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Chapter 1

Introduction: Regulation of Transcriptional Activation
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Overview

“The discovery of regulator and operator genes, and of repressive regulation of
the activity of structural genes, reveals that the genome contains not only a
series of blue-prints, but a coordinated program of protein synthesis and the
means for controlling its execution” |

Jacob and Monod, 1961

The ability of a cell to respond to its environment is based on exquisite
control of gene expression, protein synthesis, and enzymatic activity. The simple
siep of initiating transcription of genes from DNA into RNA is a carefully
choreographed process, involving hundred of proteins. The RNA polymerase
holoenzyme, associated general transcription factors, transcriptional activators
and repressors, chromatin modifiers and remodelers, kinases, phosphatases,
import and export proteins are all components of this coordinated program. Of
particular interest is how all this machinery is controlled to regulate the
expression of an individual gene. Transcriptional activators and repressors seem
to provide the requisite specificity by binding to only a select set of DNA
sequences. Combinatorial interactions of these gene-specific factors with other
transcription factors, the chromatin modifying enzymes which control access of
the basic transcriptional machinery to the DNA template, and various
components of the initiation apparatus, determine which genes are transcribed in
response to a particular stimulus. Therefore, this introduction will focus on the

regulation of transcription at the level of these gene-specific transcription factors.



One of the keys to establishing this gene-specific regulation of
transcription is that the transcription factors themselves must be responsive to
varied environmental conditions. Without such changes that affect the DNA
binding or protein-protein interaction abilities of tran§cription factors, all gene
expression would necessarily be constitutive. Tran‘écription factors have been
shown to be regulated in many different ways including modification of the
transcription factor protein, changes in the amount of protein present in the
nucleus, and sequestration from the DNA.

Initial studies of transcription factors and their modifications focused on
tﬁe function of a few regulators at the promoters of single genes or reporter
constructs. With the sequencing of the yeast genome and advent of microarray
technology, however, it is now possible to study the regulation of gene
expression globally. Beyond gene expression, microarray technologies have
been adapted to study the direct effects of transcription factors by finding the
promoters to which the factors are bound in vivo. These data, in combination
with additional information such as sequence conservation between species, are
leading to a much deeper understanding of global mechanisms for controlling the
cellular program, as suggested by Jacob and Monod in 1961.

This introduction will focus, in two sections, on the regulation of gene
expression in Saccharomyces cerevisiae at the level of transcriptional activators.
First, | will discuss the components involved in transcription and activation of
expression, how those components are controlled by interactions with the gene-

specific transcription factors, and how the activities of the transcription factors



themselves are modulated. Following that, | will focus on new microarray
technologies available for the study of transcriptional regulation and how use of
these technologies has impacted our knowledge of the regulatory network of the
cell. Later chapters will discuss methods for analyz?ng the data obtained from
microarray experiments as well as my cq_ntributionsf to the data analysis arena,
followed by examples of how these analyses have been used to further our

understanding of transcriptional regulation in Saccharomyces cerevisiae.

Transcriptional machinery components

The current understanding of transcription regulation is that gene-specific
transcription factors, activators and repressors, control the expression of
individual genes or sets of genes. This regulation is based upon the specificity
provided by two distinct domains in the transcription factor protein. The
archetypal transcription factor consists of a DNA-binding domain, which contacts
the specific DNA sequence, and an activation ( or repression) domain that
recruits specific pieces of the basal transcription machinery (Ptashne 1988). The
crystal structures of a number of these domains have been solved. Activation
domains tend to be highly unstructured (Donaldson and Capone 1992; Van Hoy
et al. 1993; Schmitz et al. 1994; Cho et al. 1996), and make contacts with other
proteins in a manner that depends on general properties of the activation domain
rather than specific protein-protein contacts. For example, the strength of the
interaction between Gal4 and the basal transcriptional machinery depends on the

length of the acidic region of the activation domain as opposed to depending on



specific amino acids (Wu et al. 1996). Crystal structures of many transcription
factor DNA-binding domains complexed with DNA have also been solved,
including those for the most well-studied activators Gen4, Gal4 and Hsf1
(Ellenberger et al. 1992; Marmorstein et al. 1992; ngrison etal 1994). In
contrast to the activation domains, the DNA binding; domains are highly
structured and make conserved contacts with specific DNA sequences. These
sequences vary from 4 to approximately 17 base pairs in length, with some
degeneracy allowed (Maniatis et al. 1975; Pelham 1982; Stormo 2000; Bulyk et
al. 2001). Because of the relatively short length of these recognition sequences,
they are found throughout the genome. A four base pair site will arise about
every 256 base pairs by random chance. The Gal4 binding site occurs 236 times
in the S. cerevisiae genome, of which 186 instances are positioned within open
reading frames. However, these sites appear to affect transcription only when
located within promoters (Li and Johnston 2001; Topalidou and Thireos 2003).
This is likely because of the additional elements such as the TATA-box that are
contained in promoters, that help to stabilize the binding interaction between the
transcription factor and DNA (Lee and Struhl 1995; Vashee and Kodadek 1995).
A typical promoter in yeast consists of three elements: the upstream
activating sequences (UAS), at which these transcription factors bind, the TATA-
box (consensus sequence TATAAA), which nucleates the assembly of the
apparatus that actually performs the transcription, and the initiator element (Inr),

where gene transcription begins. A promoter can also contain operator
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sequences, bound by transcriptional repressors, which act to turn off gene
expression.

For the most part, these promoters are not readily accessible to the
transcriptional machinery in the cell. Most cellular [?NA is contained in
chromatin, an ordered structure consisting of repea"ts of approximately 146 base
pairs of DNA wrapped around a complex comprised of histone proteins, into a
structure called a nucleosome. The nucleosomes serve to package DNA into a
small volume, and also to repress transcription of genes. In vitro, the basal
transcriptional machinery is able to bind to and transcribe DNA in the absence of
tr‘anscription factors, but in vivo this machinery is unable to overcome the
repression by chromatin. TATA-binding protein (TBP), for example, is unable to
bind to a TATA-box wrapped in a nucleosome (Workman and Roeder 1987;
Imbalzano ef al. 1994). The transcriptional activators direct a series of additional
enzymes to modify and remodel the chromatin to allow access to the DNA
template by the transcriptional machinery.

The protein components of this transcriptional machinery (Struhl 1995;
Ptashne and Gann 1997; Kornberg 1998; Martinez 2002; Roeder 2003; Hahn
2004) have been discovered and characterized through a series of biochemical
studies. The machinery that transcribes DNA to RNA is the 12 subunit RNA
polymerase Il complex (Bushnell and Kornberg 2003). Tethering of polymerase
subunits to DNA by attaching a DNA binding domain results in synthesis of the
complementary messenger RNA molecule (Barberis et al. 1995; Farreli et al.

1996). However, without the physical attachment of the polymerase to DNA,
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other factors are required for transcription to take place. These are termed
General Transcription Factors (GTFs), and provide many of the accessory
functions necessary for the initiation of transcription. GTFs and polymerase
alone are sufficient to transcribe DNA to RNA in vitro (Sayre et al. 1992) but in
vivo gene-specific transcription factors are generallﬂz required to recruit both the
enzymes to open the chromatin structure and the GTFs and polymerase.
Additionally, a form of the polymerase called the holoenzyme is also required for
activated transcription (Kelleher et al. 1990; Kim et al. 1994, Koleske and Young
1994). This consists of RNA polymerase Il and another complex of
épproximately 20 proteins called Mediator (Kim et al. 1994).

The recruitment of these complexes by activators begins the assembly of
a large group of proteins, called the pre-initiation complex (PIC). The assembly
of the PIC is well understood in vitro, however, whether the same model is
followed in vivo is not known. In vitro this assembly begins with a GTF called
TATA-binding protein (TBP). TBP binds to the TATA box in the promoter with a
defined orientation, establishing the direction in which transcription will occur
(Struhl 1995). Other GTFs that are components of the PIC include TFIIB and
TFIIF, which recruit the polymerase. These three complexes select the start site
of transcription based on their contacts with the Initiator element in the promoter
DNA (Kornberg 1998; Ziegler et al. 2003; Bushnel et al. 2004). Additional GTFs
involved in the initiation super complex include TFIIE, which appears to be
involved promoter melting, clearance, and recruitment of TFIIH (Goodrich and

Tjian 1994; Lommel et al. 2000; Sakurai and Fukasawa 2000), and TFIIH itself.

12



s e, T R T Iy SR SR R PP PP PRV DI ORY A AR R

TFIIH comprises two enzymatic functions: a DNA helicase, which opens the
DNA at the promoter (Goodrich and Tjian 1994), and a kinase, fo‘r
phosphorylating the C-terminal domain (CTD) of the large subunit of RNA
polymerase (Feaver et al. 1991; Sakurai and Fukasawa 1998). After this
complex is assembled, gene transcription begins. ‘jl'he transcriptional activator
and some components of the PIC remain at the promoter to form a scaffold for
reinitiation of transcription, while the polymerase traverses the DNA being

transcribed (Zawel et al. 1995; Yudkovsky et al. 2000).

Model for transcriptional activation

As just mentioned, gene specific transcription factors are used by the cell
to recruit most of the apparatus needed to activate gene transcription. In
general, the first barrier to transcription that must be overcome is the packaging
of DNA into chromatin. A few different models for how the changes in chromatin
that allow gene transcription can occur have been described (Morse 2003). First,
some promoters, which tend to be constitutively transcribed, do not complex with
histones. This can be due either to constraints based on sequence, or binding of
general regulatory factors such as Reb1 (Workman and Buchman 1993,
Angermayr and Bandlow 2003; Morse 2003). Poly(dA:dT) sequences near a
promoter are another mechanism by which nucleosome formation can be
discouraged (lyer and Struhl 1995).

In cases where the promoter is found in chromatin, activators can bind

and destabilize the interaction between DNA and histones. For example, the
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activator Gal4 has been demonstrated to bind to DNA contained in nucleosomes.
That binding alone seems to be sufficient to destabilize the DNA-histone
interaction, as the activation domain is not necessary for the destabilization
(Workman and Kingston 1992; Axelrod et al. 1993; Morse 2003). In fact, some
activators have been demonstrated to have a highér affinity for DNA complexed
with nucleosomes than for naked DNA, perhaps because the bending of the DNA
around the histones exposes the binding sequence (Cirillo and Zaret 1999).

The chromatin structure is dynamic rather than static, with stretches of
DNA being transiently exposed. This can allow for binding of sequence specific
r;roteins to DNA packaged in nucleosomes. Restriction enzyme sites were
engineered into the ends and middle of a 150bp DNA molecule that was known
to form a positioned nucleosome. The equilibrium constants for binding of the
restriction enzymes to each restriction site were calculated by comparing the rate
of cleavage in the nucleosomal DNA versus free DNA. Contrary to previous
theory, binding and cleavage was seen even at the DNA positioned in the middle
of the nucleosome, indicating that the DNA does occasionally separate from the
histone proteins for long enough to allow for binding of another protein (Polach
and Widom 1995). This also can explain the cooperativity of binding of
transcription factors to nucleosomal DNA even when the factors do not contact
one another (Adams and Workman 1995). The binding of one activator to the
nucleosome exposes the site to which the second factor binds, significantly
reducing the free energy required for binding of the second factor (Polach and

Widom 1996).
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Another way in which activators can interfere with the nucleosomal
structure is illustrated by the binding of the transcription factor Pho4 to the PHO5
promoter (Venter et al. 1994, Svaren and Horz 1997). Pho4 binds to a UAS that
is located in the free DNA region between two nuclepsomes. This binding event
disrupts the adjacent nucleosome, allowing Pho4 bfnding to a second UAS which
was previously complexed in the nucleosome and inaccessible. This model was
confirmed in two ways. First, mutation of the free UAS so that Pho4 could no
longer bind blocked the nucleosome remodeling (Svaren et al. 1994). Second,
removal of the activation domain of Pho4 also interfered with the restructuring at
tﬁe promoter (Svaren et al. 1994). Unlike the situation with Gal4 where the
binding of the factor to the DNA is sufficient to remodel the chromatin, in this
case the activation domain is required for the remodeling.

Finally, the binding of transcriptional activators to promoters can open
chromatin structure through recruitment of additional proteins. Activators have
been demonstrated to recruit various general transcription factors that can
stabilize the interaction of the transcription factor with DNA by tilting the energy
equilibrium. For example, Gal4 binding is enhanced in the presence of a TATA
site, indicating that recruitment of TBP and its subsequent binding to DNA can
stabilize the Gal4 - DNA interaction (Vashee and Kodadek 1995). Other proteins
that can be recruited by the transcription factors are chromatin modifiers and
remodelers. One group of these enzymes, Histone Acetyl-Tranferases (HATS)

acetylates the N-terminal tails of the histone proteins (Allfrey ef al. 1964), which
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is hypothesized to destabilize chromatin by disrupting nucleosome — nucleosome
interactions (Bannister and Miska 2000; Narlikar et al. 2002).

The other class of complexes recruited by transcription factors consists of
ATP dependent chromatin remodeling enzymes, which function to either slide
histones along DNA to expose different stretches (Meersseman et al. 1992;
Whitehouse ef al. 1999; Narlikar et al. 2002), or to change the conformation of
the histones to expose the DNA in situ (Lorch et al. 1998; Jaskelioff et al. 2000;
Schnitzler et al. 2001). Interactions of the activation domain of transcription
factors with at least three subunits of the yeast SWI/SNF complex, one of the
cbmplexes effecting chromatin remodeling, has been demonstrated (Neely et al.
1999; Neely et al. 2002).

Based on studies of how these various chromatin remodeling or modifying
factors are recruited at two different promoters, PHO8 and HO, it appears that
the order in which these events occur is promoter dependent (Cosma 2002;
Neely and Workman 2002). Acetylation of the histones at the PHO8 promoter
was measured in strains containing either a deletion or mutation of the catalytic
subunit of the SWI/SNF chromatin remodeling complex, so that no remodeling
could occur. Hyperacetylation of histones at the promoter region was observed
in these strains, in contrast to the wild type strain, where acetylation at the
promoter was somewhat lower than before activation of the gene. No
hyperacetylation was found in a strain deleted for the HAT Gen5, or in a strain
with no Pho4. Therefore, the model for activation of transcription at this promoter

is that Pho4 binds to its cognate sequence and recruits the Gen5 containing
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SAGA complex, which then acetylates the histones in the nucleosomes at the
promoter. This acetylation leads to recruitment of SWI/SNF, which remodels the
chromatin, with acetylation lost during the remodeling (Reinke et al. 2001). A
subsequent study of the PHOS5 promoter found a similar order of events, but with
complete loss of the histones. This might explain the loss of acetylation due to
SWI/SNF at the PHO8 promoter also (Reinke and Horz 2003).

The order of recruitment of these complexes was also studied at the HO
promoter (Cosma ef al. 1999). In this case, an epitope tag was added to the
transcription factors or remodeling complex subunits thought to be involved.
Chromatin immunoprecipitation was performed at various times throughout the
cell cycle to detect the presence or absence of each tagged factor. The
interdependence of the events was assessed by using deletion mutants of the
various factors. At this promoter the model consists of the initial step of binding
of the transcription factor Swib, followed by Swi5 dependent recruitment of the
SWI/SNF chromatin remodeling complex. Subsequent recruitment of SAGA to
acetylate the histones is dependent upon the prior presence of SWI/SNF. Only
after each of these events has occurred can the transcription factor complex SBF
bind to the HO promoter and recruit the transcription apparatus. Finally, this
entire chain of events is obviated when the transcription factor Ash1 is expressed
— Ash1 binds to Swi5 and prevents interactions with the SWI/SNF complex.

Subsequent to the recruitment of activators and the release of repressive
chromatin structures, the transcription initiation apparatus must be recruited.

This is another step that takes place through interactions with the transcription
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factors. In vitro interactions between activators and many components of the
basal machinery have been demonstrated: TFIIA (Kobayashi et al. 1995), TFIIB
(Lin et al. 1991), TFIID, comprised of TBP (Stringer et al. 1990) and TAFs (Tjian
and Maniatis 1994), TFIIF (Joliot et al. 1995), TFIIHI(Xiao et al. 1994) and the
Rpb5 subunit of RNA polymerase Il (Lin et al. 1997'). As mentioned earlier,
artificial recruitment of many of these factors has also been shown to activate
transcription in vivo, close to the levels seen with wild type transcription factor /
basal machinery interactions. For example, a fusion of TBP to the LexA DNA
binding domain activates transcription from a LexA promoter (Chatterjee and
Struhl 1995; Ryan et al. 2000). Using fusions of a DNA binding domain and TBP
with leucine zippers to promote dimerization and thus artificially recruit TBP to
the promoter also causes activation of transcription (Klages and Strubin 1995).
This artificial recruitment does not, however, circumvent the requirement for the
prior opening of chromatin. A TBP-Gal4 fusion is unable to activate transcription
from a promoter complexed with histones, in contrast to the normal activation
from a less constrained promoter (Ryan et al. 2000). Artificial tethering of TAFs
associated with TBP in TFIID, as well as artificial recruitment of TFIIB also
activate transcription (Gonzalez-Couto et al. 1997).

In vivo, interactions between TFIIA and TBP are required for activation of
genes regulated by Gen4, Ace1 or Gal4 (Stargell and Struhl 1995). A mutant
TBP unable to interact with TFIIA was also incapable of activating transcription
from promoters regulated by these three activators. This implies that TFIIA is the

GTF recruited by these activators, which then recruits the remainder of the
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transcription machinery. It is possible that this recruitment is mediated by other
cofactors — in human cells a positive cofactor PC4 was required for an interaction
between the activator VP16 and TFIIA to take place (Ge et al. 1994). Direct
interactions of activation domains with TBP have also been demonstrated in vivo.
Using a construct where the single cysteine in the a;ctivation domain of the
human transcription factor E2F-1 was derivatized with maleimide-4-
benzophenone, photocrosslinking demonstrated a specific interaction between
this activator and TBP (Emili and Ingles 1995). Finally, TFIIB is also a bona fide
target of transcriptional activators. A mutant TFIIB with a serine to proline
s‘ubstitution is unable to activate PHOS transcription under conditions of
phosphate starvation, although the basal level of transcription is unaffected.

GST pull down experiments demonstrated an inability of the activator Pho4 to
interact with this TFIIB S53P mutant. A similar defect in interaction, and thus in
transcription, was seen with the transcription factor Adr1 (Wu and Hampsey

1999).

Regulation of transcription factor activity

In order that genes be expressed only when needed by the cell, the
transcription factors themselves must be regulated. To effect all the
transcriptional programs that are required by the cell upon various stimuli or
environmental changes, a large number of mechanisms are used to control the
transcription factors. These include modulation of the amount of a transcription

factor present in the cell, covalent modification by phosphorylation, ubiquitination,
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or acetylation, direct repression by protein-protein interactions, indirect
repression by competition for general transcription factors or chromatin modifiers,
competition for binding sites within the DNA sequence, binding of a small
molecule substrate, and alterations in subcellular protein localization (Struhl
1995; Reece and Platt 1997; Sharrocks 2000; Tanéey 2001). These
mechanisms have been studied in detail for a few canonical activators, as
described below.

The most obvious way for a cell to regulate transcription factors is through
controlling the amount of the factor present in the cell. This can be achieved
tﬁrough increasing or decreasing the amount of transcription of the gene, through
the half-life of the mRNA, through the rate of protein synthesis, and finally
through the control of protein degradation. Examples of transcription factors
controlled in these varied ways include the the cell cycle factors Swi4, Swi5, and
Ace2, as well as the amino acid biosynthesis master regulator, Gen4 (Struhl
1995). The transcription of the cell cycle factors seems to be controlled by serial
binding of transcriptional activators to the promoters of activators turned on later
in the cycle (Simon et al. 2001). Swi4, for example, is activated by Swi6 at the
M/G1 transition, and later shut down by Mcm1 in combination with Yox1 and
Yhp1 (Breeden and Mikesell 1991; Foster et al. 1993; Mclnerny et al. 1997;
Pramila et al. 2002).

The concentration of Gen4 in the cell is controlled by numerous
mechanisms, one of which is alteration in the rate of translation. The eukaryotic

translation initiation factor 2 (elF-2) is phosphorylated upon amino acid
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starvation, leading to an increase in the amount of Gen4 protein synthesized.
Mutation of the phosphorylated elF-2 serine to an alanine ablates this increase in
Gcen4. Conversely, a serine to aspartate mutation to mimic phosphorylation
derepresses Gen4 regardless of the amino acid content of the growth media
(Dever et al. 1992). This regulation of Gen4 occursj through small open reading
frames occurring upstream of the start of the major exon, called uORFs
(Hinnebusch 1984, Hinnebusch 1994). Ribosomes initiate translation at the first
uORF. In the presence of unphosphorylated elF-2 the ribosomes that continue
scanning downstream of uUORF1 are able to re-initiate translation of the
downstream uOREFs, particularly uUORF4, which then blocks initiation at the Gen4
coding region. The phosphorylated elF-2 is unable to re-initiate as quickly.
Therefore it cannot translate uUORF4, but rather starts translation of Gen4. Yap1
and Yap2 are also regulated through uORFs (Vilela et al. 1998). The Yap1
uORF is comparable to the Gen4 uORF1, allowing leaky re-initiation of
translation as the ribosomes scan through the mRNA. In contrast, the uORFs in
the Yap2 leader sequence post a strong block to translation of the Yap2 ORF like
the Gend uORF4, and also mediate accelerated decay of the mRNA. How stress
conditions increase synthesis of the Yap regulators when needed has not yet
been described, but it seems likely that these uORFs will be involved, as they are
for Gen4.

Regulation of transcription factors by phosphorylation seems to be one of
the most common mechanisms by which activity is controlled, based upon the

number of factors that show alterations in phosphorylation state (Yeast Proteome
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Database, (Costanzo et al. 2000; Csank et al. 2002)). This is because a change
in phosphorylation state, as well as potentially modifying the DNA-binding
properties of a transcription factor or activity of its activation domain, can also be
the signal for regulation by another mechanism, such as nuclear exclusion or
protein degradation. '

The DNA-binding ability of the transcriptional repressor Rgt1, involved in
regulation of glucose transporters, is modulated by the its phosphorylation state,
which is dependent on the carbohydrate source in the growth medium (Kim ef al.
2003; Mosley et al. 2003). In high glucose conditions, Rgt1 is
Hyperphosphorylated and unable to bind to DNA, and the hexose transport genes
regulated by Rgt1 are expressed. On the other hand, in low glucose conditions
the phosphates are removed and DNA binding and repression of the hexose
transporters takes place. The observation was strengthened by assays showing
that removal of the serine residues that undergo phosphorylation induces
constitutive DNA binding and repression of the transporters. Other transcription
factors that are regulated in this manner include Crt1, involved in DNA damage
response (Huang et al. 1998), and Mac1, which regulates intracellular copper
levels (Heredia et al. 2001).

Regulation of the level of activity of transcriptional activation domains by
phosphorylation has been proposed to occur by altering the protein-protein
contacts the activation domain is able to participate in. In one example, Pho4 is
unable to bind to its partner Pho2 when a particular serine in the Pho4 activation

domain is phosphorylated (Komeili and O'Shea 1999). Phosphorylation of Pho2
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likewise inhibits the Pho4 — Pho2 interaction (Liu 