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Abstract 

The Evolution of the Transcriptional Regulation of Amino Acid Biosynthetic 

Pathways in Yeasts 

Liron Noiman 

When evolutionary biology comes to mind, it is often accompanied by contemplating the 

vast amount of morphological or behavioral differences that exist between species. 

Whether Darwin’s finches or the pattern on an insect wing, we often reference these 

types of striking apparent visual differences in discussing the power of evolution. 

However, there are a growing number of examples that suggest that even core, 

fundamental processes like metabolism and mating are subject to evolutionary 

changes. In the face of these underlying evolutionary changes, the fundamental logic of 

these core processes must be conserved. A biosynthetic pathway must be upregulated 

in the face of nutrient starvation (Ch. 1), and a cellular identity must be conserved in 

order for mating to occur in yeast (Ch. 2), but how these logical outputs are maintained 

in spite of evolution acting on the molecules involved in these processes is the 

outstanding question explored in this work.  
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Introduction 

The contributions of model organisms to our understanding of biology are 

monumental. Deep mechanistic insights in genetics, cell biology, and physiology have 

been elucidated by a handful of species like Saccharomyces cerevisiae, 

Schizosaccharomyces pombe, Caenorhabditis elegans and Drosophila melanogaster. 

However, a potential pitfall of model organism biology is that our knowledge is biased by 

taking such a small and sparse sampling of the tree of life. What is found to be true in 

one species is assumed to be true in related species, often without directly testing those 

assumptions. Furthermore, the evolutionary trajectory by which differences between 

species is difficult to assess without direct experimentation. 

The ascomycete yeasts or Saccharomycotina are a group of fungi that share a 

most recent common ancestor encompassing the Saccharomyces cerevisiae clade 

through the Trichomonascus clades. They usually grow as single cells (although they 

can exist as hyphal and pseudohyphal morphologies) and reproduce asexually via 

budding. The most highly characterized member of the saccharomycotina is 

Saccharomyces cerevisiae. By converting sugar into carbon dioxide or alcohol, S. 

cerevisiae is most well-known for its culinary contributions to bread-baking and beer-

brewing. However, S. cerevisiae has served as a powerful model organism dating back 

to the early 1900s when cell-free extracts were shown to have enzymatic activity 

(Bohley & Fröhlich, 2014). Decades later, S. cerevisiae’s mating cycle (mating followed 

by meiosis coupled to spore formation) allowed for genetic cross analysis and isolation 

of genetic traits (Lindegren & Lindegren, 1943). Finally, S. cerevisiae’s readiness to 

accept bacterial plasmids opened the door for transgenics in a eukaryotic model 
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organism (Hinnen et al., 1978). This, coupled with the sequencing of its genome, 

allowed for the generation of whole genome libraries of knockout or tagged S. 

cerevisiae strains leading to leaps in knowledge in genetics, cell biology and gene 

regulation. 

A more recently developed Saccharomycotina “model” organism is Candida 

albicans. Separated from S. cerevisiae by hundreds of millions of years, C. albicans’s 

environmental niche is completely different from that of S. cerevisiae’s. While S. 

cerevisiae is found predominantly on the bark of deciduous trees or fermenting fruit, C. 

albicans resides primarily in the human gastrointestinal tract. While a harmless 

commensal in a majority of healthy individuals, C. albicans can be a harmful pathogen 

causing mucosal infections such as vaginitis or oropharyngeal thrush, or more severe 

systemic bloodstream infections in the severely immunocompromised (Kumamoto et al., 

2020). In addition to its completely different environmental niche, C. albicans differs 

from S. cerevisiae in many other aspects of its lifestyle.  Unlike S. cerevisiae, C. 

albicans undergoes a parasexual life cycle, seemingly not undergoing meiosis, and 

requires undergoing an epigenetic switch between two cell types – the white to opaque 

switch -- in order to mate (Miller & Johnson, 2002). Despite its apparent in inability to 

undergo meiosis or retain plasmid DNA, transgenic technology using nutritional 

markers, drug resistance cassettes, and more recently CRISPR, have rendered C. 

albicans a valuable additional ascomycete model yeast (Hernday et al., 2010; Nguyen 

et al., 2017). Thus, directly comparing C. albicans to S. cerevisiae is a powerful 

approach to understanding evolution. 
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Beyond C. albicans and S. cerevisiae, several other ascomycete yeasts have 

proven to be genetically tractable (Britton et al., 2020; Lombardi et al., 2019; Nocedal et 

al., 2017) and hundreds more genomes have been sequenced (Shen et al., 2018), 

allowing for a thorough exploration of the evolutionary trajectories by which different 

phenotypes arise. Comparative genetic, molecular, and bioinformatic analyses in these 

species have reinforced the idea that transcription network rewiring is a major molecular 

mechanism by which phenotypic diversity arises (Li & Johnson, 2010; Nocedal & 

Johnson, 2015).  

Transcription network rewiring refers to changes in the connections between 

sequence specific DNA binding transcription factors and the target genes they regulate. 

A connection between a sequence specific DNA binding protein and a target gene is 

fundamentally determined by the sequence specificity that the transcription factor 

recognizes and the presence or absence of that site in the regulatory region of that 

target gene. These connections are subject to rewiring since mutations can occur either 

in the regulatory regions of the genome, thereby creating or deleting a binding site 

(Gasch et al., 2004; Kunarso et al., 2010; Wittkopp & Kalay, 2011), or mutations can 

occur in the transcription factor itself that change the DNA binding specificity of the 

transcription fact (Jarvela & Hinman, 2015; Lynch & Wagner, 2008). These classes of 

mutations are characterized as cis- or trans- regulatory evolution, respectively. Detailed 

molecular studies have demonstrated that the trajectories by which transcription 

networks evolve ultimately involve both modes of regulatory evolution (Baker et al., 

2012; Britton et al., 2020; Lynch et al., 2008; Sorrells et al., 2018).   
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Ultimately, the rewiring of transcription networks leads to new patterns of gene 

expression – where one transcription factor governed one set of target genes, now a 

new transcription factor has “taken over” that set of target genes. Changes in the 

regulation of gene expression have long been hypothesized to account for diversity 

between species – dating back to the 70s, Susumo Ohno hypothesized that given how 

generally intolerant most genes seem to mutation, that regulation of genes must 

account for the majority of morphological diversity  (Ohno, 1972). Supporting this notion, 

Mary-Claire King and Allan Wilson analyzed the sequences of a core set of human and 

chimpanzee proteins, and found them to be so similar that they proposed that regulatory 

mutations must “account for the major biological differences” between the two species 

(King & Wilson, 1975). 

 While some of the most striking examples of regulatory evolution and 

transcription network rewiring result in striking morphological differences in higher 

metazoans (Gompel et al., 2005; Martin et al., 2016; O’Brown et al., 2015), even 

seemingly conserved processes like mating (Baker et al., 2012; Booth et al., 2010; Sai 

et al., 2011; Tsong et al., 2006) and metabolism (Dalal et al., 2016; Gasch et al., 2004; 

Priyadarshini & Natarajan, 2016; Whiteway et al., 2015) are subject to evolution and 

result in phenotypic differences between species. In this work, I will focus primarily on 

the evolution of the transcriptional regulation of amino acid biosynthetic pathways using 

a comparative approach between S. cerevisiae and C. albicans (Ch. 1) with a 

supplemental chapter on the evolution of a mating type regulator (Ch. 2).  
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Introduction 

A striking aspect of transcription network rewiring is how truly pervasive it is. 

Even in processes that appear to be fundamentally conserved, upon deeper digging into 

the molecular mechanisms underlying these processes, it is common to find that 

transcription network rewiring has, in fact, occurred. The ability to maintain a 

fundamental logic to a regulatory system – for example, the need to upregulate a 

biosynthetic pathway in the face of nutrient starvation – in the face of regulatory 

evolution suggests that evolution explores multiple “solutions” to the same regulatory 

problem. 

The comparison between S. cerevisiae and C. albicans offer numerous examples 

of seemingly conserved regulatory logic, whose underpinning molecular mechanisms 

have, in fact, changed. Even in such a central metabolic process such as glycolysis the 

two species diverge. While the enzymes involved in the process are largely conserved 

(Askew et al. 2009), what has diverged is the mechanisms by which these genes are 

regulated.  Crabtree-positive yeasts, that is those that use the fermentation pathway in 

the presence of oxygen and high amounts of glucose, such as S. cerevisiae, repress 

respiration and up-regulate the glycolytic/fermentation pathway in the presence of 

excess glucose. In contrast, C. albicans will completely oxidize carbohydrates through 

the respiration pathway in aerobic conditions, only relying on the fermentation pathway 

in the absence of oxygen. Furthermore, C. albicans up-regulates the glycolytic genes in 

low oxygen conditions while S. cerevisiae does not.  

These differences in the regulation of glycolytic genes are mediated by different 

transcription factors. In S. cerevisiae, Gcr1 and Gcr2 together activate glycolytic 
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enzymes in the presence of excess glucose (Drago Clifton, Weinstock, and Fraenkel 

1978; Uemura and Fraenkel 1990). Deleting either regulator decreases the expression 

levels of the glycolytic genes resulting in growth defects during culture on glucose (D. 

Clifton and Fraenkel 1981).  

However, this Gcr1/2-dependent gene activation has not been documented in 

widely diverged yeast species and may be unique to S. cerevisiae and close relatives. 

In particular, C. albicans relies on different regulators for the activation of glycolysis 

genes: Gal4 and Tye7 (Askew et al. 2009). Deleting both factors resulted in a severe 

growth defect during culture on several fermentable carbon sources when respiration 

was inhibited or oxygen was limited. Tye7p provides a strong basal level of glycolytic 

expression and commits the cell to glycolysis. Gal4p, on the other hand, is a carbon 

source-dependent regulator that fine-tunes gene expression in response to the 

presence of fermentable carbon sources (Askew et al. 2009).  

In fact, the role of Gal4 across species provides an additional example of 

evolutionary divergence in the regulation of a central metabolic pathway. In S. 

cerevisiae, the transcription factor Gal4 is responsible for inducing the expression of the 

three enzymes responsible for converting galactose to glucose expression in the 

presence of excess galactose and absence of glucose (Giniger, Varnum, and Ptashne 

1985; Traven, Jelicic, and Sopta 2006). While in C. albicans, Gal4 is involved in 

regulating glycolytic genes, and C. albicans instead relies on different regulators, Rtg1 

and Rtg3, to induce the Gal enzymes when galactose is present and glucose is absent 

(Dalal et al. 2016). 
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These two examples demonstrate that when it comes to the transcriptional regulation of 

metabolic pathways what must be conserved is the logic: when a key metabolite is in 

short supply, the genes involved in synthesizing that metabolite must be upregulated in 

order to make more of that metabolite. Conversely, when the concentration of a 

metabolite is high, the enzymes involved in breaking that metabolite down or converting 

it into another more readily used or stored molecule must be upregulated. While these 

logical connections are conserved (low concentration of metabolite, increased 

expression of metabolite’s biosynthetic genes), the mechanism by which these 

biosynthetic genes are upregulated are prone to evolutionary divergence. Specifically, 

transcription network rewiring – that is, changing the connections between transcription 

factors and their target genes – can result in different sets of transcription factors 

regulating a set of target genes in different species (Johnson 2017; Li and Johnson 

2010).  

The extent to which the transcription factors that regulate amino acid biosynthetic 

pathways have diverged is less clear. A great deal is known about the regulation of 

amino acid biosynthetic pathways from experiments in S. cerevisiae. Multiple modes of 

regulation have been uncovered – transcriptional, post-transcriptional, and allosteric – 

and all these modes work together to monitor flux and respond to levels of available 

amino acids.  Within transcriptional control of amino acid biosynthetic pathways, two 

modes of regulation exist – cross-pathway [sometimes referred to as general amino 

acid control (GAAC)] and pathway-specific control. 

GAAC is characterized by enzymes in multiple amino acid biosynthetic pathways 

induced in response to starvation for any amino acid (A G Hinnebusch 1988). The 
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majority of experiments have relied on the induction of amino acid starvation using the 

addition of antimetabolites [e.g., 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of 

imidazoleglycerol-phosphate dehydratase (HIS3) that catalyzes the sixth step of 

histidine biosynthesis, and metsulfuron methyl, an inhibitor of acetohydroxyacid 

synthase (Ilv2) that catalyzes the first step of branched-chain amino acid biosynthesis]. 

When exposed to 3-AT, cells activate the expression of a large set of genes including 

representatives in every amino acid biosynthetic pathway, with the exception of cysteine 

(Alan G Hinnebusch and Natarajan 2002; Natarajan et al. 2001). 

The transcriptional activator Gcn4 mediates GAAC. GCN4 expression is induced 

in starved cells at the translational level by a reinitiation mechanism involving four short 

upstream open reading frames (Alan G Hinnebusch 2005; Mueller and Hinnebusch 

1986). Briefly, upon amino acid starvation, multiple tRNAs become deacylated 

(Zaborske et al. 2009; 2010). Gcn2 has an auto-inhibited kinase domain that is 

allosterically activated in starved cells through binding of uncharged tRNAs to an 

adjacent histidyl-tRNA synthetase-like domain (Dong et al. 2000; Wek, Jackson, and 

Hinnebusch 1989). The activated Gcn2 kinase phosphorylates the α-subunit of eIF2, 

resulting in reduced levels of eIF2-GTP-Met-tRNAiMet ternary complex, and thus 

decreasing the efficiency of scanning ribosomes to reinitiate translation (Dever et al. 

1995). Ultimately, amino acid starvation increases the proportion of ribosomes that 

reinitiate translation at GCN4, increasing protein levels of GCN4, subsequently 

activating amino acid biosynthetic pathways, and amino acid output.  

While GAAC is effective at up-regulating hundreds of biosynthetic enzymes 

across multiple biosynthetic pathways, more fine-tuned transcriptional control is 
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coordinated via pathway-specific transcriptional responses. A well-defined example of 

pathway-specific transcriptional control comes from what is known about the regulation 

of the lysine biosynthetic pathway. Lysine is synthesized from α-ketoglutarate via the α-

aminoadipate (α-AAS) pathway (Xu et al. 2006). Two fundamental feedback control 

mechanisms exist in this pathway. Firstly, the first step of the pathway is catalyzed by 

either Lys20 or Lys21, both of which are feedback-inhibited by the end product, lysine 

(Andi, West, and Cook 2005). Therefore, when lysine is present in high concentration, 

flux through the pathway reduces. Conversely, under lysine starvation, flux through the 

pathway increases. The second mode of feedback control is transcriptional: the 

expression of the LYS genes is controlled by a pathway-specific transcription factor, 

Lys14, which, in turn, responds to pathway-intermediate: α-AAS. This pathway 

intermediate binds and activates the pathway-specific transcription factor Lys14 (Becker 

et al. 1998; El Alami et al. 2002). As a consequence of a pathway intermediate 

controlling the capacity of Lys14 to activate gene expression, conditions that increase or 

decrease the flux through the pathway, positively or negatively, affect LYS gene 

expression. Increased flux in the pathway results in elevated production of α-AAS, 

turning on Lys14-dependent expression of all LYS genes. Conversely, due to feedback 

inhibition of the first step of the pathway (catalyzed by either Lys20 or Lys21), excess 

lysine reduces the production of α-AAS and causes apparent repression of the LYS 

genes (Andi, West, and Cook 2005).  

In the case of lysine biosynthesis, GAAC and pathway-specific control are 

integrated as Lys14 is itself a transcriptional target of Gcn4. Thus, upon lysine 

starvation, the pathway-specific modes of regulation are activated, as is GAAC via the 
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starvation of a single amino acid. GAAC, in turn, further up-regulates Lys14 and the 

pathway-specific response. 

In S. cerevisiae, other amino acid biosynthetic pathways are co-regulated by 

pathway-specific and general control. In the case of methionine biosynthesis: a 

pathway-specific complex is known to regulate the expression of MET genes. The 

expression of the majority of genes encoding enzymes of methionine genes requires the 

transcriptional activator Met4 (Lee et al. 2009; Thomas and Surdin-Kerjan 1997). Met4 

interacts directly with either of two highly similar zinc-finger proteins, Met31 and Met32, 

or with the basic-helix-loop-helix protein Cbf1. An additional cofactor, Met28, which also 

lacks DNA-binding activity, is thought to stabilize DNA-bound Met4 complexes (Blaiseau 

and Thomas 1998; Kuras, Barbey, and Thomas 1997). Under sulfur-limiting conditions, 

these interactions enable Met4 to activate transcription through recruitment of the SAGA 

histone acetyltransferase and Mediator coactivator complexes (Kuras et al. 2002; Leroy, 

Cormier, and Kuras 2006). 

GAAC is thought to have a limited role in MET gene expression under 

methionine-limiting conditions, however starvation for histidine or tryptophan results in 

strong Gcn4-dependent induction of several MET genes, including MET1, MET10, 

MET13, MET16, MET17, MET22, MET28, SUL1, and SUL2 (Natarajan et al. 2001). The 

fact that Gcn4 induces MET28 suggests that GAAC may indirectly activate MET genes 

by facilitating the stability of pathway-specific activation complexes. 

While many of the details of the regulation of amino acid biosynthetic pathways 

have been worked out genetically and biochemically in S. cerevisiae, fewer have been 

examined in C. albicans or other yeast species. However, the evidence accumulated so 
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far suggests that GAAC mediated by Gcn4 exists across a wide range of fungal 

species. In C. albicans, specifically, analogous gene expression profiling experiments 

using 3-AT defined the Gcn4-regulon and found that, similarly to S. cerevisiae, amino 

acid biosynthetic genes representing all 20 amino acid pathways were enriched upon 3-

AT treatment. The majority (~90%) of these 3-AT induced genes were dependent on 

Gcn4 (Tournu et al. 2005). Of note, C. albicans Gcn4 shares similar translational and 

Gcn2-mediated regulation with its S. cerevisiae ortholog. In addition, in the filamentous 

fungi, Neurospora crassa, the Gcn4 ortholog Cpc1 is required for induction of numerous 

amino acid biosynthetic genes upon amino acid starvation (Tian et al. 2007). While the 

total conservation of the regulons of the S. cerevisiae, C. albicans and N. crassa Gcn4 

orthologs is only about 10% (that is, 32 of the 300-400 genes whose change in a Gcn4-

dependent fashion upon 3-AT treatment are the same across all three species), of this 

deeply conserved Gcn4-regulon two-thirds are amino acid biosynthetic genes (21 of the 

32 conserved Gcn4-target genes. The only evidence of GAAC mediated by a 

transcription factor other than Gcn4 exists lies outside of the Saccharomycotina clade. 

In the basidiomycete model yeast, S. pombe, Fil1 induces the expression of many 

amino acid biosynthetic genes in response to 3-AT, and has similar uORF and Gcn2-

mediated regulation, however it is in a completely different DNA-binding domain family 

than Gcn4 – Fil1 is a GATA transcription factor while Gcn4 is a bZip transcription factor 

(Duncan et al. 2018). Together, this suggests that GAAC mediated by Gcn4 is deeply 

conserved and is at least ~300 million years old. 

While GAAC is conserved, it is unclear to what extent pathway-specific regulation 

exists in C. albicans. Previous work has demonstrated that there has been 
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transcriptional rewiring at least in the case of lysine biosynthesis. The orthologs of 

Lys14 – the sequence-specific DNA binding protein responsible for activating the lysine 

biosynthetic genes in the absence of lysine in S. cerevisiae – do not regulate the lysine 

biosynthetic genes in C. albicans (Pérez et al. 2014). While this work described what 

the Lys14 orthologs do in C. albicans, it did not answer the question of which 

transcription factor regulates lysine biosynthesis. Other previous work has suggested 

the potential for rewiring events in the regulation of methionine biosynthesis, as the 

deletion of the Met32 ortholog in C. albicans did not produce a methionine auxotrophy 

(Homann et al. 2009) Again, this study suggests a re-wiring event, but it did not seek to 

answer the question of which transcription factor regulates the methionine biosynthetic 

genes in C. albicans. Therefore, the question of which transcription factors regulate the 

amino acid biosynthetic pathways in C. albicans is still unanswered.   

Results 

Screen for transcriptional regulators of amino acid biosynthesis in C. albicans  

To address this question systematically, we screened for transcriptional 

regulators of amino acid biosynthesis using a collection of transcription factor knockout 

mutants. To identify putative pathway-specific transcription factors, we did a preliminary 

screen comparing growth in synthetic complete media to growth in media lacking amino 

acids. The logic of this screen is that any transcription factor responsible for the 

induction of any amino acid biosynthetic pathway would behave as an auxotroph in the 

absence of amino acids, and would not grow. Due to the strain background of the 

library, we could not withdraw arginine from the media. We found that 20 strains did not 

grow in the absence of amino acids, however 2 of these mutant strains also exhibited 
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slow growth in complete media, so we excluded these 2 strains from further analysis. 

(Fig 1) It is important to note that this screen was an end-point analysis; strains were 

grown overnight in media lacking amino acids and optical densities were checked the 

next day. We were not looking for intermediate growth defects, but rather we wanted to 

find the transcription factors that were absolutely required for induction of the amino 

acid biosynthetic pathways.  

We took the remaining 18 strains through a secondary screen in which we 

systematically withdrew a single amino acid one at a time to answer the question of 

which, if any, of the potential amino acid biosynthetic transcriptional regulators are 

pathway-specific. If a transcription factor was a pathway-specific regulator, we would 

expect to see no growth when only the one amino acid is withdrawn. We found that in 

three conditions (-Lys, -His, -Met), only the Gcn4 deletion strain behaved in a pathway-

specific manner (Fig 2). All other mutants in all other conditions demonstrated the ability 

to grow following over-night culture in media lacking a single amino acid. 

The screen was also conducted on plates. The same collection of transcription 

factor knockout mutants were plated as dilution series on rich plates and plates that 

were deprived of a single amino acid. Using this approach, the Gcn4 deletion strain was 

the only mutant that demonstrated growth defects across nearly all of the single drop-

out conditions tested, and notably these phenotypes were the most reproducible across 

both biological and technical replicates. Specifically, and in keeping with the results of 

the liquid culture assay, the Gcn4 mutant displayed the largest defects in the -His, -Met 

and -Lys conditions, while less severe growth defects were observable in other 

conditions (-Ile, -Leu, -Thr, for example). On plates, other mutants did show some 
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growth defects in certain drop-out conditions, however none were as reproducible nor 

as severe as the Gcn4 mutant (Fig 3).  

The results of both the liquid and plate-based screens together suggest that 

Gcn4 is a central regulator of amino acid biosynthetic genes in C. albicans, and there 

are no clear pathway-specific transcriptional regulators. Given that there were some 

minor defects on plates, there is a chance that other transcriptional regulators do 

contribute to growth in a pathway-specific manner, however none of those mutants 

displayed an auxotrophic growth behavior comparable to the Gcn4 mutant. 

 

Species-specific differences in the reliance on Gcn4 for growth 

The result of the screens for transcription factors that regulate amino acid 

biosynthetic pathways in C. albicans converged on Gcn4. Both the liquid overnight and 

on-plate screens clearly demonstrate that Gcn4 is required for growth in conditions 

lacking lysine, methionine, or histidine. While the on-plate screen suggested growth rate 

defects in these and other conditions, we had not measured growth rate directly in 

either screen. In addition, the requirement of Gcn4 for growth in media lacking lysine in 

C. albicans is a phenotypic difference than what we see in S. cerevisiae. In S. 

cerevisiae, a Gcn4 mutant will grow in the absence of lysine, while the Lys14 mutant will 

not, suggesting that Lys14 plays a larger role in activating the lysine biosynthetic genes. 

These observations led us to ask if there are other species-specific differences in the 

reliance on Gcn4 for growth in amino acid dropout conditions. 
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To answer this question, Gcn4 was deleted in prototrophic strains of C. albicans 

and S. cerevisiae so we could test all 20 dropout conditions in a plate-based liquid 

growth assay. The wildtype strains of both species grew without defect across all 

conditions tested. As expected from the results of the screens, in C. albicans, Gcn4 was 

required for growth in media lacking histidine, lysine or methionine – the Gcn4 deletion 

strain did not grow in these conditions (fig 4). Also consistent with the result of the plate-

based screen, we observed moderate growth rate defects for the Gcn4 deletion mutant 

in media lacking leucine, isoleucine or threonine (fig 4). In contrast, S. cerevisiae relied 

on Gcn4 for growth in media lacking arginine or media lacking tryptophan – consistent 

with previously reported literature that demonstrates a reliance on Gcn4 for full 

activation of these biosynthetic pathways.   

This direct comparison of C. albicans and S. cerevisiae Gcn4 deletion mutants 

demonstrates a shift in the reliance on Gcn4 between the two species. It suggests that 

Gcn4 is the main transcriptional regulator of lysine, methionine and histidine 

biosynthetic genes in C. albicans. It also suggests that CaGcn4 does not play as central 

of a role in the activation of arginine and tryptophan biosynthetic genes as it does in S. 

cerevisiae.  

 

Evolution of pathway-specific v cross-pathway control 

Given the species-specific differences in reliance on Gcn4, and the lack of 

evidence for pathway-specific transcriptional regulation of amino acid biosynthetic 

pathways in C. albicans, we next asked when did general and pathway-specific 
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transcriptional regulation evolve. We took a bioinformatic approach to answer this 

question. We scored the genomes of # yeast species for the presence the motifs of 

known transcriptional regulators of amino acid biosynthetic genes in the intergenic 

regions of biosynthetic enzymes. While we generated species-specific motifs when 

possible – for example, in the case of C. albicans Lys14 orthologs where we had high-

confidence data on their target genes (Pérez et al. 2014)  – a caveat of this analysis is 

that it otherwise assumes that orthologous target genes and motifs have conserved 

their functions across species. We limited this analysis to the lysine, methionine, 

arginine and branched chain amino acid pathways (leucine, isoleucine, valine) as these 

were the pathways for which we were able to find information-rich motifs either through 

motif-generating software like MEME or pre-existing motif libraries. 

First, we asked whether the ortholog of known pathway-specific transcriptional 

regulators in S. cerevisiae exist in C. albicans and closely related species because one 

explanation for the lack of pathway specific regulation might be the lack of pathway-

specific regulators. We already knew that the ratio of orthologs for certain pathway 

specific regulators would not be 1-to-1 between S. cerevisiae and C. albicans. For 

example, we already knew that the Lys14 orthologs in C. albicans had undergone two 

duplication events such that there are now four Lys14 orthologs in C. albicans. In 

addition, certain S. cerevisiae regulators, specifically Met31/32 and Arg80/81, are the 

result of the whole genome duplication and would therefore display a 2-to-1 ratio when 

comparing S. cerevisiae to C. albicans, and this result was clearly demonstrated when 

looking in a clade-specific manner (Fig 5). However, we found some additional “missing” 

orthologs when looking at the regulators of methionine biosynthesis. Specifically, Met4 
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and Met28 – neither of which are the result of the whole genome duplication – do not 

appear to have a clear ortholog in C. albicans or any of the closely related species in 

the Candida clade (Fig 5). This could explain the complete reliance on Gcn4 for 

methionine biosynthesis in C. albicans – some of the essential pathway specific 

regulators were lost from the C. albicans genome.  

We did the same analysis on the biosynthetic enzymes, to ensure that the 

pathways were likely to be conserved across species. Here we found less variation as 

compared to the regulators – nearly all the enzymes have identifiable orthologs across 

species, with isolated losses identified in the case of few species and few enzymes. 

After establishing the identity of the enzymes and regulators, we scored the intergenic 

regions of the biosynthetic enzymes for the presence or absence of a given sequence-

specific DNA binding motif. If a transcription factor regulates a biosynthetic pathway, we 

would expect to see an enrichment of that motif across the entire pathway. For 

example, in the case of S. cerevisiae we would expect to find Lys14 motifs throughout 

the Lys biosynthetic intergenic regions. This is indeed what we find – the Lys14 motif is 

highly enriched in the lysine biosynthetic genes in S. cerevisiae and all of S. cerevisiae’s 

closest relatives. In contrast, we see significantly less enrichment for Lys14 motifs in C. 

albicans and its closest relatives. In addition, we see enrichment for Gcn4 in the Lys 

biosynthetic genes across both clades, with higher enrichment of Gcn4 in the Candida 

clade. This finding is consistent with the phenotypic data which demonstrates that Gcn4 

is required for growth in conditions lacking lysine in C. albicans, while Lys14 is required 

for growth in conditions lacking lysine in S. cerevisiae.  
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To understand whether the regulation of the lysine biosynthetic pathway by 

Lys14 was an evolutionary loss or gain, we expanded this analysis to all # yeast 

genomes. We find that the Lys14 motif is enriched in the promoters of the lysine 

biosynthetic genes only in the species spanning from the Saccharomyces clade to the 

Hansenula clade. This suggests that pathway-specific regulation by Lys14 was a more 

recent evolutionary gain. In addition, by scoring the Lys14 motif in the Lys14 promoter, 

we find that Lys14 auto-regulation may have evolved earlier than the pathway-specific 

regulation. We find Lys14 enrichment in the Lys14 promoter extending from the 

Saccharomyces clade through the Wickerhamomyces clade, a larger evolutionary 

distance than the signature of pathway-specific regulation. By contrast, we find Gcn4 

motifs distributed across the entire phylogenetic tree, with perhaps a slight enrichment 

in the Candida clade. This suggests that Gcn4-mediated control of the lysine 

biosynthetic pathway is evolutionary ancient, while pathway-specific regulation by Lys14 

is a much more evolutionarily novel. 

For the other pathways in question, the signature is not nearly as clear as the 

case of lysine biosynthesis. While the case of methionine-specific regulation may be 

partially due to the loss of Met4 and Met28, we still find Met31 motifs in many of the 

genes involved in methionine biosynthesis in the Candida clade. Furthermore, we do 

not see an enrichment in Gcn4 motifs in the Candida clade as compared to S. 

cerevisiae.  

For the branched chain amino acid pathways, the signature is even less clear. 

We find Leu3 motifs equally distributed throughout both the Saccharomyces and the 

Candida leucine, isoleucine and valine pathways. However, the Leu3 ortholog in C. 
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albicans did not demonstrate an auxotrophic phenotype in the absence of leucine, 

isoleucine or valine. In addition, there is no enrichment of the Gcn4 motif in these 

pathways. Admittedly, the Gcn4-dependence of the branched chain amino acid 

biosynthetic genes is not as strong as the Gcn4-mutant displayed intermediate growth 

defects in media lacking leucine, isoleucine or valine, so perhaps we would not expect 

to see an enrichment of Gcn4 in this pathway.  

Discussion 

In this study, we reveal an apparent lack of C. albicans pathway-specific 

regulation of amino acid biosynthetic pathways. This is in stark contrast to the pathway-

specific regulation of amino acid biosynthetic pathways in S. cerevisiae where at least 

four pathways (Lys, Met, Arg, and Ser) have been shown to have dedicated pathway-

specific transcription factors. Conversely, we demonstrate a conserved and ancient role 

for Gcn4 in mediating cross-pathway general amino acid control in both C. albicans and 

S. cerevisiae. This conserved role of Gcn4 in C. albicans has been shown using 3-AT 

as a mechanism of inducing histidine starvation but has never been put in the context of 

true amino acid limitation nor in the context of how many transcriptional regulators exist 

in addition to Gcn4 in C. albicans. 

In particular, we have a clear picture of the rewiring of the regulation of the lysine 

biosynthetic pathway. Previous work showed that the C. albicans Lys14 orthologs do 

not bind to the promoters of lysine biosynthetic genes (Pérez et al. 2014), while Gcn4 

has been shown to bind to the promoters of at least two lysine biosynthetic genes (Lys2, 

Lys9) (Priyadarshini and Natarajan 2016). In addition, the subsequent 

neofunctionalization of the Lys14 orthologs via changes in their DNA binding specificity 
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led them to play a role in gastrointestinal tract colonization and systemic infection 

(Pérez, Kumamoto, and Johnson 2013). Here we definitively show using comparative 

genetics that C. albicans Gcn4 is absolutely required for growth in media lacking lysine, 

while S. cerevisiae Gcn4 is not required under the same conditions. Using bioinformatic 

analysis across hundreds of published yeast genomes we show a strengthening of 

Gcn4 binding sites in the promoters of the lysine biosynthetic genes of C. albicans and 

its close relatives, and a Saccharomyces-clade specific gain of Lys14 binding sites. 

Thus, the rewiring of the transcriptional regulation of the lysine biosynthetic pathway 

between S. cerevisiae and C. albicans involved changes in both cis (strengthening of 

Gcn4 binding sites in C. albicans, gain of Lys14 binding sites in S. cerevisiae) and trans 

(gene duplication and changes in DNA binding specificity of the Lys14 orthologs in C. 

albicans.) 

Did the role of the Lys14 duplication events in the Candida clade play a role in 

this apparent shift from Lys14-dependent regulation of the lysine biosynthetic pathway 

to a Gcn4-dependent mode? Genome-wide studies in both eukaryotes (Lynch and 

Conery 2000) and prokaryotes (Kondrashov et al. 2002) have shown periods of relaxed 

selection and accelerated evolution in both paralogs following gene duplication. This is 

hypothesized to allow for neofunctionalization to occur as one or both paralogs 

accumulate mutations. It is plausible that in the case of Lys14, which underwent its first 

duplication in the ancestor of the Candida clade (the CTG clade), that the duplication 

event led to changes in the DNA binding domain of both paralogs, ultimately leading to 

their new functions in commensalism and pathogenesis. Our bioinformatic analysis here 

shows no Lys14 binding sites in the promoters of the Lys biosynthetic genes in species 
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where more than one copy of Lys14 exists. Conversely, in the genomes where only one 

copy of Lys14 exists – the clades encompassing S. cerevisiae and K. lactis -- Lys14 

binding sites are found in the promoters of the Lys biosynthetic genes. Intriguingly, in 

the outgroup to S. cerevisiae and C. albicans, (the clade containing the 

Wickerhameromyces yeast W. anomalus and W. ciferrii), we see a Lys14 binding sites 

in the Lys14 promoter itself, but not in the promoters of the Lys biosynthetic genes. After 

running BLAST on each of the C. albicans Lys14 paralogs (and subsequent reciprocal 

BLAST with any of the plausible hits), it appears that W. anomalus may have at least 2 

copies of Lys14. While this may suggest that the duplication event is actually more 

ancient than we previously reported, it also strengthens this intriguing correlation: 

wherever we see more than one copy of Lys14, we see a subsequent loss of Lys14 

binding sites in the promoters of the lysine biosynthetic pathway. While direct 

experiments in species like W. anomulus would be necessary to fully conclude anything 

about the function of the Lys14 paralogs in that species, it is a pattern that suggests that 

the relaxed selection experienced by the Lys14 paralogs was an important step in the 

rewiring of transcriptional regulation of lysine biosynthesis. 

While transcriptional control is an important regulatory mode for biosynthetic 

pathways, allosteric control via pathway intermediates is another prominent form of 

regulation. This is the case for Lys14 which binds and is activated by α‐aminoadipate 

semialdehyde, the product of the Lys2- and Lys5- catalyzed conversion of alpha-

aminoadipate into alpha-aminoadipate semialdehyde in the fourth step of the lysine 

biosynthetic pathway. A functional transcriptional reporter analysis of S. cerevisiae 

Lys14 identified a 20-amino acid long leucine-rich stretch (positions 298-317 in the S. 
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cerevisiae protein) which, when deleted, rendered Lys14 into a constitutive activator, 

suggesting that this reason is required for the α‐aminoadipate semialdehyde induced 

activation. Intriguingly, this leucine-rich region is in a relatively well-conserved region of 

the protein, however nearly none of the leucine residues found in the S. cerevisiae 

Lys14 are conserved in the C. albicans Lys14 orthologs (more specifically, there are 6 

leucine residues in this 20 amino acid stretch. One leucine is common between S. 

cerevisiae Lys14 and C. albicans Lys144 and another leucine is common between S. 

cerevisiae Lys14 and C. albicans Lys142. None of the C. albicans lys14 paralogs seem 

to have a leucine-rich region in this part of the protein alignment.). This suggests that in 

addition to critical changes to DNA binding specificity, the Lys14 paralogs in C. albicans 

may have also lost allosteric control via lysine pathway intermediates – further evidence 

that pathway-specific control of the lysine biosynthetic pathway is not a feature of amino 

acid biosynthetic control in C. albicans. 

We screened a C. albicans library of 270 transcription factor knockout strains, 

both on plates and in liquid growth assays, and did not find evidence of pathway-

specific transcriptional regulation of amino acid biosynthetic pathways. However, a few 

important caveats should be noted. Firstly, the screen was designed only to find 

transcriptional activators of biosynthetic pathways as we looked for strains that were 

auxotrophic upon withdrawal of amino acids from the growth media. If the predominant 

mode of transcriptional regulation in C. albicans is via repression, as is the case in the 

S. cerevisiae serine biosynthetic pathway, we would not have identified those mutants. 

Furthermore, we applied a stringent threshold as we were looking for strains that truly 

did not grow in the absence of a given amino acid – as we found for the Gcn4 mutant 
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across multiple conditions. However, if a transcriptional regulator played a pathway-

specific role but displayed a more subtle growth defect – perhaps via redundancy with 

Gcn4 or another factor – we would not have identified those mutants either. Lastly, 

while we believe this Candida albicans transcription knockout library to be well-vetted 

and comprehensive, it is entirely possible that candida-specific families of transcription 

factors would have been missed in the initial creation of the library. However, this would 

require that all the pathway-specific regulators that we failed to discover in our screen 

fall in this candida-specific category of transcriptional regulators. While it is possible, it 

seems unlikely and would be very unlucky.  

If the emerging picture here is that C. albicans lacks pathway-specific 

transcriptional control of amino acid biosynthetic pathways and relies entirely on cross 

pathway control mediated by Gcn4, while a species like S. cerevisiae utilizes both 

pathway-specific and cross-pathway control, it may be worth briefly considering the vast 

differences in the environmental niche of these two species. C. albicans resides in the 

human gut while S. cerevisiae is found on the bark of deciduous trees and rotting fruit. 

An obvious difference between the two species may be nutrient, and in this case 

specifically amino acid, availability. While it is unclear what the exact concentrations of 

amino acids in each environment may be, experimental evidence shows that 

auxotrophic strains of Candida albicans survive, proliferate, and cause disease in 

mouse models of infection. This suggests, that at least in the mouse gut, amino acids 

are abundant enough to compensate for the deletion of key biosynthetic enzymes. In 

addition, C. albicans has an expanded family of secreted aspartic proteases and 

oligopeptide transporters that have a role in the acquisition of nutrients during 
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colonization and infection, suggesting that perhaps C. albicans has evolved an 

enhanced ability to acquire amino acids from the environment. All this, while highly 

speculative, may indicate that C. albicans is not likely to experience prolonged amino 

acid starvation induced stress, and that amino acid starvation is not a strong 

environmental or evolutionary pressure. Thus, it is possible that the evolution of 

pathway-specific amino acid regulation evolved in the S. cerevisiae lineage as a 

necessary “fine-tuning” mechanism to survive periods of amino acid starvation, while in 

C. albicans an “all or nothing” Gcn4-mediated response is sufficient.  

Materials & Methods 

Strains & Media 

The transcription factor knockout collection strains were derived from SN152 

(Noble and Johnson, 2005) and constructed by fusion PCR using the His and Leu 

cassettes as previously described (Hernday et al., 2010; Homann et al., 2009; Noble 

and Johnson, 2005). OH13 (Homann et al., 2009) was used as a parent strain.  

To generate a prototrophic C. albicans Gcn4-deletion strain, the SAT1-flippable 

cassette was used as described (Sasse & Morschhauser, 2012). Briefly, upstream and 

downstream homology arms of Gcn4 were amplified and cloned into pMBL162 (Lohse & 

Johnson, 2010). The plasmid was linearized with SphI and AatII, and transformed in the 

prototrophic wildtype C. albicans strain SC5314. Nourseothricin resistant colonies were 

selected on YPD+NAT, and confirmed by PCR flank-check. Colonies were grown 

overnight in YEP+2% Maltose to induce flipping of the SAT1 cassette. Colonies were 

plated on YPD, grown for 2 days at 30C before replica plating onto YPD with and 
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without NAT. Colonies that grew on YPD but not on YPD+NAT were confirmed by PCR 

flank checks, SAT1-cassette checks, and ORF-checks for loss of Gcn4.  

To generate a prototrophic S. cerevisiae Gcn4-deletion strain, a prototrophic 

diploid derivative of S288C was used as the parental strain, obtained from Naomi Ziv. A 

KanMX and a G418-resistance marker were amplified with primers with 90bp of 

homology to Gcn4 and two rounds of a published lithium acetate/single-stranded carrier 

DNA/polyethylene glycol method (Gietz & Woods, 2002) were used to knockout both 

copies of Gcn4.  

Liquid medium screen for transcriptional regulators of amino acid biosynthetic pathways 

The transcription factor knockout collection, and the prototrophic wildtype and 

Gcn4-deletion strains were pinned onto YPD rich media to ensure that all mutants, even 

the slow-growing mutants, would grow. Strains were then inoculated into YPD rich 

media in deep-well 96 well dishes and grown overnight at 30C on an INFORS HT 

shaker. OD600 was measured on a TECAN plate reader and, after washing 3x in 

synthetic complete media, the strains were diluted to a starting OD of ~0.1-0.2 in 

synthetic complete media. Strains were grown for 6-8 hours until an OD of at least ~1.0 

had been reached by the majority of strains. Strains were then washed 3x with 

YNB+20% Glucose + Arginine, and diluted to a starting OD600 of .01 for overnight 

growth in YNB+20%Glucose+Arg at 30C. Overnight cultures were diluted 1:10 in order 

to be in the linear range of the TECAN plate reader, and OD600 was measured for the 

entire library. 
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This protocol was repeated with hits from the screen described above, however 

instead of doing the overnight growth in YNB+20% Glucose+Arg, the strains were 

grown in “single amino acid selection” media (YNB+20%Glucose+Arg+all but one amino 

acid, exact recipe in the “Strains & Media” section). 

Plate screen for transcriptional regulators of amino acid biosynthetic pathways 

The same transcription factor knockout library was grown overnight in synthetic 

complete media at 30C. Strains were diluted ~100-1000 fold in the morning and grown 

for ~4-6 hours in synthetic complete media. Strains were spun and washed 3x in 

YNB+20% glucose without amino acids to wash out any trace amino acids from the 

growth media. Strains were then serially diluted 10-fold in YNB+20% Glucose five times, 

and then plated as a dilution series on synthetic complete media, and synthetic 

complete media lacking all but one amino acid. Strain growth was monitored visually. 

Growth Curves 

Cells were grown overnight in synthetic complete media at 30C. The next 

morning, cells were diluted to a starting OD600 = .1 and grown for 6 hours until reaching 

mid-log (OD600 = 0.6-0.9). Cells were then washed 3x in YNB+Glucose, and then 

diluted to a starting OD600 = 0.02 in a 96 well plate in either complete media or media 

lacking a single amino acid. Cells were grown on a TECAN plate reader, with shaking, 

at 30C for 36hrs. Strains and conditions were done in triplicate. The growth rate was 

calculated by empirically determining the conversion between optical density and cell 

density by dilution series, plotting the growth curves on a semi-log plot and fitting the 
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linear part of the curve. Doubling times were calculated using the equation: P = P0eλt , 

where t = doubling time and λ = growth rate. 

Bioinformatics 

Promoters were extracted from genome sequences for each species published in 

(Shen et al. 2018), and taken to be 1000 base pairs (or the maximum number of bases 

if there were less than 1000 bases) upstream of the start codon for each gene 

annotated in that dataset.    

The Met31 and Leu3 motifs are taken from the JASPAR database (Fornes et al. 

2019) with identifiers MA0333.1 and MA0324.1 respectively.  Both motifs were originally 

described in (Badis et al. 2008).  The Lys14 motif was created using MEME to search 

for enriched binding. 

The raw score for a given motif with respect to a given promoter is calculated 

using the pssm.calculate method for the Biopython motif object with the background 

base frequency distribution set empirically based on all promoters for the species, and 

with a pseudocount of 0.10% of the total counts used to define the motif.  After 

calculating the raw score for all positions in the promoter, the maximum score was 

determined.  The distribution of maximum raw scores for all promoters longer than 

200bp for a given species was then calculated.  This distribution was used to produce a 

normalized maximum score between 0 and 1 for a given motif with respect to a 

promoter using the empirical cumulative distribution function (python’s  

statsmodels.distributions.empirical_distribution.ECDF function) on the maximum raw 
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score for that promoter.  Where there were paralogs, the highest score for the paralogs 

is reported.  
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Figures 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1: Primary screen of C. albicans transcription factor knockout library to detect 
potential transcriptional regulators of amino acid biosynthetic pathways. Transcription 
factor knockout mutants were grown in complete media and in yeast nitrogen base 
lacking all amino acids except for arginine overnight at 37C. Each point represents one 
mutant strain, technical replicates are plotted in orange and blue. Mutant strains that 
grew in complete media but did not grow in yeast nitrogen base were carried into the 
secondary screen in which each amino acid was withdrawn individually. 
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SD+AA 

WT 

gcn4/gcn4 (a) 

gcn4/gcn4 (b) 

SD -Lys 

SD -His SD -Met 

WT 

gcn4/gcn4 (a) 

gcn4/gcn4 (b) 

Figure 2. 3: Gcn4 is required for growth in media lacking Lysine, 
Methionine or Histidine in C. albicans. Strains were plated as a dilution 
series on complete media or media lacking one amino acid. These results 
support the results of the overnight liquid screens in Fig 1 & 2. No other 
mutant strain displayed such a severe and reproducible growth defect as 
Gcn4. 
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S. cerevisiae 

C. 
 

Figure 2. 4: Species-specific requirements on Gcn4 for growth in media lacking 
single amino acids. Prototrophic wildtype and gcn4-deletion strains were compared for 
both (a) C. albicans and (b) S. cerevisiae. Strains were grown for 24 hrs on a TECAN plate 
reader with constant shaking and temperature control (37C for C. albicans and 30C for S. 
cerevisiae). Doubling times were calculated by converting optical density to cell densities, 
plotting the data on a semi-log plot and calculating the slope of the exponential part of the 
curve. Doubling times are plotted for wildtype strains (black) and gcn4-deletion strains 
(pink). Error bars show the standard error of the mean for three replicates. 
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C. albicans 

Outgroups 

S. cerevisiae 

K. lactis 

H. uvarum 

W. anomalus 

(a) 

(b) (c) 

Figure 2. 5: Cis-regulatory evolution of the lysine biosynthetic pathway in 
ascomycetes a) Promoters of S.cerevisiae lysine pathway genes have strong scores 
for the LYS14 motif, but the promoters for C. albicans do not.  Percentile of the max 
motif interaction score for the LYS14 motif and the Gcn4 motif for the  promoter of 
each lysine pathway gene in each species based on the distribution of LYS14 binding 
scores for all promoters in each species.  Grey shading indicates that there was no 
ortholog for the gene in the indicated species.  b) Schematic of phylogenetic tree 
representative of all species in (Shen et al., 2018). c) Normalized motif scores for the 
lysine biosynthetic pathway for all species in (Shen et al., 2018) 
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Chapter 3 

Conserved function, diverged specificity: How does a DNA binding protein diversify 
binding specificity? 
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Introduction 

The evolution of transcription networks – that is changes to the connections 

between transcription factors and their given target genes – is a well-established source 

of evolutionary novelty (Carroll, 2000; Johnson, 2017; Li & Johnson, 2010; Peter & 

Davidson, 2011; Prud’homme et al., 2007). Changes to these connections can occur via 

changes to regulatory sequences of DNA via the loss or gain of transcription factor binding 

sites (cis-regulatory evolution), or it can occur via changes to the transcription factor itself 

via mutations to its DNA binding domain or cofactor interacting region (trans regulatory 

evolution). While arguments have been made that trans-regulatory evolution are more 

infrequent compared to cis-regulatory evolution  – usually based on the notion that 

mutations to DNA binding proteins could have deleterious effects on numerous 

downstream target genes -- numerous examples of trans-regulatory evolution 

contributing to novel phenotypes have been documented in the literature (Britton et al., 

2020; Jarvela & Hinman, 2015; Lynch & Wagner, 2008). These examples demonstrate 

that protein evolution plays a key role in the rewiring of transcription networks and the 

subsequent phenotypic changes that arise due to these rewiring events.  

While it is apparent that protein evolution contributes to the evolution of 

transcription networks, the questions surrounding transcription factor evolution are still 

valid: how does a DNA binding protein change its DNA binding specificity without either 

losing its ancestral function or causing off-target deleterious effects? While gene 

duplication followed by neofunctionalization is one well-accepted answer to this question 

(that is, a gene duplicates and one copy maintains the ancestral function while the second 
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copy is ‘free to explore’ new functions), the answer is not quite as clear when dealing with 

a gene that has not appeared to have undergone duplication.  

One close examination of this scenario used the plant transcription factor LEAFY 

as an example (Sayou et al., 2014). Sayou et al. identified three different DNA binding 

specificities in LEAFY proteins across different plant species: a type I specificity in the 

majority of land plants, type II specificity in mosses, and type III in algae and hornworts. 

They inferred the amino acid sequence of the last common ancestor of these three groups 

and found that this ancestral LEAFY demonstrated promiscuous binding; it was able to 

bind all three of the modern-day DNA binding motifs. This suggests that one mechanism 

by which a sequence-specific DNA binding protein can alter its specificity without losing 

its ancestral function is via evolutionary intermediates that can bind to the ancestral target 

genes while simultaneously gaining new target genes. Presumably these promiscuous 

intermediates eventually resolve by “handing off” one set of these target genes to a 

different regulator or by simply expanding the size of the transcription network.  

While fully disproving the occurrence of a gene duplication event is challenging, 

and was a subject of some debate in the case of LEAFY (Brockington et al., 2015; 

Brunkard et al., 2015), independent of whether a gene duplication did or did not occur, 

the target genes of LEAFY in the modern species are not fully defined and so it is also 

unclear the extent to which these changes in DNA binding specificity altered downstream 

function. On the other hand, in the case of MATα1, a regulator of yeast mating type in 

ascomycete yeasts, we know that the function and downstream target genes have been 

conserved (Tsong et al., 2006), despite an apparent change in DNA binding specificity 

(Baker et al., 2011).  



52 
 

Ascomyete mating type is controlled by mating-type specific transcription factors. 

These set of mating-type specific transcription factors are differential expressed across 

two cell types: ‘a’ cells and ‘α’ cells. While the molecular mechanism and the transcription 

factors that defines one cell type (the ‘a’ cell type) has been shown to evolve (Baker et 

al., 2012; Britton et al., 2020), the mechanism by which alpha cells are defined is 

conserved. For an α-cell to be an α-cell, MATα1, together with its cofactor MCM1, activate 

the α-specific genes. These core alpha-specific genes are the same over the hundreds 

of millions of years that separate S. cerevisiae and C. albicans:  the a-factor receptor 

(encoded by Ste3), the alpha-factor pheromone (encoded by MFα1 and MFα2), and the 

alpha-specific agglutinin (encoded by AGα1) (Tsong et al., 2006).  

Despite this conservation of function, Baker et al. demonstrate biochemically that 

the S. cerevisiae MATα1 and the C. albicans MATα1 protein have divergent DNA binding 

specificity – the S. cerevisiae protein cannot bind to or activate transcription off the C. 

albicans cis-regulatory site and the same is true in the converse. This, coupled with the 

apparent lack of gene duplication events between the two species – in no extant species 

is there more than one copy of MATα1 – presents an interesting case study for 

understanding how a transcription factor retains its function while diversifying its binding 

specificity. Did MATα1 evolve via promiscuous intermediates as has been argued in the 

case of LEAFY? Or, instead, do we see a distinct specificity for ancestral MATα1 proteins 

that evolved in a stepwise pattern? 

With this in mind, we set out to attempt to answer this question. Ultimately, the 

project was left behind in the face of technical challenges, however it is useful to revisit 

the planned approach and to consider alternative approaches in the future. The original 
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plan was to utilize ancestral protein reconstruction (Thornton, 2004) to infer the 

sequences of ancestral MATα1 protein. At minimum, the ancestral MATalpha1 proteins 

of interest are: the last common ancestor of S. cerevisiae and C. albicans, the last 

common ancestor of the C. albicans CTG clade, and the last common ancestor of the S. 

cerevisiae clade (Fig 1). Other ancestral nodes could also be interrogated, especially now 

that we have many more sequenced genomes than when this project originally began, 

but these three are essential to understanding the trajectory of DNA binding 

diversification. Ancestral proteins would be recombinantly expressed and purified and, 

along with extant MATα1 proteins from S. cerevisiae and C. albicans, would be tested for 

DNA binding affinity and specificity. We originally proposed to use mechanically induced 

trapping of molecular interactions (MITOMI) to measure the affinities and specificities of 

every possible permutation of the MATα1 binding site (Le et al., 2018; Rockel et al., 2012) 

in conjunction with x-ray crystallography of both extant and ancestral MATα1 proteins on 

their preferred cis-regulatory sites. Conceptually, our approach was nearly identical to the 

LEAFY study mentioned previously. These methodologies combined would give a 

comprehensive view of the trajectory by which a DNA binding protein could diversify its 

binding specificity without compromising its regulatory function. 

 

Results 

Alpha1 ancestral protein reconstructions 

Since a central component of this project was to use ancestral protein 

reconstruction and resurrection to map the trajectory by which MATalpha1 has diversified 

its binding specificity, we wanted to verify that ancestors could be reconstructed with 
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confidence. To this end, MATalpha1 orthologs were identified from 44 ascomycota 

spanning the evolutionary distance from S. cerevisiae to C. albicans and using Y. 

lipolytica, N. crassa, H. capsulatum, and A. terreus as outgroup species. These orthologs 

were run through the PhyloBot software and ancestors were reconstructed. Predictably, 

the statistical support for the DNA-binding domain reconstructions were much higher than 

the full-length proteins, and this statistical support gave us license to proceed as we 

believed that the ancestors at the nodes of interest – that is going as far back as the last 

common MATalpha1 ancestor of S. cerevisiae and C. albicans – could be reconstructed 

with enough confidence (Fig 1). 

Alpha1 Expression and Purification  

Since relatively little biochemistry has been done with S. cerevisiae alpha1 (and 

none with C. albicans), it was unclear which portion of the protein would express, purify, 

and bind DNA effectively. With this in mind, we decided to make multiple expression 

constructs. We input the MATalpha1 primary protein sequences in the Protein 

Homology/analogy Recognition Engine (PHYRE) server to predict regions of secondary 

structure. We then designed primers to span every possible combination of alpha-coils 

that also include the DNA binding domain (Fig 2a). In total, 27 constructs spanning from 

full-length protein to DNA binding domain alone were PCR amplified (Fig 2b) and cloned 

into pET-28 – a bacterial expression vector with a T7lac promoter and a cleavable N-

terminal His tag.  These constructs were transformed into BL-21 competent E. coli and 

tested for recombinant protein expression.  

As a first pass, E. coli were grown to an OD600 of .4 at 37C before addition of IPTG (a 

lactose analog that binds the lac repressor thereby allowing for expression of the 
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construct). Cells were exposed to .4mM IPTG for 4 hours at 37C, then harvested and cell 

lysates were run on polyacrylamide gels. Nearly all of the constructs for both S. cerevisiae 

and C. albicans alpha1 protein demonstrated strong expression (Fig 2c), and so a handful 

of constructs were tested for purification. Following nickel column purification, it became 

apparent that all of the protein constructs were insoluble and were lost in the insoluble 

fraction prior to purification.  

In an attempt to overcome the insolubility problem, we tried a variety of parameters 

that might lower the expression and subsequent insolubility of the recombinant proteins: 

lower induction temperature, lower concentration of inducer, and shorter length of 

induction period (separately and in combinations). Unfortunately, both the expression and 

insolubility of these constructs were robust to all conditions tested (Fig 3). Therefore, we 

decided to take a denaturation and re-folding approach using urea as a denaturing agent. 

Following exposure of cell lysates to 8M urea and purification on an Ni-NTA 

column, the samples were dialysed into a refolding buffer containing 500 mM arginine. 

The samples were run on an HPLC size exclusion column to verify that the refolding did 

not result in re-aggregation. Upon obtaining purified S. cerevisiae and C. albicans alpha1 

protein, the next step was to functionally characterize DNA binding using gel shift assays. 

Gel Shifts 

We took the constructs that were successfully purified and used them in a DNA 

binding gel shift assay. Here, again, we ran into significant technical difficulties. Upon 

using annealed, synthetic DNA oligos and MATalpha1 protein constructs alone, we saw 

no evidence of DNA binding, despite varying the binding buffers ionic strength, pH, and 
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composition multiple times. We hypothesized that one of two factors may be contributing 

to the lack of DNA binding: 1. The presence of unannealed single stranded DNA 

interfering with DNA binding and/or 2. The requirement of Mcm1, MATalpha1’s known 

cooperative co-factor. We tested the first idea by cloning the DNA binding 

oligonucleotides into a vector, purifying the vector, excising the double stranded DNA 

binding site, and gel-purifying the excised binding site. These excised binding sites were 

radiolabeled and tested in the gel shift, however, this did not appear to resolve the issue. 

We tested the second idea (the requirement of Mcm1), by using purified S. cerevisiae 

Mcm1 at a set concentration along with the alpha1 dilution series. However, none of these 

combinations improved DNA binding.  

From these attempts we concluded that while the re-folding technique resulted in 

a non-aggregated protein, that perhaps the re-folded alpha1 constructs were not folded 

back into an active form and they lost their DNA binding and/or Mcm1-interacting abilities. 

While other biochemical and non-biochemical approaches may be valuable for future 

exploration (see future directions section), at this point, the project was put aside in pursuit 

of other projects. 

 

Discussion & future directions 

The technical problems encountered here, while challenging, are by no means 

insurmountable. The following section outlines potential approaches one could take in 

attempt to answer the question of how MATalpha1 diversified its binding specificity.  
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Firstly, to pursue the same biochemical approach, it is necessary to overcome the protein 

insolubility displayed by the His-tag, bacterially expressed recombinant proteins. The first 

avenue worth exploring is the usage of a solubility tag like maltose binding protein (MBP), 

for example. MBP is believed to interact with hydrophobic amino acid residues present in 

unfolded proteins to prevent aggregation or proteolysis. While MBP is one of the most 

frequently used solubility tags, others exist and could also be tried.  Changing the tag 

would require cloning new expression constructs and also optimizing purification 

conditions. For MBP, the pMAL series of expression vectors, such as pMAL-c6T, are 

readily available through NEB (or can very likely be gifted from another lab) and are 

designed to produce cleavable MBP-His fusion tags in the cytoplasm. The fusion tag 

allows for a two-step purification protocol using amylose resin elution, TEV protease 

cleavage, and nickel column purification which could yield a highly pure end-product. The 

pMAL series of plasmids are still IPTG-inducible E. coli expression constructs, so the 

induction protocol and conditions could remain the same as have already been to yield 

expression of recombinant protein. 

The second parameter to vary with an eye towards keeping the same biochemical 

approach is to utilize a eukaryotic expression system such as S. cerevisiae or Pichia 

pastoris. Expressing a yeast protein in a yeast cell may increase proper protein folding 

due to the presence of chaperones and/or necessary post-translational modifications 

thereby resulting in more soluble and more biochemically active recombinant protein. 

Obviously, moving to a eukaryotic system would require new expression construct design 

and new induction protocols, although a His-tag and subsequent nickel column 

purification could still be used. Yeast expression systems often use galactose-inducible 
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promoters, although other options like phosphate- or copper-inducible promoters can also 

be employed. The pYES series of expression vectors are commonly used for recombinant 

protein expression in S. cerevisiae and come with a variety of His or His-V5 antibody 

fusion tags and are a galactose-inducible system.  

The biochemical approach was favored at the outset because we believed that it 

would be informative to do structural analysis of extant and ancestral MATalpha1 proteins 

bound to their preferred cis-regulatory sequences. However, in addition or instead of a 

biochemical approach, an in vitro cell-based fluorescent reporter assay could be 

employed to address by which trajectory MATalpha1 diversified its binding specificity. A 

pool of reporter constructs could be designed such that every possible permutation of the 

MATalpha1 cis-regulatory site (with an adjacent Mcm1-site) was inserted upstream of a 

GFP reporter. This reporter strategy has been employed numerous times by members of 

the Johnson lab. These reporters would be cloned into a-cells which have been 

transformed with a MATalpha1 version of interest. For example, if S. cerevisiae 

MATalpha1 was cloned into S. cerevisiae a-cells which also had the S. cerevisiae 

MATalpha1 wildtype reporter, we would expect this strain to express high levels of GFP. 

We would expect a similar result for C. albicans MATalpha1 matched with its wildtype cis-

regulatory reporter. We would quantitatively assess levels of GFP expression across all 

the reporter constructs in the modern species to measure how specific or promiscuous 

the modern day MATalpha1 proteins are (promiscuous DNA binding protein would result 

of GFP expression across many iterations of the cis-regulatory site, while a specific binder 

will only activate GFP off a narrow number of similar DNA-sequences). At the very least, 

we expect that the S. cerevisiae MATalpha1 would not activate transcription in the 
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presence of the C. albicans MATalpha1 binding site and vice versa (Baker 2011). In the 

case of the ancestral MATalpha1 proteins, we would be interested to see which 

permutations of the MATalpha1 binding site lead to transcriptional activation and whether 

the trajectory from the last common MATalpha1 ancestor of S. cerevisiae and C. albicans 

to the modern day proteins involved many promiscuous intermediates or a specific step-

wise changes in DNA binding specificity. 
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Figures: 

  

Full Length 
 

Alpha box 
 

Figure 3. 1: Ancestral protein reconstructions. MATalpha1 amino acid sequences were 
found using a combination of BLAST and synteny gene order browsers (YGOB, CGOB). A 
phylogenetic tree was constructed based on these MATalpha1 sequences, and the 
sequences were run through the PHYLOBOT pipeline to generate ancestral MATalpha1 
sequences. 
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C. albicans MATalpha1    S. cerevisiae MATalpha1 

Figure 3. 2. MATalpha1 expression constructs schematics & plasmid map. 

a) A variety of MATalpha1 constructs from both C. albicans and S. cerevisiae were PCR 
amplified using predicted secondary structure as the boundaries of the constructs. b) a 
plasmid map for the full-length S. cerevisiae MATalpha1 expression construct. The constructs 
depicted in 2a were cloned into the pLIC-H3 expression plasmid backbone. In this example, 
the green bar is the full-length S. cerevisiae MATalpha1. 

a 

b 
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