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ABSTRACT

Zinc cluster proteins form a family of fungal-specific transcriptional regulators
characterized by having a well-conserved zinc-cluster motif involved in DNA recognition and
binding. These factors are involved in transcriptional control of genes in a wide variety of
cellular processes such as gluconeogenesis, amino acid biosynthesis, multi-drug resistance, and
gluconeogenesis. Saccharomyces cerevisiae adapts to depletion of glucose through various
mechanisms including massive reprogramming of gene expression. Ethanol regulator of
translation (Ertl) is a newly characterized zinc cluster protein found in S. cerevisiae that shows
strong similarity to AcuK, a zinc cluster protein involved in regulating the transcription of
gluconeogenic genes in the filamentous fungi Aspergillus nidulans. In an effort to understand the
functionality of Ertl and its potential involvement in transcriptional regulation of gluconeogenic
genes under non-fermentable carbon condition, ChIP-chip analysis was performed for cells
grown in ethanol. Results suggest that Ertl binds to the promoter of the gluconeogenic gene
PCK1 and promote its expression in ethanol medium. Primer extension analysis suggests that
Ertl is involved in promoting the active expression of PCK1 under glucose depressed conditions.
Besides binding to gluconeogenic genes under ethanol condition, Ertl also binds to genes
involved in mitochondrial function, translation and transcription by RNA polymerase I1l. From
the ChIP-chip results obtained, Ertl appears to link glucose exhaustion to modulation of

translation and mitochondrial function.

S. cerevisiae has the ability to use a variety of nitrogen-containing compounds as nitrogen
source. Non-preferred nitrogen sources such as GABA can induce the de-repression of genes
involved in the utilization of these compounds. The zinc cluster protein Uga3 was implicated in

regulating expression of genes involved in y-aminobutyrate (GABA) catabolism. Studies from



our lab have mapped a regulatory and activation region of this factor and demonstrated that
activation of Ugas3 is independent of GABA catabolism. In this study, to investigate the potential
interaction of Uga3 with cofactors Dal81 and Galll in vivo, chromatin immunoprecipitation was
performed (ChIP). Analysis revealed that Uga3 is constitutively bound to target promoter and
allows recruitment of cofactor Dal81 and Galll in the presence of GABA. Results suggested that
Dal81 may enhance the transcriptional activity of Uga3, recruit Galll to promoter and these
factors may act in concert by targeting common components of the transcriptional machinery.
Investigation of these fungal-specific zinc cluster proteins will pave the way to understanding the
role of homologous transcriptional regulators present in the human pathogen Candida albicans

and their roles in mediating drug resistance.



RESUME

Les protéines a grappe de zinc forment une famille de protéines régulatrices fongiques
qui sont caractérisées par un domaine a doigt de zinc binucléaire impliqué dans la reconnaissance
et la fixation & ’ADN. Ces régulateurs transcriptionnels sont responsables de la régulation de
I’expression de génes impliqués dans une grande variété de processus cellulaires, comme le
métabolisme primaire et secondaire, la biosynthése d’acides aminés, la gluconéogenése, et la
multi-résistance aux medicaments. Une protéine de cette famille chez Saccharomyces cerevisiae,
Ertl, dont I’lhomologue chez Aspergillus nidulans participe a la régulation de la gluconéogenese,
a éteé analysé par la technique ChIP-chip. Les résultats démontrent que Ertl se fixe au promoteur
du géne gluconéogenique PCK1 et augmente son expression en présence d’éthanol. Done, un
autre régulateur de la gluconéogénése a été identifié chez Saccharomyces cerevisiae. Une autre
protéine a grappe de zinc, Uga3, est impliquée dans la régulation de ’expression des genes qui
participent dans le catabolisme de I’acide y-aminobutyriqgue (GABA). Nous avons identifié une
région régulatrice et une région activatrice pour ce facteur et nous avons démontré que
I’activation de Uga3 est indépendante du métabolisme du GABA. Une analyse par
immunoprécipitation de la chromatine (ChlIP) a démontré que Uga3 est fixé de fagon constitutive
au promoteur d’un géne cible et permet le recrutement du co-facteur Dal81 et de Galll, un

composant du complexe médiateur.
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RATIONALE AND OBJECTIVES

Zinc cluster proteins are a group of sequence specific transcription factors that are unique
to fungi. The DNA-binding domain of this class of zinc proteins contains a well conserved zinc
cluster motif CysX,CysXsCysXs.16CysX,CysXs.sCys. These transcription factors participate in
regulating many important functions in fungi, such as gluconeogenesis, primary and secondary
metabolism, cell division, drug resistance and amino acid biosynthesis. At least fifty members of
zinc cluster proteins contain the well conserved cluster motif and we would like to determine the
roles of those that are not yet characterized. Understanding the mechanism of zinc cluster protein
in fungi will allow us to better understand the mechanism of transcriptional regulation in
eukaryotic cells. The project presented here focused on two zinc cluster proteins Ertl and Uga3

which are believed to be involved in regulating different functions in fungi.

AcuK, the homologue of Ertl in the filamentous fungi Aspergillus nidulans has been
shown to play a role in regulating transcription of gluconeogenic genes[92]. Also, a large-scale
yeast-two hybrid study in S. cerevisiae have demonstrated physical interaction between Ertl and
Rds2, a transcriptional regulator of gluconeogenesis [93]. We wish to characterize the function
of Ertl, especially its potential role in regulating gluconeogenesis. To identify the target genes of
Ertl in different experimental conditions, we performed genome-wide location analysis by ChlP-
chip. Target genes of Ertl were determined for cells grown in both glucose and ethanol
conditions. In addition, we would like to investigate if Ertl regulates the expression of its target
genes by performing primer extension analysis. Furthermore, we wish to study the potential
genetic interaction of ERT1 with RDS2 in regulating gene expression by examining the effect of

a double deletion of these genes on expression of common target genes.
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Uga3 and Dal81 are two zinc cluster proteins involved in transcriptional regulation of
genes for GABA metabolism in S. cerevisiae. Previous studies from our lab have mapped the
binding domains of Uga3, demonstrated that activation of genes regulated by Uga3 is
independent of metabolites of GABA metabolism, and shown that Uga3 bind to target genes as a
homodimer. To obtain more information about the interaction of Uga3 and Dal81 in regulating
GABA catabolism in vivo, we wish to perform chromatin immunoprecipitation of tagged Uga3
and Dal81 in the presence and absence of GABA. Also, in order to quantitatively characterize
the interaction of Uga3 and Dal81 on target genes, quantitative PCR will be performed to study
the binding affinity of Uga3 and Dal81 on the UGAL and the UGA4 promoters, the effect of
deleting DALS81, and the possible contribution of cofactors involved in mediating transcriptional

activation by Uga3/Dal81.
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Chapter 1: LITERATURE REVIEW

Transcription is a biological process whereby, among others, protein-coding genes are
transcribed into RNA molecules which can then participate in protein synthesis. The complexity
of transcription increases with increasing number of genes. Therefore, proper regulation of
transcription plays a vital role in providing cells with the ability to adjust their enzymatic
machinery and structural components in response to change in their nutritional and physical
environment. The control of transcription is a highly regulated process mediated by a network of
sequence-specific DNA-binding transcription factors. The binding of these transcriptional
regulatory proteins onto the promoter elements often function either to activate or to repress
transcription depending on their association with other proteins. In addition, the structure of

chromatin surrounding the gene also has an effect on transcriptional regulation.

1.1 Promoter Elements

A promoter element can be defined as “a region of the DNA that contains all the
transcription factor binding sites required to support transcription of that gene at normal
efficiency and with the proper control” [1]. It is the “DNA sequence that specifies where RNA
polymerase binds and initiates transcription of a gene” [1]. In eukaryotic cells, there are three
major types of promoters differentiated according to which RNA polymerase is responsible for
transcription, RNA polymerase I, Il, and Ill. Each RNA polymerase catalyzes transcription of

genes encoding different classes of RNA.

1.1.1. RNA Polymerase Il

RNA polymerase 1l transcribes all protein-coding genes into messenger RNAs (mMRNAS)
as well as four of the five small nuclear RNAs that are involved in RNA splicing. Since RNA

polymerase Il is required for mRNA production, it plays a central role in transcription of most
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genes in the cell. The promoter of these genes contains a core promoter element and regulatory
sequences recognized by specific transcription factors. The core promoter usually has a length of
approximately 100bp and contains the transcription start site. Within the region, a well conserved
sequence called the TATA box is located ~ 25bp upstream of the initiation site of higher
eukaryotes and ~ 90bp upstream of the initiation site of yeast. TATA-box binding protein (TBP)
is a subunit of general transcription factor TFIID that binds to the TATA-box [2]. In yeast, the
general consensus sequence of TATA-box recognized by TBP is TATAAA [3]. Alternatively,
instead of TATA-box, some eukaryotes contain a promoter element known as initiator.

In addition, there are transcription-control regions known as promoter-proximal elements
that are found lying within 100-200 bp upstream of the start site. These alternative control
elements are often cell-type specific and help regulate transcription of different cell types.
Enhancers are control elements greater than ~200 bp from the start site. They are about 500-200
bp long, composed of multiple elements of ~ 10bp, and may be located up to 50 kilo bases or
more upstream or downstream of the transcription start site or within an intron [2]. In yeast,
regulatory elements called upstream activating sequences (UAS) function similarly to the
promoter-proximal elements and enhancers of higher eukaryotes. Transcription factors include
DNA binding regulatory elements that bind to specific transcription-control regions. It is the
combinatorial effect of these transcription factors that either activate or repress the transcription
of a protein-coding gene [2]. Transcriptional activators bind to enhancers and UAS to stimulate
transcription while repressors bind to upstream repressing sequences (URS) to inhibit
transcription. Silencers are also inhibitory elements which prohibit transcription by coating a

region with histones and by silencing proteins [4].



1.2 Nucleosome and chromatin

Eukaryotic genomes are packaged into a half DNA half protein complex known as
chromatin for proper cell architecture. Nucleosome is the basic structural unit of chromatin,
consisting of DNA wrapped tightly around histones, an abundant nuclear protein. The
nucleosomes are linked with DNA linker forming a beads-on-a-string chromatin structure, which
can be further condensed into a more fibre-like form. The regions of chromatin that are highly
transcribed usually assume the extended beads-on-a-string form while regions that are not being
transcribed or replicated exist predominantly in higher-order folded structures. Histones are rich
in positively charged basic amino acids which can interact with the negatively charged phosphate
backbone of DNA. Reversible modification of histones can affect chromatin’s relative degree of
condensation. Therefore, chromatin structures are tightly associated with regulation of
transcription since condensation of chromatin influence the accessibility of DNA binding sites to

transcription factors that are required for transcription [2].

1.3 Basal Transcription Machinery

In preparation for transcription, a pre-initiation complex (PIC) is formed. PIC is an
association of RNA polymerase 11 and several general transcription factors (GTFs) at the start
site that begin to unwind the DNA. The GTFs involved in PIC formation are TFIIA, B, D, E, F,
and H. TFIID is the largest amongst the GTFs consisting of TBP and 13 TBP-associated factors
(TAFs). TBP is a protein monomer that binds to the minor groove of the DNA and has direct
contact with DNA [1]. According to in vitro experiments, TFIID recognizes the core promoter
and the TBP subunit binds to the TATA box. Binding of TBP induces a bend on the DNA,
creating a “saddle-like” structure and this distorts the TATA box and proximal sequences [5].

TFIIB then binds to stabilize the association of TFIID to the promoter. The C-terminal domain of



TFIIB binds to TBP and either side of the TATA box while the N-terminal domain extends
toward the start site. Structural studies suggested that the association of TFIIB acts as a bridge
between TBP and RNA polymerase Il thereby help in the selection of mRNA initiation site. A
preformed tetrameric complex of TFIIF and RNA polymerase Il then binds, placing the
polymerase over the transcription start site. Binding of tetrameric TFIIE follows, providing a
docking site for TFIIH which is a multimeric factor containing ten subunits [6]. Binding of
TFIIH signifies the completion of PIC formation. One of the subunits of TFIIH contains helicase
activity which via ATP hydrolysis, unwind the DNA duplex at the start site, allowing RNA
polymerase Il to bind to the template strand [7]. Once transcription starts, another subunit of
TFIIH phosphorylates the C-terminal domain of RNA polymerase Il at multiple sites. In vitro
assay suggests that as transcription moves away from the promoter, TBP remains bound to the
TATA box while the interaction of other GTFs with RNA polymerase Il is being disrupted,
facilitating promoter clearance [4, 8]. Although the above mentioned GTFs are sufficient for
initiation of RNA polymerase |l transcription in vitro, another GTF, TFIIA, in addition, is
required for transcription initiation in vivo. Purified TFIIA has been found to be in complex with
TBP and TATA-box DNA. Biochemical analysis suggests that in higher eukaryotic cells, TFIIA
and TFIID, with its multiple TAF subunits, are the first to bind to TATA-box before other GTFs

bind subsequently.

1.4 Requlation of Basal Transcription

In order for the basal transcription machinery to properly bind to the promoter and initiate
transcription by RNA polymerase Il, sequence-specific transcriptional activators or repressors
are required. To activate gene expression, the basal transcription apparatus need to be recruited

to the gene promoter and the chromatin structures need to be modified. The sequence-specific



transcription factors bind to their control regions and recruit regulatory proteins to control the
activity of RNA polymerase Il. The regulatory proteins are known as co-activators or co-
repressors which act as bridging molecules between the specific transcription factors and other
factors to control gene expression. Activators and repressors exert their effect by two general
mechanisms: 1) interaction with other proteins to modulate chromatin structure, stimulating or
inhibiting the ability of GTFs to bind to promoters, and 2) interaction with mediator complex to

directly regulate assembly of PIC.

1.4.1 Chromatin Modification

In eukaryotic cells, inactive genes are often associated with regions of chromatin that are
more highly condensed known as heterochromatin while actively transcribed genes are
associated with less condensed region called euchromatin. The closed heterochromatin or the
open euchromatin conformation is modulated by covalent modification of histone proteins. The
“histone code” model proposed that histone tails contain specific recognition sties for various
histone modifiers to dock. Modification of various histone tails will lead to recruitment of
regulators to either activate or repress gene transcription [9, 10].

One of the best characterized chromatin modifications is known as histone acetylation.
Experiments suggest that acetylation of certain lysine residues on histone tails neutralize their
positive charge, decreasing their interaction with DNA phosphate groups, reducing chromatin
condensation [2]. The activator-directed hyperacetylation lead to unfolding of chromatin
structure, facilitating the binding of proteins required for transcription initiation. In addition,
histone tails can also wundergo reversible phosphorylation and monoubiquintination.
Phosphorylation of serine and threonine residues plays an important role in controlling

transcription activation and chromatin condensation. In Saccharomyces cerevisiae, Snfl kinase



phosphorylate histone H3 at serine-10 to promote transcription of INO1 [11].
Monoubiquintination of lysine residue in the H2A C-terminal tail has also been shown to be
another way of modifying histone [2]. Methylation of lysine or arginine residues of histone tails
by histone methyltransferases (HMTSs) has also been associated with activation of transcription.
Methylation of lysine at position 9 in histone H3 is often associated with gene transcription
repression and heterochromatin silencing [12].

On the other hand, transcription repressors can direct histone deacetylation by recruiting
co-repressors such as histone deacetylases (HDACs) to promoters. According to one model,
hypoacetylated histone tails interact strongly with DNA phosphates and neighbouring histone
octamers favouring the formation of stable, higher-order nucleo-protein complex. As a result, the
TATA box and promoter-proximal region of genes largely inaccessible to external proteins such
as GTFs [2].

Another type of co-activator complex is chromatin-remodelling factors which utilize
energy from ATP hydrolysis to disrupt interaction between base-paired nucleic acids and
between nucleic acids and proteins. The first characterized chromatin remodeler is the yeast
Swi/Snf complex. The complex has subunits homologous to DNA helicase and is thought to
transiently dissociate DNA from the surface of nucleosome, allowing the nucleosomes to slide

along the DNA and unfold the condensed chromatin [13].

1.4.2 Mediator Complex

Besides chromatin modification, another type of co-activator known as multi-protein
mediator complex can more directly assist in the assembly of PIC by physically interacting with
RNA polymerase 1. Mediator complex stimulates basal transcription, modulate TFIIH kinase

activity, and facilitate activation of transcription. Mediator acts as molecular bridge between an



activator bound to its cognate site in DNA and RNA polymerase Il. However, mediators are
recruited to the promoter only by gene-specific activators in an activator specific manner [14].
Mediators have been postulated to be conveying signals from the activators to the RNA
polymerase 11 core transcriptional machinery. It has been suggested that yeast may contain
approximately 25 mediator subunits which are categorized into different families based on the
result from genetic screen, showing that mutation of these subunits can lead to various

transcriptional defects.

1.5 Zinc Finger Proteins

DNA-binding proteins are essential players involved in many cellular functions,
including transcription, DNA replication, repair, and packaging. In yeast, there exists a wide
variety of DNA-binding transcription regulators, the majority of which are zinc-containing
proteins with one common DNA-binding motif, the zing finger. Zinc finger proteins can be
divided into three subfamilies based on their conserved consensus amino acid sequences for their
zinc finger motif: the Cys,His,proteins, the Cys, zinc finger proteins, and the Cg or the Zn,Cyssg
proteins [15].

1.5.1 Cys,His, proteins

Zinc finger proteins were first discovered when the Xenopus laevis transcription factor
TFIA was identified, containing a zinc-binding motif composed of two cysteine and two
histidine residues [16]. The three dimensional crystal structure of this motif revealed a “finger
like” shape, composed of two anti-parallel B-sheets, a short a-helix, and a zinc ion [17]. In fact,
proteins containing similar motif in their DNA-binding domain were found to be very numerous
and conserved from yeast to human. These proteins were classified as Cys,His; proteins, one of

the most common subfamily of sequence-specific transcription factors found in eukaryotes [17].



This type of protein usually contains two or more zinc finger motifs in which the conserved
amino acids of each motif binds to one zinc atom. The interaction of Cys,His; proteins with zinc
atoms allows for the stabilization of protein structure, proper functioning, and the ability to bind
DNA. It has been determined that Cys,His; proteins usually bind to their target sequences as
monomers by inserting the short a-helix into the major groove of the DNA [18]. Well known
examples of Cys,His; proteins are the human transcription factors Spl, mammalian FOG protein,
yeast stress-response regulators Msn2, and Msn4, as well as the alcohol dehydrogenase regulator

Adrl.

1.5.2 Cys, Zinc Finger Proteins

Also known as zinc twists proteins, Cys, proteins represent the most abundant class of
zinc finger proteins in humans according to protein predictions made from human genome
analysis [19]. Zinc twists proteins include nuclear receptor, GATA proteins, and LIM proteins.
The mammalian glucocorticoid receptor is a good example, and its structure has provided much
insight into the DNA binding ability of this class of zinc finger proteins. The binding of nuclear
receptors to their ligands can lead to transcriptional activation or repression through regulation of
DNA-binding and recruitment of co-activators or co-repressors [20]. These proteins contain one
conserved motif of four cysteine residues and usually bind as homodimers or heterodimers.
Homodimers usually bind to inverted repeats within the target sequence whereas heterodimers
usually bind to direct repeats. GATA transcription factors contain two zinc finger domains which
bind to specific DNA sequence known as GATA motif [(A/T)GATA (A/G)] in the regulatory

regions of their target genes [21].



1.5.3 Zn,Cyss Proteins

Zn,Cysg protein contains a DNA binding domain (DBD) that consists of six cysteine
residues bound to two zinc atoms. Zn,Cysg proteins are also known as zinc cluster, zinc
binuclear cluster, or Cg proteins which can bind to DNA as monomers, homodimers, or
heterodimers. It is a unique class of zinc finger transcription factors because they only contain
one zinc finger motif that binds to two zinc atoms. Interestingly, zinc cluster proteins are found
exclusively in fungi. The best known protein of this class is Gal4, a transcriptional activator of

genes involved in galactose metabolism in Saccharomyces cerevisiae [22].

1.6 Zinc Cluster Proteins

Zinc cluster proteins are one of the largest groups of sequence specific transcriptional
factors in S. cerevisiae, involved in regulating glucose and amino acids metabolism, meiosis, and
multi-drug resistance [23-26]. Most zinc cluster proteins act as activators but a few retain the
ability to both activate and repress transcription [27-29]. The DNA-binding domain of this class
of zinc proteins contains a well conserved zinc cluster motif CysX,CysXsCysXs.16CysX,CysXe.
sCys. As stated above, the conserved cysteines bind to two zinc atoms and coordinate the proper

folding of the domain into a cloverleaf-shaped structure (Figure 1.) [30].

Figure 1. DNA binding domain (DBD) of zinc cluster proteins. This ribbon model illustrated

the binding of the well conserved six cysteines to two zinc atoms. The interaction between the



cysteines and zinc atoms are crucial for the proper folding of the DBD located at the N-terminus
[30].

1.6.1 Structural and Functional Domains

Zinc cluster proteins can be divided into three functional domains: the cysteine-rich DBD,
the regulator Middle Homology region (MHR domain), and the acidic activation domain (Figure
2). The DBD is usually located in the N-terminus and can be subdivided into three regions: the
zinc finger, linker, and dimerization regions. The zinc cluster motif are said to have two subunits
that form a pair of short alpha helices. Each subunit consists of three cysteines bound to two zinc
atoms and surrounded on both sides by basic amino acids [31, 32]. At the C-terminus of the zinc
finger is the linker region, which is thought to provide a very rigid scaffold, mediating DNA
binding to a preferred sequence and preventing binding to any alternative sites [33]. The
dimerization domain is found at the C-terminus of the linker region and is often composed of a
heptad-repeat motif similar to those found in leucine zippers. The heptad-repeat form a highly
conserved coiled-coiled structure which is involved in dimerization and protein-protein
interaction [34].

The regulatory domain MHR is located in between the DBD and the acidic activation
domain. Studies have suggested that MHR displays less homology among zinc cluster proteins.
Although not present in all zinc cluster proteins, it has been suggested to be involved in
regulation of transcriptional activity [35]. Usually located at the C-terminus is the activation
domain composed of acidic amino acids. This domain is not a conserved domain and its structure

and function are yet to be defined.
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N{]Zinc ﬁn!ndLlnkerlnlmeﬂnﬂoﬂ Regulatory (MHR) [Acidic region}-C
DNA-binding domain

Figure 2. Structural and functional domains of zinc cluster proteins. Zinc cluster proteins
contain separate domains including N-terminus DNA binding domain, middle regulatory domain,

and the C-terminus activation domain [35].

1.6.2 Binding Elements and DNA-Binding Specificity

Zinc cluster proteins are transcriptional regulators bearing highly conserved DNA
binding domain that target similar sequences. To ensure the proper binding and regulation of
target promoters, zinc cluster transcription factors have the ability to distinguish their relative
binding sites from those of others. The DNA-binding specificity of zinc cluster proteins is
determined by the orientation of the CGG triplets which they bind and the spacing between the
triplets [35-37].

1.7 Zinc Cluster Proteins in Saccharomyces cerevisiae

Since the completion of the S. cerevisiae genome sequencing in 1996, fifty-five zinc
cluster proteins have been identified, making it one of the largest family of transcription factors
in yeasts [38]. Functional and structural studies of zinc cluster proteins have provided much
insight into fungal physiology. The extensive investigation of Gal4 had lead to the
characterization of more zinc cluster proteins, revealing their roles in various cellular processes.
Members of this family are involved in sugar and amino acid metabolism, gluconeogenesis,
nitrogen utilization, respiration, mitosis, meiosis, pleiotropic drug resistance, stress response,
peroxisome proliferation, ergosterol biosynthesis, and chromatin remodelling. Most zinc cluster

transcription factors act as activators, with a few acting as repressors. However, proteins
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possessing both activating and repressing ability have been characterized. For example, Rds2 is a
regulator of gluconeogenesis in S. cerevisiae which serve both activating and repressing
functions [27]. While a lot of zinc cluster proteins target very few promoters, some interact with
a large number of target genes. Some zinc cluster proteins might have redundant functions and as

a result, associate with various physiological processes.

1.7.1 Roles in Carbon Metabolism

As observed in many unicellular organisms, S. cerevisiae preferentially uses fermentable
sugar such as glucose over other carbon sources as energy input because it can directly enter the
glycolytic pathway. However, when glucose is unavailable, alternative carbon sources can be
used to efficiently produce metabolic energy and cellular biomass. S. cerevisiae can utilize a
wide variety of carbons, such as alternative sugars galactose, sucrose, and maltose. In order to
metabolize these alternative sugars, specialized metabolic enzymes are required. Usually these
enzymes are regulated at the transcriptional level and are only produced when needed. The
classic example is Gal4, the transcriptional activator that is responsible for galactose-induced
expression of genes involved in galactose catabolism [39].

In the absence of glucose and other alternative sugars, yeast can use available non-
fermentable carbons as energy input, such as ethanol, acetate, lactate, or glycerol. Non-
fermentable carbons can be converted to acetyl-CoA or pyruvate and enter the TCA cycle,
bypassing glycolysis. Exhaustion of glucose results in a shift from a fermentative to non-
fermentative mode of growth, and this is known as diauxic shift. Deprivation of the preferred
carbon source will be followed by reduction of growth and adaptation to using alternate carbon
supply. This transition involves a massive reprogramming of gene expression in various

pathways such as carbon metabolism, protein synthesis, and storage of carbohydrates [40].
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Under low glucose conditions, the up-regulation of gluconeogenic gene expression is
indispensable for the production of glucoe-6-phosphate which is critical for cell growth. For
instance, glucose-6-phospate is required for glycosylation, storage of carbohydrates, nucleotide
metabolism and cell wall biosynthesis. While gluconeogenic genes are being regulated,
expression of many respiratory genes is also being co-regulated. Respiration is necessary for
obtaining energy by oxidative phosphorylation during gluconeogenesis [41]. In addition, it has
also been shown that biosynthesis of mitochondrial proteins also depend on the availability of
nonfermentable carbon sources as well as the presence of oxygen and heme[42]. Fitness
experiments with pooled deletion strains showed that over six hundred genes are required for
optimal growth in medium containing nonfermentable carbons. Previous work from our lab has
also identified many deletion strains of zinc cluster proteins that demonstrated growth defects on
nonfermentable carbon sources such as glycerol or lactate. Results indicated possible
involvement of these zinc cluster proteins in the metabolism of nonfermentable carbons [23].
The enzymatic pathways required for the specific utilization of alternative carbon sources are
very well characterized. In particular, ethanol is believed to enter the cell by passive diffusion.
Alcohol is also produced routinely in the cells by alcohol fermentation as a result of excess
glucose. Ethanol is metabolized to acetaldehyde by alcohol dehydrogenase and to acetate by
aldehyde dehydrogenase. Acetate is then converted to acetyl-CoA by acetyl-Co-A synthetase

which can be used to generate sugar phosphate and energy [42].

1.7.2 Roles in Gluconeogenesis

Gluconeogenesis is an antagonistic pathway to glycolysis in glucose metabolism. There
are multiple degrees of regulation to ensure only one of these two pathways is activated at a time.

Studies have shown that diauxic shift lead to increased expression of several structural genes

13



which are required for utilizing nonfermentable carbons. For example, the expression of genes
coding for gluconeogenic enzymes fructose-1, 6-biphosphate (FBP1), phosphoenolpyruvate
carboxykinase (PCK1), malate synthase (MLS1), alcohol dehydrogenase (ADH2), and acetyl-
CoA synthetase (ACS1) are up-regulated during glucose depletion [40]. However, these
gluconeogenic genes are degraded in the presence of glucose. Interestingly, studies have showed
that several gluconeogenic genes are linked to virulence and pathogenesis; C. albicans cells
lacking gluconeogenic enzymes when injected into mice resulted in reduced mortality of the host
[43].

Study had reported the presence of UASs in the ICL1 (isocitrate lyase) promoter, which
are referred to as carbon-responsive elements (CSRE) [44]. It has also been shown that in the
absence of glucose, the CSRE is necessary for ICL1 derepression. There are other gluconeogenic
genes that also contain the CSRE in their promoters: FBP1, PCK1, MLS1, ACS1, MDH2 (malate
dehydrogenase), SFC1 (succinate/Fumarate transporter), CAT2 (carnitine acetyltransferase),
IDP2 (NADP-dependent isocitrate dehydrogenase) [42]. Activation of genes containing CSRE
requires, among other proteins, two zinc cluster factors Cat8 (Catabolite repression) and Sip4
(Snfl-interacting protein).  Studies showed that both Cat8 and Sip4 bind to CSREs in the
promoter of gluconeogenic genes in vitro [45, 46]. Even though these two factors are both
involved in gluconeogenesis, they have different contribution via the CSRESs. In the absence of
Cat8, there is a substantial reduction of CSRE-dependent gene expressions and it renders cells
unviable on nonfermentable carbon source [47]. On the other hand, deletion of Sip4 results in a
minor reduction in gene activation [47].

Cat8 expression is controlled by the carbon sources [48]. For instance, in the presence of

glucose, CAT8 expression is directly repressed by the binding of the Migl repressor onto its

14



promoter [48]. Other studies have shown that activation of CAT8 transcription also requires Snfl
kinase [49]. Snfl is a serine-threonine kinase involved in the signalling pathway for glucose-
mediated repression [45, 48, 50]. Under glucose-derepression condition, Snfl phosphorylates
Migl repressor, causing its inactivation [51]. Phosphorylated Migl dissociates from target genes
and get transported from the nucleus into the cytoplasm. As a result, the repression on CAT8 and
its targets is alleviated [49]. Cat8 itself is also phosphorylated in a Snfl-mediated manner,

leading to its activation and induction of gluconeogenic genes (Figure 3).

fermentable sugar
l alternative f-subunits:

Tg{:—L gluconeogenic gene  p—

(ICL1, MLS1, MDH2, FBP1, PCK1,
ACS1, ADH2, JEN1, SFC1, IDP2)

Figure 3. In response to glucose depletion, the two CSRE-binding activators Cat8 and Sip4
participate in the induction of gluconeogenic structural genes. A master kinase Snfl is
responsible for activation of these regulators. Snfl also mediates the deactivation of Migl
repressor, allowing the expression of CAT8 [42].

The other CSRE-binding protein, Sip4, also has a similar regulatory mechanism as Cat8.

Results showed that the derepression of CSRE-containing genes is abolished in a Acat8Asip4
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double deletion mutant, suggesting that they are the sole activators specific for the CSRE motif
[44]. However, there is evidence indicating that these two activators may bind to different CSRE;
Sip4 actually recognizes narrower binding sites than Cat8 [44, 52]. Importantly, Cat8 is an
activator of SIP4 transcription and therefore is essential for the activation of Sip4 target genes
[45, 52, 53]. SIP4 promoter has been found to contain CSRE-like element which may explain the
dependency of its activation on carbon sources [40, 45]. In accordance to this, microarray results
indicated that transcription of SIP4 is induced approximately nine-fold during diauxic shift, and
deletion of CAT8 resulted in a reduction of SIP4 transcription [40, 52].

A recently characterized zinc cluster protein Rds2 (regulator of drug sensitivity) has been
found to play important role in regulation of gluconeogenesis. Genome-wide location analysis of
Rds2 showed that it binds to a limited number of promoters when cells are grown in the presence
of glucose, while it binds to many additional genes when ethanol is used as the carbon source
[27]. The genes bound by Rds2 are found in gluconeogenesis and related pathways. Not only
does Rds2 act as activator of gluconeogenic genes, it also acts as repressor of negative regulators
of gluconeogenesis [27]. For example, Rds2 positively regulates PCK1, FBP1 and MAE1 of
gluconeogenic pathway, and negatively regulates GID8 which encodes for Gid complex that
degrades gluconeogenic enzymes [27]. Therefore, Rds2 has active and repressive functions that
allow for selective activation of gluconeogenesis over glycolysis. Moreover, Rds2 binds possibly
via the CSRE and regulates expression of HAP4, whose expression is regulated by carbon source
[27]. Interestingly, Rds2 also binds to the regulatory gene SIP4, suggesting a possible co-

regulation of Cat8 and Rds2 on SIP4 expression [27].
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1.7.3 Roles in Nitrogen Catabolism

S. cerevisiae, like many other unicellular organisms, can utilize various nitrogen-
containing compounds as the sole nitrogen source. Glutamine and asparagines are the favoured
sources of nitrogen for yeast, while glutamate and ammonia are also preferred. The preferred
nitrogen can be easily converted into glutamate and glutamine, which serve as a source of
cellular nitrogen and allow for rapid cell growth. However, S. cerevisiae can also grow on non-
preferred nitrogen source such as proline, urea, ornithine, allantoin, and gamma-aminobutyrate
(GABA). These “poorer” nitrogen sources can still be converted into glutamate and glutamine,
but growth on these medium is significantly slower than on the favoured nitrogen sources.
Similar to utilization of non-fermentable carbon sources, non-preferred nitrogen sources induce
the derepression of genes involved in the utilization of these compounds which under preferred
nitrogen condition are unexpressed. There are four GATA proteins involved in regulating the
expression of these nitrogen catabolic genes. GIn3 and Gatl are the activators that induce the
transcription of nitrogen catabolic genes when non-preferred nitrogen sources are present while
Dal80 and Dahl act as transcriptional repressors. These factors recognize the sequence 5’-G-A-
T-A-A-3’ [54]. However, studies showed that their binding specificity is not the same and they

appear to regulate their own subset of nitrogen catabolic genes [54].

1.7.4 Requlation of GABA Catabolism

GABA is the main negative neurotransmitter in animals; however this amino acid
derivative serves as a non-preferred source of nitrogen in S. cerevisiae [55]. Worth noticing is
that the metabolic pathway of GABA is identical in both animal cells and yeast cells (Figure 4)
[56]. GABA, through the action of GABA transaminase, is degraded into succinate

semialdehyde. This enzymatic reaction requires the presence of o-ketoglutarate or pyruvate
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which is converted into glutamate or alanine respectively. Succinate semialdehyde is then further
degraded into succinate by succinate semialdehyde dehydrogenase while catalyzing the
production of NADPH from NADP [56]. Succinate can then enter the TCA cycle for production
of energy [2]. In yeast, UGA4 encodes for a permease that is involved in the specific uptake of
GABA into the cell. GABA can also enter the cell in a non-specific way through the proline
permease Put4 and the general amino acid permease Gapl [57]. The genes coding for the GABA
transaminase is UGAL and the gene encoding succinate semialdehyde dehydrogenase is UAG2.
The expression of both enzymes is regulated in part by the GATA proteins mentioned above, and
their transcriptional activation also depends on two zinc cluster proteins, Uga3 and Dal81 [57,
58].

Uga3 is a zinc cluster protein that induces the expression of UGAL and UGA4 in a GABA
dependent manner [57]. Uga3 binds to two everted CGG repeats separated by four bp found in
the promoter of UGA1 and UGA4 [57]. Studies have determined that triplets flanking the CGG
triplets are important for the binding specificity of Uga3 [59]. Another zinc cluster protein Dal81
has been shown to be required for the transcriptional activation of genes involved in catabolism
of nitrogen sources including GABA. Dal81 was shown to be necessary for the induction of

UGA1 and UGA4 in the presence of GABA [58].

Pyruvate  Alanine

u-Ketoglutarate  Glutamate 0 NADP NADPH
H
JY\A 4.  Aady MRy, Y\Am
Glutamate GABA 0 Qnmnalp
Glutamate decarboxylase (-Ammobutync lransaminase Succinate semialdehyde Succmte
Acid Semialdehyde dehydrogenase
GAD1 UGA1 UGAS5

Figure 4. Metabolic pathway of glutamate. Glutamate is first transformed to y-aminobutyric
acid. UGAl-encoded GABA transaminase subsequently converts the compound to succinate

semialdehyde and eventually to succinate [56].
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Chapter 2
Functional characterization of zinc cluster transcriptional regulator Ertl in

gluconeogenesis in Saccharomyces cerevisiae
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ABSTRACT
In Saccharomyces cerevisiae, Ertl is a zinc cluster transcriptional factor of unknown

function. In this study, we characterized a key function of Ertl in gluconeogenesis using ChlP-
chip technology. The homologue of Ertl in Aspergillus nidulans has been shown to be involved
in regulation of gluconeogenesis. Genome wide location analysis of Ertl was performed using
ChlIP-chip. Results suggest that Ertl binds to the promoter of the gluconeogenic gene PCK1 and
promote its expression in ethanol medium. Primer extension results suggest that Ertl is involved
in promoting the active expression of PCK1 under glucose depressed conditions. Thus, another

regulator of gluconeogenesis in S. cerevisiae has been identified.
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MATERIALS AND METHODS
Yeast Strains

The wild-type yeast strain used in this study was BY4741 (MATa his3A1 leu2A0
met15A0 ura3A0). The open reading frame (ORF) of ERT1 was N-terminally tagged at its
natural chromosomal location with triple hemagglutinin (HA) epitope in BY4741 according to
Schneider, B.L. et al [60]. Tagging was performed by transforming the yeast strain BY4741 with
a tagging cassette obtained by PCR using the oligonucleotides
AATCAACACAAATACACATATTTATATAAACTGACGAA-
ATAATGAGGGAACAAAAGCTGGAG and TGTTTTAAAAGCCTTACTGGCTCGTTTTA-
CACCACTGTTTGCTGATAGGGCGAATTGGGTACC using plasmid p3XHA as a template.
The bolded nucleotides correspond to the start codon of the ERT1 ORF. Gene specific PCR and
DNA sequencing was performed to confirm the correct insertion and sequence of the HA epitope.
Expression of tagged Ertl was verified by Western blotting. The tagged Ertl protein was
functional since the strain grew in a similar fashion as the wild-type strain in YPD and in YP
containing ethanol.
Growth conditions for gene induction and primer extension

For glucose exhaustion experiment, wild-type strain BY474° and deletion strain
BY4741Aertl were grown overnight in YPD (1% yeast extract, 2% peptone, and 2% glucose),
diluted 30 minutes in fresh YPD medium and grown to mid-log phase (ODgg 0f 0.8-1.2). Cells
were then spun down at 3000 rpm, washed twice with water, transferred to YP medium
containing 3% ethanol or YPD medium and grown for an additional 3 hours. For primer

extension analysis, RNA was isolated from both wild-type and deletion strain after growing in
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the above conditions. Twenty to forty ug of RNA were used for the assay according to the
procedure described by Ma et al [61].

The  oligonucleotides  used  for  primer  extension for  PCK1 IS
GGAAGTAGATCCTACTGTAGC. This PCK1 mRNA specific probe was radiolabeled with
v¥P ATP. The primer was hybridized to the PCK1 mRNA by performing a 90 minute incubation
at 55°C in a solution containing 2 mM EDTA, 600 mM NaCl and 20 mM Tris-HCI pH 8.6. 200
pl 1M ammonium acetate and 200 pl isopropanol were used to precipitate the RNA which is
then collected by 4 °C centrifugation at 13000 rpm for 20 minutes. The RNA was then washed
with cold ( -20°C) 70% ethanol. cDNA synthesis was performed in 3 pul DEPC water, 4 pl of 5 x
RT buffer, 0.2 ul 1M DTT and 0.8 pl of 25 mM dNTPs, 1 pl Img/ml Actinomycin D, 0.5 pl
AMYV reverse transcriptase (Promega, 10U/ pl), and 0.5 pl RNAsin (Promega, 40U/ pl) [62].
Samples were then boiled for two minutes before running on a 6% denaturing polyacrylamide
gel containing 5 M urea. The gel was fixed by treating with 10% methanol, 10% glacial acetic
acid and dried for two hours on a BioRad drier. Twenty pg of total RNA was run on agarose-

formaldehyde gels as loading control.
Chromatin immunoprecipitation analysis (ChlP)

Wild-type BY4741 and tagged HA-ERT1 strains were grown as described above. ChIP
assay was performed according to Larochelle, M. et al [63]. Cells were collected by spinning in a
4°C centrifuge for 5 minutes at 3000 rpm. Cells were resuspended and cross-linked in 37%
formaldehyde for 20 minutes at room temperature and overnight at 4°C. Cell pellets were
collected by centrifugation, washed three times with ice-cold Tris-buffered saline buffer (20mM
Tris-HCI pH 7.5, 150mM NacCl), and resuspended in 700 pl of lysis buffer (50 mM HEPES-

KOH pH 7.5, 140mM NaCl, 1ImM EDTA, 1% Triton X-100, 1mM PMSF, 1ug/ml pepstatin,
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1ug/ml leupeptin). Cells were lysed by vortexing with glass beads for two hours at 4°C. Cell
lysates were separated from the glass beads by centrifugation. Sonication at power of 1.5 on a
Branson 150 Sonifier was done for four times at 20-second intervals to shear the chromatin DNA
at approximately 500 bp long. Supernatant containing DNA was separated from the cell debris
by centrifugation. Equal amount of whole cell extracts was obtained by adjustment of the final
ODggo reading of each sample. Five hundred pl of whole cell extract from each sample
(supernatant) was immunoprecipitated overnight at 4°C with 1.2ug of anti-HA antibody (Roche)
coupled to magnetic beads (Dynal). Beads were washed twice with 1mL lysis buffer, twice with
ImL lysis buffer containing additional 360mM of NaCl, twice with 1mL of wash buffer, and
once with ImL of TE buffer. 50uL of elution buffer was then used to resuspend the beads in
each sample and incubated for 12 minutes at 65°C with brief vortexing every 2 minutes.
Supernatant was collected and treated with 1 x TE/1% SDS overnight at 65°C to reverse the
crosslink. Samples are then treated with 18.9 mg/ml proteinase K (Fermentas) and
phenol/chloroform extractions. Two volumes of ethanol were added to the samples to precipitate
DNA while RNase A was added to degrade RNA. The DNA collected was then purified on a

Siegen PCR purification kit.

The purified DNA was used to perform genome-wide location analysis (ChIP-chip) and
gene-specific ChIP analysis. The DNA samples for ChlP-chip was labelled according to
procedures described [63]. Briefly, immunoprecipitated DNA was blunted, ligated to a
unidirectional linker, and amplified by PCR using linker-specific primers. The PCR products
were purified and the DNA was labelled with either Cy3 (for untagged strains as control) or Cy5
(for tagged strains) monoreactive NHS esters. The Cy3- and Cy5-labeled DNAs were mixed and

hybridized to a DNA microarray. The microarray used for ChIP-chip contains approximately
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13,000 spots with oligonucleotides specific for each promoter and ORF in the yeast genome. For
gene-specific ChlP, three uL of immunoprecipitated DNA was used as template for a 20 cycle
PCR with 1uCi of a [a-**] dCTP and the oligonucleotides for the PCK1 promoter,
CACTGAAGCTCCGGGTATTTT and GGAAAGGCTGTTGGTTATCTG. Three pL of non-
immunoprecipitated DNA in 1/10 dilution was also used in PCR as control. PCR products are

then run on 6% acrylamide/Tris-borate-EDTA gels.
Microarray hybridization and data analysis

The labelled DNA was resuspended in 20 puL water. Then 430 uL of digoxigenin Easy
Hyb buffer (Roche) containing 50 ng/ pL salmon sperm DNA and 40 ng/ pL yeast tRNA was
added. Hybridizations were done at 42°C for 16 to 20 h using Agilent hybridization chambers.
Slides were washed first for 15 min at 37 °C in 2 x SSC, 0.1% sodium dodecyl sulphate and then
(at room temperature) twice in 0.1 x SSC, 0.1% sodium dodecyl sulphate and twice in 0.1 x SSC.
The slides were then dried by centrifugation, scanned using an Axon 4000b scanner and
analyzed with Genepix Pro 4.1. Procedure is based on the protocol “Slides Processing,
Hybridization and Scanning for Yeast samples” available at

http://www.ircm.gc.ca/LARECHERCHE/AXES/BIOLOGIE/CHROMATINE/PAGES/PROTO

COLE.ASPX?PFLG=1033&lan=1033.

The analysis of the ChlP-chip results was done as described in REFERENCE. The P
value cut off value used was < 0.0005. The expression data were preprocessed with ArrayPipe
1.7. The background was subtracted using the “by-subgrid background correction” method. The

data were normalized using the “linear model for microarray analysis (limma) loess (subgrid)”
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method. Replicate slides were merged and the data explored to the Significance Analysis of

Microarrays (SAM) 2.20 Microsoft Excel add-on package [63].
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RESULTS

Ertl binds to the promoter of PCK1 gene involved in gluconeogenesis

Ertl is a zinc cluster protein whose homologue AcuK in the filamentous fungi
Aspergillus nidulans has been shown to be involved in regulating transcription of gluconeogenic
genes[64]. Interestingly, physical interaction between Ertl and Rds2 was suggested in a large-
scale yeast-two hybrid study in S. cerevisiae [65]. To learn more about the function of Ertl,
genome-wide location analysis was performed using ChIP-chip approach. Ertl was N-terminally
tagged at its natural chromosomal location with a triple HA epitope. HA-Ertl has demonstrated
similar growth pattern as non-tag wild type strain, suggesting that HA-Ert1 is equally functional.
Wild-type and tagged strains were grown in both glucose rich YPD medium and YP media
containing 3% ethanol. Location analysis was performed by hybridizing labelled DNA to a
microarray that encompasses both promoters and ORFs of the yeast genome. By comparing ChIP
obtained from both tagged and non-tagged strains treated with the same type of antibody, the

noise generated by antibody cross-reactivity can be cancelled out.

ChlIP-chip analysis showed that Ertl binds to a limited number of genes in glucose
containing medium. However, a shift to ethanol resulted in the binding of Ertl to more than one
hundred promoters including PCK1 (P value < 0.005) (Figure 1A). PCK1 gene encodes
phosphoenolpyruvate carboxykinase, a well-conserved metabolic enzyme involved in an early
step of gluconeogenesis. Result was confirmed by gene specific ChIP assay that showed little
binding of Ertl on PCK1 promoter in glucose rich medium while its binding was enhanced when
grown in glucose depleted ethanol medium (Figure 1B). This result is consistent with the ChiIP-

chip result showing that binding of Ertl to the promoter region of PCK1 is enhanced in ethanol
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medium. Similarly, binding of Ertl was enhanced on promoters of other gluconeogenic genes
such as AYR1encoding for NADPH-dependent 1-acyl dihydroxyacetone phosphate reductase (4
fold increase) and MLS1 encoding for Malate synthase, enzyme of the glyoxylate (2.4 fold

increase) (Table 1).

Ertl also binds to promoter of genes for mitochondria, translation, and RNA polymerase

I11 transcription

Besides binding to gluconeogenic genes under ethanol condition, Ertl also binds to genes
involved in mitochondrial function, translation and transcription by RNA polymerase Il (Table
1). An increase in binding enrichment for Ertl was detected in ethanol condition for MRPL37
and RSM27 which encodes mitochondrial ribosomal proteins of the large and small subunits
respectively. Ertl also increased binding on other mitochondrial genes under ethanol
environment including MSS1 (mitochondrial protein), MDM10 (subunit of the mitochondrial
sorting and assembly machinery), ARH1 (oxidoreductase of the mitochondrial inner membrane),
and TCM10 (mitochondrial inner membrane protein for ATP synthesis). Binding of Ertl was
detected at promoter of RPS4B and RPS23B which encode protein components of the small
ribosomal subunit (40S). Ertl was also detected on other genes involved in translation with an
increased in binding under ethanol induction: CBP6 (cytochrome B protein synthesis), PBS2
(polymyxin B sensitivity, MAP kinase kinase, RPS10B (protein component of the small
ribosomal subunit, and NOT5 (subunit of the CCR4-NOT complex). Finally, Ertl also binds to
TFC7 and TFC8 which encodes two subunits of the TFITIC complex involved in transcription of

Polymerase 111 genes such as tRNA and 5s ribosomal RNA.
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Ertl is involved in the regulation of PCK1 expression

The expression of gluconeogenic genes is strongly repressed by the presence of glucose
while maximally induced in its absence such as during a diauxic shift or conversion from glucose
rich medium to a glucose depleted medium containing other non-fermentable carbons [42, 66].
According to results from ChlP-chip, Ertl binds to the promoter of gluconeogenic gene PCK1 in
the presence of glucose but its binding enhanced upon a shift from glucose to ethanol medium.
We further investigated the role of Ertl in regulating expression of gluconeogenic genes using
primer extension. Wild-type and Aertl strains were grown in YP medium containing 2% glucose
until mid-log phase (ODggo ~ 0.8), washed twice with water and transferred to fresh medium
containing YP with either 2% glucose or 3% ethanol to grow for an additional three hours. RNA
was isolated, purified and used for primer extension analysis. Both wild type and Aertlstrain has
minimal expression of PCKL1 in glucose containing YPD medium (Figure 2 A). In agreement
with previous observations, expression of PCK1 greatly increased after a diauxic shift (Figure 2
A). In ethanol, expression of PCKL1 in a Aertl strain was reduced as compared to the wild-type
strain (Figure 2 A). This result suggests that Ertl is involved in controlling expression of PCK1
under glucose derepressed conditions. Rds2, another zinc cluster protein, has also been shown to
positively regulate the expression of PCK1. To investigate the impact of these regulators on
PCK1 gene expression, a double deletion strain (Ards2Aertl) was used to isolate RNA for primer
extension analysis. Result showed that single deletion strains Ards2 and Aertl had similar
decrease in PCK1 mRNA levels where as the expression of PCK1 gene was minimal in the
double deletion strain (Figure 2 B). This suggests that both zinc cluster transcriptional regulators

Rds2 and Ertl exert positive regulatory effect on expression of gluconeogenic gene PCK1.
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DISCUSSION

Saccharomyces cerevisiae adapts to depletion of glucose through various mechanisms
including massive reprogramming of gene expression such as an increase in expressions of genes
encoding enzymes of the gluconeogenic pathway [27]. A number of zinc cluster transcription
factors take part in coordinating gene expression during adaptation and the use of alternate
carbon sources such as ethanol [67]. Transcription of gluconeogenic genes is subjected to
glucose-mediated repression [68]. Depletion of glucose results in the activation of Snfl kinase
which phosphorylates the repressor Migl. This results in release of Migl from target promoters
including the regulatory gene CAT8 whose expression increases [68]. Cat8 is also activated by
Snfl and it then binds to the promoter of the SIP4 regulatory gene relieving its transcriptional
repression. In parallel to the transcriptional regulation of gluconeogenic genes, degradation of
glycolytic enzymes helps regulate gluconeogenesis by preventing the simultaneous activation of

these two opposing pathways [69].

To determine the target genes of Ertl, genome-wide location analysis by ChIP-chip was
performed. Results showed that Ertl binds to a limited number of genes in glucose condition
while it binds to more than a hundred genes in glucose depleted ethanol medium. In general,
binding of Ertl increased by at least two fold for genes involved in gluconeogenesis,
mitochondrial function, translation, and transcription by polymerase |1l after diauxic shift to
ethanol (Table 1). In particular, Ertl binds to the promoter of the PCK1 gene, encoding an
important enzyme involved in the early stage of gluconeogenesis (Figure 1A). Ertl also binds to
other gluconeogenic genes such as AYR1(1l-acyl dihydroxyacetone phosphate reductase) and
MLS1(malate synthase). The NADPH-dependent 1-acyl dihydroxyacetone phosphate reductase

is involved in biosynthesis of phosphatidic acid and formation of glucose from noncarbohydrate
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precursors such as glycerol. Malate synthase converts glyoxylate to malate which is an important
intermediate of gluconeogenesis. Binding of Ertl onto genes involved in transcription,
translation and mitochondrial functions may suggest its involvement in regulating the overall
gene reprogramming process upon a diauxic shift from glucose to ethanol. Binding of Ertl to
PCK1 promoter was confirmed by sequence specific standard ChlIP. According to the result, Ertl
binds minimally to the promoter of PCK1 when cells are grown in glucose containing medium
(Figure 1B). However, upon a shift to YP medium containing 3% ethanol, binding of Ertl to
promoter of PCK1 gene greatly increased (Figure 1). Gluconeogenic genes are suppressed by the
presence of glucose and de-repressed when glucose is depleted [68]. The binding of Ertl onto
PCKZ1 promoter upon a shift to non-fermentable carbon suggests its involvement in regulating

transcription of this gluconeogenic gene.

To further understand the impact of Ertl binding to its target genes, primer extension
analysis was performed. In accordance to previous study, mMRNA of PCK1 was not detected in
the presence of glucose [67] in both wild-type and Ertl deleted strains. When shifted to ethanol,
PCK1 mRNA was detected in both wild-type and Ertl deleted strains (Figure 2 A). However, the
expression level of PCK1 in Aertl strain is reduced compared to wild-type grown in ethanol
(Figure 2 A). This result suggests that Ertl positively promote the transcription of PCK1 gene
under glucose depressed condition. Since the deletion of Ertl did not completely suppress
expression of PCK1 in ethanol, this suggested that Ertl is not the sole regulator of transcription
for this gluconeogenic gene. A previous study had identified another zinc cluster transcription
factor Rds2 to be involved in regulating gluconeogenic gene expression including PCK1 [27].
Double knockout of RDS2 and ERT1 resulted in a greater decrease in PCK1 promoter activity

than single deletion (Figure 2 B). A double deletion strain is unable to grow in YP medium

30



containing ethanol, suggesting that the presence of Rds2 and Ertl is essential for cell growth

when shifting to ethanol (unpublished data).

Cat8 and Sip4 proteins have been shown to be involved in regulating gluconeogenesis by
activating gluconeogenic genes [70, 71]. Another zinc cluster protein Rds2 has been recently
characterized to be a transcriptional regulator of gluconeogenesis. These zinc cluster proteins
have distinct and overlapping gene targets, one of the common targets being PCK1 [27]. In an
effort to characterize Ertl, we have performed genome-wide location analysis. Results suggest
that PCK1 is also a target gene of Ertl during non-fermentable growth. Since PCK1 encodes for
an essential enzyme in gluconeogenesis, its expression is tightly regulated. Previous studies and
our current results suggest that the various zinc cluster transcriptional regulators Cat8, Sip4,
Rds2 and Ertl exhibit co-regulation of PCK1 expression (Figure 3). The mechanism of
regulation by Ertl has to be further explored in the future. A possibility is that activity of Ertl

would be regulated by the Snfl kinase, as observed for Rds2 and Cat8 [72].
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CONCLUSION

From the ChIP-chip result, Ertl seems to bind to genes involved in a variety of cellular
functions. The signals for binding of Ertl to target genes were not very significant and
consistency among replicates varies except for results of PCK1 and several other genes. Primer
extension analysis of wild type and Ertl deletion strain did not show significant effect and
consistency in expression level for some of the target genes of Ertl including RPS4B and
RPS23B (unpublished data). This may be due to metabolic fluctuation experienced when yeast
cells are cultured under nutrient-limited conditions [73]. In continuous nutrient-depleted
condition, yeast cells undergo oscillation between glycolytic and respiratory metabolism,
demonstrating compartmentalization of cellular processes [73]. Microarray studies revealed that
over half of the yeast genome is expressed periodically during metabolic cycles, among them
genes associated with energy and metabolism expressed exceptional periodicity and essential
cellular and metabolic activities occur in synchrony with metabolic cycles [73]. In order to
obtain more consistent and significant data on Ert1, especially for genome-wide location analysis
and expression level essays, one should consider synchronizing cells before culturing and

performing analysis.
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Table 1. Promoters bound by Ertl. Selected genes bound by Ertlare listed (P < 0.005). Results
from ChIP-chip showed that these genes had increased binding of Ertl at their promoters in
ethanol with at least a two-fold increase when compared to binding in glucose. Positive values

represent fold increase in binding.

Binding
Functional Systemic Name Gene Function Enrichment
Group y Glucose | Ethanol
é YKRO97W PCK1 | Phosphoenolpyruvate carboxykinase 0.02 2.25
=3 NADPH-dependent 1-acyl
g YIL124W AYRL dihydroxyacetone phosphate reductase -1.55 4.34
5 YNL117W MLS1 | Malate synthase, enzyme of the glyoxylate 1.21 2.48
MRPL3 | Mitochondrial ribosomal protein of the
YBR268W 7| large subunit 030 | 212
3 YGR215W RSM?27 Q?IT:;?ICQSSSSSI ribosomal protein of the 054 211
s Mitochondrial protein, forms a
E YMRO023C MSS1 heterodimers complex with Mtolp 0.57 2.05
= YALO10C | MDM10 | 20 0f e dhohondnial soringand 1934 | 2,32
YDR376W ARH1 3§:g:gggctase of the mitochondrial inner 052 252
YDR350C TCM10 X_:_tg(:sr;?]?ﬁgls?ls inner membrane protein for 0.24 219
YBR102C CBP6 | Cytochrome B protein synthesis -0.26 4.34
YJL128C PBS? llzionlggyxm B sensitivity, MAP kinase 253 4.49
5 Protein component of the small (40S)
g YHR203C | RPS4B | 0 e 053 | 2.36
2 Ribosomal protein 28 (rp28) of the small
E YPR132W RPS23B (40s) ribosomal subunit 0.30 2.08
Protein component of the small (40S)
YMR230W | RPS10B ribosomal subunit -0.72 3.58
YPRO72W NOT5 | Subunit of the CCR4-NOT complex 0.60 2.34
= Subunit of RNA Pol 111 transcription
<= %_ YORI110W TFC7 initiation factor complex 0.60 2.46
Z=0
xg 2 Subunit of RNA Pol 111 transcription
E YPLOO7C TFC8 initiation factor complex -2.22 2.17

33



Enrichment (log2) I I
(ethanol) =

ROGUET 5555555555355355355353333333333333533>

B.
Iﬂput If
HA-Ert1: — + — +
PCK1 in
YPD

PCK1 in
Ethanol “ e

Figure 1. Ertl binds to the promoter of the PCK1 gene encoding an essential enzyme in
gluconeogenesis. (A) ChlP-chip result showing enhance binding of Ertl at PCK1 promoter in
ethanol condition. (B) Confirmation of ChIP-chip results by standard ChIP analysis of PCKL.
Essay was done with untagged (-) or HA-tagged (+) Ertl. Signals from either input DNA
(“Input”) or immunoprecipitated DNA (“IP”) are shown. The oligonucleotides target the

promoter region of PCK1 located between -449 and -117 bp relative to the starting codon ATG.
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Figure 2. Ertl regulates the expression of genes involved in gluconeogenesis and translation.

Ertl regulates the expression of targeted gene found by ChlIP-chip analysis. A) Primer extension
of PCK1 was performed with wild-type (WT) strain and ERT1 deletion strain (Aertl). The

strains were grown in the presence of glucose or ethanol prior to isolation of RNA for analysis. B)
Primer extension of PCK1 was performed with WT strain, Aertl, RDS2 deletion strain (Ards2),
and double deletion of ERT1 and RDS2 strain (Ards2Aertl). The strains were grown in the
presence of ethanol prior to isolation of RNA for analysis. rRNA is shown as a loading control

for the assay.
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Gluconeogenesis and its regulators
TCA cycle
Glyoxylate pathway

T

Sip4 Gluconeogenesis

Gluconeogenesis
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Mitochondrial components
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Figure 3. Model of transcriptional regulation of PCK1 by zinc cluster transcriptional
regulators Rds2, Sip4, Cat8 and Ertl. Each of the individual zinc cluster proteins have their
distinct functions involved in regulating various cellular processes, but they all regulate the

expression of gluconeogenic genes including PCK1.
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Chapter 3

Chromatin immunoprecipitation assay revealed the cooperation of Dal81 and Galll with
Uga3 in the activation of y-aminobutyrate responsive genes
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ABSTRACT

Uga3 and Dal81 are transcription regulators of the zinc cluster protein family. Uga3 is an
activator of genes involved in the metabolism of y-aminobutyrate (GABA) for its utilization as a
non-preferred nitrogen source. Uga3 binds to upstream activating sequences found in the
promoters of target genes including UGAL and increases their expression in the presence of
GABA [72]. Dal81 on the other hand is a general activator of nitrogen metabolic genes including
those for GABA. Dal81 has been shown to be necessary for the induction of UGAL in the
presence of GABA [72]. ChIP assay of N-terminally tagged Uga3 and Dal81 was performed to
investigate the potential interplay between these factors. Result showed that binding of Uga3 to
the promoter of UGA1 is enhanced in the presence of GABA and that deletion of DAL81
reduced but not abolish the binding of Uga3. Interestingly, ChlIP of tagged Dal81 suggested that
in the presence of GABA, Dal81 itself is also recruited to UGA1 promoter. ChlIP of Galll, a
component of the mediator complex, was also performed and results showed that it is recruited to

the promoter of UGAL in the presence of GABA, in a Dal81-dependent manner.
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METHODS AND MATERIALS

Yeast Strains

The wild-type yeast strain used in this study was BY4741 (MATa his3A1 leu2A0
metl5A0 ura3A0), BY4742 (MATa his3D1, leu2D0, lys2D0, ura3D0). Deletion strains were
obtained from Invitrogen/ Research Genetics (Huntsville, AL) [60, 74]. The open reading frame
(ORF) of UGA3 was tagged at its natural chromosomal location with a triple HA epitope in
strain BY4742 according to Schneider et al. [60] with the PCR product obtained using plasmid
PMPY-3XHA as the template [60] and the oligonucleotides CATGTATGGATGCCAAGAAA
ACAAAGTTTTTTAAAGTGAGGTATGAGGAACAAAAGCTGGAG and CCCATGC
TTCGAATATTTCAATTTCAGCT-TCTCCACGCCATAATTTAGGCGAATTGGGTACC.
The nucleotides in bold correspond to the initiator codon of the tagged ORF. The ORF of UGA3
was also tagged with a triple MYC epitope in strains BY4742 and BY4742 Adal81 in the same
fashion using the PCR product obtained using plasmid pMPY-3XMYC as the template. DAL81
was also tagged with a triple HA epitope in strain BY4742 as described above with the
oligonucleotides TATTTAGAC GAGCGGCAGAACGACAGGCAGCCATACTATCAA ATG
AGGGAAC AAAAGCTGGAG and CTTCGTAGGCGATGCGGCATTATCAGCTGGTGA
TTGGTG AGGGTCTAGGGC GAATTGGGTACC. GAL11 was tagged with triple MYC
epitope in strains BY4741 and BY4741Adal81. After transformation, colonies were selected on
plates lacking uracil, and homologous recombination was verified by PCR. Cells were then
grown overnight in YPD medium [60, 75] to allow internal recombination between the two

regions coding for the epitomes to remove the URA3 marker.
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Growth condition for gene induction

Yeast cultures were grown overnight in YPD and diluted 10 times in 300 ml SD medium
lacking ammonium sulfate, supplemented with adenine, leucine, lysine, histidine, tryptophan,
and uridine at 0.004%, as well as 0.01% drop-out medium supplement, 2% glucose, and either
0.1% proline or 0.1% GABA. All cultures were grown in duplicates to an ODgy of ~ 0.7, then
pelleted, washed in ice-cold water, and resuspended in an equal volume of ice-cold IP-1 buffer
(15 mM Tris-HCI pH 7.6, 150 mM NaCl, 1% Triton X-100, 10 mM pyrophosphate, 2 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/ml pepstatin, 1 pg/mi

leupeptin), as modified from Mamnun et al [60, 76].

Chromatin immunoprecipitation (ChIP) assay

ChlIP assay was performed according to Larochelle, M. et al [63]. Cells were collected by
spinning at 3000 rpm for 5 minutes at 4°C. Cells were resuspended and cross-linked in 37%
formaldehyde for 20 minutes at room temperature and overnight at 4°C. Pellets were then
collected by centrifugation, washed three times with ice-cold Tris-buffered saline buffer (20 mM
Tris-HCI pH 7.5, 150 mM NaCl), and resuspended in 700 ul of lysis buffer (50 mM HEPES-
KOH pH 7.5, 140mM NaCl, 1ImM EDTA, 1% Triton X-100, ImM PMSF, 1ug/ml pepstatin,
1pg/ml leupeptin). Cells were lysed by vortexing with glass beads for two hours at 4°C. Cell
lysates were then separated from the glass beads by centrifugation. Sonication at power of 1.5 on
a Branson 150 Sonifier was done for four times at 20-second intervals to shear the chromatin
DNA at approximately 500 bp long. Supernatant containing DNA was separated from the cell
debris by centrifugation. Equal amount of whole cell extracts were obtained by adjustment of

the final ODgg reading of each sample.
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Five hundred pl of whole cell extract from each sample (supernatant) was
immunoprecipitated overnight at 4°C with 1.2 pg of anti-HA antibody (Roche) or 3 pug of anti-
MYC antibody coupled to magnetic beads (Dynal). Beads were washed twice with 1 ml lysis
buffer, twice with ImL lysis buffer containing additional 360mM of NaCl, twice with 1mL of
wash buffer, and once with 1mL of TE buffer. 50 pL of elution buffer was then used to
resuspend the beads in each sample and incubated for 12 minutes at 65°C with brief vortexing
every 2 minutes. Supernatant was collected and treated with 1 x TE/1% SDS overnight at 65°C
to reverse the crosslink. Samples are then treated with 18.9 mg/ml proteinase K (Fermentas)
followed by phenol/chloroform extractions. Two volumes of ethanol were added to the samples
to precipitate DNA while RNase A was added to degrade RNA. The DNA collected was then

purified on a Qiagen PCR purification kit.

Triplicates of each of the purified DNA samples were used for g°PCR. The enrichments
were calculated over an untagged strain and normalized with the signal obtained with ARN1 as
an internal control [77]. Oligonucleotides used for ChIP at the UGAL promoter (-501 bp to -251
bp relative to the ATG) were ATTCGCGCTATCTCGATTTC and CACCGCAC CAATGG
ATAAAC. The oligonucleotides used for ARN1 promoter were
TGCACCCATAAAAGCAGGTGT and GAGAGCTATCGAATGTTTCCTC (-260 bp to -86 bp
relative to the ATG). For gene-specific standard ChlIP, three pl of immunoprecipitated DNA was
used as template for a 20 cycle PCR with 1uCi of a [0-*%"] dCTP. The oligonucleotides for the
UGA1 promoter were the same as for gPCR (stated above), and the oligonucleotides for the
UGA4 promoter were AATCGCTTATCGCTTATCGTG and GGAACTGATTACTGTG
CCAAG. Three pL of non-immunoprecipitated DNA in 1/10 dilution was also used in PCR as

control. PCR products were then run on 6% acrylamide/Tris-borate-EDTA gels.
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RESULTS

Dal81 and Galll are recruited to the UGA1 promoter in the presence of GABA

Dal81 has been shown to participate in the transcriptional activation of a wide variety of
genes including those involved in nitrogen source catabolism. For instance, Dal81 facilitates the
binding of the factor Stp1l to its target promoter [78]. To investigate the potential involvement of
Dal81 in enhancing Uga3 transcriptional activation, ChIP assay was conducted using Uga3
tagged with triple MYC epitopes and quantified by qPCR. Wild-type BY4742 strain, BY4742
Myc-Uga3 strain, and BY4741 Myc-Uga3 Adal81 strain were grown in medium containing 0.1%
GABA, and in parallel another set was grown in 0.1% proline for comparison. Each strain was
grown in duplicate in each of the conditions. ChIP results showed that compared to the untagged
strain, Myc-Uga3 strain has an enrichment of 1.6 in proline and an average enrichment of 6.5 in
GABA (Figure 1, column 1). When Dal81 is deleted, the enrichment has an average of 1.5 in
proline and 2.8 in GABA (Figure 1, column 2). These data suggest that deletion of Dal81

decreased but did not abolish the binding of Uga3 to UGAL promoter.

To investigate the recruitment of Dal81 to UGAL promoter, ChIP was performed using
wild type BY4742 and BY4742 HA-Dal81 strains grown and prepared as stated above. HA-
Dal81 has an average enrichment of 1.04 in proline and 2.3 in GABA meaning it is not bound
under these conditions (Figure 1, column 3). In agreement with study performed with UGA4

promoter [79], GABA induces the recruitment of Dal81 to its target promoter UGAL.

Mediator is a multi-protein complex that bridges gene regulators to general transcription
factors and RNA polymerase 1l [80]. Mediator complex is composed of a tail subcomplex that

includes Galll and Sin4, a middle region and a head region. ChIP of MYC tagged Gallll
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showed that the average enrichment is 1.2 in proline and 3.6 in GABA (Figure 1, column 4).
ChlIP results suggest that Galll is recruited to the UGAL promoter in the presence of GABA,
which is in agreement with the observation from that Galll is required for full activation of
Uag3 [81]. Interestingly, deletion of Dal81 prevented recruitment of Galll to the UGAl

promoter as the enrichment in GABA in DAL81 deletion strain is 1.3 (Figure 1, column 5).

Sequence specific standard ChIP was performed using wild type BY4742 and BY4742
HA-Uga3 strains independently grown in YPD, 0.1% proline or 0.1% GABA. Whole cell
extracts (input) were used as loading control, and ChIP result from YPD act as a baseline signal
measure. Result shows binding of Uga3 to UGA1 and UGA4 promoters in both proline and
GABA containing medium (Figure 2 A, and B respectively). Uga3 does not appear to bind to
UGAL and UGA4 promoters when cells were grown in YPD, in the absence of non-preferred
nitrogen sources (Figure 2). This semi-quantitative assay suggests that Uga3 is constitutively
bound to promoter of UGAL and UGA4 in the presence of poor nitrogen sources, regardless of

the type of non-preferred nitrogen containing compound.
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DISCUSSION

Saccharomyces cerevisiae, like many unicellular organisms, has the ability to use a
variety of nitrogen-containing compounds as nitrogen source. Non-preferred nitrogen sources
such as proline and y-aminobutyrate (GABA) can induce the de-repression of genes involved in
the utilization of these compounds [82]. The amino acid derivative GABA is taken up into the
cell via the permease Uga4 encoded by the UGA4 gene and degraded into succinate
semialdehyde by GABA transaminase encoded by the UGAL gene. Genome-wide analysis also
demonstrated that the expression of UGAL and UGA4 genes is induced in the presence of GABA
[82]. The zinc cluster protein Uga3 acts as transcriptional activator of genes involved in GABA
utilization while Dal81 acts as general activator of nitrogen metabolic genes. In particular,
studies have shown that the transcriptional activation of UGAL and UGA4 depends on Uga3 and
Dal81 [72].

Experiments performed in our lab have shown that the activity of LexA-Uga3 chimeric
protein is dependent on the presence of Dal81 and GABA [81]. p-galactosidase assay also
suggested that Gallll modulate the transcriptional activity of Uga3 [81]. ChIP assay was
performed and analyzed by quantitative PCR. Result showed that Uga3 is weakly bound to
promoter of UGAL in the absence of GABA but the binding increased by approximately four
fold in the presence of the inducer (Figure 1, column 1). ChIP assay with standard PCR also
suggested that Uga3 binds to promoter of UGA4 regardless of the presence of GABA (Figure 2).
The reduction in Uga3 binding to UGAL promoter in Dal81 deletion strain (Figure 1, column 2)
suggests that Dal81 enhances the transcriptional activity of Uga3 but binding of Uga3 to its gene
target is Dal81-independent. This observation is contrary to the study result from Boban et al.

where binding of the transcription factor Stpl to target promoter was completely abolished in
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Dal81 deletion strain [78]. ChIP of HA tagged Dal81 showed that the factor itself is recruited to
UGAL promoter in the presence of GABA (Figure 1, column 3), this is in agreement with another
study done with UGA4 [79]. Besides Dal81, component of the mediator complex Galll is also
recruited to UGA1 promoter in the presence of GABA (Figure 1, column 4). This recruitment
seems to be mediated by Dal81 since deletion of Dal81 resulted in no enrichment of tagged
Galll at UGAL promoter in GABA condition (Figure 1, column 5). Results from our lab have
shown that Uga3 and Dal81 can recruit coactivators such as Galll and SAGA to form a pre-
initiation complex, suggesting that they act in concert by targeting common components of the
transcriptional machinery [81].

A large-scale localization study showed that under non-inducing condition, Uga3 is found
in the nucleus [83]. Unpublished results from our lab suggest that Uga3 exist as homodimer even
in the absence of GABA [81]. The finding that Uga3 is weakly bound to the UGAL promoter
may be explained by the hypothesis that the direct binding of GABA to Uga3 lead to a
conformational change that would favour the binding of Uga3 to UGA1 and permit Uga3 to
interact with Dal81 [81]. In addition, the observation that Dal81 enhances transcriptional activity
of Uga3 and recruits component of the mediator complex Gallll support the proposed dual
modes of action of Dal81: (1) by facilitating binding of transcription factors to DNA and 2) by
contacting coactivators for a more efficient formation of an initiation complex at target promoter

[81].
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CONCLUSION

The series of ChIP assays strongly suggest that Dal81 facilitates binding of Uga3 to
promoter of UGAL and recruits Galll to UGAL promoter in the presence of GABA. These
findings are in alignment with the possible modes of action proposed that Dal81 may be
facilitating the binding of transcription factors to DNA and contact coactivators for a more
efficient formation of initiation complex at target promoters [81]. Results also support the model
of transcriptional activation by Uga3 and Dal81[81]. Data suggested that Uga3 is weakly bound
to target sites under non-inducing condition, and binding is increased in the presence of GABA.
This observation supports the possibility that GABA induces a conformational change in Uga3
allowing for its interaction with Dal81 and the subsequent recruitment of other components of
the transcriptional machinery such as Galll [81]. In Saccharomyces cerevisiae, a complex
transcriptional network is involved in optimizing the use of various compounds as nitrogen
source. The above ChIP results reflect the interplay between the transcriptional activator Uga3,
the coactivator Dal81, and a component of the mediator complex (Galll) in controlling the
expression of genes involved in GABA utilization. To further unveil the regulatory network, co-
immunoprecipitation assays can be considered in the future to investigate the physical

interactions of these factors in vivo.
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Figure 1. GABA-dependent recruitment of Dal81 and Galll to the UGAL promoter. ChIP
assays were performed with strains BY4742 MYC-UGA3 or BY4742 MYC-UGA3 Adal81
(column 1 and 2 respectively), strains BY4742 HA-Dal81 (column 3), and HQY825 HA-Galll
or BMASY11 MYC-Galll Adal81 (column 4 and 5 respectively). Data are given as fold
enrichment calculated by normalizing signals to a control gene (ARN1) and to an untagged
control strain as measured in the presence (black bars) or in the absence (gray bars) of GABA.
From the pre-run assay, ARN1 gene has shown to be expressed at similar levels.
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Figure 2. Uga3 was found to binds to promoter of UGAL and UGA4 in the presence of non-
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preferred nitrogen sources proline and GABA. Standard ChIP analysis of UGA1 (A) and
UGA4 (B) was performed followed by sequence specific PCR. Assay was done with untagged (-)
or HA-tagged (+) Uga3. Signals from either input DNA (“Input”) or immunoprecipitated DNA
(“IP”) are shown. Cells grown in rich medium (YPD) or minimal media containing proline or

GABA as nitrogen sources. Signals from YPD are shown as a baseline control measure.
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