roles in Pol III transcription by 

participating in distinct biochemical interactions. Given the strong conservation of arginine 

methylated substrates in yeast and higher eukaryotes, it is possible that a similar scenario 

explains the lack of a bona fide demethylase in the latter. Further research is needed to unravel 

the functional roles of individual methyl marks in these substrates and to better understand the 

prevalence of such scenarios in yeast and higher eukaryotes. 

2.3.2 Biological significance stemming from a change in tRNA biogenesis 

tRNAs are among the most abundant molecules in a cell. They are heavily modified by a 

large network of proteins that collectively process the pre-tRNA into a stable, mature tRNA 

(reviewed in Phizicky and Hopper 2010). In addition, some tRNA modifications can be altered 
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by changing Pol III activity, and this can lead to non-uniform changes in tRNA function that 

might have an impact on the translation profiles of specific mRNAs (Arimbasseri et al. 2016). 

Whereas a lack of Rpc31 methylation does not seem to be detrimental under conditions optimal 

for growth, it is possible that it alters the tRNA modifications and the translational profile that is 

required for an appropriate response to stress. On the other hand, an increase in abundance of a 

tRNA due to a defect in arginine methylation of Rpc31 could potentially lead to the futile cycling 

oftRNAs, thereby leading to wasted expenditure of energy as was previously observed in mice 

lacking the repressor MAFl (Bonhoure et al. 2015). 

2.3.3 A working model for how RPC32p methylation controls cellular homeostasis 

Under normal growth conditions, RPC32~ is ubiquitously expressed but not RPC32a. In 

undifferentiated and transformed cells, however, RPC32a expression is the highest (Haurie et al. 

2010). The data from our yeast work show that Rpc31 methylation promotes its repression by 

Mafl during stress. Therefore, the existence of two mammalian Rpc31 isoforms in which one 

can be methylated (RPC32~) but not the other (RPC32a) suggests a potential interplay between 

these isoforms in orchestrating a desired functional outcome in cellular homeostasis. One 

possible scenario for this interplay is that the level of methylated versus unmethylated RPC32 

shifts the levels of Pol III isoforms available for MAF I-mediated repression. In other words, 

cells that express a high level of RPC32a, which lacks the methylation motif required for robust 

repression by MAFl , will dilute the overall level ofRPC32~-incorporated Pol III isoforms 

available. As a consequence, there will be an increase the level of RPC32a-incorporated Pol III 

isoforms in these cells. Isoforms of Pol III that incorporate either RPC32a or RPC32~ target the 
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same genes (Renaud et al. 2014), but having a RPC32a-incorporated Pol III isoforms will make 

it less susceptible to regulation by MAFl because of a lack in its methylation motif In tumor 

cells, more RPC32a-incorporated Pol III isoform will be refractory to MAFl-mediated 

repression, thereby meeting the high demands of RNA Pol III transcription in tumor cells. 

Indeed, MAFl expression and activity inversely correlates with the oncogenic activity (Shor et 

al. 2010; Palian et al. 2014). 

2.4 Materials and Methods 

2.4.1 Yeast strains used in this study 

All yeast strains used are listed in Table S 1. All plasmids used are listed in Table S2. All primers 

used are listed in Table S3. Cells were grown at 30°C on YPD medium except for the RNA 

hybridization assay of hmtl L1 cells depicted in Fig. 6F, in which these cells were grown at 30°C 

on synthetic complete (SC) + glucose. Genomic deletions were generated, and epitope tag 

cassettes were integrated, as previously described (Yu et al. 2004b ). 

2.4,2 Tandem affinity purification of Rpc82 

Tandem affinity purification of TAP-tagged Rpc82 from hmtll1 cells was carried out exactly as 

described previously (Jackson et al. 2012). The purified protein was dialyzed in lxPBS/15% 

glycerol overnight, and the dialyzed fraction was then concentrated in a 10 kDa MWCO Amicon 

Ultra 0.5 mL protein concentrator (Millipore). The concentrated samples were stored at -80°C 

prior to use. 
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2.4.3 In vitro methylation assay 

The GST fusion proteins used as substrates for methylation were expressed in the E. coli strain 

Rosetta DE3 (Novagen) and were purified with glutathione-Sepharose beads (GE Healthcare) 

according to the manufacturer 's protocol. The GST tag was cleaved with Thrombin and in vitro 

methylation assays were performed in a total volume of 20µ1 with 4µg of substrate, 2.7ug of 

Hmtl enzyme purified from E.coli, and 2.75µCi of S-[methyl-3H] adenosyl-L-methionine (55 to 

85 Ci/mmol; PerkinElmer), lmM DTT in I x methylation buffer [150 mM NaCl, 50 mM Tris

HCl (pH 8), 1 mM EDTA]. Reactions were incubated at 30°C for 3 hours, resolved by SDS

polyacrylamide gel electrophoresis, and then transferred to PVDF membranes. The membranes 

were sprayed with EN3HANCE (PerkinElmer) before being exposed to Kodak BioMax MS film 

with a BioMax TranScreen LE Intensifying Screen at -80°C for two weeks and subsequently 

were developed. 

2.4.4 RNA hybridization assay 

Yeast strains were grown to log phase (OD;::; 1.8), and one-half of the culture was treated with 

Chlorpromazine (CPZ) for an hour. The treated and untreated cells were harvested at an OD;:::;2.3 , 

and stored at -80°C. To extract RNA, the hot phenol method was used as previously 

described(Collart and Oliviero 2001). For RNA hybridization analysis, 20µg of total RNA was 

resolved on an 8% PAGE-urea (7.5M) gel and then transferred to HybondN+ Nylon membranes 

(GE Healthcare) using Bio-Rad semi-dry transfer (150 mA for 1hr). The membranes were then 

UV-crosslinked with a Stratalinker using the Optimal Crosslink setting. Membranes were 

hybridized in 3X SSC, IX Denhardt's, 0.5% SDS, and l00µg/mL sheared salmon sperm DNA 

overnight at 37°C with 32Pend-labeled oligonucleotide probes (see Table 3 for sequences). After 
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hybridization, membranes were washed with 2X SSC/0.1 % SDS buffer at 37°C. The membranes 

were exposed to PhosphorStorage screens, scanned with a Phosphorlmager (Molecular 

Dynamics), and quantified using the ImageQuant software. 

2.4.5 Rpc31-MORF overexpression 

For movable ORF (MORF) plasmid-containing yeast strains, cells were first cultured synthetic 

complete (SC) minus uracil and then the expression ofMORF-tagged Rpc31 was induced for 6 

hours by the addition of 2x YEP with 2% sucrose and 2% galactose. To determine the relative 

levels ofMORF-Rpc31 to endogenous Rpc31 , diluted lysates made from induced yeast cultures 

were resolved by the SDS-P AGE, transferred to a nitrocellulose membrane, and then blotted 

with antibodies against Rpc31. 

2.4.6 Chromatin immunoprecipitation (ChIP) 

Yeast strains were grown to log phase (QD;:::; 1.8), and one-half of the culture was treated 

with CPZ for an hour. The treated and untreated cells were subjected to the ChIP protocol at an 

QD;:::;2.3. Cells were diluted to an QD;:::;0.4 and crosslinked with 1 % formaldehyde for 20 minutes. 

ChIPs were performed as described previously (Lei and Silver 2002; Michael et al. 2004), except 

for the sonication condition (Branson Digital Sonifier 450, 3mm tapered microtip, 20% 

amplitude, 20 s pulse followed by 55 s pause for15 cycles). For each IP, anti-myc (Thermo

Fisher cat# MS 127P, Sul), a-Rpb3 (Neoclone cat#W0012, 3ul) or anti-IgG (Jackson 

ImmunoResearch cat# 209-005-082, Sul) antibodies were coupled to protein A-Sepharose beads. 

qPCR was performed on a Bio-Rad MyiQ5 real-time thermal cycler in 20µ1 reactions 

with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), 2µ1 of DNA sample (input or 
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IP), and primers at a final concentration of0.25µM for each primer. Percent of input was 

calculated using the ~CT method, and statistical testing was performed by Student's t-test. All 

values reported are the mean of three biological replicates (n = 3), with error bars indicating the 

standard error of the mean. All the primers used in the real-time PCR experiments are listed in 

Table S3. 

2.4.7 RT-qPCR 

Total RNA was extracted with TRIZOL reagent, followed by treatment with 10 U of 

RNase-free DNase for 30 min at 37 °C. The resulting mixture was then further extracted with 

phenol: chloroform: isoamyl alcohol and resuspended in nuclease-free water. Reverse 

transcription was performed on 250 ng of RNA with Superscript III (Thermo-Fisher), primed 

with 0.25µg oligo-dT (12-18) and 0.0 µg random hexamer, for one hat 50 °C. The resulting 

cDNA was treated with 5 U ofRNase H for 30 min at 37 °C and then heat inactivated for 20 min 

at 70 °C. qPCR was done as described in Section 2.2, using 2µ1 of cDNA (which equals to 

approximately 2.5 ng ofreverse-transcribed RNA). No-RT controls were performed in parallel. 

Statistical testing was performed using ANOVA and post hoc Tukey's test, using the R statistical 

analysis software. All values reported are the mean of three biological replicates (n=3). 

2.4.8 Yeast co-immunoprecipitation (CoIP) 

Yeast strains were grown to log phase (ODGOo;:::; 1.8), and one-half of the culture was 

treated with CPZ for one hour. The a- Rpc31 antibody was crosslinked to magnetic beads 

(Dynabeads™ M-280 Tosylactivated, cat# 14203) using the protocol provided by the 

manufacturer. Lysates were generated using FastPrep (MP Biomedical) in PBSMT (lx PBS, 3 
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mM KCl, 2.5 mM MgCh, 0.5% Triton X-100) containing 10 µg/mL RNase A and protease 

inhibitors (lmM phenylmethylsulfonyl fluoride, 1.3mM benzamidine, 2.5 µg/ml each of 

leupeptin, chymostatin, antipain, pepstatin A, and aprotinin). The lysates were brought to a total 

protein concentration of 10 mg/ml and incubated with a-Rpc31-crosslinked beads for 2 hours at 

4°C, followed by three washes with PBS, 0.5% Triton X-100, and 2.5mM MgCh. Bound protein 

was eluted in SDS gel loading buffer and resolved on a NuPAGE 4-12% Bis-Tris gradient gel 

(Life Technologies). The protein was transferred to a nitrocellulose membrane, which was 

probed with relevant antibodies, developed using the Clarity Western ECL kit (Bio-Rad), imaged 

using the Bio-Rad ChemiDoc system, and quantified using the Bio-Rad ImageQuant software. 
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2.5 Supplemental 

A) 5D+Glucose 

B) 
Untreated (YPD) 

CPZ-treated (YPD) 

□~□GC'II~ ~'II~~'(~~,
Pre-t4CAA) Pre-tL(UAG) Pre-tP(UGG) Pre~YIGUA) U4 US U3 

C) 

Untreated (YPD) 

CPZ-treated (YPD) 

Figure 12: RNA 
hybridization data 
from wild-type, hmtlA, 
and Rpc31 Rs,9A cells 

before and after CPZ 
treatment. Total RNAs 
were extracted from 
wild-type, hmtlA, and 
Rpc3 l R5,9A cells before 

and after CPZ treatment. 
1Oµg of RNA from each 
biological sample is 
loaded and resolve by an 
8% urea-TBE gel and 
were transferred onto 
nylon membrane and 
subjected to RNA 
hybridization using 
radio labeled 
oligonucleotide probes 
corresponding to 
precursor tRNAs of 
tL(CAA), tL(UAG), 
tP(UGG), and tY(GUA). 
As a control for loading, 
the blots were also 
probed for U3 , U4, and 
US. Sample 
hybridization data from 
wild-type vs. hmtlA 
grown in SD-glucose(A) 
wild-type vs. hmtlA 
grown in YP-glucose(B) 
or vs . Rpc3 l R5,9A in YP

glucose (C) before and 
after CPZ treatment 
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Table 1: Yeast strains used in the study 

Strain ID Name 

MYY2899 Rpc82-9Myc 

MYY 3104 Rpc82-9myc, 
Rpc31Rs,9A 

MYY2896 Rpc82-9Myc, 
hmtlt,,. 

MYY 3105 Rpc l 60-9myc 

MYY 3109 Rpc l 60-9myc, 
Rpc31 Rs,9A 

MYY3114 Rpc l 60-9myc, 
hmtlt,,. 

MYY3134 Mafl-9myc 

MYY3119 Mafl-9myc, 
Rpc31Rs,9A 

MYY3136 Mafl-9myc, 
hmtlt,,. 

MYY 3165 Hmtl-9myc 

MYY3036 Mafl 7SA-
13Myc 

MYY3040 Mafl 7SA-
13Myc, 

Rpc31Rs,9A 

MYY3042 Mafl 7SA-
13Myc, hmtl/',,. 

MYY 1480 WTpGAL-
Rpc31 

MYY 1482 hmtJt,,.pGAL-
Rpc31 

MYY2634 Wild-type 

MYY2638 Rpc31Rs,9A 

MYY2640 hmtlt,,. 

Genon:,ue 
his3!',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

RPC82-9Myc: :KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

RPC82-9Myc:: KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 
RPC82-9Myc:: KanMX4 hmtl!',,.::NAT 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

RPCJ60-9Myc:: KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

RPCJ60-9Myc:: KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

RPCJ60-9Myc:: KanMX4 hmtl!',,.::NAT 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

Mafl-9Myc: :KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

Mafl-9Myc: :KanMX4 
his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 

Mafl-9Myc::KanMX4 hmtl!',,.::NAT 
his3/',,.J leu2/',,.0 met] 51',,.0 ura3/',,.0 Hmtl 

9myc::Kan 
his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 

KanMX4 maflt,,.:Hph 

his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 
KanMX4 maflt,,.:Hph 

his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 
KanMX4 maflt,,.:Hph hmtl!',,.::NAT 

his3/',,.J leu2/',,.0 lys2/',,.0 ura3/',,.0 RPC31-
mORF 

his3/',,.J leu2/',,.0 lys2/',,.0 ura3/',,.0 
hmtl/',,.: :HISRPC3l-mORF 

his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 
KanMX4 

his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 
KanMX4 

his3/',,.J leu2/',,.0 ura3/',,.0rpc31/',,.:: 
KanMX4 hmtl!',,.::NAT 

Plasmids Use 

MYP 643 ChIP 

MYP 713 ChIP 

MYP 643 ChIP 

MYP 643 ChIP 

MYP 713 ChIP 

MYP 643 ChIP 

MYP 643 ChIP 

MYP 713 ChIP 

MYP 643 ChIP 

ChIP 

MYP CoIP 
643 , 

MYP 900 
MYP CoIP 
713, 

MYP 900 
MYP CoIP 
643 , 

MYP 900 
MYP452 in vitro 

methylation 
MYP452 in vitro 

methylation 
MYP 643 Northern 

Blotting 
MYP 713 Northern 

Blotting 
MYP 643 Northern 

Blotting 
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Table 2: Plasmids used in the study 

Plasmid ID Name Parent Reference 
pMY452 GAL-Rpc31 From the Open BioSystems Mobile ORF 

Collection (55Fl) 
pMY643 Rpc3 l genomic pRS313 This work 

clone 
pMY713 Rpc31Rs,9A pRS313 This work 

pMY716 pGEX-Rpc31 pGEX-4T-l This work 

pMY749 pGEX-Rpc31R5K pGEX-4T-l This work 

pMY750 pGEX-Rpc31R9K pGEX-4T-l This work 
5pMY751 pGEX-Rpc3 l R ,9K pGEX-4T-l This work 

pMY909 Mafl 7SA-13Myc pRS314 A gift from Ian Willis 

Table 3: Primers used in the study 

ID Seguence Descriution Use 
604 TCTCAAGATTTCGTAGTGATAAA tY(GUA) intron Northern 

probe probe 
693 GCTTTGTCTTCCTGTTTAGTCAGGAAG tP(UGG) intron Northern 

probe probe 
748 GATATCAGAGATTTTAGAGGTTAAATCCACCT tL(UAG) intron Northern 

probe probe 
2617 CCAAACAACCACTTATTTGTTGA tL(CAA) intron Northern 

probe probe 
2618 CACCGAATTGACCATGAGGAGACGGTCTGG U4snRNA Northern 

probe probe 
384 GAAAAAGTGGGATTCTGCCTGTGG No ORF sense qPCR 

385 GTTTGCCACAGCGACAGAAGTATAACC No ORF qPCR 
antisense 

553 TGCATAGACGAGCAGCTTATCCCA tL(CAA)G2 qPCR 
sense 

554 GCTCGGCCAAACAACCACTTATCT tL(CAA)G2 qPCR 
antisense 

1052 ATACAATGTGGCTCGGCTACAAATC tK(CUU)Gl qPCR 
sense 

1053 TGGGACTCTTAGAAGGGAAATAGCTCT tK(CUU)Gl qPCR 
antisense 

1090 CCAATTTTTGATAAGCCACCCTGA Tral sense qPCR 

1091 CGTAATTTCTAAGGTCTTGTTCTCCCA Tral antisense qPCR 

1305 CCATCTGACTTTGGCATCAATCCCT tL(UAG)J sense qPCR 

1306 TTAAACCACTCGGCCAAACTCCCA tL(UAG)J qPCR 
antisense 
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ID Seguence 
2772 GCGTGTGGTCTAGTGGTATG 

2773 GGCGAGCTGGGAATTGAA 

2774 CCTGCGTTTCCGTTAAACTATC 

2775 GTATGGTCACCCACTACACTAC 

2776 GAGATACAACACCTCGCAAGAA 

2777 ACGCCCGATCTCAAGATTTC 

2799 CCAATGTATACAACTAACCGATATCCA 

2800 AGGTTCGAACTCGGGATCTT 

2801 GATAGCAAGTACAAGAGAGTACTACAG 

2802 CCCTGACATTTCGGTATCCTT 

2803 TAGCTCGCGTGGCGTAAT 

2804 GCGCCCATTCTGACCATTAAA 

2805 GTTCACATAATTGAGTTAGAGCTTG 

2806 GAACCGATGATCTCCACATTAC 

1379 CCGAACAAACATGAGTTCTTATAAGGGCGGCAGTA 
G 

1380 CTACTGCCGCCCTTATAAGAACTCATGTTTGTTCGG 

1371 AGGGGCGGCAGTAAAGGTGGCGGG 
1372 CCCGCCACCTTTACTGCCGCCCCT 

1377 CCGAACAAACATGAGTTCTTATAAGGGCGGCAGTA 
AAGGTGGCGGG 

1378 CCCGCCACCTTTACTGCCGCCCTTATAAGAACTCAT 
GTTTGTTCGG 

1375 CCCGAACAAACATGAGTTCTTATGCTGGCGGCAGT 
GCAGGTGGCGGGAG 

1376 CTCCCGCCACCTGCACTGCCGCCAGCATAAGAACT 
CATGTTTGTTCGGG 

Descriution Use 
tP(UGG)A qPCR 

sense 
tP(UGG)A qPCR 
antisense 
RDN5-l qPCR 

sense 
RDN5-l qPCR 
antisense 

tY(GUA)D qPCR 
sense 

tY(GUA)D qPCR 
antisense 

tV(UAC)B qPCR 
sense 

tV(UAC)B qPCR 
antisense 

tK(UUU)G2 qPCR 
sense 

tK(UUU)G2 qPCR 
antisense 

tR(UCU)D qPCR 
sense 

tR(UCU)D qPCR 
antisense 

tT(AGU)D qPCR 
sense 

tT(AGU)D qPCR 
antisense 

RPC3 l RSK sense Cloning 

RPC31R5K Cloning 
antisense 

RPC3 l R9Ksense Cloning 
RPC31R9K Cloning 
antisense 

RPC31R5,9K Cloning 
sense 

RPC31R5,9K Cloning 
antisense 

RPC31R5,9A Cloning 
sense 

RPC31R5,9A Cloning 
antisense 
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Chapter 3: The Role of Protein Arginine 

Methylation in Carbon Metabolism by 

Saccharomyces cerevisiae 
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Introduction 

Budding yeast thrives in a glucose-rich environment. While most eukaryotes breakdown 

glucose through cellular respiration in the presence of oxygen to release high yields of energy, 

the budding yeast is unusual in the sense that it relies on fermentation as the key pathway to 

metabolize glucose even in the presence of oxygen and despite the low energy yields resulting 

from fermentation (Crabtree 1929; De Deken 1966; Diaz-Ruiz et al. 2011). Fermentation 

provides two advantages to yeast cells in its natural habitat. Foremost, fermentation can rapidly 

breakdown glucose and thereby produce energy faster as well as reduce the available glucose for 

other competing microorganisms in the same environment (Pfeiffer et al. 2001). Secondly, 

budding yeast releases ethanol, a by-product of fermentation into the local environment to slow 

down the growth of other microorganisms that are less tolerant to ethanol than the budding yeast 

(Rozp~dowska et al. 2011 ; Thompson et al. 2013). Moreover, once the available glucose is 

consumed, yeast cells can switch to a respiratory growth utilizing the ethanol and glycerol 

produced during fermentation to further produce energy. As cells transition to utilizing non

fermentable carbon sources, an extensive regulation takes place at the transcriptional level to 

upregulate genes associated with respiratory pathways (DeRisi et al. 1997; Roberts and Hudson 

2006). Mafl , the repressor of RNA Pol III is known to couple carbon metabolism to RNA Pol III 

transcription in the budding yeast (Ciesla et al. 2007; Palian et al. 2014; Mierzejewska and 

Chreptowicz 2016). This is demonstrated by a growth defect of maflL1 yeast cells in medium 

containing a non-fermentable carbon source (Ciesla et al. 2007). Proteomic analysis of maflL1 

mutant revealed a reduced abundance of enzymes involved in glyoxylate cycling when compared 
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to the wild-type (Szatkowska et al. 2018). The glyoxylate cycle is required to metabolize non

fermentable carbon sources, and it is thought that the reduction in the level of enzymes 

associated with the pathway is responsible for the decreased fitness of maflil mutant when 

grown in a non-fermentable carbon source. However, it is not known whether Hmtl , which plays 

a role in the repression of Pol III transcription mediated via Mafl could also influence carbon 

metabolism. 

Interestingly, previous studies in T. brucei have demonstrated a role for its Hmtl 

homolog in the regulation of gene expression associated with mitochondrial functioning 

(Kafk.ova et al. 2018). Similar roles have also been reported in C. elegans (Sha et al. 2017), and 

in a leukemia cell line (Su et al. 2016). A major function for mitochondria and its components is 

to oxidize carbon sources through respiration to release ATP. Therefore, these studies suggest a 

role for Hmtl homologs in energy metabolism. To further support this possibility, transcriptional 

profiling experiments have demonstrated that HMTJ expression can be modulated by the type of 

carbon source provided. For example, Hmtl expression level is increased in cells grown in 

minimal medium when a fermentable sugar such as 2% glucose was added and HMTJ expression 

was reduced by almost 5-fold when cells were treated with non-fermentable carbon sources such 

as 5% ethanol and 2-fold when treated with 2% glycerol (Brejning et al. 2003; Chandler et al. 

2004; Roberts and Hudson 2006). Furthermore, another study measuring the levels of 

asymmetric dimethylarginines (aDMA) in stationary-phase yeast showed an 11-fold reduction in 

aDMA compared to yeast cells in log-phase (Lakowski et al. 2015), suggesting a decrease in the 

enzymatic output by Hmtl under such circumstance. 
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In this chapter, we describe a new role for the budding yeast protein arginine 

methyltransferase, Hmtl , in the metabolic transitioning between fermentation and respiration. 

Specifically, we show that yeast cells lacking Hmtl are better at utilizing non-fermentable 

carbon sources than their wild-type counterparts. This conclusion is supported by the observation 

of increased oxygen consumption rate in hmtJ,d mutants when grown in glycerol medium. 

Interestingly, we observed a decrease in the level of Hmtl protein under post-diauxic growth that 

is concomitant to the transition from fermentation to respiration. This change in the protein level 

may represent a mechanism by which cells promote respiration under such state. 

3.2 Results and Discussions 

3,2, 1 hmtlA mutant shows increased fitness in medium with glycerol as carbon source 

As described earlier, Maflcouples carbon metabolism to RNA Pol III transcription. This 

is demonstrated by a growth defect of mafJ,d yeast cells in medium containing a non-fermentable 

carbon source and the growth difference was found to be exacerbated at higher than optimal 

yeast growth temperature (Ciesla et al. 2007). In chapter two we showed that a lack of 

methylation of Rpc31 reduces the ability of Mafl to repress RNA Pol III transcription i. e. mimic 

a less functional Mafl. Based on this observation, we asked whether a phenotype similar to a 

mafJ,d mutant is also seen for hmtJ,d with respect to growth in medium containing a non

fermentable carbon source. We carried out a spot assay to compare the growth of wild-type, 

hmtJ,d , and mafJ,d cells on plates with glycerol as the sole carbon source. Glycerol is a non

fermentable carbon source and cells use respiration to metabolize glycerol (Gancedo et al. 1968; 

Roberts and Hudson 2006). 
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Figure 13: hmtlA cells display increased fitness in media with glycerol as carbon source. A spot
assay was used to determine the degree of growth for wild-type (WT), hmtl!J, and mafl!J cells on 
glucose-containing (YPD) or glycerol-containing (YPG) media. In this assay, a 10-fold serial dilution of 
cells was carried out and was spotted. The plates were incubated at 25 °C, 30 °C, and 34 °C. 

As a control, we carried out the same spotting assay on plates with glucose, a fermentable 

sugar, as the sole carbon source. In the glucose-containing plates, there was no difference in the 

growth of mafli1 , hmtli1 , and the wild-type cells at different temperatures tested (Figure 13, 

YPD panel). On glycerol-containing plates (Figure 13, YPG panel), hmtlil cells grow similarly 

as those of wild-type and maflil cells at both 25 °C and the normal yeast growth temperature of 

30 °C. Surprisingly, at a higher temperature (34 °C), hmtlil cells showed a better growth 

compared to the wild-type on glycerol plates, which was in contrast to maflil cells which grew 

less than the wild-type as previously reported (Ciesla et al. 2007). We also tested the growth of 

the Rpc31 RS,
9
A mutant on glucose and glycerol carbon sources at different temperatures and did 
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not find any difference in their growth compared to the wild-type (data not shown). This implies 

that the methylation ofRpc31 may not play a significant role in glycerol metabolism. However, 

Hmtl likely has a distinct mechanism through which it can regulate the metabolism of non

fermentable carbon sources such as glycerol, which is in contrast to the role Mafl has in carbon 

metabolism. 

3.2.2 Loss of Hmtl mutant shows increased oxygen consumption rate in media with 

glycerol as a carbon source 

In budding yeast, higher temperatures lead to inhibition of mitochondrial activity 

(Aguilera and Benitez 1989) as well as expression ofrespiratory enzymes (Jones and Hough 

1970). The ability of hmtlil cells to overcome this inhibition suggests an increased respiratory 

capacity in these cells. To better understand how Hmtl affects the way yeast cells metabolize 

non-fermentable carbon sources, we hypothesized that Hmtl suppresses the capacity of yeast to 

respire. To test this hypothesis, we performed an assay to measure the rate of oxygen 

consumption of yeast cells growing in glycerol medium. The measure of oxygen consumption 

corresponds to the respiratory capacity of a cell. Cells with a higher level of respiration will have 

a higher oxygen consumption rate. Our data reveal that hmtlil cells had a higher oxygen 

consumption rate than wild-type cells at yeast standard temperature (30 °C) and at a higher 

temperature (34 °C). The mafl!J cells, which had a growth defect in medium with glycerol as the 

sole carbon source (Ciesla et al. 2007) had a decreased oxygen consumption rate at both 

temperatures. 
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Figure 14: hmtlA cells display an increased rate of oxygen consumption when grown in medium 
containing glycerol as the sole carbon source. The fold change in the rate of oxygen consumption of 
wild-type (WT), hmtl!l, and mafl !l cells grown in glycerol medium was measured using the 0 2 
sensitive probe MitoXpress Xtra at (A) 30 °C and (B) 34 °C. A Student' s t-test was performed (p-value 
< 0.05) between wild-type, hmtl!l , and mafl!l cells. Error bars indicate SEM and experiments were 
conducted in replicates (n=6). 

This result lends support to our spot assay data and further suggests a role for Hmtl in the 

way cells utilize respiration to generate ATP from a non-fermentable carbon source. 

Collectively, our data point to an inhibitory role for Hmtl in respiration, as hmtlil cells display 

better growth on glycerol-containing media and have a higher oxygen consumption rate than 

wild-type cells under such circumstances. 

3.2.3 Hmtl protein abundance is downregulated during respiratory growth 

When yeast cells are grown in glucose-rich medium, they suppress respiratory pathways 

to use fermentation and rapidly metabolize glucose, releasing ethanol as a by-product. However, 

once all the glucose is consumed, they shift to a respiratory metabolism to oxidize ethanol in the 

medium to obtain energy. This shift in metabolism requires the removal of inhibitory effects on 

the expression of respiratory genes. 
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Following our previous observation that Hmtl has a repressive effect on respiration, we 

hypothesize that Hmtl 's level may be an important factor in how yeast controls its respiratory 

growth. We anticipate a decrease in the level of Hmt 1 during the diauxic shift which would 

allow the yeast to respire better. To test this hypothesis, we measured the Hmtl protein level 

during different growth phases. Our immunoblotting results showed that Hmtl level falls 

drastically when cell culture reaches an OD6oo of 7 and is further reduced at OD60o of 10. At 

OD60o of 7 and beyond, batch cultures of yeast cells shift to respiratory metabolism to generate 

energy (Stahl et al. 2004). Thus, the observed decrease in the Hmtl protein level at this phase 

supports our observed hmtJLJ phenotype in which hmtJLJ cells display increased oxygen 

consumption rate and better growth in glycerol-containing media. Furthermore, it points to 

regulating Hmtl protein level as a potential mechanism to promote metabolic reprogramming to 

allow the improved use of glycerol as a carbon source. 
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Recent work from the Read lab also suggested a role for the trypanosome PRMTl in 

energy metabolism (Kafkova et al. 2018). In their study, the Trypanosoma brucei PRMTl 

(TbPRMTl) knockout cells had higher steady-state levels of proteins associated with the Krebs 

cycle and respiration when compared to the wild-type cells. Additionally, their work showed a 

significant decrease in proteins associated with glycolysis and amino acid metabolism (Kafkova 

et al. 2018). T. brucei is a blood-borne parasite that shuttles between mammals (bloodstream 

form) and tsetse flies (present in the gut as procyclic form). This change in the host of the 

parasite reflects a shift in nutrient availability, especially the level of glucose, which is abundant 

in the blood of mammals but not in the guts of tsetse flies. As such, it was postulated that 

PRMTl in T. brucei plays a role in metabolism by downregulating proteins required for 

respiration when they are not needed. When comparing to our data, we notice similarities in the 

way PRMTl is being used to regulate an organism's energy metabolism. 

3.2.4 Transcription profiling analysis of Hmtl loss-of-function mutants show enrichment 

of genes associated with mitochondria 

To better understand how Hmtl affects the expression of genes involved in the 

respiratory growth, we analyzed our previously published microarray expression data comparing 

hmtli1 and another Hmtl loss-of-function mutant, hmtl-G68R (Yu et al. 2004a), to wild-type 

yeast. The hmtl-G68R mutant has a glycine to arginine change at position 68 that renders Hmtl 

catalytically inactive (McBride et al. 2000). 
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Figure 16: GO term enrichment analysis of genes upregulated in hmtl!J and hmtl-G68R mutants. 
GO term enrichment was performed for genes that were upregulated in both hmtl!J and hmtl-G68R 
mutants compared to wild-type cells. The enrichment is displayed as -log10 (p-value) and plotted as a bar 
graph. The number of genes enriched for each GO term is displayed at the end of each bar. The raw data 
used for comparison were obtained from Yu et al. 2004. 

We performed gene ontology (GO) analysis on the genes whose expression was elevated 

in both Hmtl loss-of-function mutants and found an enrichment of genes associated with 

mitochondrial translation and mitochondrial gene expression (Figure 16). Using just the data 

obtained from hmtl-G68R mutant, we found enrichment of GO terms associated with respiration 

such as oxidative phosphorylation, mitochondrial ATP synthesis coupled electron transport, 

cellular respiration, respiratory electron transport chain, aerobic respiration, electron transport 

chain, etc. (See Appendix). This observation further indicates a role for Hmtl in the suppression 

of respiration, and that it is either promoting the degradation of RNA associated with these genes 

or operating at the level of transcription by suppressing the expression of genes associated with 

the respiratory pathway. 
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Based on the analysis above, we decided to examine if Hmtl could exert its effects at the 

transcriptional level. A synthetic genetic array (SGA) analysis performed in our lab for hmtlil 

revealed a number of genetic interactions that were epistatic between hmtlil and genes encoding 

chromatin remodelers/modifiers such as the SAGA acetyltransferase complex, SWI/SNF 

nucleosome remodeling complex, and the RPD3 deacetylase complex. These complexes are all 

involved in regulating gene expression during diauxic shift and are required for the transition to 

respiratory metabolism (Canzonetta et al. 2016; Awad et al. 2017; Spain et al. 2018). Thus, it 

would be worthwhile to determine how Hmtl affects the way these chromatin remodeling 

complexes regulate gene expression under different carbon sources. The key catalytic subunits of 

the chromatin remodeling SWI/SNF complex is Snf2, a DNA-dependent ATPase. Snf2 is 

required for proper utilization of carbon sources since snflil cells show a growth defect on non

fermentable carbon sources such as glycerol (Neigeborn and Carlson 1984). Interestingly, Snf2 

was identified as a high confidence interactor of Hmtl in a proteomic study conducted in our lab 

and was further shown to be an in vitro substrate of Hmtl (Jackson et al. 2012). Thus, it would 

be interesting to investigate the functional impact Hmtl has on Snf2. It is possible, for example, 

that Snf2 methylation by Hmtl negatively impacts its recruitment to the promoter of genes 

involved in respiration, and this is how Hmtl represses transcription of these genes. A genome

wide localization of Snf2 in the presence or absence of Hmtl in cells grown on a non

fermentable carbon source would allow us to further test this possibility. In the case where Snf2 

methylation by Hmtl is critical for its recruitment to these promoters, we would anticipate a 

change in Snf2 's genomic occupancy at these promoters in hmtl iJ cells. Alternatively, 

methylation of Snf2 by Hmtl may affect its ability to interact with other proteins that are key to 
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its recruitment to these promoters. Finally, methylation of Snf2 may be important for its ATPase 

activity and lacking such methylation may hinder the ability of Snf2 to reorganize chromatin 

once it is at its target promoters. In all, experiments that test these hypotheses will help us further 

deduce the connection between Hmtl and Snf2 and investigate whether methylation of Snf2 is 

related to the observed growth phenotype of hmtlL1 cell in medium containing glycerol. 

3.2.5 Hmtl has an effect on NAD levels within a cell 
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Figure 17: Hmtl plays a role in NAD metabolism. (A) Measurements of Total NAD levels in wild
type (WT) and the hmtlA mutant, as quantified from standard curve measurements. A Student's t-test 
was performed to test the differences between the mean. Error bars are expressed as SEM for three 
biological replicates (B) NAD+/NADH ratio calculated for WT and the hmtlA strains. P<0.05= * 

In S. cerevisiae, fermentation leads to the net production of two ATPs whereas respiration 

generates six ATPs, ten NADH, and three FADH2. NADH and FADH2 are then oxidized to 

NAD+ and FAD in the mitochondria (Figure 1). Mitochondrial NADH is oxidized to NAD+ by 

complex I (NADH dehydrogenase) in the mitochondrial membrane releasing electrons that flow 

through the electron transport chain to produce ATP (reviewed in Wallace 2009). Thus, the 

cellular NAD+/ NADH ratio represents the redox status of the cell which determines the rate of 
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many of the metabolic functions within the cell, such as glycolysis as well as the regulation of 

activities ofNAD-consuming enzymes such as sirtuins and poly-ADP-ribose polymerases (Stein 

and Imai 2012). In mammalian cell lines, a change in the activity of mitochondrial proteins was 

associated with shifts in the NAD+/ NADH ratio. A decrease in mitochondrial complex I activity 

reduces the NAD+/ NADH ratio , whereas enhanced activation of complex I increases NAD+/ 

NADH ratio (Desquiret-Dumas et al. 2013; Karamanlidis et al. 2013). Since increased 

expression of mitochondrial genes was observed in the hmtlil when grown in glucose-rich 

medium, we wanted to determine if these changes also affected the redox status of the cells by 

comparing the NAD+/NADH ratio in the hmtlil cells to those of the wild-type cells. 

Total NAD (NADt: NADH and NAD+) and NADH were measured using NAD+/NADH 

quantification colorimetric kit. Our data demonstrate that in the hmtlil cells, there is a significant 

increase in the total NAD content (i. e., NAD+ and NADH). More importantly, the NAD+/ NADH 

ratio is higher in the hmtlil cells than in the wild-type cells. A possible explanation for this 

increase in the ratio is enhanced complex I activity in the mitochondria. Interestingly, our 

transcription profiling data comparing Hmtl loss-of-function mutants to wild-type cells revealed 

upregulation of genes associated with mitochondrial proteins and mitochondrial translation, 

suggesting a potential for an overall increase in the mitochondrial activities. 
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3.3 Conclusions 

Our observations in this chapter clearly demonstrate a role for Hmtl in energy 

metabolism and in particular a repressive effect on the respiratory pathway. Transcription 

profiling data suggests that Hmtl can suppress the expression of genes associated with 

mitochondrial functions which in turn may reduce the abundance of metabolic enzymes involved 

in respiration. Since there is no evidence for Hmtl modulating expression of genes associated 

with fermentation, we presume that by suppressing respiration, Hmtl is increasing the glycolytic 

flux through the fermentation pathway and thereby promoting fermentative metabolism. 

However, the molecular mechanism through which Hmtl suppresses respiration is an open 

question. Moreover, at a physiological level we observe that when cells need to upregulate 

respiration either during post-diauxic growth or growth in non-fermentable carbon sources, they 

downregulate the expression of Hmt1. This proposes a mechanism for regulation of protein 

arginine methylation by regulating the expression of the enzyme that catalyzes this modification. 

This finding has a potentially far-reaching implication with respect to regulation of protein 

arginine methyltransferase, which still remains an open-ended question. 
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3.4 Materials and methods 

3.4. 1 Strains 

For a list of strains used refer to Table 4. Standard yeast methods and media were used (Guthrie 

and Fink 1991). Cells were grown at 30°C on YPD medium (1 % yeast extract, 2% peptone and 

2% glucose) or YPG medium (1 % yeast extract, 2% peptone and 2% glycerol), unless otherwise 

stated. 

3.4.2 Spot assay 

The wild-type, hmtlil, and maflil cells were grown overnight in YPD. The cells were collected 

and washed once with sterile water, followed by resuspension in IX volume of sterile water. Cell 

density was normalized to - 0.5 OD/ml, and five 10-fold serial dilutions were made for each 

strain. 3µ1 of each dilution were spotted onto plates with either glucose (YPD) as the sole carbon 

source or glycerol (YPG) as the sole carbon sources. Plates were incubated at three different 

temperatures- 25 °C, 30 °C, and 34 °C. YPD plates were imaged after 2 days, and YPG plates 

were imaged after 4-5 days. 

3.4.3 Oxygen consumption rate measurement 

The oxygen consumption rate of wild-type, hmtlil, and maflil cells, was assessed using the 

MitoXpress-Xtra probe (Cat# MX-200-4, Agilent). For the oxygen consumption experiment, 

cells were grown in YPD overnight, resuspended in SC-glycerol media (6.7g/L Yeast nitrogen 

base without amino acids, IX amino acid mix, 2% glycerol) and incubated at either 30°C or 

34°C. The cells were harvested at an OD - 0.4, and 90µ1 of cells at 0.4 OD/ml were plated into a 

96 well cell culture plate (Cat# 165305, Nunc™). 10µ1 of the MitoXpress-Xtra reagent was 
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added and covered with HS Mineral oil. The plates were immediately read on TECAN Spark at 

either 30 °C or 34°C. Dual TR-F setting (380nm excitation and 650nm emission, delay times 

30µs and 70µs) was used to obtain probe lifetime values. Measurement was made every one 

minute for 30 minutes. The data was fed into the Data Visualization Tool provided by Agilent 

and the slope was calculated between 5 -10 minutes for experiment at 30 °C and 5-15 minutes for 

experiment at 34 °C to obtain relative oxygen consumption rates. Statistical significance was 

determined using Student's t-test with a p-value cut off of 0.05 . 

3.4.4 GO term analysis 

A GO Term search using SGD Y eastMine tool was conducted on genes that were significantly 

upregulated or downregulated, by at least 1.25 fold in Hmtl loss-of-function strains (hmtl L1 and 

hmtl-G68R) compared to the wild-type. Genes were classified into "biological process" ( a 

collection ofmolecular events with a well-defined beginning and end) using gene ontology 

classification. The tool "GO Term finder" from SGD was used to determine the p-value for each 

annotation. GO Terms with p-values lower than 0.05 have been included in this study. The p

value is adjusted to take into account the false positive errors using the Holm-Bonferroni, which 

was part of the Y eastMine tool. 

3.4.S NAD Measurements 

Cells were grown in YPD at 30°C and harvested at an OD~ 1. The cell pellets were flash frozen 

using liquid nitrogen and stored at -80°C. A nitrogen mill was used to lyse cells, and ~0.lgm of 

lysed cell powder was used for the assay. 400µ1 of extraction buffer (manufacturer provided) was 

added, and the rest of the protocol was performed as per manufacturer' s instructions (kit # K337, 
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Biovision). The measurements were expressed as pmoles/ gram wet weight and Student's t-test 

was used to check for statistical significance. 

3.4.6 Immunoblotting 

Lysates of cell pellets were resolved on a NuP AGE 4-12% Bis-Tris gradient gel (Life 

Technologies). The proteins were transferred to a nitrocellulose membrane, and probed with a

Hmtl antibody, developed using the Clarity Western ECL kit (Bio-Rad), imaged using the Bio

Rad ChemiDoc system. This was followed by probe with a-actin antibody (cat# ab1801) and 

signals were quantified using the Bio-Rad ImageQuant software. 

Table 4: Yeast Strains used in this study 

Strain ID Name Genot:y:)!e Plasmids 

MYY2872 Wild-type his3!',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 MYP 643 

MYY 2817 hmtlt,,. his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 hmtl/',,.::NAT MYP 713 

MYY 3199 maflt,,. his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::URA3 mafl!',,.::HPH MYP 643 

Table 5: Plasmids used in this study 

Plasmid ID Name Parent Reference 

pMY643 Rpc3 l genomic clone pRS313 This work 

pMY713 Rpc31Rs,9A pRS313 This work 
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Chapter 4: Conclusions and Future 

Directions 
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4.1 The biological significance of Rpc31 methylation 

Previous research by many labs has shown that tRNAs play regulatory roles beyond 

decoding mRNA for protein synthesis. For example, the relative abundance oftRNAs can 

influence the level of translation of specific proteins under defined conditions (Torrent et al. 

2018). Moreover, the presence of tRNA variants, such as isoacceptors and isodecoders, various 

tRNA modifications, and tRNA fragments , contribute to how cells modulate their protein 

synthesis in response to environmental signals. In chapter 2 of this thesis, I presented our work 

demonstrating a role for Hmtl-mediated arginine methylation in RNA Pol III transcription of 

tRNAs. We have found that methylation ofRpc31 , a subunit of RNA Pol III, fine-tunes tRNA 

output in response to membrane-stress agent CPZ in its growth environment. Our data 

demonstrate that arginine methylation ofRpc31 by Hmtl is required for the augmented 

transcriptional output of precursor tRNAs under optimal growth conditions. When the cells are 

exposed to CPZ, the same methyl marks on Rpc31 are needed for proper repression of RNA Pol 

III transcription of these tRNA genes. Although we have identified a mechanism by which Hmtl 

represses tRNA output under stress, we do not know how this reduction in tRNA levels impacts 

cellular processes. 

4.1.1 Impact of protein arginine methylation of Rpc31 on biological processes 

A change in the tRNA abundance can affect the rate of translation (Varenne et al. 1984; 

S0rensen et al. 1989). Given our data showing a role for Hmtl in controlling tRNA levels, we 

wanted to examine the extent to which Hmtl-dependent changes in tRNA abundance influence 

76 



..
A) 

2.5 2.5 •., e• WT • WT 
§ 2.0 • Rpc31 1'"·9A o 2.0 - Rpc31R5,9A 
"' 0 "'0• hmt1J • hmt1tJ§ 1.5 § 1.5 
::. ::. 
~ 1.0 ~ 1.0 
0 0 

"' "'t 05 ~ 05 
a. a. 

0.0 0.0 
~.. ,~.t:- ~~-

...,... ~ 

,,..~" t 

Untreated Treatment with CPZB} 
- w-

... 
~ 
!!. 
<( 
z 
;; "' 
~ 

Sedimentation •·· · ·-· ..·····> Sedimentation--------------> 

Figure 18: Methylation of Rpc31 affects global translational efficiency under standard growth 
condition. (A) Polysome profile analysis was performed to determine the polysome/ monosome ratio 
in wild-type (WT), hmtl!J, or Rpc3 l R5

,
9

A cells in rich media (YPD) at 30 °C (panel labeled 
"Untreated"). The procedure was repeated for cells under the same conditions treated with 500 µM 
CPZ (panel labeled "Treatment with CPZ"). (B) Representative polysome traces for experiments 
conducted above. n=3 and P-value: *<0.05 and**< 0.01 

translation. To determine how the changes in tRNA abundance may affect the translation 

process, we performed a polysome profiling assay to separate mRNA associated with polysomes 

(multiple ribosomes) from those associated with monosomes (a single ribosome). By 

determining the ratio of mRNAs bound to polysomes compared to monosomes, we will be able 

to measure how well the translation initiation machinery is functioning . 

In the data we obtained, under standard growth conditions, the Rpc31 RS,
9

A mutant 

displays a reduced translational efficiency compared to the wild-type yeast (Figure 18). This 

change could result from the change in the precursor tRNA levels we observed in the Rpc31 RS ,
9

A 
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mutant (Figure 7). Alternatively, a change in the precursor tRNA levels is known to affect 

modification levels of tRNAs, and these modifications are critical for their functioning in 

translation (Arimbasseri and Maraia 2016). tRNA modification levels are also critical for 

translation elongation rates which can in tum influence translation efficiency (Varenne et al. 

1984). While our data suggested a correlation between Rpc31 methylation, precursor tRNA 

levels, and global translation efficiency, it remains unknown whether the observed change in the 

Rpc31 RS ,
9

A mutant bears any biological consequence. One possible outcome from a decrease in 

the global translational efficiency is a change in the translation profile of specific classes of 

mRNAs. For example, it is possible that mRNAs coding for proteins involved in stress response 

are no longer translated at the fullest capacity due to changes in precursor tRNA abundance. 

Alternatively, a change in the overall precursor tRNA abundance could affect the usage of rare 

codons in translation, consequently impacting the levels of proteins with a higher percentage of 

rare codon in their mRNA sequence. To further investigate this question, a global analysis 

approach such as ribosome profiling analysis should uncover candidate mRNAs whose 

translation may be affected by Rpc31 methylation. 

Strikingly, the global translation efficiency in the hmtlil cells displays an opposite effect 

to what was seen with Rpc31 RS ,
9

A_ Specifically, the hmtlil cells had a higher translation 

efficiency compared to the wild-type (Figure 18). Given that many ofHmtl 's substrates 

participate in the gene expression pathway, it is likely that the change in translation efficiency 

seen with hmtlil reflects a pleiotropic effect. Indeed, there are a number ofreported Hmtl 

substrates in the translation process. One such substrate is Scd6, a protein that is required for the 

repression of translation through its interaction with eIF4G (Rajyaguru et al. 2012; Poomima et 
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al. 2016). Loss of Scd6 methylation resulted in the inability of Scd6 to repress translation, 

leading to an overall increase in cellular translation capacity similar to what's observed in hmtlil 

cells. Additionally, arginine methylation of RNA-binding protein Sbpl is critical for the 

translation of Pab 1, an essential translation factor that stimulates mRNA translation. Specifically, 

loss of Sbp 1 methylation ablated the inhibitory effect of Sbp 1 on translation initiation of Pab 1 

mRNA (Brandariz-Nufiez et al. 2018). Because Pabl has a general role in translation, it is 

possible that loss of Hmtl prevented Sbpl 's ability to repress Pabl translation which, in tum, 

resulted in an increase in the global translation of mRNAs in the hmtlil cells. 

The translation efficiency was also determined for the same cells treated with CPZ. This 

treatment leads to a rapid shutdown of translation in all three strains tested. The 

polysome/monosome ratio falls by half compared to unstressed cells, implying a substantial 

decrease in actively transcribing mRNAs. However, no significant differences in global 

translation efficiency were observed between the wild-type, Rpc31 RS,
9A, and hmtlil cells. 

Nevertheless, it is possible that the selective translation of specific mRNAs could be occurring. 

Carrying out a ribosome profiling analysis should help answer this question. 

The mechanism by which Rpc31 methylation promotes transcription of tRNAs 
4.1.2 

under standard growth conditions 

Although we observed a decreased tRNA abundance in the Rpc31 mutant under standard 

growth conditions, we have not yet deduced the mechanism by which Rpc31 methylation affects 

RNA Pol III transcription in these conditions. Our ChIP data suggests that there is no difference 

in the levels of RNA Pol III occupancy between the wild-type and Rpc31 RS ,
9

A mutant, implying 
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that methylation of Rpc31 likely influences steps after RNA Pol III has been recruited to the 

gene template. One possible step is during the formation of open promoter complex, which must 

occur prior to the transition from initiation to elongation. The Rpc31-Rpc34-Rpc82 heterotrimer 

is required for TFIIIB-dependent formation of Pol III preinitiation complex (PIC) (Brun et al. 

1997). Bdpl and Brfl are components of TFIIIB that play an important role in promoter opening 

(Kassavetis et al. 2001). Structural studies have shown that the interaction ofBdpl with Rpc34 

leads to the rearrangement of the Rpc31-Rpc34-Rpc82 heterotrimer and stabilizes the open 

promoter complex (Abascal-Palacios et al. 2018). It is possible that the methylation ofRpc31 

facilitates optimum interaction between RNA Pol III and TFIIIB to maximize transcriptional 

output. Future experiments using in vitro transcription with either methylated or unmethylated 

Rpc31 , to test changes in PIC formation and levels of interactions between these subunits when 

assembled will provide answers to such questions. 

4.1.3 The role of Rpc31 methylation in the RNA Pol III transcription of non-tRNA genes 

In addition to tRNAs, RNA Pol III transcribes other ncRNAs whose promoter structures 

differ from those found on tRNA genes (Figure 19A). In S. cerevisiae, these four other major 

ncRNAs are 5S rRNA (encodes a small ribosomal RNA), RPRJ (encodes the RNA component 

of nuclear RNase P), SCRJ (encodes the RNA subunit of the signal recognition particle), and 

SNR6 (encodes the U6 spliceosomal RNA). To examine how Hmtl-catalyzed methylation of 

Rpc31 impacts the transcription of these other RNA Pol III-transcribed genes, we carried out 

RNA hybridization analysis to compare the levels of these RNAs in the hmtJLJ mutant (Figure 

19B) and Rpc31 R5
,
9

A mutant (Figure 19C) compared to wild-type cells. 
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Figure 19: Rpc31 methylation affects the 
abundance of non-tRNA Pol III 
transcripts. (A) Schematic representation 

of promoter structures corresponding to 

four other ncRNAs transcribed by RNA Pol 

III. RNA hybridization was carried out to 

assess the levels of other RNA Pol III 

transcripts (U6, 5S, RPRI , and SCRJ) in 

hmtl!1 (B) or Rpc3 l R5,9A (C) compared to 

the wild-type cells. Fold change is 

expressed as a bar graph. All signals were 

normalized to the level ofU4 snRNA. Error 

bars represent the SEM of three biological 

replicates (n=3). P-value: **< 0.01 and 

***< 0.001 

Our data indicated that RNA levels do not change for 5S and U6 in either hmtlil or Rpc31 R5,9A 

cells. For RPRJ , we saw an increased level in the hmtlil cells but a decreased level in the 

5 9 5 9Rpc31 R , A mutant. For SCRJ , we saw a decrease in the Rpc31 R , A mutant but not in the hmtlil 

cells. Transcripts derived from RPRJ and SCRJ are the longest RNA Pol III transcripts in 

budding yeast, at 490 and 519 nucleotides respectively, compared to 75-150 nucleotides for 

tRNA precursors. Both RPRJ and SCRJ possess A and B box promoters similar to those on the 

tRNA genes, suggesting that they may be transcribed in a manner similar to tRNAs. 

Nevertheless, they do possess other promoter elements not found on tRNAs. For example, a 

TAT A box is located upstream of the transcription start site for SCRJ. In terms of the location 
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for the A and B box promoters, they are situated outside of the gene transcription unit rather than 

within the gene as in the tRNAs. Given these observations, it would be interesting to learn the 

similarities and differences between how Rpc31 methylation impacts transcription of these genes 

versus tRNA genes. This could uncover new ways by which methylation regulates RNA Pol III 

transcription. 

4•2 Role of protein arginine methylation on the metabolism of carbon source 

Budding yeast S. cerevisiae prefers glucose as a carbon source. In spite of the presence of 

oxygen, S. cerevisiae uses fermentation as its key metabolic pathway to break down glucose to 

produce ATP. To do this, yeast cells suppress respiratory metabolism to direct the glycolytic flux 

through fermentation. We have discovered a role for Hmtl in aiding this process. Our data 

demonstrate that HMTJ suppresses the respiratory capacity of the cell as well as growth in 

medium with a non-fermentable carbon as the sole carbon source. Transcriptome profiling data 

suggests Hmtl affects the transcription of certain genes required for mitochondrial function and 

respiration. This leads us to ask how Hmtl controls the expression of several metabolic genes. 

Further, how changes that signal a carbon source abundance leads to the regulation ofHmtl 

expression and may be even its activity, also need to be determined to have a thorough 

understanding ofHmtl 's role in regulating carbon metabolism. 

Regulation of Hmtl expression under different carbon sources 

In chapter 3, we observed that Hmtl was downregulated as cells entered the post-diauxic 

phase. Other studies have also shown that transcription of Hmtl is altered depending on the type 

4.2.1 
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of carbon source available to the cells (Brejning et al. 2003 ; Chandler et al. 2004). These 

observations imply that cells sense carbon source and relay the information to alter Hmtl gene 

expression. The TOR pathway is a key sensor of glucose levels in the environment. The Torl 

protein is the catalytic subunit of the TORC complex that phosphorylates proteins, setting up a 

signal cascade that causes changes in transcription. The phenotype associated with tor1L1 in a 

post-diauxic phase where cells are performing respiration includes an increase in growth rate, 

increased oxygen consumption rate, and enhanced translation of mitochondrial proteins 

(Bonawitz et al. 2007). This phenotype is similar to what is observed with hmtJL1 strain in a non

fermentable carbon source, which implies that both Torl and Hmtl might be components of the 

same pathway. A transcription factor, whose activity is regulated by the TOR pathway is Sfp 1, 

whose localization within the cell is nutrient-dependent. In a glucose-rich medium, it is localized 

to the nucleus and acts as a transcriptional activator, whereas during growth on glycerol, it is 

relocalized to the cytoplasm (Marion et al. 2004). Transcription profiling data of sfpJL1 showed a 

change in Hmtl mRNA levels (Cipollina et al. 2008). Another factor that was identified using 

ChIP-chip to bind at the HMTJ gene in a stress-dependent manner was Xbp 1 (Venters et al. 

2011). Xbpl is a stress-related transcriptional repressor whose expression is induced under stress 

to repress genes involved in cell growth. We can use directed ChIP to test the localization of 

these two transcription factors at the HMTJ gene in both fermentable and non-fermentable 

carbon sources. We can also use RT-PCR to measure the HMTJ gene expression under different 

carbon sources to understand the extent of regulation by these transcription factors. This will 

help us understand how Hmtl expression is controlled under different carbon sources. 
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4.3 
Conclusions 

Protein arginine methylation has emerged as a prominent post-translational modification 

affecting multiple cellular processes. In my current work, I have advanced our understanding of 

how the yeast type I PRMT, Hmtl , impacts eukaryotic gene expression at the transcriptional 

level. My work allowed us to better understand the nuances in the regulation of tRNA output by 

Hmtl methylation of RNA Pol III subunit, that alter the translation profiles and could 

consequently affect biological processes critical for cell survival and fitness. Nevertheless, there 

remain gaps in our understanding of how tRNA output is regulated. For example, there are other 

PTMs such as phosphorylation, sumoylation, and ubiquitination, on multiple subunits of the 

RNA Pol III, and it is likely that these PTMs interplay with methylation of Rpc31. Testing the 

potential crosstalk between different modifications and assessing the consequence of such 

interplay will provide us with a complete picture of the role of PTMs on the control of RNA Pol 

III transcription. One other aspect that needs better resolution is the question of dynamic 

regulation of arginine methylation in the budding yeast. Currently, we have no knowledge of 

such control, but work presented in this study suggests distinct functions of arginine methylation 

on Rpc31 depending on the environmental condition that the cell encounters. This would imply 

that a reversal mechanism is not needed, which would conserve the expensive metabolic costs 

associated with methylation. The hypothesis that the same methyl marks on the substrate allow 

contrasting roles for that substrate based on specific cellular context will fulfill the purpose of 

dynamic functioning for that modification. Lastly, we have discovered a role for HMTJ in 

regulating one of the key cellular processes needed for all eukaryotic life, the metabolism of 

84 



carbon as a source of energy for the cell. PRMT 1, the eukaryotic homo log of Hmt 1, has recently 

been found to play a significant role in carbon metabolism of several organisms including C. 

elegans, T. brucei, and even humans. Organisms have evolved ways of using PRMTl to 

optimize their metabolic programming that is conducive to their environmental conditions. Our 

current work has extended that role for Hmtl , where this enzyme functions to suppress 

respiratory metabolism and promote fermentation in oxygen and glucose-rich environment, 

which is present in the natural habitat of budding yeast. Overall, the work presented in this thesis 

allowed us to gain valuable insights into the roles of Hmtl in regulating gene expression and 

thereby facilitating the environmental adaptation in the budding yeast S. cerevisiae. 
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• • • 

Appendix 

Hmtl does not repress nuclear import of Mafl under stress 

Untreated Treatment with CPZ 
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Figure 20: Loss of Hmtl does not impact nuclear import of Mafl under stress. Localization of 
Mafl and Mafl 7SA was examined in wild-type and hmtl!l cells grown to log phase in YPD at 30°C 
before and after treatment with 500 µM CPZ. Nuclear DNA was labeled with DAPI stain to identify 
the location of the nucleus (panel labeled "DAPI"). Differential interference contrast microscopy 
allowed for visualization of cell morphology (panel labeled "Nomarski"). Immunofluorescence with 
anti-myc antibody was used to identify the location ofMafl or Mafl 7SA (panel labeled "Mafl "). 

Our coimmunoprecipitation data between Mafl and Rpc31 showed a decrease in the 

interaction between Rpc31 and Mafl under stress in the hmtJLJ background compared to the 

wild-type. Therefore, we investigated whether HMTI plays a role in the nuclear import ofMafl 

under stress and thereby its interaction with RNA Pol III. To test this, we performed an 
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immunofluorescence assay for Mafl-13myc in standard growth conditions (Figure 20, panel 

labeled "untreated") and after treatment with CPZ (Figure 20, panel labeled "treatment with 

CPZ"). We observed that Mafl was cytoplasmic under standard growth conditions, as 

immunofluorescence signal corresponding to Mafl was spread uniformly throughout the cell in 

both wild-type and hmtJLJ cells. When cells were stressed, we saw a concentration of the signal 

that overlaps the DAPI signal, which stains the nucleus. In both wild-type and hmtJLJ cells, Mafl 

localized in the nucleus, implying that Hmtl did not hinder Mafl import into the nucleus under 

stress. Therefore, the differences in coimmunoprecipitation of Rpc31 and Mafl are due to 

differences in their ability to interact. A similar analysis was performed for the Mafl 7SA 

mutant, which is a constitutively nuclear-localized mutant of Mafl (Lee et al. 2009). In both 

wild-type and hmtJLJ cells, the Mafl 7SA was localized in the nucleus as expected. 
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Hmtl methylates Rpc31 co-purified with Rpc82 
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Figure 21: Hmtl methylates Rpc31 co-purified with Rpc82-TAP. (A) Purification of TAP-tagged 
Rpc82 and its interactors was carried out in the hmtlA background. The purified proteins were resolved 
on a 4-12% NuPAGE Bis-Tris gel (Life Technologies). The gel was silver stained to determine the 
protein composition, which corresponds to the subcomplex Rpc82-Rpc34-Rpc3l(marked by an asterisk 
from top to bottom, respectively). (B) TAP-purified Rpc82 and co-purified Rpc34 and Rpc3 l from the 
hmtlA strain and recombinant Rpc3 l were subjected to an in vitro methylation assay using 
recombinant Hmtl and [methyl-3H]-SAM. The full protein complement in each reaction was resolved 
on a 4-12% gel by SDS-PAGE and visualized by fluorography. The arrow denotes to the band 
corresponding to Rpc3 l. Recombinant GST -tagged Rps2 served as a control. 

To determine the ability of yeast Rpc31 to be methylated, purified Rpc31 was subjected to 

in vitro methylation assay. The tagging of Rpc31 C-terminus is inhibitory to growth and 

therefore cannot be used to purify the protein, whereas the tagging of the N-terminus affects the 
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ability of the protein to get methylated by Hmtl , as the RGG motifs are present at the N

terminus. Since the trimer Rpc82, Rpc34 and Rpc31 forms a tightly bound subcomplex, we 

decided to co-purify Rpc31 using the Tandem Affinity Purification (TAP) tag on Rpc82 (Figure 

21A). Our concentrated protein shows three distinct bands that correspond to Rpc82-CBP (- 86 

KDa), Rpc34 (- 34 KDa) and Rpc31 (- 31 KDa). The Rpc82 and Rpc31 bands were confirmed 

using antibodies (data not shown). We then subjected the purified Rpc31 to in vitro methylation, 

along with recombinant Rpc31 isolated from E. coli (Figure 2 lB). We observed that Rpc31 

purified from yeast was methylated by Hmtl while there was no methylation detected for Rpc82 

or Rpc34 ( data not shown). Moreover, the strength of the signal was higher than what is 

observed with recombinant Rpc31 , when normalized to the protein level. This suggests that there 

are post-translational modifications on Rpc31 that aid in methylation by Hmtl , but that these 

modifications are absent when Rpc31 is purified from bacterial cells. 
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GO term enrichment analysis for hmtlA and hmtl-G68R transcriptome profiling 

An explanation for the overall transcriptome was sought for data comparing hmtJLJ and 

another Hmtl loss-of-function mutant, hmtl-G68R (Yu et al. 2004a), to wild-type yeast. GO 

Term search using the SGD YeastMine tool was conducted on genes that were significantly 

upregulated or downregulated by at least 1.25 fold in Hmtl loss-of-function strains (hmtJLJ and 

hmtl-G68R) compared to wild-type yeast. Genes were classified into "biological process" ( a 

collection ofmolecular events with a well-defined beginning and end) using gene ontology 

classification. 

Table 6: GO term analysis for genes upregulated in hmtlA strain 
-

GO Term p-value GOID Matches 
mitochondrial translation 1.98E-13 GO:0032543 39 

mitochondrial gene expression 1.20E-11 GO:0140053 39 

iron ion homeostasis 0.00203 GO:0055072 14 

iron chelate transport 0.018849 GO:0015688 6 

siderophore transport 0.018849 GO:0015891 6 

transition metal ion transport 0.035936 GO:0000041 11 

Table 7: GO term analysis for genes downregulated in hmtlA strain 

GO Term 
small molecule metabolic process 
oxoacid metabolic process 
organic acid metabolic process 
carboxylic acid metabolic process 
oxidation-reduction process 
small molecule biosynthetic process 
cofactor metabolic process 
coenzyme metabolic process 
cellular amino acid metabolic process 
cofactor biosynthetic process 

p-value 
1.93E-14 

2.30E-08 

2.84E-08 

2.41359£-06 

6.68753£-06 

8.55534£-05 

0.000107571 

0.00012434 

0.000151802 

0.000784901 

GOID Matches 
GO:0044281 113 

GO:0043436 67 

GO:0006082 67 

GO:0019752 61 

GO:0055114 62 

GO:0044283 54 

GO:0051186 41 

GO:0006732 34 

GO:0006520 40 

GO:0051188 29 
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Table 8: GO term analysis for genes upregulated in hmtl-G68R strain 

GO Term 
mitochondrial gene expression 
mitochondrial translation 
oxidative phosphorylation 
ATP synthesis coupled electron transport 
mitochondrial ATP synthesis coupled 
electron transport 
cellular respiration 
respiratory electron transport chain 
aerobic respiration 
electron transport chain 
energy derivation by oxidation of organic 
compounds 
translational elongation 
translation 
purine ribonucleoside triphosphate metabolic 
process 
peptide biosynthetic process 
cytochrome complex assembly 
purine nucleoside triphosphate metabolic 
process 
ribonucleoside triphosphate metabolic 
process 
cellular amide metabolic process 
amide biosynthetic process 
peptide metabolic process 
mitochondrial respiratory chain complex 
assembly 
purine nucleoside monophosphate metabolic 
process 
purine ribonucleoside monophosphate 
metabolic process 
generation of precursor metabolites and 
energy 
nucleoside triphosphate metabolic process 

p-value 
4.24E-34 

2.17E-33 

3.39E-13 

7.97E-13 

7.97E-13 

6.3 lE-12 

3.45E-11 

9.45E-10 

6.89E-09 

3.95E-08 

1.08E-07 

1.56E-07 

2.13E-07 

2.32E-07 

3.43E-07 

3.98E-07 

7.30E-07 

9.82E-07 

1.06625£-06 

1.19597£-06 

1. 7 6962E-06 

3.58581£-06 

3.58581£-06 

7.7871E-06 

9.03767£-06 

GOID Matches 
GO:0140053 90 

GO:0032543 84 

GO:0006119 25 

GO:0042773 24 

GO:0042775 24 

GO:0045333 44 

GO:0022904 25 

GO:0009060 36 

GO:0022900 30 

GO:0015980 49 

GO:0006414 115 

GO:0006412 139 

GO:0009205 36 

GO:0043043 139 

GO:0017004 22 

GO:0009144 36 

GO:0009199 36 

GO:0043603 154 

GO:0043604 144 

GO:0006518 142 

GO:0033108 22 

GO:0009126 38 

GO:0009167 38 

GO:0006091 55 

GO:0009141 36 
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mitochondrion organization 1.26678£-05 GO:0007005 63 

ribonucleoside monophosphate metabolic 1.27744£-05 GO:0009161 40 

process 
ribosomal large subunit biogenesis 1.5129E-05 GO:0042273 36 

ATP metabolic process 1.8992 lE-05 GO:0046034 32 

nucleoside monophosphate metabolic process 4.19664£-05 GO:0009123 41 

respiratory chain complex III assembly 5.15341£-05 GO:0017062 10 

mitochondrial respiratory chain complex III 5.15341£-05 GO:0034551 10 

assembly 
mitochondrial electron transport, ubiquinol 0.000201891 GO:0006122 10 

to cytochrome c 
organonitrogen compound biosynthetic 0.000257605 GO:1901566 197 

process 
purine-containing compound metabolic 0.000446102 GO:0072521 43 

process 
mitochondrial electron transport, cytochrome 0.000638638 GO:0006123 10 

c to oxygen 
purine ribonucleotide metabolic process 0.00063865 GO:0009150 39 

ribonucleotide metabolic process 0.000772781 GO:0009259 41 

Table 9: GO term analysis for genes downregulated in hmtl-G68R strain 

GO Term p-value GOID Matches 
response to chemical 4.23E-13 GO:0042221 134 

organonitrogen compound catabolic process 4.72E-13 GO:1901565 105 

proteolysis involved in cellular protein 4.54E-12 GO:0051603 77 

catabolic process 
organic substance catabolic process 6.04E-12 GO:1901575 157 

protein catabolic process 1.15E-11 GO:0030163 83 

proteasome-mediated ubiquitin-dependent 1.24E-11 GO:0043161 55 

protein catabolic process 
modification-dependent protein catabolic 2.l0E-11 GO:0019941 70 

process 
proteolysis 3.12E-11 GO:0006508 105 

cellular protein catabolic process 3.15E-11 GO:0044257 79 

ubiquitin-dependent protein catabolic process 5.91E-11 GO:0006511 69 

proteasomal protein catabolic process 9.07E-11 GO:0010498 56 
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proteasomal ubiquitin-independent protein 
catabolic process 
modification-dependent macromolecule 
catabolic process 
catabolic process 
cellular catabolic process 
macromolecule catabolic process 
proteasome assembly 
cellular macromolecule catabolic process 
protein folding 
cellular response to chemical stimulus 

9.15E-11 

3.28E-10 

1.46E-08 

2.62E-07 

1.06E-06 

1.21E-06 

3.32E-06 

0.000159 

0.000783 

GO:0010499 16 

GO:0043632 72 

GO:0009056 173 

GO:0044248 160 

GO:0009057 101 

GO:0043248 20 

GO:0044265 93 

GO:0006457 35 

GO:0070887 80 
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Materials and Methods 

Polyribosome Profiling 

Polyribosome profiling experiments were carried out as described previously (Lee et al. 2007; 

Walker et al. 2013). Cell lysates corresponding to 25 OD absorbance at 254nm were passed 

through a 5%-45% sucrose gradient and fractionated using a BioComp piston gradient 

fractionator. RNA absorbance at 254 nm was recorded using an in-line UV monitor. Polysome

to-monosome (P/M) ratios were quantitated by calculating the area under the curve 

corresponding to the polyribosome peaks divided by the area under the curve for the monosome 

(SOS) peak. All data are presented as the mean± SEM. Statistical significance of differences 

between the two groups was evaluated using a two-tailed Student's t-test. 

RNA hybridization assay 

RNA extraction was carried out using the hot phenol method as previously described (Collart 

and Oliviero 2001). For RNA hybridization analysis, 20µg of total RNA was resolved on an 8% 

polyacrylamide-urea (7.5M) gel and then transferred to HybondN+ Nylon membranes (GE 

Healthcare) using Bio-Rad semi-dry transfer (150 mA for 1hr). The membranes were then UV

crosslinked with a Stratalinker using the Optimal Crosslink setting. Membranes were hybridized 

in 3X SSC, IX Denhardt's, 0.5% SDS, and l00µg/mL sheared salmon sperm DNA overnight at 

37°C with 32P end-labeled oligonucleotide probes. After hybridization, membranes were washed 

with 2X SSC/0.1 % SDS buffer at 37°C. Washed membranes were exposed to PhosphorStorage 

screens, scanned with a Phosphorlmager (Molecular Dynamics), and quantified using the 

ImageQuant software. 
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Tandem affinity purification of Rpc82 

Tandem affinity purification of TAP-tagged Rpc82 in a hmtlL1 background was carried out 

exactly as described (Rigaut et al. 1999; Jackson et al. 2012). The purified protein was dialyzed 

in a dialysis buffer (lXPBS/15% glycerol) overnight, and the dialyzed fraction was then 

concentrated in a 10 kDa MWCO Amicon Ultra 0.5 mL protein concentrator (Millipore). The 

samples were stored at-80°C prior to use. 

Immunofluorescence microscopy 

Yeast cells were fixed with 3.7% formaldehyde in Phosphate buffer (pH 6.5), collected by 

centrifugation, and suspended in a mixture of 100 mM HEPES (pH 7.5), 1 M sorbitol, and 5mM 

sodium azide. The resuspended cells were then converted to spheroplasts by adding 0.02 volume 

of2-mercaptoethanol and 0.1 mg/ml zymolyase l00T (Seikagaku Co.) and incubating for 20 min 

at room temperature. Spheroplasts were laid on multiwell glass slides coated with polylysine and 

blocked with 1 % BSA in PBS for 10 min. The cells were incubated with primary antibodies 

diluted in PBS containing 0.1 % BSA for 1 h. Anti-myc polyclonal antibody (Cat# sc-40, Santa 

Cruz) was used at a 1: 100 dilutions. After washing, cells were incubated with the secondary 

antibodies diluted in IX PBS containing 0.1 % BSA for 1 hr. For secondary staining, Alexa Fluor 

594 goat anti-rabbit IgG (H+L) conjugate (10 µg/ml) antibody was used. Cells were washed, 

mounted with a Slow Fade Light Antifade kit (Molecular Probes), and observed under a 

fluorescence microscope. 
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Table 10: Yeast Strains used in this study 

Strain ID Name 

MYY2872 Wild-type 

MYY 2817 hmtlt,,. 

MYY 3199 maflt,,. 

MYY3036 Mafl 7SA-
13Myc 

MYY3042 Mafl 7SA-
13Myc, hmtl/',,. 

MYY3134 Mafl-13Myc 

MYY3135 Mafl-13Myc, 
hmtlt,,. 

MYY2662 Rpc82-TAP 
hmtlt,,. 

Genon:,ue Plasmids 

his3!',,.J leu2/',,.0 ura3/',,.0 rpc3 J/',,.:: URA3 MYP643 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.:: URA3 hmtl/',,.::NAT MYP 713 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.:: URA3 mafl!',,.::HPH MYP643 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3 l /',,.: :KAN mafl /',,.:Hph MYP643, 
MYP900 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::KAN mafl/',,.:Hph MYP643, 
hmtl!',,.::NAT MYP900 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::KAN Mafl- MYP643 
9Myc::Kan 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::KAN Mafl- MYP643 
9My c::Kan hmtl!',,.::NA T 

his3/',,.J leu2/',,.0 ura3/',,.0 rpc3J/',,.::KAN Rpc82-
TAP::HIS3 hmtl!',,.::NAT 

Table 11: Plasmids used in this study 

Plasmid ID Name Parent 
pMY643 Rpc3 l genomic clone pRS313 

pMY713 Rpc31Rs,9A pRS313 

pMY909 Mafl 7SA-13Myc pRS316 

pMY716 pGEX-Rpc31 pGEX-4T-l 

Table 12: Primers used in the study 

Primer ID Seguence 
863 GGAGGACAAGGCTCCACTGTGTTC 

561 GAACGGCCACAATGTGCGAGTAAA 

2753 AAACGAAATAAATCTCTTTGTAAAAC 

557 CCAGCTTAACTACAGTTGATCGGACGGGAA 

Reference 
This work 

This work 

A gift from Ian Willis 

This work 

Descriution Use 
RPRl Northern probe 

SCRl Northern probe 

snR6 Northern probe 

5SrRNA Northern probe 
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