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Abstract

For a long time, DNA had been considered as a stabilized, rigid, and “linear” structure,
which acts as a platform for molecular regulators to function. However, genome
structure in living cells is far more complex than the linear representation of the
primary DNA sequence implies. This thesis aims to investigate whether the position
of a gene within the genome plays a role in the regulation of its activity. The galactose
(GAL) gene family of Saccharomyces Cerevisiae is used as a model. This gene family
enables yeast cells to utilize galactose as an alternative carbon source; and it consists
of structural and regulatory genes. Structural genes GAL1, GAL10 and GAL7 exist in
a cluster on yeast chromosome I1. The products of the regulatory genes, GAL3, GAL4,
and GALS8O, regulate the expression of the GAL structural genes, depending on the
availability of carbon sources. Specifically, GAL gene expression is repressed by
glucose, paused for induction (noninduced) by glycerol/lactate, and fully induced by
galactose.

The aim of this project was to study the relative position of the GAL structural genes
within the nucleus, and whether any chromosomal interactions at the GAL locus help
to regulate their activation. These were tested in accordance with the expression status
of the GAL genes (i.e. repressed, noninduced or induced). Followed confirmation of
the existence of any chromosomal interactions, protein/protein complexes that
mediate these interactions were attempted to identify.

The methods applied in this project were Chromosome Conformation Capture (3C)
and Circular Chromosome Conformation Capture (4C), which applied in combination
to map the positions of the GAL genes in the context of the overall genome structure.
The results indicated that the GAL locus on chromosome Il was divided into two
“interaction zones”. DNA loops formed around these interaction zones to form an
S-shape structure in a carbon source-independent manner. Two novel
inter-chromosomal interactions between chromosomes Il and XVI, i.e. SVL3-GAL7
and HOS1-GAL10, were also identified. Although these interactions occurred
regardless of the GAL gene activities, it was suggested by real-time PCR that the
interaction frequency for SVL3-GAL7 declined as the GAL genes being activated.
Unfortunately no protein/protein complexes were identified to play an important role
in mediating either intra- or inter-chromosomal interactions.

Future work will be needed to identify the protein/protein complexes that play a role
in mediating the S-Shape structure at the GAL locus and the two inter-chromosomal
interactions. Additional works could also focus on the understanding of the functional
implication of the interactions between chromosomes Il and XVI.
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Chapter 1----Introduction

1.1 Preview

Traditionally DNA was described and portrayed as a linear representation of genes. During
cellular processes, such as DNA transcription, replication, recombination, and repair, DNA
functions as a platform on which regulatory proteins operate (Johnston, 1987). On some
occasions, transcription activation can take place when regulatory DNA elements are
separated by kilobases of DNA (Johnston, 1987). Due to the large distances between some
regulatory sites, it has been proposed that two widely separated loci interact by “looping

out” intervening DNA (Matthews, 1992).

DNA looping has been used to explain how the widely separated regulatory elements, such
as enhancers, promoters and terminators, come together to direct downstream transcriptional
processes efficiently (Hittinger et al., 2004). The “looping” effect is known to occur in both
eukaryotic and prokaryotic organisms, e.g. at the mouse B-globin locus and the E. coli lac
operon, respectively (Rippe et al., 1995). Therefore DNA looping is considered to have
functional implications for the understanding of cellular process, especially in transcription
regulation. Furthermore, DNA looping challenges traditional view of DNA strands being

linearized and rigid.

Even though changes in DNA structure appear to play a role in the regulation of gene
expression, the concept of “looping” and how looping influences gene activation is still
relatively unknown. It is generally difficult to apply such idea to contemporary studies, i.e.
most of the studies concerning gene activities did not take into account of the changes in
either DNA structure or gene positioning. However, recent work has shed lights on this area
by showing that overall genome shape and the position of a particular gene within the

nucleus (spatial positioning) can influence a gene’s activity (de Laat et al., 2003).

This project studies how DNA structural changes are influenced by the expression of a well-
characterized gene family in the yeast Saccharomyces cerevisiae. This work could
potentially help increase our understanding of eukaryotic genomes by investigating the role

that genome structure plays in coordinating gene expression.



This introductory chapter focuses on several key elements that constitute this project. Firstly
our current understanding of nuclear structure, organization and gene order will be addressed.
Then the existing evidence for DNA looping and their involvement in various cellular
processes will be discussed. Finally the gene family and the methodologies used in this work

will be described.

1.2 Nuclear Structure, Chromosome Territories and Gene Positioning

In eukaryotic cells, the nucleus is a membrane-enclosed organelle that contains most of the
cell’s genetic material. The genetic materials are packaged with proteins into chromosomes.
A chromosome is a continuous piece of DNA, which contains genes, regulatory elements
and other nucleotide sequences. DNA is wrapped with histones, the DNA-bound proteins
that package DNA and control its function, to form nucleosomes. Nucleosomes are
organized in their most compact form to become a 30 nm condensed chromatin fibre.
Chromatin is the complex of DNA and protein that makes up chromosomes. The genes that
“reside” on the cell’s chromosomes constitute the cell’s nuclear genome. A cell’s nucleus
functions to control the network of biochemical processes that are essential for cell activity.
The positioning of gene loci at specific regions in the nuclear appears to play an important
role in both the regulation and activation of transcription in a variety of species (Brown et al.,

1999; Volpi et al., 2000; Feuerbach et al., 2002).

Early studies proposed that the chromosomes containing fewer active genes are sequestered
at the nuclear periphery, an area of putative transcriptional silencing; whereas the
chromosomes containing more active genes are localized within the nuclear interior, an area
considered to be more transcriptionally active (Ferreira et al., 1997; Croft et al., 1999). In
support of this theory, Zink et al. (2004) analysed the nuclear positioning and transcriptional
activity of three adjacent, but functionally unrelated, genes mapped to the human
chromosome 7q31. Using fluorescent in situ hybridisation (FISH) and quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR), the authors found that when inactive
these three genes were associated with the nuclear periphery, whereas when active they
associated with euchromatin in the nuclear interior (Zink et al., 2004). However, when
Casolari et al. (2004) examined the association of the S. cerevisiae genome and nuclear pore
proteins using FISH and confocal microscopy, they found that highly transcribed genes (e.g.,
GALI upon galactose induction) relocated to the nuclear periphery and associated with

nuclear pore proteins. These contradictory findings might be due to cell type and gene-



specific differences. Nonetheless, the observations still suggested a differential gene activity

in response to nuclear positioning, but with no clear pattern.

In the nucleus, individual chromosomes maintain their identity by occupying discrete
regions of the nucleus called “chromosome territory” during the entire cell cycle (Cremer et
al., 1993). Using FISH, Cremer et al. (1993) proposed an “inter-chromosome domain (ICD)
compartment” model suggesting that DNA transcription and RNA processing predominantly
occur at the periphery of the chromosome territories. Zirbel et al. (1993) showed that
specific gene transcripts and RNA splicing machinery were concentrated at the borders of
chromosome territories, supporting the “ICD” model. In contrast, others have provided
evidence against this model. For example, Verschure et al. (1999) showed (using FISH) that
nascent RNA was located at the inner region of chromosome territories. In addition, Mahy et
al. (2002), also using FISH, showed that transcription of both ubiquitous and tissue-specific
genes were not restricted to the periphery of chromosome territories, and transcription
factors could gain access to the chromosome interior. Hence transcription is not restricted to
the periphery of chromosome territory. Similarly, Zink et al. (2004) claimed they failed to
find a correlation between the transcription activity of genes and their positioning in relation
to the chromosome territories. There is therefore still considerable debate regarding
correlation between nuclear positioning and gene expression, and whether this correlation is

cell- or gene-type specific, or simply a random pattern.

1.2.1 Gene Organization within Chromosomes and Regulation of Transcription

The organization of genes (gene order) within a genome can be divided into two categories:
within chromosomes (intra-chromosomal), or between chromosomes (inter-chromosomal)
(Hurst et al., 2004). This section will focus on gene organization within chromosomes
(intra-chromosomal). In bacteria, the discovery of tightly regulated gene groups (operons)
suggesting that these genes are in an ordered arrangement (Song et al., 1996). In eukaryotes,
although it was once thought that genes were randomly distributed along the chromosomes,
gene clusters that occur naturally, e.g. mammalian homeobox (Hox) and globin genes,
suggested an ordered arrangement (Duboule ef al., 1989). The availability of whole-genome
sequences accelerated the discovery of the co-expressed gene clusters in eukaryotic
organisms. For instance, in S. cerevisiae 25% of genes involved in the cell cycle clustered
together (Cho et al., 1998); in Caenorhabditis elegans, tissue-specific genes that are co-
expressed also show significant degrees of clustering (Roy et al., 2002); a similar situation

was found for Drosophila melanogaster where 45% of genes expressed in testes were found



to be closely linked (Boutanaev et al., 2002), and in Homo sapiens where clustering occurs
in housekeeping and highly expressed genes, such as those in prenatal and postnatal tissues

(Lercher et al., 2002).

In addition to being co-expressed, clustered genes may also be functionally related, e.g.
those whose gene products are in the same pathways, gene products that interact, or gene
alleles that affect the same trait (Hurst et al., 2004). In S. cerevisiae, 20% of genes whose
products have similar functions tend to be closely positioned on the same chromosome
(Cohen et al., 2000). Other eukaryotic organisms also showed a high level of functionally
related gene clustering (58% in C. elegans, and 65% in H. sapiens: Lee et al., 2003).

Exploring the reason for gene clustering, it is likely that regulatory and promoter sequences
act in concert to enable simultaneous gene expression. For example, in the yeast and human
genomes, there is a particular promoter called a “bi-directional promoter” that resides
between two adjacent genes and controls their co-expression (Cho ef al., 1998; Cohen et al.,
2000). In some extreme cases, co-expression of a group of linked genes is achieved by
fusing all of the genes to make a single protein product (Hawkins, 1987). This “promoter-
driven” expression model, however, is too simple to account for every case of gene clusters
in different species. In the yeast genome, upstream activating sequences (UAS) have been
shown to be important for the regulation of gene pairs (Cohen et al., 2000). UAS are usually
located large distances (> 1000 bp) away from the expressed genes they regulate; and it

remains unclear how these sequences operate.

Previous studies have shown that chromatin higher-order structure, i.e. chromosome
organization beyond the primary linear nucleosomal model, plays a critical role in
eukaryotic gene regulation (Bonifer, 1999; Wolffe et al., 2000; Woodcock et al., 2001).
Spellman and Rubin (2002) studied hundreds of gene microarray profiles of Drosophila and
mapped each expressed gene to their chromosomal location. They found that the Drosophila
genome contains multiple large groups of adjacent genes that are co-expressed but are not
related in function or sequence. The authors proposed that this observation might be
occurring as a result of the local chromatin structural changes, allowing the expression of
large groups of linked genes. The authors also proposed that there is a dominant gene within
each chromosomal territory and its expression or repression dictates whether chromatin is

“open” (accessible to transcription regulators) or “closed”.

For transcription regulation, Iborra et al. (1996) used light microscopy to visualize the

location of active RNA polymerases in permeabilized HeLa cells. The authors found that
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active RNA polymerases were concentrated at sites that contained newly synthesized
transcripts and regulatory proteins. In particular, there are approximately 2100 such sites in
each HeLa cell nucleus. These sites were “transcription factories” (Iborra et al., 1996; Cook,
1999) and consisted of pre-assembled groups of transcription factors that enabled
transcription en masse of multiple genes from different chromosomes. In particular, the
locus control region (LCR) of DNA loops around over the desired gene of expression, so
that the binding site of the transcriptional machinery is in physical close proximity to bridge
and affect the transcription of that specific gene (Figure 1; Cook, 1999). LCR are defined by
their ability to enhance the expression of linked genes by establishing an open chromatin
configuration that inhibits the normal repression of transcription. In a further study, Jackson
et al. (1998) found approximately 5500 transcription factories in each HelLa nucleus, and
they observed each transcription factory contained ~14 active RNA polymerase II. By
comparing the association rate between transcribed genes and RNA polymerase II via RNA
and DNA FISH, Osborne et al. (2004) showed that distal genes collected at same
transcription factories upon activation and repositioned themselves away from the factories
when they became inactive, suggesting that active genes become mobile to allow them to be

recruited to a transcription factory.

Figure 1: Analogue model for a transcription factory. In this model, genes are “released” from their
chromosome territories to access a shared transcription factory rich in RNA polymerase II (large light
purple circle). The coiled lines constitute chromatin structure. Colored (blue, red, green) spheres
represent DNA binding factors. The bright orange ovals are locus control region (LCR) gene complex.

Modified from Chakalova et al. (2005)



1.2.2 Inter-Chromosomal Association and Regulation of Transcription

Although eukaryotic chromosomes occupy distinct territories in the cell nucleus, they do
occasionally “overlap” with other chromosomes. Any physical contact between different
chromosome loci is referred to “chromosome kissing” (Cavalli, 2007), and may have

resulted from shared transcriptional machineries, or shared regulatory functions.

A prominent study that demonstrates the inter-chromosomal contacts was conducted by
Spilianakis et al. (2005), who studied human immune cells using Chromosome
Conformation Capture (3C) analysis and DNA microscopy techniques. 3C is a novel
molecular technique that studies physical interactions between DNA fragments in a
formaldehyde cross-linking condition (Section 1.5). The authors studied the inter-
chromosomal interaction in relation to transcriptional activation between two loci that were
expressed in two different cell types in the human genome. Ty2 locus on chromosome 11
and IFN-y gene (Ifng) promoter on chromosome 10 are involved in the specification of T
helper cells 1 and 2 (Tyl and Ty2) pathways. Ty2 cells produce interleukins (IL4, IL5 and
IL13) through its LCR, and naive CD4" T cells are induced along the Ty2 pathway. The
induction of the IFN-y guided naive CD4" T cells to Tyl pathway. The authors found that
the T2 locus interacts with the Ifng promoter on chromosome 10 of naive T cells. After
differentiation into the Tyl and Ty2 states, the two chromosomes were shown to move away
from each other, and led to intra-chromosomal interactions. Deletion of a portion of the Ty2
LCR reduced the inter-chromosomal interaction and down regulated the expression of IFN-y
gene. The authors proposed that inter-chromosomal interaction “poises” the Ty2 and IFN-y

loci for transcription and subsequent CD4" T cell differentiation.

Similarly, Ling et al. (2006) applied 3C and FISH analysis to mouse fibroblast cells showing
that the H19/Igf locus on chromosome 7 made contact with the genes Wsbl and NfI on
chromosome 11, and this physical contact resulted in the genes regulation of each other’s
expression. The factor mediating this contact was shown to be CTCF, a factor that regulates
DNA methylation in mammals by simultaneously binding the imprinting control region of

the maternal H19/1gf2 locus and the paternal Wsb1/Nfllocus (Ling et al., 2006).

Perhaps the most striking study has been reported was the activation-dependent inter-
chromosomal interaction occurred for olfactory receptor (OR) genes. This large superfamily
consists of over 1300 genes that are organized in multiple clusters on chromosomes 18 and
Y of the mouse genome. A recent study Lomvardas ef al. (2006) using 3C analysis, followed

by a combination of RNA FISH and DNA FISH, has shown that a single enhancer (H
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enhancer), located on chromosome 14, is capable of multiple contacting with clusters of OR
genes. The H enhancer activates OR genes at a very high frequency, and supports the view
that a single regulatory element may control the expression of a large number or all
members of a gene superfamily. However, in a follow-up study conducted by Fuss et al.
(2007), deletion of the H enhancer was shown to only affect the OR genes in cis. Its effect
was decreased on distant trans. OR genes, and it was undetectable on the expression of
independent OR genes (not clustering), which seemed to be contradictory to what
Lomvardas (2006) proposed. Fuss et al. (2007) suggested that high level of contacting
between distant OR genes and H elements might simply be due to a positioning matter with
regard to transcription, with no actual regulatory function. They also suggested that other
elements similar to H enhancer might regulate OR genes. Taken together, the complexity of
gene regulation suggests the need to study gene expression in depth to reveal the possible

functional implications of any chromosomal interactions.

1.3 Gene Looping and Transcription Regulation

Transcription activation requires coordination between regulatory elements may be
separated by long stretches of intervening DNA (Banerji et al., 1981), e.g. in the yeast
genome upstream activating sequences (UAS), equivalent to enhancers, can locate more
than 1 Kb away from the promoter they regulate (Barberis et al., 1995). There are three
mechanisms have been suggested to explain this “distance effect” in transcription regulation,
“looping”, “scanning”, and “linking”. The “looping” model suggests a direct contact with
intervening DNA looping out. The “scanning” model hypothesizes that the DNA bound
transcription-activating complex linearly tracks along chromatin until it encounters a
competent promoter (Herendeen et al., 1992), which requires certain motor activity of the
protein complex. The “linking” model suggests that a facilitator protein mediates
communication between an enhancer and its cognate gene (Bulger and Groudine, 1999),
which requires an extra helper. The looping model has long been considered to be more
favoured over the other two models due to its simplicity, e.g. Ptashne (1986). Vilar and Saiz
(2005) carried out a series of studies, using mathematical models, to specifically study the
advantages of DNA looping. While DNA looping is common to many systems, the function
of looping can differ between organisms. Commonly, DNA looping is regarded as a
mechanism that allows the interaction between distantly bound regulatory proteins. By
calculating the energies that contribute to stabilize DNA looping, the authors suggested that
DNA looping is an adaptive cellular mechanism, with many advantages. Firstly, since the

numbers of different molecular species are expected to differ from cell to cell, DNA looping
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decreased the sensitivity of transcription to changes in the concentration of regulatory
protein molecules, thereby suppressing cell-cell variability. Secondly, DNA looping reduces
transcription fluctuation. If transcription switches slowly between active and inactive states,
protein production over long periods of time will be with either full or no production.
Therefore the number of protein molecules would fluctuate strongly between high and low
values. The authors showed that DNA looping reduces transcription fluctuations by allowing
a faster recycling of the regulatory elements. Finally, most biochemical reactions that occur
within the nucleus are diffusion-limited reactions, e.g. molecules do not diffuse between
each other, which may lead to transcription fluctuation. DNA looping bypasses diffusion-
limited constraints that are imposed on reaction rates. The authors proposed that looping is
the only valid mechanism that helps the cell to promote a fast-time scale in transcription
processes naturally. These results provided evidence to support the “looping” mechanism as
being more plausible than the other two hypotheses when it comes to understanding distant

regulatory effects.

Looping has long been observed at the chromosome level, where two telomeres of certain
chromosomes interact to form the whole chromosome loop (see Bystricky et al., 2005)
Chromosome looping provided some explanation for chromosome folding and telomere
positioning, and is also an important mechanism to define a chromosomal territory
(Bystricky et al., 2005). The first evidence of the “DNA looping” came from the studies of
the Escherichia coli arabinose operon (Englesbe et al., 1969), where it was shown that
under certain conditions the araBAD promoter was repressed due to the simultaneous
binding of regulatory proteins to sequences both proximal and distal to the promoter (Dunn
et al., 1984). DNA looping is now known to be present in both prokaryotes and eukaryotes,
and generally involves the simultaneous binding of proteins or protein complexes to
different sites of a DNA molecule, with the intervening DNA looping out to allow contact
(Schleif et al., 1992). This mechanism allows quick and efficient communication between

regulatory sequences and their promoters.

DNA looping is also proposed to be the underlying mechanism of the formation of
“transcription factories”. de Laat ef al. (2003) studied co-expression of clustering genes in
murine B-globin locus. By applying in vivo 3C, in which live cells were treated with
formaldehyde to fix the DNA structure, the authors found that in expressing tissue
transcription initiation requires the formation of “active chromatin hub” (ACH) in which
distal regulatory elements are brought together, with the intervening DNA looping out
(Figure 2; de Laat et al., 2003). The ACH is an analogue of a transcription factory. ACH
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formation is mediated by the LCR of -globin locus. The LCR locates at the upstream of the
globin locus and contains four DNase I hypersensitive sites. A further study (Palstra et al.,
2003) showed that the “chromatin hub” (CH) was preserved when genes are paused for
expression. Once activated, the CH transforms into an ACH enabling gene co-expression to
take place (Figure 2). The presence of a CH suggested that the looping construct is stable
and allows for fast resumption of the expression. This phenomenon, however, was not
observed in nonexpressing loci, e.g. brain. It is therefore evident that DNA looping plays an
important role in transcription regulation. Some trans-acting factors, such as Erythroid
Kruppel-like factor (EKLF) (Drissen et al., 2004), are required for the formation and/or

stabilization of the looping.

“Paused” Chromatin Hub (CH) Active Chromatin Hub (ACH)

Figure 2: Analogue models for DNA loop formation of the murine B-globin locus. The thin black line
represents chromatin and the coloured rectangles represent genes. The orange ovals and light brown ovals
indicate hypersensitive sites and regulatory elements, respectively. For the ACH, the red rectangles
represent the active genes, while green and blue rectangles represent the inactive genes.

Modified from Palstra et al. (2003)

DNA looping has been studied extensively in the budding yeast S. cerevisiae. O’Sullivan et
al. (2004) used chromatin immunoprecipitation (CHIP) and 3C to reveal that the
transcription factor Kin28 mediates the loop formation between promoter and terminator
regions of two long genes, FMP27 and SENI, and looping was essential for transcription
initiation. The authors also found that phosporylation of the C-terminal domain (CTD) of
RNA polymerase II is crucial for loop formation. In a following study, Pestrascheck et al.
(2005) showed that the binding of RNA polymerase II to an UAS and a promoter is
facilitated by the formation of a DNA loop. Furthermore, Ansari and Hampsey (2005)
studied another set of yeast genes and showed that upstream transcription factors interact
with a 3’end-processing complex to induce transcription. All these studies proposed that
DNA looping, in some cases, is essential for transcription activation by “recycling”

transcription machinery to achieve a rapid transcription initiation rate.



1.4 Galactose Gene (GAL) Family in Saccharomyces Cerevisiae

The work reported in this thesis uses the budding yeast, Saccharomyces cerevisiae as a
model system. S. cerevisiae is easy to grow and is biochemically and genetically well
characterized, making this organism a perfect system for this type of study. The galactose
(GAL) gene family of S. cerevisiae was particularly studied in this project because its
expression is strictly regulated by the availability of carbohydrate. In the absence of glucose,
the primary carbon source, the GAL gene family produces a series of proteins that
coordinate to enable budding yeast cells to utilize galactose as an alternative carbon source
(St. John and Davis, 1979a, b; Johnston, 1987). The GAL gene family is conserved and can
be found in several other yeast species that are closely related to S. cerevisiae (Hittinger et
al., 2004). Since GAL expression is tightly controlled by nutrient availability, regulation of
these genes is easy to manipulate experimentally (Johnston, 1987) and this, together with
our current understanding from genetic and biochemical analyses over the past two decades,
has placed this gene family at the forefront of model systems used for the study of

eukaryotic gene regulation (Johnston, 1992; Ostergaard et al., 2000).

Members of the GAL gene family in S. cerevisiae can be subdivided into two categories
based on their functions: structural or regulatory. The structural genes consist of GALI,
GAL2, GAL7, GALI10, and MELI (GALS5), whereas the regulatory genes consist of GAL3,
GAL4, and GALS0 (St. John and Davis, 1979a, b). The structural genes GALI, GAL7 and
GALIO are located on chromosome II, GAL2 on chromosome XII, and GAL5 on
chromosome XIII (Johnston and Davis, 1984). The structural genes work in a coordinated
manner to monitor the cell’s use of galactose (Figure 3). The GAL2 gene product transports
galactose across the membrane into the cell, where it is converted to glucose 1-phosphate by
the sequential action of the enzymes encoded by GALI, GAL7, and GALI0. The GALS5 gene
product then converts glucose 1-phosphate to glucose 6-phosphate, which subsequently
enters the glycolytic pathway (Johnston, 1992) (Figure 3). The GAL genes are tightly
regulated by the carbon sources; their expression is strongly down-regulated in the presence
of glucose, strongly induced in the presence of galactose, and paused for induction (“poised”)
in the presence of glycerol and lactate, where the genes are expressed at basal levels (St.
John and Davis, 1979b). Their expression in the presence of galactose is extremely robust:
the mRNA levels of GALI, GAL7 and GALI10 each become 0.25-1% of total mRNA in the
cell (Johnston, 1987). On the other hand, in the presence of glucose and glycerol/lactate,
expression of GALI, GAL7 and GAL10 is not detectable. Thus the mechanisms that activate

and inhibit the expression of these genes are very powerful and effective.
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Figure 3: The galactose utilization pathway. Extracellular galactose is transported into the cell by Gal2
and subsequently converted to glucose-6-phosphate after several enzymatic steps, which are mediated by
the products of GAL structural genes. Glucose-6-phosphate may be directed toward respiratory
metabolism, fermentative metabolism, or conversion to various precursors required for cell growth. Gal2,
galactose permease; Gall, galactokinase; Gal7, galactose-1-phosphate uridylyltransferase; Gal10, UDP-
glucose 4-epimerase; Gal5, phosphoglucomutase.

Modified from Ostergaard et al. (2000)

The GAL regulatory genes, GAL3, GAL4, and GALS0, are the major regulators of the GAL
structural genes. These three genes are located on chromosomes IV, XVI, and XIII,
respectively. The interplay of their gene products (Gal3p, Gal4p and Gal80p, respectively)
determines the transcriptional status of the GAL genes in response to carbon source
(Johnston, 1992; Ostergaard et al., 2000). Galdp, the major transcription activator, is
required for galactose-induction of GAL gene expression. Gal4p binds to upstream
activating sequences (UASga1) of the GAL structural genes. This UAS,, element is essential
for galactose-dependent gene activation. All genes known to be inducible by galactose
contain one or more of these elements (Bash and Lohr, 2001). Gal80p, the major
transcription inhibitor, binds to and masks Gal4p transcription activation in the absence of
galactose. Gal3p, in turn, inhibits Gal80p repression in response to galactose, freeing Galdp
to activate GAL transcription (Ostergaard et al., 2000) (Figure 4). As part of the
transcription activation mechanism, Gal4p forms a transcription complex comprising SAGA
(Spt-Ada-GenS-Acetyltransferase) (Dudley et al., 1999), Mediator (Thompson et al., 1994),
RNA polymerase II (Ptashne, 1997) and other general transcription factors (Johnston, 1992).
The SAGA complex is a multi-protein complex, which is important for the transcription of
many genes (Grant et al., 1998). The Mediator is a large multi-subunit complex that
contains a TATA (a DNA sequence in the promoter region of the gene)-binding protein
(TBP) and interacts with the carboxyl-terminal domain (CTD) of RNA polymerase II
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(Thompson et al., 1994). RNA polymerase II may locate near the GAL promoter under
repressed conditions (Cook, 1999). It has been suggested that Gal4p is able to localize genes
preferentially to nuclear sites of facilitated transcriptional activity (Cook, 1999). Another
activation function of Gal4p is to disrupt the TATA-bound nucleosome, which exposes the
start site for the binding of transcriptional factors (Biggar, 1999). TATA-bound nucleosome

disruption is a key aspect in GAL gene expression (Figure 4).

Gal80p

00000 ——

Nucleosome
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galactose

ATP &D

Nucleosome

Nucleosome Disruption

Figure 4: GAL gene regulation system. Galdp acts as a transcriptional activator of the GAL genes by
binding to upstream activating sites (UAS). During expression and repression of the GAL genes, Gal80p
is bound to Gal4p. Intracellular galactose plays a pivotal role, being the signal molecule that (by an ATP-
dependent mechanism) is bound to Gal3p, which acts as a transducer for galactose induction by
interacting with Gal80p. Gal80p undergoes a conformational change and thus frees Gald4p. Gal80p and
Gal4p remain in contact. The released Galdp recruits coactivator SAGA and the Mediator complex.
SAGA recruits TBP along with RNA Polymerase II to TATA binding site. This results in disruption of
TATA-bound nucleosome and initiation of GAL transcription. Thin horizontal arrows above GAL indicate
the basal level of GAL expression, while the thick horizontal arrow below GAL indicates robust GAL
expression.
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The expression patterns of GAL3, GAL4 and GALS0 are also dependent upon the availability
of the carbon source. In the presence of galactose, the expression levels of GAL3, GAL4 and
GALS0 are all several-fold higher than the basal level of transcription (Shimada, 1985;
Giniger, 1988). GAL4 expression is specifically controlled by the cell via the promoter
elements (Griggs and Johnston, 1993), whereas GALS0 is regulated by Gal4p and its own
product, Gal80p (Shimada, 1985), and expression of GAL3 is Galdp and UAS,-dependent
(Bajwa, et al., 1988). Galdp was shown to be phosphorylated in a manner that correlates
with its ability to activate transcription (Mylin et al, 1989, 1990). In cells expressing
Gal80p, Gal4p is unphosphorylated in non-inducing conditions (i.e. presence of
glycerol/lactate) but becomes phosphorylated upon induction by galactose. This was
experimentally shown using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in which phosphorylated Gal4p migrated more slowly than unphosphorylated
Gal4p (Mylin ef al., 1989). Gal4p is multiple phosphorylated at both the C and N terminal
regions, and phosphorylation at the serine 669 position was suggested to be vital for
galactose-inducible transcription to occur (Sadowski et al., 1996). Some phosphorylation of
Gal4p is carried out by a cyclin-dependent kinase associated with RNA polymerase II (Hirst
etal., 1999).

How GAL3 activates GAL gene expression has long been debated and has been made
difficult by the complex phenotypes exhibited by GAL3 mutants in early days, e.g. the gal3
strain is unable to use galactose efficiently (Douglas and Pelroy, 1963). Since then Gal3p
was considered to have a catalytic role that converts galactose to an inducer or co-inducer to
activate transcription of GAL gene (Tsuyumu and Adams, 1974). However, later evidence
suggested that Gal3p itself is an inducer to activate transcription (Bhat ef al., 1990).
Furthermore, Gallp was identified as having Gal3p-like activity (Meyer et al, 1990),
therefore in the absence of Gal3p, GAL gene induction still occurs, but at a much slower rate
(Bhat and Hopper, 1992). The currently most accepted model suggests that Gal3p is an
inducer that exists in a “two-state” form: inactive and active (Bhat and Murthy, 2001)
Galactose is thought to activate Gal3p and allow it to bind to Gal80p (Bhat and Hopper,
1992). Platt and Reece (2000) proposed that Gal3p is introduced to the upstream of the GAL
gene in association with galactose and ATP, and interacts with Gal4p-Gal80p complex to
form a tripartite Gald4p-Gal80p-Gal3p complex. In response, Gal80p undergoes a
conformational change that releases Gal4p to recruit other regulatory proteins, allowing the
activation of transcription (Platt and Reece 2000) (see Figure 4). However, this “two-state”
model has been challenged by a recent successful GAL3 mutation experiment

(Lakshminarasimhan et al., 2005). As a result of constructing a mutant GAL3 with a non-
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functional galactose recognition site, the authors proposed that Gal3p constantly interacts
with Gal80p even in the absence of galactose. This interaction is weak until galactose is
present (Lakshminarasimhan et al., 2005). Other study also proposed that instead of forming
a tripartite complex with Gal4p and Gal80p, Gal3p takes Gal80p away from Galdp to
activate transcription (Peng and Hopper, 2002). Gal80p is mobile to shuttle between the
cytoplasm and the nucleus. In the presence of galactose, Gal3p sequesters Gal80p in the
cytoplasm, resulting in the translocation of Gal80p from the nucleus to the cytoplasm (Peng
and Hopper, 2002). The concentration of Gal80p in the nucleus is reduced, thus de-
repressing Gal4p. Therefore, in summary, no agreement has been reached on how Gal3p

regulates transcription activation.

Regarding the Gal4p transcription complex (Figure 4), recent work has shown that SAGA
functions as a coactivator for GAL gene transcription in a Gal4p-dependent manner by
recruiting TBP to the GAL gene upon galactose induction (Larschan et al., 2001). Bryant et
al. (2003) suggested that a sequential “recruitment” of different protein complexes at the
GALI promoter. Galdp first recruits SAGA, then the mediator complex, and finally RNA
polymerase and several other proteins including TBP, TFIIB and TFIIE. Interestingly, if
SAGA was disrupted by a deletion mutation, the Mediator was still recruited, but
transcription did not take place. Possibly due to that the RNA polymerase and associated
proteins (e.g. TBP) are unable to bind to promoter sequences in the absence of SAGA.
Bryant et al. (2003) also suggested that Gal4p directly contacts, but independently recruits
SAGA and Mediator complexes. Another group, Cheng et al. (2004), tested the abilities of
fusion proteins to activate transcription from an integrated reporter bearing a GALI
promoter with Zif (zinc finger DNA binding domain) sites upstream. The researchers
constructed fusion proteins comprising Zif attached to one or another component of SAGA,
Mediator, or TFIID. By comparing the abilities of tripartite fusion proteins, it was shown
that Zif-Mediator-SAGA activated transcription as efficiently as Zif-Galdp. Other
combinations of fusion proteins, such as with Mediator or SAGA only, showed less
efficiency in transcription activation. The results reinforced the idea that Galdp activates
transcription by requiring co-existence of SAGA and Mediator. Furthermore, these results
also suggested that Galdp activates transcription by making contacts with multiple
transcription factors with a different contribution to the activated level of transcription,
varying from critical to not functionally important. The experiment described by Cheng et
al. (2004) using reporters that were integrated into the chromosome instead of a plasmid.
However, the modifications that occur at the chromosomal level, such as chromosome

folding, chromatin looping and gene copy numbers were not taken into considerations. The
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authors observed a Zif-Mediator fusion protein works well on its own when the template is
carried on a plasmid but not when integrated into the chromosome. Furthermore, Zif-
Mediator-SAGA works approximately twice as efficiently as Zif-SAGA-Mediator does in
terms of activating transcription. The authors failed to give an explanation on these matters.
This might be due to that Mediator binds less efficiently to RNA polymerase II in Zif-

SAGA-Mediator, or is possibly a result of the alteration of the chromosome structure.

1.5 Methodology

In the study reported in this thesis, the major technique applied is Chromosome
Conformation Capture (3C), which is a novel molecular technique to detect the frequency of
interaction between any two loci. It was initially proposed by Dekker et al. (2002, 2003) and
has been widely applied and yielded reliable and reproducible data (Spellman et al., 2002;
Palstra et al., 2003; O'Sullivan et al., 2004; Ansari and Hampsey, 2005; Bystricky et al.,
2005; Spilianakis et al., 2005).

Higher order structural features of chromosomes, such as the chromatin fibre, chromatin
looping and inter-chromosomal association, are important for chromosome morphogenesis
and have roles in gene expression and recombination (Cohen et al.,, 2000). As many of the
traditional methods used to studying chromosome conformation have gradually shown their
limitations, better and efficient techniques have seen in high demand. High-resolution
electron microscopy requires hard work to study specific loci, while light microscopy has
insufficient resolution to study at the chromosome level; fluorescence labelling of DNA-
protein either only permits the examination of a few positions in gene loci (GFP), or uses a
severe treatment that may affect chromosome organization (FISH) (Vilar and Saiz, 2005). It
was given these circumstances that 3C (see Chapter 2: section 2.3.5) was invented by
Dekker et al. (2002) to overcome the shortcomings of the traditional methods. The principle
of 3C is to fix DNA structure by cross-linking DNA and proteins with formaldehyde
treatment. To quantify the cross-linking frequency of different sites, cross-linked DNA is
digested by a restriction enzyme and subjected to ligation at a low DNA concentration.
These conditions enable the preferential intra-molecular ligation of the cross-linked
restriction fragments, rather than ligation of random fragments. Cross-linking is then
reversed and individual ligation products are detected and quantified by the polymerase
chain reaction (PCR) using locus-specific primers. A control template is generated in which

all-possible ligation products are present (Dekker ef al., 2003). The original 3C method
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proposed by Dekker et al. (2002) was used to analyse chromosomal interactions in yeast
genome by cross-linking in isolated nuclei. Lately, this method has been applied more
frequently to study transcription-dependent conformational changes in intact cells, which is
transient and can avoid the artefacts that result from the isolation of nuclei. Thus,
formaldehyde cross-linking was performed in actively growing cells prior to digestion and

ligation (Palstra et al., 2003; O'Sullivan et al., 2004).

Two modified 3C methods: Circular Chromosome Conformation Capture (4C) (described in
Chapter 2: section 2.3.6) that detects circular ligated products, and 4C pulldown (described
in Chapter 2: section 2.3.7) in which target protein is isolated by antibody after ligation,
were also employed in the study reported in this thesis. Furthermore, real-time PCR was
applied to study the frequencies of observed interactions in addition to standard PCR (see

Chapter 2: section 2.4).

1.6 Research Aims and Objectives

The aim of this project was to study potential interactions occurring at the GAL gene locus
on chromosome II in response to different carbon source induction. These interactions can
be of either intra- or inter-chromosomal. Should any such interaction be identified; further
study was to identify the regulators/ transcription factors that are responsible for such an

interaction.

Objective 1: To identify if any intra-chromosomal interactions occur at the GAL locus on
chromosome II when their expression are regulated by the presence of glucose,

glycerol/lactate or galactose.
Objective 2: To identify if any inter-chromosomal interactions occur at the GAL locus with
other chromosomes when their expression are regulated by the presence of glucose,

glycerol/lactate or galactose.

Objective 3: To identify the transcriptional factors that involve in mediating the observed

interactions. Target proteins include Gal4p, Gal80p and others in transcription regulation.
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Chapter 2----Materials and Methods

2.1 Cultures and Plasmid

2.1.1 Cultures and Plasmid used

The strains and plasmid used are detailed in Table 1. Saccharomyces cerevisiae strains were

stored as glycerol stocks (final concentration of glycerol 20%, v/v) at -80°C.

Table 1: S. cerevisiae strains and the plasmid used in this study

S. cerevisiae

Strains Genotype Description Source or Reference
MATa ade2-1 his3-11,15 . ) .
W3031a  4eu2-3,112 cani-100 grp1- ¥ d-ype strain used in This study
most of the studies
1 ura3-1
MATa ade? arg4 leu2-3 . . ®
YPL248C 112 trp1-289 ura3-52 TAP-tagged Galdp strain ~ Open Biosystems
MATa his3A41 leu2A0 Wild-type strain for .
BY4741 metl54 ura340 Agal80p control Research Genetics
MATa his3A1 leu240 .
YMLO51W met154 ura3A0 Agald0p deletion mutant b o oo eh Genetics
R strain
2al80::Kan
FY23 MATa trpl-463 leu2-41 ~ Wild-type strain for Aratl- Cole, C (1992)
ura3-52 1 control
MATa trp1-463 leu2-41 RATI-1 temperature-
DATI-2 ura3-52 ratl-1 sensitive strain Cole, C (1992)

E. coli Strain

F— ®80d lacZAM15
A(lacZYA-argF)U169

DHS endAl recAl Invitrogen (Carlsbad,
@ hsdR17(r—K12 m+K12) CA, USA)
deoR supE44 thi-1 -
gyrA96 relAl
Plasmid
R Invitrogen (Carlsbad,
pUCI18 Amp", lac promoter CA, USA)
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2.1.2 Growth of Fungal Cultures

S. cerevisiae strains were selected for 3C, 4C and 4C pulldown assays. These cultures were
grown at 30°C (wild-type) or 23°C and 37°C (temperature sensitive) on Synthetic Complete
(SC) agar plates or SC in broth with shaking at 160 rpm (Appendix 1.0) for 1-3 days or until
growth was visible. SC medium is based upon Yeast Nitrogen Base (YNB) supplemented
with a complete mixture of amino acids and vitamins and carbon source (glucose,
glycerol/lactate, or galactose). Selected yeast strains grew in SC-X agar/medium that is
based upon YNB supplemented with a “drop-out” mixture in which certain amino acids (X)
are missing. Cultures were generally grown in the presence of glucose unless otherwise

stated. The plates were then stored at 4°C.

For liquid cultures, 50 ml flasks containing 10 ml of SC/SC-X medium with the appropriate
amino acid supplement and carbon source were inoculated from stock culture grown on
plates. Incubations were at the selected temperature, shaking (160 rpm) overnight or until
sufficient growth was obtained. These starter cultures were sub-inoculated the next day into
250 ml flasks containing 100 ml of SC/SC-X medium with the appropriate amino acid
supplement and carbon source. These subcultures were grown, with shaking, overnight or

until OD600:0.6.

2.2 Nucleic Acid Extractions

2.2.1 Genomic DNA

Genomic DNA was prepared from S. cerevisiae W303-1a according to Amberg’s protocol
(http://www.upstate.edu/biochem/amberg/protocols/yeast genomic DNA.php). Briefly, 10
ml cultures were grown overnight (O/N) in SC medium in a 50 ml conical flask to a density
1x10% cells per ml, and then centrifuged at 4500 x g for 3 min. The pellet was then washed
with 6 ml of MilliQ H,O, and aliquoted into 4 % 1.5 ml microcentrifuge tubes to centrifuge
down. The supernatant was decanted and the pellet was vortexed until it was suspended. 200
ul of solution A (2% Triton-X-100, 1% SDS, 0.1 M NaCl, 0.01 M Tris-HCI, pH 8§, and 1
mM EDTA), 200 pul of phenol/chloroform (1:1 v/v) and 0.3 g of acid washed glass beads
were then added to the sample. The tubes were vortexed for 2 min, then 200 ul of TE buffer
(0.01 M Tris-HCl, and ImM EDTA, pH 8) was added and the tubes were centrifuged at
13,000 x g for 5 min. The supernatant was transferred to a new tube and DNA was

precipitated with the addition of 1 ml of 100% EtOH, followed by inversion to mix well.

18



The samples were then centrifuged again for 2 min, the supernatant was decanted and the
nucleic acid pellet was resuspended in 0.4 ml of TE buffer containing 1 pl of 30 pg/ml
RNase A. After incubation for 5 min at 37°C, the DNA was re-precipitated with the addition
of 18 ul 5 M NH4OAc and 1 ml 100% EtOH and incubated at -20°C for several hours. DNA
was collected by centrifugation at 13,000 X g for 10 min and washed with 70% EtOH. The
DNA pellet was then re-suspended in 40-60 pl of water, and stored at — 20°C.

2.2.2 Plasmid Preparation

Cultures of E. coli transformed with pUC18 (Appendix 4.0) were grown with shaking (160
rpm) at 37°C O/N in Luria Broth (LB) media supplemented with 100 pg/ml ampicillin (50
ml). Plasmid DNA was then extracted and purified using a Geno Pure Plasmid Midi Kit
(Roche, Basel, Switzerland) according to the manufacturer’ s instructions. The concentration
and purity of the plasmid was determined using a Nanodrop ND-1000 (Nanodrop
Technologies, Wilmington, DE, USA).

2.3 Molecular Techniques

2.3.1 Polymerase Chain Reaction (PCR)

General reaction conditions for amplifying DNA were: an initial step of denaturing DNA
double strands at 95°C for 2 min, followed by 40 cycles of denaturation for 15 s, primer
annealing for 30 s, and primer elongation for 30 s. A final elongation step of 2 min was
included to ensure complete extension of the PCR products. Specific primer annealing and
extension conditions depended on the primer pair used and the length of DNA being
amplified. Specific conditions included variations in annealing/extension temperature,
number of cycles and the addition of reaction enhancers, such as bovine serum albumin
(BSA), dimethylsulphoxide (DMSO) and the detergent Tween 20. The variations applied are
specified later in the text. All PCR reactions were set up on ice using a cocktail (master mix)
that contained all the reagents required for n+1 PCR reactions. The PCR machine being used
was ICYCLER (Bio-Rad, Hercules, CA, USA). Following amplification, reactions were
stored at 4°C and the products were visualized over UV light after agarose gel

electrophoresis and ethidium bromide staining (Section 2.3.3).
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2.3.2 Primer Design and Restriction Enzyme Identification

PCR primers were designed using Primer 3 (primer3/input.htm version 0.3.0 modified for
WI) (Rozen and Skaletsky, 2000). Sequence analysis of yeast genome
(www.yeastgenome.org) was used to identify the restriction enzymes that were suitable to be

applied in 3C, 4C, and 4C pull-down.

2.3.3 Gel Electrophoresis

DNA fragments were separated according to sizes using gel electrophoresis. Gels typically
consisted of 0.75, 1.5 or 2% (w/v) agarose in 0.5 x Tris/Borate/EDTA (TBE), dependent
upon the expected PCR product size. 0.1 volume of gel loading buffer was added to DNA
samples before loading. Samples were run against a standard (1.5 pl of 100 bp DNA ladder;
Fermentas, Maryland, USA). Electrophoresis was generally carried out at 80-100 volts for
approximately 40 min or until the loading dye had migrated about 3/4 of the way along the
gel. After electrophoresis, agarose gels were stained in 0.1 mg/ml ethidium bromide for 10-
20 min before being briefly destained in water. The DNA fragments were then visualized
over UV light and photographed using a Bio-Rad Gel Documentation system (Bio-Rad,
Hercules, CA, USA).

2.3.4 DNA Extraction from Agarose Gels

DNA was extracted from agarose gels using the QIAquick Gel Extraction kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instructions. The yield and purity of
the extracted DNA was determined by agarose gel (0.75% for genomic DNA, or 1.5% for

PCR products) electrophoresis and Nanodrop analysis.

2.3.5 DNA Purification

Tris-HCI (pH 8.0) saturated phenol and chloroform were combined at a 1:1 (v/v) ratio, and
an equal volume of this mixture was added to the sample to be extracted. The sample was
then mixed and the phases separated by centrifugation at 7500 x g for seven min. The
aqueous phase was transferred to a fresh tube, and then extraction was repeated (%3) until
the organic/aqueous interface appeared free of protein. The DNA in the aqueous phase was

precipitated by the addition of one tenth volume of 3 M sodium acetate (pH 5.5), 5 ul of
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0.5% w/v linear polyacrylamide (LPA) and 2 volumes of cold absolute ethanol. To enable
precipitation, the reactants were stored at -20°C for at least two hours. Precipitated DNA
was recovered by centrifugation at 13,000 x g for 20 min, the supernatant was decanted and
the pellet was washed once with 70% EtOH and air dried before being resuspended in sterile

water.

2.3.6 Chromosome Conformation Capture (3C) Analysis

Chromosome Conformation Capture (3C) analysis was based on a previously described
protocol (Dekker et al., 2002), and is diagrammatically represented in Figure 5 (1). The
essential elements are chromatin extraction, chromatin digestion, ligation, and purification.

These elements are described in detail below.
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Figure 5: Schematic representation of the (1) 3C and (2) 4C assays. The grey folded line represents a
section of chromosome and the blue short ribbons are individual genes. Purple scissors denote restriction
enzyme sites. Dilution prior to ligation favours intramolecular ligation. Orange arrows indicate the
directions of primer pairs for PCR analyses. The sequencing derived from 4C is confirmed by 3C PCR.
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2.3.6.1 Chromatin Extraction

An overnight culture of yeast strain was grown in 10 ml of SC/SC-X medium supplemented
with 3% v/v glycerol, 2% w/v [DL] lactic acid and 0.05% w/v glucose, pH 5.7, served as the
starting culture. This culture was used to inoculate 50 ml of SC/SC-X medium supplemented
as above and grown at required temperature with shaking until log phase (ODg=0.6;
approximately 2.5x10’ cells per ml). GAL gene expression was manipulated by dilution with
an equal volume of pre-warmed SC/SC-X medium supplemented with 4% (w/v) glucose
(repressed), 6%/4% (w/v) glycerol/lactate (noninduced) or 4% (w/v) galactose (induced) as
sole carbon source. The cultures were then grown at the required temperature for the
required time before chromatin cross-linking. Chromatin was cross-linked in live cells by
treating the cells with formaldehyde (1% v/v) for 2 min with shaking, and then quenched by
the addition of glycine to 125 mM for 5 min. The treated cells were collected and washed
once with ice cold PBS with 1% (v/v) Triton X-100, before 0.95x10° cells were resuspended
in 400 pl of FA-Lysis Buffer (Appendix 2.1). The cells were disrupted by vortexing (eight
periods of 30 s, with intervals of 1 min on ice) in the presence of 500 pl of acid washed
glass beads. The cell extract was released through a needle hole, and centrifuged in a bench-
top centrifuge at 13,000 x g for 10 min. The supernatant was decanted and the pellet was
washed once with 500 pl of FA-Lysis Buffer and then resuspended in 500 pl of Chromatin
Digestion Buffer (Appendix 2.1). The sample was then treated with 1% (v/v) SDS at 37°C
for 10 min to relax the chromatin structure and the SDS treatment was stopped by the

addition of 1% (v/v) Triton X-100. The freshly made chromatin was stored at -80°C.

2.3.6.2 Chromatin Digestion

Chromatin was digested using the selected restriction enzyme Csp61 (Promega) at 37°C for
2 hrs in the buffer specified by the manufacturer (10 x Digestion Buffer). The digestion (100
pl total volume) comprised the following components (added in the order presented):
chromatin sample (0.95X109 cells), 52.6 ul; 10 x Digestion Buffer, 10 ul; MilliQ water, 27.4
pl; Csp61 (10 U/ul), 10 pl. The restriction enzyme was inactivated by adding SDS to 1%
(v/v) and incubation at 65°C for 20 min. The SDS was then quenched by the addition of 182
ul 11% (v/v) Triton X-100.
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2.3.6.3 Chromatin Ligation

Digested chromatin samples were diluted (1:20) in the buffer specified by the manufacturer
(Invitrogen) prior to ligation to enable the preferential intramolecular ligation of the cross-
linked restricted fragments. The digestion (2 ml total volume) comprised the following
components (added in the order presented): digested sample containing 1% SDS, 110 ul;
11% Triton X-100, 182 pl; MilliQ H,0, 1280 ul; 5 x Ligase Buffer, 400 pl; T4 DNA ligase
(1 U/pl;), 10 pl. Ligation was performed at 16°C for 2 hrs. The reaction was stopped by
inactivating the ligase enzyme with the addition of 10 pl (final concentration 1 %) EDTA at

room temperature (RT).

2.3.6.4 Chromatin Reverse Cross-linking

Following chromatin ligation, chromatin with linked proteins were reverse cross-linked by
incubating at 65°C O/N with 0.5 ul of Proteinase K (10 mg/ml) (Roche Diagnostic,
Mannheim, Germany) in high salt conditions (0.2 M NaCl, 4 mM Tris-HCI, pH 7.5).

2.3.6.5 DNA Isolation and Purification

Reverse cross-linked chromatin was then treated with RNase to 2 ng/ul at 37°C for 15 min,
and the DNA was isolated and purified by standard phenol/chloroform extraction and

ethanol precipitation (Section 2.3.5).

2.3.6.6 3C PCR Analysis

PCR was used to detect any ligated products. Positive controls were made by cutting and
ligating genomic DNA to generate non-specific cross-linked fragments (Sections 2.3.6.7).
A no template control (NTC), ie, water as template, was used in all reactions. PCR
reaction volumes were 30 ul and comprised the following: DNA template, 1 ul; 10 pM
Forward Primer, 0.3 ul; 10 uM Reverse Primer, 0.3 pl; 10 x PCR Buffer, 3 ul; dNTPs, 4.8
ul; BSA (100 mg/ml), 3 ul; MilliQ H,O, 17.4 ul; Tag polymerase (1 U/ul), 0.2 pl. In each
reaction the final concentrations of reagents were therefore 1 x PCR buffer, 0.2 mM

dNTPs, 1 mg/ml BSA, and 0.2 U Taqg DNA polymerase.
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The thermocycling conditions were standardized to an initial step of 95°C for 2 min,
followed by 40 cycles of denaturation at 95°C for 15s, annealing at 55-59°C for 30 s and
elongation at 75°C for 1 min, followed by a final elongation step at 75°C for 5 min as shown

below. The annealing temperature was varied for different primer pairs.

PCR products were examined by agarose gel electrophoresis (Section 2.3.3)

2.3.6.7 3C PCR Positive Controls

Purified W303-1a genomic DNA (Section 2.3.1) was used as the template in the PCR
reactions to amplify the 2kb products. The PCR reaction mix that was used to amplify the
region between GALI0-GALI were: dNTPs, 16 ul; 10x PCR Buffer, 10 pl; primer pair mix,
2 pl; MilliQ water, 66 pl; Tag polymerase (5 U/ul), 1 pl; PCR template (100 ng/ul), 5 ul.
The reaction conditions were modified from the standard PCR program (Section 2.3. 1) to 30
cycles of 95 °C for 15 s, 56 °C for 30 s, and 72 °C for 2 min. Extension time was increased to

ensure the 2kb DNA product was fully amplified.

PCR amplification of the region between GAL7-GALI( was optimised by the addition of
BSA, which increases the yield of PCR product (Leon Huynem, personal communication).
The reaction mix comprised: dNTPs, 4.8 pl; 10 x PCR Buffer, 3 pl; primer pair mix, 0.6 pl;
MilliQ water, 17.4 pl; BSA (10 mg/ml), 3 pl; Tag polymerase (5 U/ul), 0.2 pl; PCR template
(100 ng/ul), 1 pl. The reaction conditions were similar to those above but with an annealing

temperature at 54°C, rather than 56°C.

The 2kb PCR products used as positive controls were fractionated using 0.07% (w/v)
agarose gel electrophoresis. DNA was isolated, purified, and their concentrations were
determined (Section 2.3.4). The purified DNA was the starting material for the amplification
of the positive control and was digested with Csp61, ligated and then purified through

phenol/chloroform extraction (Section 2.3.5.5).

2.3.7 Circular Chromosome Conformation Capture (4C) Analysis

4C analysis was adapted from the previously described protocol (Zhao et al., 2006) with
some modifications (Figure 5 (2)). Briefly, chromatin digestion, dilution, ligation, and

purification were performed (as outlined in section 2.3.5).
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2.3.7.1 4C PCR Analysis

Nested PCR was used in 4C studies to increase the specificity of the first round PCR. PCR
was carried out with two pairs of degenerate primers that were designed to the targeted
DNA fragment. The orientation of the primer pairs relative to each other was deliberate and
enabled nesting of primers. The products of the 1 PCR were diluted 1:100 and 2 ul was

used as the template for the 2" round PCR. The PCR conditions were outlined as follows.

For the outer PCR (i.e. first round), the PCR master mix comprised a total volume of 15 pl
containing: template, 1 pl; 10 uM Forward Primer, 0.225 ul; 10 pM Reverse Primer, 0.225
ul; 10 x PCR Buffer, 1.5 ul; dNTPs (10mM each), 2.4 ul; 20% Tween 20, 0.15 pl; 100%
DMSO, 0.45 ul; MilliQ Hy0, 8.95 ul; Tag polymerase (1 U/ul), 0.1 pl. The PCR program
comprised an initial step of 98°C for 30 s, followed by 30 cycles of 98°C for 15 s, 59°C for
30 sand 72°C for 1.5 min.

For the nested PCR (i.e. second round), the PCR master mix comprised a total volume of 30
ul containing: template, 2 ul; 10 uM Forward Primer, 0.3 pl; 10 uM Reverse Primer, 0.3 pl;
10 x PCR Buffer, 3 ul; dNTPs, 4.8 ul; MilliQ H,O, 19.4 ul; Tag polymerase (1 U/ul), 0.2
ul. The PCR program comprised an initial step of 95°C for 2 min, followed by 30 cycles of
95°C for 30 s, 59°C for 30 s and 72°C for 1.5 min. On completion, the reactants were held at
20°C.

2.3.7.2 4C Generation of Library Inserts

4C libraries produced by nested PCR were purified using a Roche High Pure PCR
Purification kit (Roche Diagnostic, Mannheim, Germany) according to the manufacturer’s
instructions, and eluted in 50 ul of elution buffer before digestion. Digestion was performed
at 37°C for 2 hr and comprised a total volume of 50 ul containing: 4C library, 44 ul; 10 x
React3 Buffer (Invitrogen), 5 ul; EcoRI (1 U; Invitrogen), 1 ul. The reaction was stopped by

inactivating the restriction enzyme through heating at 65°C for 20 min.

2.3.7.3 Cloning-Digestion and Dephosphorylation of pUCI8

Plasmid pUC18 was obtained from Invitrogen. Digestion of pUC18 was performed at 37°C
for 4 hr and comprised a total volume of 20 ul containing: pUC18 (0.28 pg/ul), 10 pl; 10x
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React3 Buffer, 2 ul; MilliQ H,O, 7 pl; EcoRI (1 U/ul), 1 pl. The reaction was stopped by

inactivation of the restriction enzyme through heating at 65°C for 20 min.

pUC18 was then dephosphorylated at 37°C for 30 min and comprised a total volume of 25
pl containing: pUCI8 (0.28 pg/ul), 20 ul; 10 x CIAP Buffer (Fermentas, Vilnius,
Lithuania), 2.5 pl; MilliQ H,O, 1.5 ul; CIAP (1 U/ul), 1 ul. The reaction was inactivated by
heating at 85°C for 15 min.

2.3.7.4 Ligation of 4C Library inserts to Dephosphorylated pUCI 8

EcoRI digested 4C library inserts were ligated into dephosphorylated pUCI8 using a
reaction that comprised: 4C digested sample, 5 pl; pUC1S, 1 ul; MilliQ H,0, 9 ul; 5x
Ligase Buffer, 4 pl; ligase (10 U/ul; Invitrogen), 1 ul. The reaction was incubated O/N at
4°C, and the pUCI18-4C ligation product was then purified using a Zymo Clean and
Concentrator kit (Zymo, Orange, CA, USA) following the manufacturer’s instructions with

elution in 15 pl of MilliQ H,0.

2.3.7.5 Transformation of Electro-competent E. coli DH5a Cells

Electro-competent E. coli DH5a cells were prepared (Appendix 5.0). 5 pl of purified
pUCI8-4C ligation products were mixed with 20 pl of DH50 competent cells in a pre-
chilled electroporation cuvette. The cells were subjected to one pulse (settings: 2000 volt, 25
uF, 200 ) in a Bio-Rad Gene Pulsar II electroporator, and then allowed to recover in 1 ml
SOC media (Appendix 1.0) by incubating at 37°C for 1 hr with shaking (160 rpm). The
transformed cells were then streaked onto LB plates containing Ampicillin (200 ug/ml) and
BCIG (40 pg/ml). The plates were incubated at 37°C until colonies were visible (usually
O/N). The transformation controls included uncut pUC18 plasmid and cut pUC18 plasmid
(control for ligation), dephosphorylated cut pUC18 plasmid (control for phosphatase), and
MilliQ HO (control for contamination). See Appendix 11.0 for GMO approval.

Blue-white selection was used to identify white colonies indicating the presence of plasmids
with inserts. White colonies were picked using autoclaved toothpicks, and then streaked
onto numbered screen plates for later reference. The toothpick was then dipped into 25 pl of
MilliQ H,O to release any remaining cells. These cells in 25 ul of MilliQ H,O were heated
at 95°C for 10 min to release DNA for PCR analysis using plasmid-specific primer M13F.
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2.3.7.6 Analysis of Cloned 4C Library

Clones that contained inserts, as determined by PCR analysis, were analysed further by
digestion with the restriction enzyme EcoRI (1 U/ul). This extra step ensured that the insert
sizes observed were not the result of multiple insert ligation. The reaction comprised a total
volume of 50 pl containing: PCR product, 43 ul; 10 x NE Buffer 3, 5 ul; MilliQ HyO, 1 pl;
EcoRI, 1 ul, and was performed at 37°C for 2-3 hr before size fractionation by gel

electrophoresis.

Following confirmation of the identities of the clones that were indeed positive for the
desired insert, these positive plasmid containing colonies were picked from the numbered
screen plate and grown at 37°C, O/N, in 10 ml of LB with ampicillin resistance (Amp®).
Plasmid DNA was extracted from these colonies using a Roche High Pure Plasmid Isolation
kit as outlined by the manufacturer. Purified plasmid DNA was sent for DNA sequencing
(AWCGS, Albany Campus, Auckland, New Zealand). The sequencing reaction comprised
300 ng plasmid, 2 pl M13F primer (3.2 pmol) and up to 15 ul MilliQ H,O. Sequences were
analysed in Sequencher'™ and compared with the S. cerevisiae genome using BLAST

(NCBI).

2.3.8 4C Pulldown

The 4C pulldown assay (Figure 6; O’Sullivan ef al., unpublished) is similar to 3C analysis
but with an additional antibody isolation step. The antibody, rabbit anti-peroxidase IgG,
targets a Tandem Affinity Purification (TAP) tag consisting of a calmodulin binding peptide
(CBP), a tobacco etch virus protease (TEV) cleavage site, and Staphylococcus aureus
protein A that binds tightly to IgG, as well as a selectable marker. The TAP tag fuses to the
C-terminus of the protein under study. Whole cell extracts of TAP-tagged yeast strains are

immunoblotted and probed with IgG.

21



o W Prote
Cross-linking K

@ Targetted Protein

. \ ¢ Tag
% . Sepharose Bead
S
l Y Annbody

Restriction enzyme digestion

¥
P Y

l T
Dilution and re-ligation

L
Antibody pulldown r ’

|

Reverse crosslinking.
detect new juxtaposition by PCR

-
—

Figure 6: Schematic representation of the 4C pulldown assay. This technique is essentially related to 3C
assay (Figure 5). An extra step of antibody isolation of the tagged targeted protein follows ligation. PCR
analyses using appropriate primer pairs to detect the interacting loci. The grey folded line represents a
section of chromosome and the short blue ribbons are individual genes. The orange arrows indicate the
directions of primer pairs.

2.3.8.1 Protein Isolation (“Pulldown”)

Chromatin digestion, dilution and ligation were performed according to the 3C protocol
(Section 2.3.6). After ligation, the sample was split into 2 x 1000 ul aliquots to allow
subsequent ligation in 1.5 ml microcentrifuge tubes (Axygen, Union City, CA, USA). Each
sample (1000 pl) was pre-cleaned by rotation at 4°C for 1 hr with 40 pl Sephacryl 5300
Beads (Pharmacia, Uppsala, Sweden) in 330 pl IP-like Buffer (Appendix 2.1) to remove all
non-specific proteins and DNA. The resulting preparations were termed pre-cleaned ligated

samples, and were transferred to beads coated with IgG (antibody that isolates TAP-tagged
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protein) that had been treated to block non-specific binding sites. The beads were prepared

as follows.

Two sets of IgG beads (Sigma, St. Louis, MO, USA), 30 ul and 20 pl respectively, were
used in order to maximize protein isolation efficiency. They were washed by rotation at RT
for 30 min with 5% BSA and 3 mg sonicated A DNA in 150 ul IP Buffer (Appendix 2.1).
The reaction for 30 ul IgG beads comprised 15 pl BSA, 10 ul sonicated A DNA, and 150 ul
IP Buffer; the reaction for 20 pl IgG beads comprised 10 ul BSA, 10 ul sonicated & DNA,
and 150 pl IP Buffer. These washed beads were collected by centrifuging at 2,200 x gforl
min, and the supernatants were decanted. The two sets of beads were then washed once with

150 ul of IP buffer.

The pre-cleaned ligated sample was mixed with the 1% set of pre-blocked IgG beads (30 ul)
and incubated, with rotation, at 4°C for 2 hr. Following centrifugation at 2,200 x g for 1 min,
the supernatant was then mixed with the 2™ set of pre-blocked IgG beads (20 ul) and
incubated for a further hour, with rotation, at 4°C. Following centrifugation at 2,200 x g for

1 min, the supernatant was transferred to a clean tube, and referred to as the depleted sample.

Two sets of IgG beads were combined and were subjected to a series of washing steps with
Buffers A-E (Appendix 2.1). This series comprised 1 wash with 1 ml Buffer A, 2 washes
with 1 ml Buffer B, 4 washes with 1 ml Buffer C, 2 washes with 1 ml Buffer D, and 2
washes with 1 ml Buffer E. Each wash comprised 5 min incubation at RT before

centrifugation at 2,200 x g for 1 min.

The washed IgG beads were then resuspended in 300 pl of Buffer E. DNA fragments
attached to TAP-tagged proteins were released by digestion with TEV protease (1 U) at
25°C for 1 hr. The beads were then centrifuged at 2,200 x g for 1 min and the supernatant

was transferred into clean tubes: these were the pulldown samples.

The pulldown samples, containing linked protein/DNA fragments, were reverse cross-linked

as described in 3C (Section 2.3.6.4).

2.3.8.2 PCR Analyses for 4C Pulldown

The presence of intra/inter-molecular ligation products was determined by PCR. Positive
and negative controls were included as for 3C (Section 2.3.6.6).

29



2.4 Determination of Interaction Frequency by Real-time PCR

2.4.1 SyBr Green Real-time PCR Application

The DNA template concentration of the PCR reaction was determined using a SyBr green
mix package from Invitrogen, consisting of SyBr Mix (comprises SYBR Green 1 Dye,
AmpliTaq Gold® DNA Polymerase, dNTPs with dUTP) and Rox reference dye. The primer
pairs used for analysis were designed within the GALI0 gene on chromosome II. The
forward primer (GALIO intragenic F), (5' TGGCGTATTTCGTATGACCA 3"), and the
reverse primer (GALIO intragenic R), (5 CCAAGCATCACATTCCCTTC 3", were
designed using the yeast genome database (www.yeastgenome.govt). These primers were
chosen to amplify a 333-bp fragment on the intragenic region of the GALI/0 gene. The
standards used for SyBr green real-time PCR analyses were dilution of W303-1a genome
DNA digested with the restriction enzyme Mspl, with DNA concentrations determined
using Nanodrop 1000 (Appendix 10.1; courtesy of Justin O’Sullivan’s group). All SyBr
green real-time PCR reactions were carried out in 96-well PCR plates (ABI®, Applied
Biosystems, Foster City, CA, USA) using a master mix. The master mix was set up on ice
and comprised the following: SyBr Mix, 7.5 ul; Rox reference dye, 0.1 ul; MilliQ H,0, 5.1
pl or 3.9 pl; Primer pair mix, 0.3 pl (200 nM) or 1.5 pl (1000 nM); sample, 2 pl.

All reactions and standards were performed in duplicate or triplicate. Amplification, data
acquisition, and analysis were carried out using an ABI® Prism 7000 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). The PCR programme comprised an
initial step at 50°C for 2 min, a second step of 95°C for 2 min followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min, and finally holding at 72°C.

The results of SyBr green real-time PCR were exported to Microscoft® Excel. Amplified

DNA from each sample was quantified and standardized according to the standards.

2.4.2 Tagman® Real-time PCR

Interaction frequency of the inter-chromosomal interaction between SVL3 gene and the
promoter region of GAL7 was determined by Tagman® real-time PCR. PCR primers and the
Tagman® probe for this interaction were designed using Oligo (National Biosciences,
Plymouth, Minn.) and Primer Express (PE Applied Biosystems, Foster City, CA) software
programs, and checked for non-specific annealing by a BLAST® search of GenBank. The
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forward primer, SVL3-GAL7F (5' CCGTCCATATCTTTCCATAGATTTTC 3"), and the
reverse primer, SVL3-GAL7R (5' TTCTCAGTGCTGGACTTACTTTCG 3"), were chosen to
amplify a 102-bp fragment spanning the junction of the SVL3 gene and the promoter of the
GAL7 gene (Figure 7). The internal Tagman® probe (5' TCTCCTTTGCAGTACCAC 3', on
the reverse strand) was designed following the general rules outlined by the manufacturer
(Figure 7). The standards used in Tagman® real-time PCR were dilution of 3C PCR product
of SVL3-GAL7 interaction, and DNA concentrations determined using a Nanodrop 1000
(Appendix 10.1)

5’ A 3’ 5, 37

I C A TGGTGGTACTGC I
I G TACCACCATGACC I

3 5 3 w5

Figure 7: Diagrammatical representation of primers and probe for Taqman® real-time PCR. Primer pair is
designed across the junction of the SVL3 gene (brown colour region) and the promoter of GAL7 gene
(black colour region). These two regions are joined at the compatible Csp61 restriction ends (GTAC
sequence that is separated by the blue lines). Coloured bars are omitted nucleotide sequences. Black
arrows indicate the designed primers that amplify across the junction, and the region that is highlighted by
yellow bar denotes a Tagman” probe sequence which is on the reverse strand.

® real-time PCR containing a non-extendable

Tagman® probe required in T. agman
oligonucleotide complementary to the target sequence that is labelled with a 5’-reporter (R)
dye and a 3° quencher (Q) dye. During PCR amplification, forward and reverse primers
hybridise to a specific sequence of the target DNA and Tagman® probe hybridises to the
target sequence internal to the primer sequences. This enables Tag polymerase to cleave the
reporter dye and quencher dye as a result of the 5°-3” exonuclease activity. Such cleavage
allows the separation of both dyes and results in increased fluorescence of the reporter
(Figure 8). This process occurs in every cycle and the increase in fluorescence, which is
proportional to the amount of target amplification during PCR, is measured. A passive
reference dye is also required to provide an internal reference for normalization of the

reporter fluorescence (Rn). The threshold cycle (Ct) value is the number of cycles before the

fluorescence emitted passes a fixed limit (Holland ez al., 1991).
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Figure 8: Diagrammatic representation of the Taqman‘ﬁ' Real-time PCR application. Double thin lines
represent double-stranded DNA sequence. Black arrows represent the primer pair used. Step 1:
polymerisation, step 2: strand displacement, step 3: cleavage, and step 4: polymerization completion.

The 20 pl Tagman® real-time PCR mixture for SVL3-GAL7 interaction amplification
consisted of 10 pl of Tagman® Gene expression Master Mix (Lot. No. 0705011, Foster City,
CA), 2 pl each of SVL3-GAL7F and SVL3-GAL7R (each at 900 nM), 2 ul of Tagman® Probe
(at 2000 nM probe), 2 ul of MilliQ H,O and 2 ul of sample. The reaction comprised an
initial step at 50°C for 2 min, a second step of 95°C for 10 min followed by 40 cycles of
95°C for 15 s and 60°C for 1 min.

Amplification, data acquisition, and analysis were performed using the ABI Prism 7000
Sequence Detection System. All standards, controls and samples were run in duplicate or
triplicate. These results were then exported to Microscoft® Excel, and the amplified DNA
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was quantified and standardized according to the standards. The standardized DNA
quantities of each sample were then recalculated according to the results of SyBr green real-
time PCR, and the values were converted to Logio value to quantify the frequency of SVL3-

GAL7 interaction.

2.5 Bioinformatics

2.5.1 BLAST Searches

The searches undertaken for establishing sequence identity all used the Basic Local
Alignment Search Tool Algorithm (BLAST) (Altschul er al., 1990), and were completed on
cither the NCBI website (www.ncbi.nlm.nih.gov/BLAST/) or on the Saccharomyces

Genome Database (seq.yeastgenome.org/cgi-bin/blast-sgd.pl).

2.5.2 Sequence Alignments

The nucleotide sequences alignment for comparison was mainly performed using ClustalW

from EMBL-EBL (www.ebi.ac.uk/clustalw/index.html) program.
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Chapter 3----Intra-chromosomal Interactions at the GAL Locus
of Chromosome 11

3.1 Introduction

The galactose (GAL) gene family of Saccharomyces cerevisiae is required for galactose
metabolism in the yeast cells. This gene family, consisting of structural and regulatory genes,
is an important model to study transcription regulation and the accumulation of mRNAs.
The structural genes GALI, GAL7 and GALI10 are located as a cluster on chromosome II of
the yeast genome, whereas GAL2 and GAL5 are located on chromosome XII and XIII,
respectively. The products of the regulatory genes GAL3, GAL4 and GAL80, which are
located on chromosomes IV, XVI, and XIII, respectively, coordinate to regulate the

expression of the GAL structural genes.

The genes that comprise the GAL locus on chromosome II span a distance of seven kb, with
intervals between each two genes of 600-700bp. The expression of GAL structural genes is
strictly regulated by the availability of carbon sources. Glucose represses GAL gene
expression, glycerol/lactate induces a basal level of expression, and galactose induces robust
level of expression. Thus manipulating GAL gene expression allowing us to study the DNA

structural changes that might be occurring during transcriptional regulation.

The regulation and function of members of the GAL gene family have been studied
extensively over the last few decades (Mylin et al., 1989, 1990; Johnston, 1987, 1992;
Ostergaard et al., 2000). However to date, no study of GAL gene positioning in relation to its
expression has been conducted. The project described in this thesis was set up to provide
information to help to fill this knowledge gap and assist in the understanding of GAL gene

activity in relation to DNA structural change.

This study, which focuses on the interactions between DNA structural changes at the GAL
locus and GAL gene regulation, has been conducted from two perspectives. This chapter
examines possible interactions between DNA loci at the GAL locus (intra-chromosomal),
while Chapter 4 examines a range of interactions between the GAL locus on chromosome II

and other chromosomes (inter-chromosomal).
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3.2 Chromatin Isolation and Preliminary 3C Studies
3.2.1 Restriction Enzyme Selection

The regulatory sequences of a gene, e.g., enhancer, promoter, and terminator, are essential
components for gene regulation. When studying potential changes in gene positioning in
relation to gene activity, it is important to take into account the positioning changes of these
regulatory sequences. Experimentally, it was hoped that an entire piece of chromosome
could be physically broken down into DNA pieces. The targeted DNA fragment would then
be examined specifically to determine whether it interacted with any other DNA fragments
within the genome. Once the identities of the interacting DNA fragments were determined,
the position of the targeted DNA fragment could in turn be determined. Because the yeast
genome has been completely sequenced (www.yeastgenome.org), it becomes relatively
straightforward to retrieve DNA sequence information from the database and manipulate it.
The physical location of the three structural genes GALI, GAL7 and GALI10 on chromosome
IT is shown in Figure 9. Table 2 contains detailed information on these structural genes with
respect to chromosomal location and interval distances. The strain used in this study was
W303-1a (Table 1: Section 2.1.1), which was cultivated in SC medium.

7’

— GALT7 -l——  GAL10 l—‘ GAL1 —

5’ 3’

Figure 9: Diagrammatical representation of GAL structural genes /, 7 and /0 on chromosome II. The
purple rectangles represent the DNA sequence of GAL genes and the length of rectangles reflects the
spans of each GAL sequence. The diagram is not drawn to scale. Information obtained from
www.yeastgenome.org.

Table 2. Information of the GAL structural genes on chromosome II. Information regarding the
chromosomal coordinates and relative position of each GAL gene is present; intervals between the genes
and the total distance across all genes are also given®.

Gene’ Chromosome Coordinates Coding Sequence Length
GAL 7° 275527-274427 1101
GAL 10° 278352-276253 2100

GAL 1 279021-280607 1587

A1l information obtained from www.veastgenome.org; "Total span of GAL genes is 6179 bp; ‘Interval

between GAL7 and GALI0 is 725 bp; dInterval between GALI0 and GALI is 1668 bp.
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Figure 10: Diagrammatical representation of primer design at the GAL locus on chromosome II. The
purple rectangles represent the DNA sequence of GAL genes. Restriction enzyme Csp61 cleave sequence
is illustrated and the restriction sites at the GAL locus are shown by black vertical lines, and the restricted
fragments are named according to their nucleotide positions. Large black arrows indicate the location of
primers that designed to amplify the 2kb regions between GAL7-GALI0 and GALI0-GALI genes. Small
orange arrows are internal primers for 3C analyses, and they are facing the same direction.

These positive controls were tested with primer pairs within the regions, e.g., primer pairs
for fragments 5776-5401, 5776-6001, 7876-8401, and 7876-7651 (Figure 11 and data not
shown). These primers are illustrated in Figure 10 as the orange arrows and they were paired

by random selection in these positive control testing experiments.

o
5
A <
Q 60°C 50°C
S
S NTC  W303-1a Csp6l Samples NTC

50°C
NTC

/_/7 Figure 11: Positive control testing. W303-1a genomic DNA was digested with Csp61, ligated and

&

amplified using a temperature gradient (50°C-60°C) PCR on primer pairs (A) 5776-6001 and (B) 5776-
5401. The expected product sizes for these primer pairs were 414 bp and 328 bp, respectively, which are
indicated by green arrows. Negative controls (NTCs), in which water was used as template, were
included at 50°C and 60°C. 20 pul of PCR products were loaded on 1.5% agarose gel, which was run at 80
volts for 40 min and then photographed.
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3.2.3 Preliminary 3C Analyses

As GAL gene expression is strictly regulated by the availability of a carbon source, it was
hypothesized that DNA may undergo conformational changes in response to gene activity.
DNA conformation changes could be manifested by an interaction between DNA regulatory
elements, e.g., the promoter and terminator, via DNA looping, to facilitate the regulation of
gene activity. To examine how DNA conformation is altered at the GAL locus on
chromosome II, experiments were performed to detect any interactions between the
promoter and terminator regions of the GAL genes. This was hoped to provide some
information on the interaction pattern with respect to their gene activity status, which is

regulated by the availability of carbon sources, i.e., glucose, glycerol/lactate, or galactose.

First, potential interactions between adjacent DNA fragments on the region of GALI0 and
GALI genes were studied (Figure 10). This was a preliminary study mainly to determine the
efficiency of 3C method in this type of study. In 3C analysis, each set of experiments
consisted of an uncut sample (chromatin not digested by enzyme), a cut sample (chromatin
digested by enzyme but not ligated), and a cut-ligated sample (chromatin digestion by
enzyme and ligated). Uncut and cut samples are a form of control in relation to the cut-
ligated sample. As shown in Figure 12, PCR analyses using various primer combinations
were performed. For the primer pair 7876-8401, negative results appeared in the presence of
all carbon sources (glucose, glycerol/lactate and galactose, Figure 12A: lanes 3, 6 and 9); for
the primer pair 7876-7651, positive outcomes shown in the presence of glycerol/lactate and
galactose (Figure 12B, lanes 6 and 9), as well as a possible positive shown in the presence of
glucose (Lane 3). Positive and negative controls validated PCR analyses, whereas the uncut
and cut samples confirmed that 3C assays were performed appropriately (Figure 12B:
compare lanes 4 and 5 with lane 6). As fragments 7651, 7876 and 8401 are in adjacent
positions, these results implied that these products may simply be due to inter-molecular
ligation and were not influenced by protein binding. For other primer combinations, mainly
negative results were obtained under all induction conditions (data not shown). Similarly,
the examination of the potential interactions between the adjacent fragments on the region of
GAL7 and GALI10 genes showed negative results under all induction conditions (fragments

4351, 5401 and 5776, data not shown) even when PCR conditions were related.
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Figure 12: Preliminary 3C analyses of interactions at the GAL locus. Adjacent DNA fragments at the
GAL locus were tested for interactions. W303-1a strains were induced by glucose (Glu), glycerol/lactate
(Gly) or galactose (Gal). PCR amplifications were performed on primer pairs (A) 7876-8401 and (B)
7876-7651. The expected product sizes were (a) 278 bp and (b) 119 bp, respectively, which are indicated
by green arrows. UC denotes uncut sample, C denotes Csp61 cut sample, while CL denotes Csp61 cut and
ligated sample. 20 ul of PCR product were loaded on a 1.5% agarose gel, which was run at 80 volts for 40
min, then photographed.

3.3 Switch to 4C Analysis

3.3.1 4C Principle and Application

With the exception of one positive result (Figure 12B), the preliminary 3C analyses
generated a high level of negative results in the search of interactions at the GAL locus. At
this stage searching for interactions at the GAL locus on chromosome II was performed on
DNA fragments that were randomly chosen due to the lack of information on any potential
interactions. 3C is thus considered to be of low efficiency in the search of potential
interactions. Therefore, a different approach termed Circular Chromosome Conformation
Capture (4C) that had been recently published (Zhao ef al., 2006), was adapted and applied
prior to 3C analysis for the initial detection of any intra- or inter-chromosomal interactions.
Although 3C analysis has been proven to be very useful in determining close physical
interactions between sequences from remote locations, it is not suitable for screening
interactions without prior knowledge of the existence of the linking complex (Zhao e al.,
2006). The novel 4C method, which is essentially based on 3C analysis, has been shown to
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overcome the shortcomings of 3C analysis. The principle of the 4C method is proximity
ligation, in which DNA-protein/protein-DNA complexes form circular DNA molecules
under prolonged ligation times. After reversal of cross-linking, inverse primers within the
known genomic fragment, but proximal to the unknown sequence during ligation, will
amplify the unknown DNA sequences with physical proximity, without any prior knowledge
of their identities (Figure 5, Chapter 2). These DNA sequences are subsequently cloned into
a plasmid and transformed into E. coli. The identity of these unknown sequences was
reviewed by DNA sequencing and studied using the BLAST algorithm. Following the
interaction being understood, the intention was then to revisit 3C analysis to confirm the

interaction.

For 4C analysis, inverse primer pairs were designed within the terminator and promoter
regions of the GALI, GAL7 and GAL10 genes (Figure 13). Without the prior knowledge of
potential interacting DNA sequences, the possibility for the unknown sequence is numerous.
Thus nested PCR that is less likely to amplify non-specific products was employed in 4C

analysis. This increases the specificity of the degenerate PCR.

o \ S i—/’ﬁ
| [ | [
- L )| GALT0 | J .
4351 5401 5776 7651 | 7876 8401 '

Figure 13: Diagrammatical representation of primer design at the GAL locus on chromosome II for 4C
analyses. The promoter and terminator regions of GALI, GAL7 and GALI0 were the targeted regions for
primer design. These primers are named according to their corresponding nucleotide positions, which
were determined by Csp61 restriction sites (shown in black vertical lines). All primer pairs are inversed as
indicated by the direction of the black arrows.

3.3.2 4C Results at the GAL Locus

The first step was to study any potential interactions occur between the regulatory elements
at the GAL locus on chromosome II under different induction conditions (glucose,
glycerol/lactate, and galactose). These regulatory sequences and their corresponding
designated PCR primer pairs included: the promoter of GAL10 (corresponding to the inverse
primer pair 7876-7651), the promoter of GALI (inverse primer pair 7876-8401), the
promoter of GAL7 (inverse primer pair 4351-5401), and the terminator of GAL/ (inverse

primer pair 5401-5776) (Figure 13; for primer information see Appendix 3.0). For the sake
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of clarity of presentation, only cut-ligated (CL) samples are presented here. As shown by
nested PCR, there was more than one product present under all induction conditions (Figure
14, ligated products). The PCR products with various sizes, including smears, suggested that
these regions of GAL gene might have interacted with multiple regions, either on the same
chromosome or other chromosomes. The PCR products with smaller molecular sizes (at
around 100 bp) derived from the self-ligation products, which were formed by the
circularization of the known DNA sequence during prolonged ligation process. Their PCR
products migrated closer to the bottom of the gel due to their smaller sizes (Figure 14, Self-
ligated product). Because they are formed easily and are readily amplified by PCR, they
appear to be the brightest bands in the gel. Furthermore, there was no apparent difference in
terms of the PCR product formation under different induction conditions. As shown in
Figure 14, in the presence of glucose (repressed state), glycerol/lactate (non-induced state)
or galactose (induced state), the PCR pattern appeared to be very similar. These 4C assays

were repeated three times.

ligated products_
ligated products §

Self-ligated

product Self-ligated .

product
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Self-ligated [

Self-ligated
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Figure 14: 4C nested PCR analyses of interactions at the GAL locus of chromosome 1. W303-1a cells
were cross-linked in the presence of glucose (repressed), glycerol/lactate (noninduced), or galactose
(induced). Another set of cells, not cross-linked in the presence of glycerol/lactate, was included as
controls for the cross-linked cells. Glu, Gly/lac and Gal denote glucose, glycerol/lactate, and galactose,
respectively. CL denotes Csp61 cut and ligation sample. Negative controls (NTCs) were included for
both rounds of nested PCRs. PCR amplifications were performed using primer pairs (A) 7876-7651, (B)
7876-8401, (C) 4351-5401, and (D) 5401-5776. 20 ul of PCR reaction samples were loaded on a 1.5%
agarose gel, which was run at 80 volts for 40 min, then photographed. Green arrows indicate ligated
products and self-ligated products.
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There is no positive control required for 4C analyses due to the lack of information on
potential ligated sequences. However, the presence of self-ligation products is a form of
validation for the PCR reactions. The density of the self-ligation products also served as an
indication of the effectiveness of the PCR. A temperature gradient PCR reaction was
performed to optimise the primer conditions; genomic DNA that was digested by Csp61 and
ligated was used as a template. In such a PCR, the primer pair was tested over a range of
annealing temperatures with the other reaction conditions remaining the same (see Appendix

7.0).

In addition, the potential interactions occur at the GAL locus under non-cross-linking
conditions, i.e., protein and DNA structure is not fixed by formaldehyde treatment, were
studied. This was included as a control for the cross-linked samples. This study begun with a
non-cross-linking culture in the presence of glycerol/lactate (noninduced state), the
procedure followed a 4C protocol but with no formaldehyde treatment step. It was showed
by nested PCR that the non-cross-linked samples displayed a pattern similar to that of the
cross-linked samples, dependent on the primers used (Figure 14: compare B and C with A
and D). This was a very interesting result as it indicated that certain interactions might be
present without cross-linking, in which case protein and DNA interaction/fixation stays in

place as a stable construct.

3.3.3 Identify of the Unknown Sequence Derived from 4C Analyses

The ligation products of 4C nested PCR indicated that there were potentially numerous
interactions occurring between sequences at the GAL locus on chromosome II (Figure 14).
DNA sequencing is required to reveal the identities of these unknown sequences, and
therefore to recover these potential interactions. Specifically two approaches were used: 6)

direct sequencing, and (ii) clonal sequencing.

(i) Direct sequencing

4C nested PCR samples were visualized by electrophoresis using an agarose gel of
appropriate concentration. For direct sequencing, the samples were run for an extended

period of time (at least 2 hours at 80 volts) until all bands were well separated. Examples are

shown in Figure 15 in which the individual bands were labelled according to their positions.

42



Gal Top
Gal 2 Top Glu Top
3 Gal 2nd last Glu 2nd last
Non Top Wl Gal bottom Glu bott
Non bottom ;" u bottom

200bp
100bp~Y

Figure 15: PCR analyses for direct sequencing. 4C nested PCR analyses were performed at the GAL
locus using primer pairs (A & B) 7651-7876 and (C) 7876-8401. W303-1a cells were either cross-linked
in the presence of galactose (A) and glucose (C), or not cross-linked in the presence of glycerol/lactate
(B). 20 pl of PCR reactions were loaded on a 1.5% agarose gel, which were run at 80 volts for 2 hr or
more and then photographed. Visible bands were isolated (green arrows) and underwent further
treatment for DNA recovery.

The visible bands were excised with a scalpel and the DNA was purified by agarose gel
purification (Section 2.3.4). These fragments were sequenced directly and analysed using the
BLAST algorithm. A few 4C samples were studied in this way to get a general idea of the

nature of these interacting sequences. The sequencing results are presented in Figure 16.

Interaction under Glucose, cross-linked
Interaction under Galactose, cross-linked
Interaction under Glycerol/ lactate, non cross-linked

4351 5401

Figure 16: Diagrammatical representation of the direct sequencing results. The purple rectangles
represent the GAL genes on chromosome II. Black vertical lines represent Csp61 restriction sites. Black
arrows indicate inverse primer pairs. The remaining coloured rectangles indicate corresponding
interaction zones.

As shown in Figure 16, most of the interactions that occurred at the GAL locus on
chromosome II were between the adjacent fragments, e.g., fragment 7876 interacts with
fragment 7651 in the presence of galactose; fragment 8401 interacts with fragment 7876 and
another fragment locates immediately downstream in the presence of glucose. Products

derived from interactions between adjacent fragments implied a partial Csp61 digestion.
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However, the interaction between fragment 7876 and a fragment that is located to the
downstream of fragment 8401 (Figure 16, green rectangles) presented as an exception. This
suggested that the observed interactions could be resulting from partial digestion or is real

interactions that happened to occur in close adjacent positions.

The induction conditions made little difference to the pattern of the interactions. However, in
the sample of non-cross-linked DNA, there seemed to be fewer interactions compared with
the ones of cross-linked DNA. It appeared that in non-cross-linked samples there was only

self-interaction occurring (Figure 16, pink rectangle).

In direct sequencing, only the visible bands were isolated and sequenced. The lighter bands
or the smear, which contained numerous DNA fragments that existed at low densities, were
almost impossible to retrieve directly from the agarose gel. Thus direct sequencing is greatly
limited in terms of reflecting all possible interactions. An alternative approach of sequencing
clones offers an opportunity to gain a better understanding of the interactions between

regions of the genome.

(ii) Clonal sequencing

In the clonal sequencing approach, 4C nested PCR products were subjected to another
restriction enzyme (EcoRI) digestion before being cloned into E. coli plasmid, which was
also pre-digested by the same enzyme to generate a complementary cohesive end. The
cloned plasmid was then transformed into the host cells to generate a 4C clone library that
included all possible recombination. The library was screened and the selected clones were
sequenced (Section 2.3.7.6). Although labour intensive, sequencing of clones dramatically
increases the possibility of identifying interacting sequences. Table 3 provides a summary of
the clone sequences with different known DNA fragments under various induction
conditions. The self-ligation clones constituted an average of 78% of the total clones. Only a
few clones, ie. 2-5, were eventually sequenced due to the fact that a large number of the
clones contained multiple inserts of the same fragment. Clonal sequencing generated the
majority of the results that were used to identify the unknown interacting sequences. On the
other hand, direct sequencing provided preliminary information as well as verifying the

results obtained from clonal sequencing.
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Table 3: Summary of the cloning sequencing at the GAL locus of chromosome II. Clones obtained
from interactions with fragments 8401, 5401, and 5776 were studied under different induction conditions:
glucose, glycerol/lactate and galactose. Total clones denote the total number of clones obtained in each
of the target fragments, self-ligated denotes the clones that contain self-ligated products, sequenced
denotes the clones that contained inserts that were sequenced.

Glucose Glycerol/lactate Galactose
Fragment “Topl  self Total  Self-  sSequemced Total  Self  Sequenced
Sequenced
clones ligated clones ligated clones ligated
8401 115 76 2 119 82 2 116 83 3
5401 133 112 2 116 103 2 107 92 5
5776 171 130 0 158 127 1 138 111 3

The results obtained from the clonal sequencing and its subsequent analyses using BLAST

are illustrated below in Figure 17:

A Targeted fragment
Fra gment 5401 Interaction under Glucose

4351 840

Fragment 5776
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Figure 17: see next page for legend.

45



Targeted fragment
Interaction under Glycerol/lactate

Fragment 5401

JE——— e
5401 5776 7651 7876 840
Fragment 5776
—- == =
4351 5401 5776 7651 7876 840
Fragment 8401

‘ M #___-:h*—-
4351 5401 5776 7651 7876/ 840

Targeted fragment
Fragment 5401 Interaction under Galactose
-3 #—:

4351 540 1r5? 78 7651 787 840
Fragment 5776
—q == ==

4351 5401 5774 7651 7876] 840
Fragment 8401

—‘ = | -
4351 5401 5776 7651 7876|8401

Figure 17: Diagrammatical representation of the clonal sequencing results. The intra-chromosomal
interactions at the GAL locus were revealed by clonal sequencing. The purple rectangles represent the
GAL genes on chromosome II. The black vertical lines are Csp61 restriction sites, and black arrows
indicate inverse primer pairs. The interactions with the targeted DNA fragments (the light blue rectangles
locate between two adjacent Csp61 sites) were studied in the presence of (A) glucose, (B) glycerol/lactate,
and (C) galactose. The corresponding interacting DNA sequences under each condition were illustrated
by coloured rectangles: (A) grey, (B) red, and (C) green.
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The results showed that interactions occurred mostly within (self-ligated) or immediately
adjacent to the targeted (known) fragments. It seemed that the interactions between adjacent
fragments occurred mostly in the presence of galactose, that is, when the GAL genes are
expressed, and the interactions all occurred to the downstream of the targeted DNA
fragments (Figure 17C, green areas). Similar to direct sequencing, these interactions
possibly indicated a partial Csp61 digestion. However, as only a few clones being sequenced
(Table 3), it is possible that other interactions between non-adjacent fragments have not been

reviewed.

The results of clonal sequencing, combined with those from direct sequencing, provided
some information regarding the interactions occurring at the GAL locus on chromosome II.
To understand how these interactions are associated in order to build up the overall genome

structure, 3C analyses needed to be revisited in order to study the interactions in more detail.

3.4 3C Studies of Intra-chromosomal Interactions

3.4.1 3C Analyses on Adjacent Fragments

3C studies were applied to confirm and further identify interactions occurring at the GAL
locus on chromosome II based on the results of 4C assays. As DNA sequencing suggested a
pattern of interactions with adjacent fragments, a “walking—down” strategy was firstly
applied to study the interactions systematically (Figure 18). Briefly, the interaction between
every two immediately adjacent fragments was studied at one time under all induction
conditions. Starting with the two adjacent fragments on the far left-hand side, with a gradual
move down the scale to the right-hand side, all adjacent fragments were studied in an

overlapping manner (Figure 18, blue lines). These 3C assays were repeated three times.
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Figure 18: Diagrammatical representation of the “walking-down” strategy in, C studies at the GAL locus.
These interactions occurred between adjacent fragments. The purple rectangles represent the GAL gene on
chromosome II. Black arrows indicate inverse primer pairs. 3C primers are indicated by small orange
arrows, which all face the same direction. The blue lines indicate that every two fragments being studied
at one time. The expected sizes for these 3C PCR analyses were (1) 392 bp, (2) 414 bp, (3) 328 bp, (4)
201 bp, (5) 119 bp, (6) 295 bp, and (7) 264 bp. These products are indicated by green arrows. 20 pl of
PCR reactions were loaded on a 1.5% agarose gel, which were run at 80 volts for 40 min, then
photographed.
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The results of 3C PCR demonstrated a continuous interaction pattern across the GAL locus
region with an exception between fragments 7876 and 8401. The interactions occurred under
all induction conditions (Figure 18). The non-cross-linking samples showed negative results
in PCR for most primer pairs, except for 8401-8851 (Figure 18, number 7). Therefore a “two
interaction zone” was proposed to form at the GAL locus, with a “break-point” at the interval

of the GAL10 and GALI genes (Figure 19).

| Cspél site
— Inverse primer
~ 3C primer

Figure 19: Diagrammatical representation of the “two interaction zone” at the GAL locus. The blue
rectangles represent the GAL genes on chromosome II. The light blue ovals cover the linking areas at the
GAL locus, with a break point occurred between fragments 7876 and 8401; a black cross denotes the
break point.

3.4.2 3C Analyses on Non-adjacent Fragments

Followed the proposal of the “two interaction zones”; the longer distance interactions at the
GAL locus were examined in order to determine how GAL genes were positioned with
respect to the genome. Longer distance interactions referred to those interactions between
the non-adjacent, distant fragments of the GAL locus. The candidate fragments are illustrated

in Figure 20.

Several fragments (4351, 7876 and 8401) were analysed under different induction
conditions. Fragment 7651 was selected as a ‘reference fragment” as it is located close to the
break point between fragments 7876 and 8401. Since there was no difference observed in the
interaction pattern under all induction conditions, attention was drawn on comparing glucose
(repressed) and galactose (induced) conditions, which represented two opposite gene

expression status. These 3C assays were repeated for three times.
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Figure 20: Diagrammatical representation of the “long distance” 3C analyses at the GAL locus. These
interactions occurred between non-adjacent, distant fragments. The purple rectangles represent the GAL
gene on chromosome II. Black arrows indicate inverse primer pairs. 3C primers are indicated by small
orange arrows, which all face the same direction. The red ribbons connected every two non-adjacent DNA
fragments being studied at one time. The expected sizes of these 3C PCR analyses were (1) 287 bp, (2)
219 bp, (3) 174 bp, (4) 259 bp, (5) 193 bp. 20 ul of PCR reaction samples were loaded on a 1.5% agarose
gel, which were run at 80 volts for 40 min, then photographed.
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3C PCR showed that most of the non-adjacent fragments interacted in the presence of
glucose or galactose when referred to fragment 7651 (Figure 20, number 1, 2 and 3). As
these interactions seemed to occur despite their positions on the chromosome, it was
suspected that these interactions occurred by random collisions rather than specific
interaction. The fragments located at the far ends, e.g., fragments 4351, 8401 and 8801, were
therefore examined for interactions. The negative results shown by PCR, in the presence of
glucose or galactose (Figure 20, number 4 and 5), suggested that the observed pattern of

interactions between distant DNA sequences did not happen randomly.

Considering the results so far, an S-shape structure, which is constituted at the GAL locus on
chromosome 11, was proposed as the model (Figure 21). This model reflected all induction

conditions, i.e. the GAL gene activities do not influence the formation of the structure.

Figure 21: Modelling of an S-shape structure at the GAL locus of chromosome II. The brown ribbon
represents the DNA sequence of chromosome II, while the blue ribbons represent the GAL genes. The
coloured spheres represent protein/protein complexes that facilitate the formation of the S-shape structure.
Black short lines represent the Csp61 restriction enzyme digestion sites.

3.5 Exploration of the Formation of S-shape Structure

The 3C and 4C studies regarding the intra-chromosomal interaction at the GAL locus on
chromosome 1I have led to the proposal of an “S”-shape structure. Although this structure
seemed to form regardless of the GAL gene expression status, it was still necessary to
explore the regulatory factors that mediate the formation of the structure. It has been shown

in previous studies (O’Sullivan et al., 2004; Ansari and Hampsey, 2005) that protein/protein
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complex mediated DNA interactions. It was therefore appropriate to selectively study
proteins that might be involved in mediating the observed intra-chromosomal interactions,
which contribute to S-shape structure formation at the GAL locus. The focus was on the
critical interactions, including (A) 4351-8401, (B) 5401-7651, (C) 4351-7651, and (D) 7651-
8401, as shown in Figure 22. All PCR amplifications in this section were performed using
primer pairs corresponding to the above interactions. Two experiments were performed in

this section.
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Figure 22: Diagrammatic representation of the critical interactions at S-shape structure. These
interactions contribute to the S-shape structure formation at the GAL locus. The brown ribbon represents
DNA sequence of chromosome II, while the blue ribbons represent the GAL genes. The coloured spheres
represent the protein/ protein complexes that facilitate the formation of the S-shape structure. Light grey
lines are the Csp61 restriction enzyme digestion sites. DNA fragments being studied are joined by the
black curved lines and numbered. The black cross denotes to the break point occurred between fragments
7876 and 8401.

3.5.1 Experiment 1--/\gal80p Strain

The first candidate protein was Gal80p. The regulation of GAL gene expression relies
heavily on three GAL proteins, Gal3p, Gal4p and Gal80p (St. John and Davis, 1979a, b;
Johnston and Davis, 1984; Johnston, 1987). Gal4p, the activator of GAL gene expression, 1S
generally sequestered by Gal80p, the inhibitor, in the absence of galactose. Gal80p masks
the function of Gal4p. The introduction of galactose triggers Gal3p, the inducer, to bind to
Gal80p and causes a conformational change on Gal80p, thus releasing Galdp that in turn
allow the activation of GAL genes to take place. A generally accepted model is that Gal4p,
Gal80p and Gal3p form a tripartite complex on the upstream of the GAL structural genes
(St. John and Davis, 1979; Johnston<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>