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Abstract

I'wo new transcription factor binding sites have been identified within the
phosphoglycerate kinase (PGK) gene promoter in the yeast Saccharomyces cerevisiae.
The binding sites are upstream of the previously defined UAS, and are bound in vitro
by the multifunctional transcription factors Reblp and Cpflp. A deletion of the Reblp
binding site was made from a PGK gene construct on a multicopy plasmid, and also
targeted to the chromosomal copy ot PGK. Deletions of the Raplp and Abflp binding
sites 1n the UAS were also targeted to the chromosome. Analysis of RNA from the
chromosomal deletion strains confirmed the central role of Raplp in the activation of
transcription from PGK. Reblp and Abtlp were also found to be important for
transcriptional activation. This 1s in contrast to results from experiments using

multicopy plasmids carrying Reblp or Abflp binding site deletions from PGK. In this

situation, neither the Reblp site, nor the Abflp site, plays a role in transcriptional
activation.

A role for Cpflp at the PGK promoter was examined using a c¢pf/ null strain ot yeast.
Northern blot analysis was used to assay transcription from the chromosomal PGK
gene in the absence of Cpflp, and also transcription from a multicopy plasmid

carrying the wild type PGK gene 1n the cpfi- background.rln both cases, the absence

of Cpflp was found to have very little etfect on the level of transcription.

In addition, a role for the potential yATF binding site at the 3' end of the PGK UAS

was investigated. Oligonucleotides containing this sequence were inserted upstream of
a minimal promoter, and levels of a [3-galactosidase reporter were assayed. No

activation over the basal level was observed. A deletion of the potential yATF binding
site from the UAS was made from a multicopy plasmid construct, and also from the
chromosomal locus. Transcription from the deleted constructs was found to be no

different from transcription from the wild type gene.

Finally, DNA sequences which are able to complement the C-terminus functions of
Raplp were identified. A yeast genomic library was generated downstream of the N-
terminus and DNA binding domain of Raplp. This library was transformed into a
rapI®s strain of yeast to look for complementation of the ts phenotype. Transformants

which grew at the non-permissive temperature were obtained. Results from the

analysis of the DNA sequences in these transformants are presented.



Chapter 1

Introduction

1.1 RNA Polymerase 1l Transcription

Transcription, catalysed by DNA-dependent RNA polymerase, is the process in
which an RNA message 1s made from a gene. Bacteria have one RNA polymerase
consisting of three core subunits with which additional polypeptides become
associlated, tor recognising specific promoters and for gene regulation. In eukaryotic
cells there are three forms of RNA polymerase which each transcribe a subclass of
nuclear genes; RNA polymerase I transcribes rDNA genes encoding large ribosomal
RNAs, RNA polymerase 1l transcribes the protein-coding messenger RNAs, and
RN A polymerase III transcribes small RNAs such as tRNA and 5S RNA. In the case
of class I and class IIl genes, the transcript, either rRNA or tRNA, 1s the final
product, but transcription tfrom the protein encoding class 1I genes produces an
mRNA which 1s translated by the ribosomes to give a protein. As the majority of
genes fall into class II, most studies have focused on RNA polymerase II (RNA pol
II).

RNA pol II is a multisubunit enzyme which shares some subunits with RNA
polymerases I and III. It consists of two large subunits, which form the structural and
functional core of the enzyme, and several smaller ones (Sawadogo and Sentenac
1990). The two large subunits show considerable homology to the bacterial RNA
polymerase subunits 3 and ' which indicates a conservation of the mechanism of
transcription between prokaryotes and eukaryotes. As the structure and function of
RNA pol II subunits has been well conserved between yeast and higher eukaryotes,

S. cerevisiae 1s a good model for studying the enzyme (Young 1991).

1.1.1 Yeast RNA Polymerase 1l

Yeast RNA pol II consists of at least eleven subunits; all of which have been cloned
and sequenced (see review Young 1991). The three largest subunits make up the
core of the enzyme. The largest 1s 220 kDa (Young and Davis 1983), and shows
considerable homology with the large subunit of RNA pol III and the large
prokaryotic subunit, B' (Allison et al. 1985), except for the C-terminus which
encodes a very unusual structure consisting of 26 heptapeptide repeats with the
consensus amino acid sequence Pro Thr Ser Pro Ser Tyr Ser. This C-terminal
domain (CTD) is unique to eukaryotic polymerase II enzymes. In yeast, a minimum

of 9-11 of the repeat units are necessary for viability (Allison et al. 1988), and



replacing the yeast repeats with Drosophila CTD repeats gives rise to a recessive

lethal (Allison er al. 1988). This suggests that the role of the repeat units 1S species
specific.

The state of phosphorylation of the CTD may determine the state of transcriptional
activation. Two forms of RNA pol II can be isolated, RNA pol I10 and RNA pol 1IA.
T'he 1O form appears to be much more transcriptionally active than the IIA form and

1s also highly phosphorylated (Bartholomew et al. 1986, Cadena and Dahmus 1987).
It seems to be the unphosphorylated form, RNA pol IIA, which loads onto the

promoter (Chesnut ef al. 1992). Thus active RNA pol II could be formed by multiple

phosphorylations of its largest subunit after it has associated with the promoter.

A yeast CTD kinase has been purified (Lee and Greenleaf 1989), and a protein with
50% homology to a phosphatase has been identified, which allows transcription of
H154 1n the absence of BAS1, BAS2 and GCN4, which are normally required for
basal and activated transcription (Arndt et al. 1989). If phosphorylation of the CTD
was required for the elongation phase of transcription, then RNA pol II could be
‘locked” into an initiation complex by maintaining the unphosphorylated form.
Other possible roles for the CTD include destabilising histone/DNA interactions

during elongation, and interacting with transcription factors during initiation (Lee
and Greenleaf 1989).

The second largest subunit of RNA pol II in yeast is 150 kDa in size and
homologous to the prokaryotic [3 subunit, whilst the third core subunit is 45 kDa and

a partial homologue of the bacterial a subunit (Sawadogo and Sentenac 1991). Some

of the RNA pol II subunits are components of all three RNA polymerases; these are
known as the common subunits and in yeast have molecular weights of about 27
kDa, 23 kDa and 14.5 kDa . Finally there are about five small subunits. The resulting
RNA polymerase 1s unable to initiate selectively at promoters without the help of
other factors, but can catalyse template dependent synthesis of RNA. The binding of
RNA pol II to specific regions of promoters 1s atded by initiation factors; the TATA
associated RNA pol II complex is sufficient for accurate transcription, but the level

of mRNA production is regulated by gene specitic factors which bind to the

upstream ot the promoter.

1.2 Phosphoglycerate Kinase: A Model System for Studying Transcription

There has been much interest in the phosphoglycerate kinase gene as it 1s a highly

expressed gene in yeast, responsible for producing 1-5% of the total cellular RNA
and protein (Holland and Holland 1978). It catalyses the conversion of 1, 3-bis-



phosphoglycerate to 3-phosphoglycerate during glycolysis, with the concomitant
production of ATP. The PGK gene is regulated to some extent by carbon source,
being three to four times more active in yeast cells grown on glucose than in yeast
cells grown on a non-fermentable carbon source (Maitra and Lobo 1971, Chambers

et al. 1989). Regulation of the gene also occurs in response to a heat shock (Piper et
al. 1988), mediated by a heat shock element at -372.

T'he promoter of PGK was a good candidate promoter for the production of
heterologous proteins in yeast, since when the PGK gene is present on a high copy
number plasmid, the levels of PGK protein within the cell can be as high as 50%
(Mellor et al. 1985). Once the components which make up the efficient upstream
activation sequence were 1dentified, the PGK promoter was found to be a good

model system for studying the transcriptional mechanisms necessary to achieve high

levels ot gene expression.

PGK was cloned (Hitzeman et al. 1980) by immunological screening of a yeast
library 1n E. coli with a mouse antibody to purified yeast PGK. This identified a
3.1kb Hindlll fragment containing the entire PGK sequence. All known pgk mutants

mapped to chromosome III (Lam and Marmur 1977), and it was demonstrated that

there was only a single copy of the gene in yeast by rescuing pgk mutants with the

PGK clone. Later, Dobson et al. (1982) mapped PGK to a 2.95 kb HindIII fragment
from a A library, and demonstrated that it was "identical" to Hitzeman's 3.1 kb

fragment.

The sequence of PGK (Dobson et al. 1982, Hitzeman et al. 1982) revealed an open
reading frame of 1248 bp encoding 416 amino acids which gave a protein with a
predicted molecular weight of 44 kDa (Hitzeman et al. 1982). This was found to
have 65% homology with horse and human PGK amino acid sequences.
Examination of codon bias showed that out of a possible 61 codons, only 38 were
used, and 95% of the codons utilised only 25 of the 61 (Hitzeman et al. 1982). This
restricted codon usage may be one of the factors which allows PGK levels to be so

high. Similar bias is found in other highly expressed yeast genes (Bennetzen and
Hall 1982).

Both the chromosomal copy of PGK, and the 3.1kb clone on a plasmid, produced a
1.5kb mRNA. This suggested that all of the control sequences necessary for
transcription of PGK were present in the clone. The PGK mRNA has a half life of
70-80 minutes, which is unusually long, and may be another factor contributing to
the high expression of this gene (unpublished results, cited in Chen et al. 1984). The
5' end of the PGK RNA transcript was mapped to -36, relative to the ATG of PGK,



by cDNA extension (Hitzeman et al. 1982). Polyadenylation was found to occur at
sites 86-93bp downstream of the TAA stop codon (Hitzeman et al. 1982).

The PGK promoter is similar in structure to other yeast RNA pol II promoters
(Figure 1.1). Pol II promoters consist of a core promoter, from which a low level of
transcription can be initiated, and an upstream activation sequence (UAS) which
provides the gene with its regulatory properties, and can activate transcription to as
much as five thousand times the basal level. Some promoters also have sequences
for the repression of transcription, upstream repression sequence (URS). The core
elements of the promoter are the TATA box and RNA start site (RIE on Figure 1.1),
and RNA pol II promoters contain either both of these, or just the RNA initiation
sequences (Weis and Reinberg 1992). The TATA box (consensus TATAAA) in
yeast RNA pol II promoters is found between 40 and 120 base pairs upstream of the
RNA start site (Chen and Struhl 1985, Furter-Graves and Hall 1990). This is in
contrast to higher eukaryotes where the TATA element is only 25 to 30 base pairs
from the start site (Breathnach and Chambon 1981). It acts as a nucleation point for
the formation of an initiation complex containing RNA polymerase II and general
transcription factors by allowing TFIID to bind. If the promoter does not contain a
TATA box, then the initiator provides the site for the formation of the initiation
complex, possibly through initiator-TAF interactions which tether TFIID (Concino
et al. 1984, Roeder 1991, Weis and Reinberg 1992, Struhl 1994, Martinez et al.

1994).

The basal promoter of PGK contains two potential TATA sequences, TATAI1 at
-152 and TATA?2 at -114, and a CT rich region upstream of the RNA start site at -39.
Deletion of TATA2 has no effect on steady state RNA levels or the amount of PGK
protein in the cell. Deletion of both potential TATA sites causes a dramatic reduction
in protein levels (Rathjen and Mellor 1990). When the site of RNA 1nitiation was
investigated, it was found that initiation from TATA1 alone was at the wild type site,
but from TATA2 the amount of wild type initiation was reduced, and initiation
occurred at sites downstream. If neither TATA site was present then initiation
occured from sites in the coding region. Thus, for initiation to occur at -39, TATALI
is sufficient but TATA?2 is only partially functional. The RNA 1nitiation site 1s not
determined by distance from the TATA box, or by the CAAG sequence at the site of
initiation. Rather, there is a sequence called the determinator, between the CT rich
region and CAAG, which determines a single RNA start site. The role of the CT rich
region is unclear. Such regions are found in many yeast promoters, but deletions in

this region had no effect on levels of PGK, or the site of initiation.
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Figure 1.1 The general organisation of a yeast RNA polymerase II promoter. UAS:
Upstream Activation Sequence, URS: Upstream Repression Sequence, TATA:
TATA box, RIE: RNA Initiation Element.



The initiation of transcription requires many components, not just RNA polymerase
(Table 1.1). This became clear when it was found that many components were
necessary for reconstituting RNA pol I initiation activity in vitro. Purified RNA
polymerase Il was not sufficient for the initiation of transcription from the
Adenovirus Major Late promoter (Matsui er al. 1980). However, addition of a
fractionated human cell extract allowed initiation to occur. The cell extract fractions
were termed transcription factor (TF) IIA-TFIID, depending upon which fraction
they appeared in after separation from a crude extract by chromatography on
phosphocellulose (Matsui et al. 1980). The fractions have since been studied
intensively to discover the nature of the general transcription factors. Some of these

fractions later turned out to contain more than one component, and the exact number

of 1nitiation factors necessary for transcription is not yet known.

1.3 General Transcription Factors

1.3.1 TEID

This fraction contains the protein which binds to the TATA box; TATA Box
Binding Protein (TBP). TBP 1n yeast is a 27 kDa protein, encoded by a unique gene
(Hahn ef al. 1989), with 180 amino acids at the C-terminus which are 80 to 90%
conserved between species. These C-terminal amino acids (63-240) are required both
for binding to the minor groove of the TATA box, and also for a basal level of
transcription (Horikoshi et al. 1990). The N-terminus of yeast TBP shares no
sequence similarity with the N-termini of TBPs from other species, and 1t has been
proposed to be the site of interaction with transcription factors to give an activated
level of transcription. However, yeast cells expressing TBP lacking the N-terminus
grow at least as well as cells with wild type TBP, suggesting that this region is not

required for the essential functions of TBP (Cormack et al. 1991).

In vitro translated yeast TBP is able to bind to TATA elements, and can also
complement a mammalian system lacking TFIID (Buratowski er al. 1988).
Interestingly, initiation occured at the mammalian distance of 30 bp downstream of
the TATA box, suggesting that the distance of initiation from the TATA box 1s not
determined by the TATA binding factor. As TBP is the only one of the basal
transcription factors able to bind in a sequence specific manner to the TATA box, it

is thought to recruit other general transcription factors, and also RNA pol 1l to

promoters.

1.3.2 TFIIA



Table 1.1 General Initiation Factors Required by Yeast RNA Polymerase II, and
their Human Homologues

Yeast M Wt (kDa) Human
d 277 TFIID
€ 41 TFIIB
b 83,75, 33, 50, 38 TFIIH
g 105, 54, 30 TFIIF
a 66, 43 TFIIE

TFIIA 32, 13.5 TFILA




T'he role of TFIIA in assisting the formation of a stable complex between TFIID and
the TATA box is unclear. Buratowski et al. (1988) found TFIIA not to be essential

1992a). This confusion may be partly explained by the identification of a second
activity (TFILJ) in the TFIIA fraction (Cortes et al. 1992). TFIIA had a stimulatory
etfect on transcription and TFIIJ was required for initiation.

In yeast, TFIIA consists of two polypeptides (32 and 13.5 kDa) both of which are
required for 1ts activity. Yeast TFIIA can functionally replace mammalian TFIIA in
basal transcription. It 1s not a DNA binding protein, and it binds to the TFIID/TATA
complex with greater atfinity than 1t binds to TFIID not bound to DNA (Ranish and
Hahn 1991).

One possible role for TFIIA 1s to block the interaction of negative regulators with the
basal transcription factors (Auble and Hahn 1993). ADI (ATP dependent inhibitor)
prevents TBP from binding to the TATA box in yeast. The interaction of ADI and
TBP is through the C-terminus of TBP and this 1s blocked by TFIIA.

1.3.3 TFEIB

After TFIID has bound to the TATA box, this complex is bound by TFIIB via a
protein-protein interaction with TBP. The presence of TFIIB is absolutely required
for the initiation of transcription (Reinberg and Roeder 1987), where it 1s necessary
for the recruitment of RNA pol II to the initiation complex (Buratowski ez al. 1989).
RNA pol II and TFIIF are recruited through another protein-protein interaction
between the small subunit of TFIIF and TFIIB (Flores et al. 1991). The order of the
interactions between TFIIB and its targets is not known; TFIIB can bind stably to
RNA pol II in solution (Koleske and Young 1994) so the association with TBP does

not necessarily precede association with RNA pol I1.

TFIIB acts as a bridge between TFIID and RNA pol II which suggests that 1t
contains separate domains for the two protein-protein interactions. The C-terminus
has been shown to be both necessary and sufficient for an interaction with the
TBP/DNA complex (Hisatake et al. 1993), and the N-terminus is important for an
- teraction with TFIIF (Ha ef al. 1993). Yeast initiation factor € is the homologue of
human TFIIB (Tschochner et al. 1992). It 1s a 41 kDa protein, encoded by SUA7,
which interacts specifically with RNA polymerase 11 and, as has been demonstrated

with gel retardation assays, also with TFIID and TFIIA which are bound to promoter



DNA. Factor e is also proposed to be responsible for determining the RNA start site
(Pinto et al. 1992).

1.3.4 TFIIF

T'his general transcription factor consists of two subunits in humans, RAP30 and
RAP74 (Flores et al. 1989, Sopta ef al. 1989), and three subunits in yeast, 105, 54
and 30 kDa (Tan et al. 1994). The small subunit alone is sufficient for the
recruitment of RNA pol II to the DNA/IID/ITA/IIB complex (Flores et al. 1991) but
the complex is formed more efficiently if both subunits are present (Tyree et al.
1993). The association of TFIIF with RNA pol II can occur in the absence of DNA.

T'FIIF 1s unique amongst the general transcription factors, since it is found associated
with the transcription complex after initiation is complete. This means that it can
interact with both phosphorylated and unphosphorylated forms of RNA pol II.
Whilst TFIIF is absolutely required for the formation of the initiation complex, it
also has a role in the elongation of transcription (Flores et al. 1989) where it may
cooperate with the elongation factor TFIIS. TFIF is able to increase the rate of
elongation about six-fold (Bengal et al. 1991), by suppressing pausing at some sites
on the template (Tan ef al. 1994).

1.3.5 TFIE

TFIIE 1s a heterotetramer of two 56 kDa subunits and two 34 kDa subunits which
enters the pre-initiation complex after RNA pol II (Inostroza et al. 1991). It 1s not
required at all promoters, being essential at the adenovirus major late promoter but
not at the immunoglobulin heavy chain promoter (Parvin ef al. 1992). When present
it probably interacts through RNA pol 1I; TFIIE has been shown to bind both RNA
pol II and TFIIB 1n solution (Reinberg and Roeder 1987). Another protein-protein
contact may be involved in the recruiting of TFIIH which binds after TFIIE; the
interaction between TFIIE and TFIIH may be cooperative (Flores ef al. 1992). TFIIE
could contain an ATPase activity, since after addition ot ATP or dATP, TFIIE

dissociates from the initiation complex (Buratowski et al. 1989).

The yeast equivalent of TFIIE is factor a, but human TFIIE cannot substitute for
factor a. Factor a consists of two polypeptides of 66 kDa and 43 kDa both ot which

are required for transcriptional activation (Sayre et al. 1992b). When a multi-
component complex containing RNA pol II and the initiation factors e, b and g was

isolated from yeast (see Table 1.1), factor a was required, along with TBP, for

selected transcription in vitro (Koleske and Young 1994).



1.3.6 TFIIH

T'his complex consists of eight subunits and is the only general transcription factor to
have an associated enzyme activity (reviewed in Drapkin et al. 1994). TFIIH
copurifies with a DNA-dependent ATPase activity, an ATP dependent DNA helicase
activity and a CTD kinase activity. TFIIE is not only able to recruit TFIIH to the pre-
Initiation complex, but also to regulate its enzyme activities. Subunits of TFIIH have
been shown to be encoded by genes involved in excision repair, thus providing a link

between transcription and DNA repair (Drapkin and Reinberg 1994).

I'he yeast homologue of TFIIH is factor b; originally thought to be made up of three
polypeptides with weights 85 kDa, 75 kDa and 50 kDa (Feaver et al. 1991a), it is
now known to contain two other subunits of 55 and 38 kDa (Feaver et al. 1993).
Associated with factor b is a DNA-dependent ATPase activity which is stimulated
by DNA fragments containing promoter sequences. There is also a protein kinase
activity which will phosphorylate the yeast RNA polymerase II CTD (Feaver et al.
1991b). Like human TFIIH, yeast factor b has a role in nucleotide excision repair;

the 85 and 50 kDa subunits are encoded by RAD3 and SSLI, and another excision
repair protein, RAD25/SSL2, interacts with, but is not a component of, factor b

(Feaver et al. 1993).

1.4 Binding of basal transcription factors to form an active initiation complex.

An ordered assembly of general transcription factors and RNA pol II onto a
promoter has been proposed (Buratowski ef al. 1989, reviewed in Conaway and
Conaway 1993, and Buratowski 1994; see Figure 1.2). In this, TFIID and TFIIA
bind to the TATA box of the promoter forming a stable complex which 1s recognised
by TFIIB. TFIIF can interact with both TFIIB and RNA polymerase 1I, and it 1s
TFIIF that brings RNA pol II to the pre-initiation complex. Two further factors are
required before transcription can occur; TFIIE binds and recruits TFIIH forming a
complete pre-initiation complex. ATP is then required to form an activated pre-
initiation complex, capable of initiating transcription when nucleoside triphosphates
are supplied (Goodrich and Tjian 1994). There 1s evidence (Koleske and Young
1994) that rather than associating with the promoter in a linear fashion, initiation

factors and RNA polymerase II could assemble into a multisubunit complex in the

absence of DNA and then bind to the promoter.

Once the initiation complex has formed, the addition of nucleotides allows

transcription to take place. The general transcription factors do not travel with the



1. TATA + TFIID/TFIIA
11. + TFIIB

1. + RNA pol II via TFIIF
1v. +TFIIE

v. + TFIIH
vi. + ATP

Figure 1.2 The assembly of general transcription factors and RNA polymerase II
onto a promoter to form a pre-initiation complex. Rather than assembling in a linear
fashion as shown above, it 1s possible that components of the general transcription

factors assemble 1nto a multisubunit complex 1n the absence of DNA and then bind

to the promoter (Koleske and Young 1994).



elongating polymerase, but rather are lost from the initiation complex as i1t moves
into elongation (Zawel et al. 1995). TFIID remains bound to the promoter ready to
recycle TFIIB as 1t 1s released. TFIIE is lost by the time the nascent RNA reaches
+10. and TFIIH sometime after elongation reaches +30. The only general
trancription factor which has been found associated with RNA polymerase after
mitiation has occured 1s TFIIF. This is released from the initiation complex after

+10, but has the ability to reassociate with a polymerase if it stalls at a transcriptional

block. Once the stalled polymerase starts to elongate TFIIF is released once more.
This release ot general transcription factors after initiation allows these factors to be
recycled. and may increase the numbers of polymerases loading onto a promoter.

This may be more important for achieving a high level of transcription than the

formation of the first initiation complex (Zawel et al. 1995).

1.5 Activated Transcription

Both the activation of transcription, and the regulation of transcription in response to
physiological signals, are a result of the transcription factor binding sites in its
upstream activating sequence (UAS; see Figure 1.1) The UAS mediates the
regulation ot gene expression 1n response to physiological signals, and stimulates the
activity of the core promoter over a basal level. It 1s similar to the enhancer elements
of higher eukaryotes 1n that it can function in both orientations, and at a variable
distance from the TATA box. However the distance over which it will function 1s
only up to about a kilobase, not several, and neither will it work if placed

downstream of the 1nitiation site (Guarente and Hoar 1984, Struhl 1984).

In some constitutively expressed genes, the UAS consists of a poly (dA-dT)
sequence, eg PET56, HIS3 and DED1 (Struhl 1985). This activation of transcription
may be due to the recognition of the poly (dA-dT) sequence by a yeast DNA binding
protein, or because the general transcription factors are able to gain increased access
to a DNA template with a disrupted chromatin structure, possibly due to the
exclusion of nucleosomes. This would explain the constitutive nature of genes with
poly (dA-dT) UAS. However, the poly (dA-dT) regions of PET56, HIS3 and DEDI
are all able to form nucleosome cores (Losa et al. 1990). A gene encoding a yeast
protein that recognises nonalternating oligo(A)-oligo(T) tracts has been cloned

(Reardon et al. 1993), this may play a role in the promotion of transcription from

such promoter elements.

Some yeast genes may rely not only on an upstream activating sequence for
maximum levels of transcriptional activation. In certain cases the presence of a

downstream activation sequence (DAS) which influences transcription initiation has



been suggested. A transcription factor binding site(s) within the coding region,
whose deletion reduces the level of transcription but not by decreasing mRNA
stability, was proposed to explain the observation that some highly expressed yeast
promoters do not activate heterologous gene constructs to levels which are as high as

might have been expected (Chen et al. 1984). This has been noted for PGK, PYK and
SRPI (Mellor et al. 1987, Purvis et al. 1987, Fantino et al. 1992). Indeed. Abflp has

been shown to bind to the PGK coding region at position +79/+91 (Ian Graham,
unpublished results).

1.5.1 Transcriptional Activator Proteins

Proteins which activate transcription consist of two domains, a DNA binding domain
and an activator domain (Hope and Struhl 1986). The DNA binding domain anchors
the transcription factor to the promoter so that the activation domain is able to
interact with other factors present at the promoter (Brent and Ptashne 1985). The
high speciticity of the DNA/protein interaction provides a mechanism by which
genes can be ditferentially expressed. The activation domain from activator protein
A can be fused to the DNA binding domain of activator B, and this hybrid will still

activate transcription as long as binding sites for B are present in the promoter
(Ptashne 1986).

Since the association of TFIID with the TATA box 1s a slow, rate limiting step in
vitro (Hoopes et al. 1992) various roles for gene specific transcriptional activators
can be proposed: They could 1) act on previously potentiated promoters to increase
the frequency of initiation, 11) act cooperatively with the general transcription factors
to help with the assembly of the initiation complex, 111) act independently to help
assemble the initiation complex, or 1v) activate repressed promoters by disrupting
chromatin structure and allowing general transcription factors to bind. The
recruitment of TBP to the basal promoter has been shown to be increased by the

presence of an activator (Klein and Struhl 1994a).

1.5.2 DNA Binding Domains

Transcriptional activator proteins utilise various structural motifs in their DNA
binding domains in order to bind DNA. These include helix-turn-helix (HTH), zinc

finger, leucine zipper and helix-loop-helix (HLH). The helix-turn-helix motif
consists of two a-helices separated by about four amino acids forming a -turn.

HTH proteins often bind to DNA as dimers, the second helix fits in the major groove
whilst the first helix lies across it in contact with the DNA backbone. The recent

identification of the DNA binding motif of Raplp provides an example of an HTH
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protein which does not bind as a dimer (Rhodes D, unpublished). The HTH motif is

often part of a larger DNA binding domain which is important for recognition of the
binding site (Pabo and Sauer 1992).

The zinc finger motif was first noted in TFIIIA (Miller et al. 1985), and consists of
two cysteines and two histidines positioned to chelate a zinc ion. Once zinc is bound,
the "finger” will bind DNA. Yeast zinc fingers are not homologous to the TFIIIA
motif, since although they bind zinc, they have four to six cysteines per finger
(Pteifer er al. 1989). Yeast activators with Zn fingers, for example, Gal4p, show
considerable homology to each other, and this extends either side of the finger. It is
possible that the finger interacts non-specifically with the DNA and the DNA

binding specificity 1s determined by sequence carboxy terminal to this (Pfeifer et al.
1989).

T'he leucine zipper (Landshulz et al. 1988) has a basic region, which usually forms a
helix, for interaction with DNA, and a dimerization region containing 4 or 5 leucines
spaced exactly seven amino acids apart. Thus, all the leucines are on the same face
when a helix 1s formed. Initially, the leucines were thought to interdigitate when
dimerization occured (Landshulz et al. 1988), but it is now known that the two
helices form a coiled coil (O'Shea et al. 1989). For DNA binding to occur, the coiled
coil fits over the centre of the binding site, and the basic helices extend in opposite

directions along the major groove.

The helix-loop-helix motit (Murre et al. 1989a) 1s similar to the leucine zipper motif

in that 1t contains a basic region tfollowed by a dimerization domain. In this case the
dimerization domain 1s an o-helix, followed by a six to ten amino acid loop, and a

second o-helix. Like leucine zipper and HTH proteins, HLH proteins can form both

homodimers and heterodimers (Murre et al. 1989b) which allows regulation of the

transcription factor itself, and can also generate new DNA binding specificities.

1.5.3 Activation Domains

There are several classes of activator domains, glutamine-rich, for example, Gall Ip,
proline-rich and the most common class, acidic activators, which seem to be able to
activate transcription in all eukaryotes tested. Initial studies of the acidic activation
domains of Gal4p and Gcendp showed them to be small and negatively charged
(Hope and Struhl 1986). There was no specific sequence requirement and extensive
deletions into the Gendp activation domain could be made without affecting 1ts in

vivo function. This suggested that tertiary structure was not important, although the
activation domain was proposed to form o-helices (Hope et al. 1988). The idea that
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acidic activation domains are amphipathic helices, or unstructured regions with a

high concentration of negative charge (Sigler 1988) has been challenged by studies
which suggest that the activation domains of Galdp and Gendp form [-sheets

(Leuther et al. 1993, Van Hoy et al. 1993), although the acidic activator VP16 has
not been shown to do so. Thus, it is possible that there is more than one mechanism

by which activators function, and that the activator domain should have a flexible

structure, for interaction with its targets.
1.5.4 Interaction Between Upstream and Downstream Promoter Elements

RNA pol II and the general transcription factors form a complex over the basal
promoter which may be situated at some distance from the UAS where the activator
binding sites are located. As only two or three proteins can bind adjacent to the
initiation complex, proteins upstream must be brought into contact with the basal
factors. Various suggestions have been made including twisting, sliding and oozing
(reviewed 1n Ptashne 1986), but the mechanism now generally accepted for
eukaryotes 1s looping (Schleit 1992). In this case two proteins separated by several
kilobases of DNA can be brought into contact 1f the intervening DNA forms a loop.

1.5.5 Targets for Transcriptional Activators

That activators are able to increase the level of transcription from a gene predicts
that the activator proteins make contacts with the basal transcription factors. Many of
the general transcription factors have been demonstrated to interact with activators.
Acidic activators interact with TBP (Lee and Struhl 1995), TFIIB (Lin and Green
1991. Roberts et al. 1993) and TFIIH (Xiao et al. 1994), whilst the glutamine-rich
Spl can interact with TFIIE (Peterson et al. 1991). Also, the largest subunit of RNA
pol II may interact with activators via the CTD (Allison and Ingles 1989). Activators
are able to mediate their effects at different stages in the formation of the 1nitiation
complex. Thus, some act early to increase recruitment of TBP (Klein and Struhl
1994a) or other general transcription factors, binding sites for basal transcription
factors on TFIIB are revealed in the presence of an acidic activator (Roberts and
Green 1994). Others interact with the final components of the complex, possibly

helping to promote open-complex formation, or chain elongation (Xiao et al. 1994).

1.5.6 Coactivators

Further components of the basal transcription machinery were identified when 1t was

demonstrated that TBP could not replace the TFIID fraction in responding to
transcriptional activators such as Spl and GAL-VP16 (Pugh and Tjian 1990, Berger
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et al. 1990), although basal transcription was not affected. The other factors present

in the TFIID fraction are termed TBP Associated Factors (TAFs). It was proposed

that the TAFs might interact with the N-terminus of I'BP, but an N-terminal

ditferent classes of activation domain i) Spl-glutamine-rich, ii) Gal4-AH-acidic and

111) Zta-not rich in any particular amino acid, and also from a TATA-less promoter
(Zhou 1993). Yeast TBP has also been found to be stably associated with other
factors, yeast TAFs (Poon and Weil 1993).

Other protein factors are involved in transmitting the signal from activators to the
basal complex, these factors can be titrated by a strong activator causing
transcription to be reduced from genes without binding sites for that activator
(Berger et al. 1990, Kelleher e al. 1990). These adaptors, mediators or coactivators
are proteins which do not bind to DNA but make protein/protein contacts, and they
have been 1dentified in screens where activators function without their activation
domains, or where weak activators work as strong ones, eg GAL11, SUG1, ADA2
and ADA3 (Himmelfarb er al. 1990, Swatffield ef al. 1992, Berger et al. 1992, Pina
et al. 1993).

Recently a mediator complex was 1solated from yeast, which enabled acidic
activators to activate transcription of a system reconstituted with essentially
homogenous basal factors, and RNA pol II. The mediator was found to be made up
of about twenty proteins including three subunits of TFIIF, GALI1I1, SUGI and

SRB2, 4, 5 and 6. At the same time a holoenzyme was 1solated which allowed

purified basal factors to respond to activators. The holoenzyme was found to consist
of the mediator and RNA pol II (Kim et al. 1994). A similar holoenzyme, stimulated
by the activator GAL4-VP16, was isolated by a different group (Thompson et al.
1993, Koleske and Young 1994). The need for the holoenzyme to allow basal
transcription factors to respond to activators suggests that a direct interaction

between activators and general transcription factors may not be sufficient for

activated transcription.

1.6 Activated Transcription at PGK

After the primary structure of PGK had been determined, the promoter was studied
to find regions which were required for efficient expression of the gene (Ogden et al.
1986). A series of unidirectional deletions showed that sequence upstream of -620
could be deleted without any effect on the levels of transcription from PGK.

However, deletions which removed promoter sequence to -350 caused a dramatic
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reduction in the amount of RNA produced. The identification of a region which was

important for transcriptional activation allowed fine deletions to focus on the
sequence between -620 and -350. Window deletions were made within this region
and the boundaries of the upstream activation sequence were defined as -402 to -479
(Ogden et al. 1986). This upstream activation sequence (UAS) could be moved
closer to the RNA start site without reducing levels of transcription, and insertion of
the UAS fragment into a deletion window which reduced PGK trancription resulted
In a return to wild type levels of PGK RNA. In addition, the PGK UAS was able to

enhance the transcription of a heterologous gene construct consisting of the TRP1
promoter linked to the human interferon o-2 coding region (Ogden et al. 1986).

The PGK UAS was divided into two fragments Y (-461 to -531) and Z (-402 to
-460) which were incubated in gel retardation assays with protein extracts from cells
grown 1n glucose or acetate (Stanway et al. 1987). Different retardation complexes
were formed depending upon whether the carbon source was fermentable or non-
fermentable. DNasel footprinting revealed an area of protection over the region -523
to -496 1n cells grown on glucose (termed Yfp, Y footprint) which was absent when
the cells had been grown on acetate. The UAS appeared to contain two domains, one
for controlling transcription in response to carbon source and one for activating
transcription. Also present were three repeats of a sequence, CTTCC, thought to be

of potential functional significance (Stanway et al. 1987).

Window deletions of small regions of the PGK UAS were made to look at their
effects on transcriptional activation (Chambers et al. 1988). These showed that,
whilst important for transcriptional activation, the CTTCC blocks do not all activate
to the same extent. Removal of CT block 1 caused a 50% decrease 1n the level of
transcription, removal of block 2 reduced transcription by 75%, and deletion of all
the UAS sequence upstream of block 1 results in about a 90% decrease in activation.
A window deletion which removed the region protected in footprinting (Y1p) had no
effect on the level of transcription, but a deletion of sequence 3' to this protected
region, not including the CTTCC blocks, caused an 80% drop in levels of RNA.
Thus another functional element of the PGK UAS, termed the activator core (AC),
was identified (Chambers ef al. 1988). Fragment Z (-402 to -460) was extended to
include the new sequence (Z1). When Z%* was used in a gel retardation assay, a
specific protein interaction was found which was not due to the protein which bound
the protected region on fragment Y. DNasel footprinting showed protection of the

AC region, and also some protection of the CT blocks. This protection was different

on the coding and non-coding strands suggesting asymetric protein binding.
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The PGK UAS contains three elements; three CTTCC blocks, an activator core and a

region of strong protein interaction. the Y1p. These elements were examined for
transcriptional activity in the context of a minimal promoter plasmid (Stanway et al.
1989). The minimal promoter was constructed by taking TATA and RNA start site
sequences from the PGK promoter and linking them to the IFN coding region.
Subfragments of the PGK UAS were cloned upstream of the minimal promoter, and
the levels of interferon RNA used to determine the relative activation potential of
cach tragment. The whole UAS could activate transcription to a high level and the
Y1p was able to activate weakly, but the three CTTCC blocks were 1nactive, as was
the activator core in combination with one CT block. However, the activator core in

conjunction with either all three CT blocks, or the Y1ip, was able to activate to a

moderate level.

The activator core was shown to bind the multifunctional transcription factor Raplp
(Chambers et al. 1989) and this site was also important for the carbon source
regulation of PGK. The binding of Raplp to the PGK promoter was investigated
using nuclear protein extracts from cells which had been grown in glucose or
pyruvate. Raplp binding to the Z* fragment was seen with the glucose extract but
not the pyruvate extract. As levels of Raplp mRNA are not affected by carbon
source this suggests that regulation of PGK transcription in response to carbon
source 1s mediated at the level of binding Rap1p to the PGK UAS.

Such regulation could be achieved by post translational modification of Raplp.
When a nuclear protein extract from cells grown in glucose was treated with
phosphatase, binding to the Z* fragment was abolished (Tsang et al. 1990). It could
be restored by including a phosphatase inhibitor, ammonium molylbdate, or protein
kinase 1n the phosphatase reaction. Treatment with phosphatase caused binding of
Raplp to the ZT fragment to decrease, but when sequences from the PGK promoter
normally found 5' to Z* were included in retardation reactions, binding of
phosphatased Raplp increased. This may mean that the 5" end of the Raplp binding
site 1s involved in the stability of Raplp binding. Similar responses were found when 5

just the DNA binding domain of Raplp was treated with phosphatase.

Raplp appears to play a central role at the PGK promoter. It mediates regulation of
transcription in response to carbon source (Chambers et al. 1989), and although the
Raplp binding site alone was unable to activate a minimal promoter (Stanway er al.
1989), in conjunction with the CTTCC boxes it 1s important for an activated level of

transcription (Chambers ef al. 1988, Stanway et al. 1989, Henry et al. 1994).
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The 5’ region of the PGK UAS, termed the Y1p, contained a perfect match to the
Abflp consensus sequence. A protein which bound to this region was purified from
yeast and shown to have identical properties to Abflp (Chambers et al. 1990). Also,
in vitro translated Abflp bound to the Yfp (Chambers et al. 1990). The role of
Abtlp in the PGK promoter is unclear, although deletion of its binding site did not
atfect transcription from a multicopy plasmid borne copy of PGK (Chambers et al.

19838), the Abtlp site was able to activate a minimal promoter weakly (Stanway e?
al. 1989). Neither did a deletion of the Abflp site affect carbon source regulation

(Chambers et al. 1989), although the binding of protein to this site appeared to be
atfected by carbon source (Stanway et al. 1987, Chambers et al. 1989).

[t was thought that a protein bound to the CTTCC blocks in the PGK UAS, since in
vitro footprinting had revealed some protection over these regions (Chambers et al.
1988), and binding of Gcerlp to the CTTCC motif had been demonstrated in vitro
(Baker 1991). However, in vivo binding was harder to demonstrate, but eventually
Gcerlp was found to bind to just two of the three CTTCC blocks in the PGK
promoter by in vivo footprinting in GCRI and gcrl- strains (Henry et al. 1994).
Protection of -454 and -453 in CTTCC block 1 and -429 and -428 in block 3 was

seen but there was no evidence of protection of block 2. The binding of Raplp to its
binding site was not affected by the presence or absence of Gerlp. Gerlp was shown
to positively influence transcription from PGK but it requires Raplp to be bound to

the promoter to do so (Drazinic and Baker, unpublished).

The yeast co-activator Galllp has been shown to have a positive effect on
transcription from PGK in both fermentable and non-fermentable carbon sources
(Stanway 1994). When levels of PGK were examined in GAL/ and gall I~ strains
Galllp was found to stimulate a two-fold increase of PGK transcription. This efiect
is only seen if the Raplp site is present; if the Raplp site is deleted from a copy of
PGK on a high copy number plasmid there is no decrease in the activity of the
construct in a galll- strain. When the PGK UAS was footprinted in both GALII and

gall I- strains no difference in protection was seen, suggesting that binding of

transcription factors is not affected by Galllp.

1.7 Transcription Factors which Bind to the PGK Promoter

1.7.1 Raplp

Repressor/Activator protein, or Raplp, is an essential (Shore and Nasmyth 1987),

abundant transcription factor in the yeast cell. There are estimated to be about 6000

molecules of Raplp per haploid nucleus (Verdier et al. 1990) most of these have
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been found. by immunolocalisation, to be at the ends of paired bivalent meiotic
chromosomes (Klein et al. 1992). The many roles of Raplp within the cell are
reflected in the number of names under which the protein was studied: TUF, SBF-E,
I'BA and GRF1 (Huet et al. 1985, Shore and Nasmyth 1987, Longtine et al. 1989,
Buchman et al. 1988a) before it was cloned (Shore and Nasmyth 1987). Raplp was
puritied by affinity chromatography and the gene was then isolated from a genomic
library using an antibody generated against the purified protein. The DNA sequence
of RAPI contained one ORF encoding a protein with a predicted molecular weight
of 92.5kDa, although the apparent weight on SDS-PAGE was 120kDa.

Raplp 1s encoded by an essential gene (Shore and Nasmyth 1987) which contains
within 1ts promoter tour Raplp binding sites. These are not essential for efficient
activation of Raplp (Graham and Chambers 1994a), but Raplp is thought to have a
role 1n negative autoregulation (Graham and Chambers, unpublished results). The
consensus DNA sequence to which Raplp binds was derived by Buchman et al.
(1988a) and has recently been extended at both the 5' and 3' ends (Graham and
Chambers 1994b) to give 5' RTRCACCCANNCMCC 3'. This consensus binding
site has a conserved core, with 5' and 3' flanking regions which may be required to
stabilise the interaction of Raplp with DNA.

The DNA binding domain (DBD) of Raplp (Henry et al. 1990) is in a central region
of the protein (amino acids 361-596), as demonstrated by testing N- and C-terminal
truncations of the protein in gel retardation assays. The Raplp DBD does not contain
any obvious DNA binding motifs, but at a recent meeting the crystal structure was
shown to be an HTH motif with homology to c-myc (Rhodes D., unpublished). The
736 amino acid DBD is large when compared with the DNA binding domains of
other yeast transcription factors such as GALA4, GCN4 and HAP1 whose DBDs
range from 60 to 148 amino acids. However, another multifunctional transcription

factor, Abflp, also has a large DNA binding domain, but it does contain a potential

7Zn finger motif at its N-terminus.

Raplp binding sites had been found at silencers, in UASs and at telomeres
suggesting roles in both activation and silencing (Buchman et al. 1988a, Buchman e?

al. 1988b). This has been demonstrated using yeast strains containing temperature
sensitive Raplp (Kurtz and Shore 1991). MATc, which has a Raplp binding site in

its UAS, shows decreased levels of transcription in rapl®s strains, whilst in the same
strains, partial derepression of HMR silencing occurs (Kurtz and Shore 1991).

Individual Raplp binding sites from UASs, silencers and telomeres were all shown
to activate transcription of a 3-galactosidase reporter when placed in a UAS-less

promoter (Buchman ez al. 1988b). Since a mutated Raplp binding site at a silencer
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can be functionally replaced with a true binding site from either a UAS, or a silencer
(Shore and Nasmyth 1987), the context of the DNA binding site appears to

determine the role of Raplp. In other words, the sequences which flank Raplp

binding sites at the silencers cause Raplp to silence transcription, whereas those
surrounding Raplp sites in UASs cause it to activate transcription.

The C-terminus of Raplp contains regions which are important for activation of
transcription and also transcriptional silencing. Hardy et al. (1992a) fused regions of
the Raplp C-terminus to the GAL4pgp and found that amino acids 630-695 were
important for transcriptional activation, whilst ggepression required amino acids
678-827. These two regions overlap but the fact that some of the hybrids acted only
to activate. or to derepress suggests that there may be two separate domains for these
functions. The rap /s mutants of Sussel and Shore (1991), which are defective in the
silencing function of Raplp, all map to the C-terminal region of Raplp necessary for
silencing. but not activation. A further domain has since been defined in the C-
terminus, responsible for telomeric silencing. Mutations in the last twenty eight
amino acids of the C-terminus have been demonstrated to be essential for both

telomeric and HML silencing, and also to play a role in the regulation of telomere
length (Liu er al.1994).

Most studies of Raplp have focused on the C-terminus since a large deletion of the
N-terminus is still viable (cited in Hardy et al. 1992a). However, in vitro studies
suggested that the binding of Raplp causes the DNA to bend, and that this requires
the N-terminus. This bending does not ocur at the Rap1p recognition sequence but at
a site 5' to it (Vignais and Sentenac 1989, Gilson et al. 1993). Vignais and Sentenac
proposed that this bending by Raplp required two domains, one to bind the DNA
and a second to affect the bending, since mutations which affect the strength of
Rap1p binding do not affect DNA bending. In support of this, DNasel and chemical
footprinting of the Rap1p/DNA complex in vitro revealed that full length Raplp or
just the Raplp DNA binding domain caused a distortion within the consensus
recognition sequence, but only the full length protein was able to induce a bend 1n
the DNA (Gilson et al. 1993). The DNA bend has been shown to be greater than 509,

but it is reduced by removing 230 N-terminal amino acids (44-274), and increased

by removing C-terminal amino acids (Muller ez al. 1994).

The many roles of Raplp within the yeast cell have been suggested to be a result of
the context of the Raplp binding site. This hypothesis predicts that there will be
other proteins in yeast which will interact with Raplp at these loci in order for the
Raplp binding site to differentiate between activation or silencing. Such proteins

have been identified: Silent Information Regulator (SIR1-4) proteins interact with
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Raplp at silencers and telomeres, as does Raplp-Interacting Factor (RIF1).
Mutations in RIF I result in defective silencing, and also in the lengthening of
telomeres, but a deletion of RIFI does not affect the essential activation functions of
Raplp (Hardy ef al. 1992b). The two hybrid system has been used to show that the
Interaction between Raplp and Riflp involves the C-terminus of Riflp and amino
acids 667-827 of Raplp. This region of Raplp is also needed for its role in silencing
which suggests that Raplp/Riflp interactions may be restricted to silencers and
telomeres. An interaction between Raplp and the SIR proteins is suggested by
evidence that the sub-nuclear localisation of Sir3p and Sirdp is similar to that of
Raplp (Palladino et al. 1993), and that the silencing defect of rap1$ can be supressed
by overexpression of Sirlp or Sirdp (Sussel and Shore 1991). A direct interaction
between the C-terminus of Raplp and Sir3p and Sirdp was demonstrated using the
two hybrid system (Morett1 et al. 1994). The SIR proteins do not bind DNA and thus
Raplp may be i1nvolved in their recruitment to HM loci and telomeres for the
establishment of silencing. A protein which works in concert with Raplp in the

activation of transcription at glycolytic loci, 1s Gerlp (GlyColysis Regulator).

1.7.2 Gerlp

Gerlp was first identified as a mutation in yeast which affected several of the
glycolytic enzymes (Clifton er al. 1978). Whilst the gcr/ mutation decreases the
levels of most glycolytic enzymes, more so when cells are growing on sugars rather
than without sugars, it is not in an actual glycolytic gene (Clifton and Fraenkel
1981). The GCRI gene was cloned by complementation, and sequencing showed 1t
to be a 94kDa protein (Baker 1986) which was not essential to the cell. There 1s
some evidence that Gerlp can interact with Raplp without contacting DNA, and
Raplp and Gerlp have been shown to coimmunoprecipitate (Tornow et al. 1993),
suggesting that they can form a complex in vivo. However, Gerlp is able to bind
DNA independently of Raplp (Baker 1991), but it is possible that the interaction of
Gerlp with DNA is stabilised by the presence of Raplp. Binding sites for Gerlp are

found in the promoters of many glycolytic genes adjacent to Raplp binding sites

(Reviewed in Chambers et al. 1995).

The DNA binding domain has been mapped to the C-terminal 154 amino acids of
Gerlp (Huie et al. 1992), and a consensus recognition sequence derived with
CTTCC at its core (Baker 1991). Gcerlp also contains an activation domain at 1ts N-
terminus (Tornow et al. 1993). This is essential for the function of Gerlp in vivo, as
demonstrated by complementation 1n gcrl™ cells (Tornow et al. 1993). Recently

Gerlp has been demonstrated to contain a leucine zipper structure necessary and
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sutficient for dimerization in vitro and in vivo, although dimerization does not seem
to be essential for functional Gerlp (Deminoff ef al. 1993)

Gerlp at glycolytic gene promoters does not only interact with Raplp. A screen
looking for other activities which affect the expression of glycolytic genes has
identified two further Ger genes; GCR2 and GCR3 (Uemura and Fraenkel 1990,
Uemura and Jigami 1992a). Mutations in both of these genes have similar
phenotypes to gcrl mutations, viz defective growth on fermentable carbon sources,
and near normal growth on non-fermentable carbon sources. The amino acid
sequence of Ger2p shows a region of similarity with Gerlp, and the two hybrid
system has been used to demonstrate an interaction between these proteins (Uemura
and Jigami 1992b). In this system a GAL4p/Gcerlp hybrid was able to complement
a gcr2” strain suggesting that Ger2p provides Gerlp with an extra activation domain.
In agreement with this a Rap1p/Ger2p fusion is able to complement gcrl- mutants.
Thus Gcerlp and Ger2p may form a complex in which Gerlp binds DNA and Ger2p

donates an activation domain. The role of Ger3p remains unclear.
1.7.3 Abflp

Abflp (ARS Binding Factor), like Raplp, 1s a multifunctional yeast protein. Also
known as SBF-B, BAF1, REB2, GF1, TAF, SUF, OBF1 and Y protein (Shore et al.
1987, Halfter et al. 1989a, Morrow et al. 1989, Dorsman et al. 1990, Hamil et al.
1988, Dorsman et al. 1989, Francesconi et al. 1989, Stanway et al. 1987), Abtlp
binding sites are found at silencers, ARSs and in the UASs of genes with a wide
range of functions such as ribosomal protein genes, glycolytic genes, COX6, CARI
and ILVI (Buchman et al. 1988a, Dorsman et al. 1989, Della Seta et al. 1990,
Trawick et al. 1992, Kovari and Cooper 1991, Remacle and Holmberg 1992). This
wide range of roles for the protein has been demonstrated using a series of
temperature sensitive lethal mutations in ABFI (Rhode et al. 1992). At the semi-
permissive temperature, CEN-ARS plasmids have an ARS-specific instability, the
cell cycle Gj - S phase transition is not efficient, no activation 1s seen by an Abflp

UAS. there is reduced RNA synthesis, and DNA synthesis is reduced to 25% of wild
type.

The purified protein (Sweder ef al. 1988, Diffley and Stillman 1988) was found to
have a molecular mass of 135kDa, and antibodies raised against purified Abtlp were
used to facilitate its cloning (Rhode et al. 1989, Halfter et al. 1989b). The single
copy of ABF1 is located on chromosome V. It is an essential gene encoding a 731

amino acid protein with a predicted molecular weight of 81.6kDa (Rhode et al.

1989). The difference between the predicated weight and the weight as seen 1n SDS-
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PAGE is probably due to post-translational modification, or to the conformation of
Abflp affecting its migration through the gel. The protein has a basic N-terminus
and an acidic C-terminus and contains four asparagine clusters along its length. The
DNA binding activity of Abflp requires the N-terminal two thirds of the protein
(Halfter et al. 1989b). This part of the protein contains a consensus,
CysX7HisX3HisX4CysX4Cys, for an atypical metal binding "finger" which seems to
be involved in the binding of Abflp to DNA, since substitution of residues His57 or
Cys71 abolishes specific DNA binding.

A consensus binding site for Abflp has been determined, RT CRYNNNNNACG
(Dorsman et al. 1989), containing two conserved elements, shown in bold type,
separated by a variable sequence of a given length which is equivalent to one turn of
the DNA helix. An alteration of the spacing between the two conserved elements
abolishes DNA binding, as does the substitution of the final G for a C. Binding is
reduced by point mutations of the first T and C of the consensus (Dorsman et al.
1989. Della Seta er al. 1990) and this reduced ability to bind DNA leads to a
reduction 1n the level of transcription from the mutated Abflp binding site (Della
Seta et al. 1990). Methylation interference, missing contact analysis and potassium
permanganate footprinting demonstrate that the interaction between DNA and Abflp
involves both the coding and non-coding strands (Della Seta ef al. 1990, McBroom
and Sadowski 1994a). Contact between Abflp and its recognition site in the DNA 1s
not limited to the consensus sequence; ethylation studies (McBroom and Sadowski
1994a) have indicated that phosphates important for binding extend some four or
five base pairs on either side of the consensus. Thus not only is Abflp in close

contact with its consensus recognition sequence, but also with regions of flanking
DNA.

These extensive interactions may result in the ability of Abflp to bend DNA. The
bend is towards the minor groove at an angle of approximately 120° with its centre

about 7bp 5' to the Abflp consensus sequence (McBroom and Sadowski 1994b).

When DNA bends induced by proteolytic fragments of Abflp are analysed the
centres, angles and planes of the bends are different from those induced by the full

length protein. McBroom and Sadowski suggest a model of DNA bending which

requires bends induced by three regions of Abflp to combine, making up the full

1200.

The region of ARS1 at which Abflp binds 1s associated with bent DNA (Snyder et
al. 1986, Diffley et al. 1994), and removal of this region affects the in vivo function

of the ARS. The role of Abflp here may be to prevent transcription from upstream

genes affecting ARS function, or to maintain the region in a nucleosome free state
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(Snyder et al. 1986). Deletions made in ARS1 which move the ARS consensus
sequence (ACS) such that it is incorporated into nucleosome DNA reduce the
efficiency of the ARS as measured by plasmid stability (Simpson 1990). Five
matches to the consensus Abflp binding site are found in the promoter of ABF1

(Halfter er al. 1989b) which suggests that, like Raplp, Abflp may be involved in
some Kind of autoregulation.

T'he role of Abflp in transcription seems to be as a weak activator: oligonucleotides
which bind Abflp have been shown to activate transcription weakly 1n a CYCI
reporter plasmid (Brand et al. 1987, Halfter et al. 1989a, Buchman and Kornberg
1990). The level of activation of transcription was increased if the oligonucleotides
were assayed in combination with the T-rich region from the DEDI promoter
(Buchman and Kornberg 1990). This synergism between an Abflp binding site and a
T'-rich region has also been noted for ribosomal protein genes (Goncalves et al.
1995). The synergistic effect is not unique to T-rich sequences in combination with
Abflp binding sites. Similar effects are seen if the Abflp site is replaced with one
for either Raplp or Reblp (Buchman and Kornberg 1990, Goncalves et al. 1995),
although not by the remaining multifunctional transcription factor, Cpf1p.

Raplp and Abflp are both members of the family of multifunctional transcription
factors in yeast. Two other members of this family, Reblp and Cptlp, are discussed
below as their potential interactions with the promoter of the phosphoglycerate

kinase gene are investigated 1in this thesis.

1.7.4 Reblp

A third multifunctional transcription factor is Reblp, named after its ribosomal
enhancer binding ability (Morrow et al. 1989). Reblp has also been studied as
RBPI1. factor Y, GRF2 and QBP (Kulkens et al. 1989, Fedor et al. 1988, Chasman et

al. 1990, Brandl and Struhl 1990). Reblp was purified from yeast as a protein with a
molecular weight of 125kDa (Morrow et al. 1990, Chasman et al. 1990), and a
consensus binding site was determined, YNNYYACCCG (Chasman et al. 1990). A

search of yeast DNA sequences with this consensus revealed binding sites for Reblp
in upstream activation sequences, at centromere CEN4 and subtelomeric regions X
and Y. as well as the 35S rRNA enhancer. The sequences which flank the Reblp
consensus are important for binding; sequences identical at all positions of the
consensus bind Reblp with different affinities. Two binding sites for Reblp are
found in the promoter of the REBI gene (Morrow et al. 1990, Morrow et al. 1993a),

and deletion of these almost completely abolishes transcription (unpublished results,

cited in Lang et al. 1994).
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When the gene for Reblp was cloned, it was found to be an essential, single copy
gene on chromosome II (Ju et al. 1990). The open reading frame predicted a
molecular weight of 92kDa which differs from the weight of the purified protein.
T'his difference is probably due to the phosphorylation of serine residues after
translation (Morrow et al. 1990). There were no common DNA binding motifs in the
Reblp sequence. although homology with the oncoprotein Myb, whose DNA
binding region includes periodic tryptophan repeats, was detected (Ju et al. 1990).
The DNA binding activity of Reblp was localised to the C-terminal half of the
protein (Morrow et al. 1993a) by N- and C-terminal deletions. When S. cerevisiae
REBI sequence was compared with the homologous sequence from K. lactis two
regions of homology were found in the Reblp C-terminus (Morrow et al. 1993a).
These were separated by 140 amino acids in S. cerevisiae and by 40 amino acids in
K. lactis. This suggested that Reblp might have a bipartite DNA binding domain.
Indeed, internal deletions of the Reblp C-terminal sequence can be made which do
not atfect its ability to bind to DNA (Morrow et al. 1993a). Since Reblp binds to
DNA as a monomer, and protects a footprint of about 20-25bp, the two DNA

binding domains must be brought together when the protein folds.

Whilst the N-terminus of Reblp can be deleted without atfecting DNA binding, this
region of the protein appears to have an important role in the biological function of
Reblp since an N-terminal truncation, missing the first 201 amino acids, is not able

to support growth of yeast cells whose genomic REBI gene has been disrupted

(unpublished results, cited in Morrow et al. 1993a).

Roles for Reblp in both transcriptional activation and repression of RNA
polymerase II genes, and also as a terminator for RNA polymerase I transcription
have been demonstrated. A Reblp binding site acts as a weak activator of
transcription when present in a reporter plasmid, but a synergistic effect 1s seen when
the Reblp binding site is assayed in conjunction with a T-rich sequence of DNA
(Buchman and Kornberg 1990, Chasman et al. 1990, Graham and Chambers 1994a).
Whilst a Reblp binding site alone can activate transcription from a minimal
promoter, the same site, 1f placed between a UAS and TATA box, can reduce the
level of activated transcription from the UAS (Wang et al. 1990). Thus the position
of the Reblp binding site in the promoter could determine 1ts role in transcription.
Reb1p appears to play a role in both activation and repression of transcription in the

glycolytic gene ENOI, which has an upstream repression sequence (URS) 1n its
promoter as well as a UAS. Both the URS and the UAS bind Reblp (Carmen and

Holland 1994).
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Whilst Reblp was first identified as a protein which could bind to the ribosomal
enhancer (Morrow et al. 1989, Kulkens ef al. 1989), it 1s possible that the Reblp
binding site is not an essential part of the enhancer. Although mutations in the Reb1p
binding Mf_?—\l_l:l the enhancer reduce transcription from an adjacent operon, this 1s not
as great an effect as deleting either the entire enhancer region, or the Reblp site in
the ribosomal promoter (Kulkens ef al. 1992). The enhancer appears to contain
redundant elements; a 45bp region at the 3' end of the 190bp enhancer is sufficient to
supply enhancer function, but the Reblp site, Abf Ip site and T-rich region are all

able to confer some enhancer function (Morrow et al. 1993Db).

This minor role for Reblp at the ribosomal enhancer may be because this site is
cessential for RNA polymerase I termination (Lang and Reeder 1993, Shultz ef al.
1993). Thus, deletion of the enhancer Rebl1p binding site may reduce transcription
from adjacent operons as a consequence of upstream transcription running on into
the enhancer and affecting its function. Transcriptionally active ribosomal genes are
followed by nucleosome free enhancers (Dammann et al. 1995), which could be due

to the presence of Reblp at the terminator.

A Reblp binding site has been shown to be an essential part of the RNA pol I
terminator (Lang and Reeder 1993), where it acts to pause RNA pol I whilst its
transcript 1s released (Lang er al. 1994). The Reblp binding site seems to act as a
non-specific pause element, since it 1s able to stop RNA polymerases I, II and III.
However 1t does not seem to act simply as a block, since the presence of a physical
block on the template, such as a bead or lac repressor, does not allow transcript
release (Lang et al. 1994). Whilst the Reblp DNA binding domain appears to be
sufficient for its pausing function in termination, 1if the orientation of the binding site
is reversed (which does not affect Reblp binding) then termination 1s abolished

(Lang et al. 1994). This orientation dependence 1s a property of terminators in higher

eukaryotes.

One role proposed for Reblp is that of altering chromatin structure to facilitate
access of other transcription factors. Reblp has been implicated in the positioning of
nucleosomes in the GALI-GALI0 intergenic region (UASG) to generate a 160bp
nucleosome free region (Fedor et al. 1988). The nucleosomes across the GALI-
GAL10 intergenic region are in positions dependent on binding of Reblp to UASG,
even when the promoter is repressed during growth on glucose. On induction of
transcription the arrangement of nucleosomes does not appear to alter, although the
DNA becomes more accessible to micrococcal nuclease and methidiumpropyl-
EDTA iron(Il) cleavage (Fedor and Kornberg 1989). However, it has been suggested
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that the activation domain of Galdp 1s able to displace a nucleosome when
transcription from UASg is induced (Axelrod et al. 1993).

Reblp has been shown to be necessary for transcriptional activation of a hybrid (gal-
his3) TATA independent hybrid promoter, consisting of UASG upstream of a Gendp
binding site (Brandl and Struhl 1990). Deletion analysis showed that the Reblp
binding site was necessary for activation, and that it behaved in a distance dependent

manner. This requirement for Reblp suggests a possible role for nucleosome
positioning allowing GCN4 to activate a TATA-less promoter.

1.7.5 Cpflp

Centromere Promoter Factor 1 was first purified as a 57-64kDa protein which bound
specifically to the CDEI sequence in centromeres (Bram and Kornberg 1987). A
CDE1 consensus sequence (Hieter ef al. 1985) was identified in the promoter of the
GAL?2 gene, and if the CDEI1 site was placed between the GALI UAS and TATA
sequence 1 a GALI::his3 fusion, transcription was repressed (Bram and Kornberg
1987). Thus Cptlp was the first of the group of proteins referred to as
multifunctional transcription factors to be identified. Other groups purified specific
CDE1 binding proteins with a surprising range of molecular weights, 16kDa, 58kDa,
37 and 64kDa (Ca1 and Davis 1989, Baker er al. 1989, Jiang and Philippsen 1989).
However these were found to be degradation products of the same protein when the
gene was cloned (Baker and Masison 1990, Cai and Davis 1990, Mellor et al. 1990).
The gene for Cpflp, which maps to chromosome X, has an open reading frame of
351 amino acids and encodes a 39.4kDa protein. Unlike the other multifunctional
transcription factors, Raplp, Abflp and Reblp, Cpflp is not encoded by an essential
gene. A strain of yeast in which CPF/ has been disrupted shows phenotypes of slow
srowth, chromosome loss and methionine auxotrophy. This suggests that Cpflp has
roles in both chromosome maintenance and in transcriptional regulation. However,
the CDE1 consensus sequence shows no transcriptional activation of a minimal
promoter reporter plasmid and does not show a synergistic effect when assayed 1n
conjunction with a T-rich DNA sequence (Mellor et al. 1990, Buchman and

Kornberg 1990).

Cpflp has been shown to bind to 1ts consensus binding site as a dimer (Mellor et al.
1990), for which the C-terminus of the protein 1s necessary. The C-terminus of
Cpflp contains two potential amphipathic helices preceded by a string of basic
amino acids, a bHLH motif (Cai and Davis 1990, Mellor et al. 1990), and also a
dimerisation domain situated C-terminal to the bHLH motif (Dowell et al. 1992).

The C-terminal 85 amino acids are sufficient for dimerisation and can be replaced
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with the leucine zipper dimerisation domain from USF, a human homologue of
Cptlp. The N-terminal 209 amino acids appear to be dispensible for Cpftlp function;
although this region of the protein contains two clusters of acidic amino acids, (Al
and A2 in Figure 1.3) these can be deleted without losing methionine prototrophy,

and with only a small increase in plasmid loss (Mellor et al. 1990).

Binding sites for Cpflp have been identified at centromeres and in promoters,
suggesting that the protein has at least two roles in the yeast cell. Attempts have been
made to separate the transcriptional and chromosomal functions of Cpflp. Mellor et
al. (1991) found that mutations reducing or abolishing the ability of Cpflp to bind to
DNA did not affect methionine prototrophy but did cause increased chromosome
loss, whilst PCR random mutagenesis of CPFI (Foreman and Davis 1993) produced
two classes of mutations. those which were more compromised for transcriptional
activation and those more compromised for chromosome loss. However, Masison et
al. (1993) tound that there was a correlation between the ability of mutant Cpflp to

support methionine independent growth and rescue chromosome loss and its affinity

for binding the CDE1 consensus.

That a cpf1 strain should be a methionine auxotroph suggests a role for Cpflp in the
regulation of methionine biosynthetic genes. Two CDEI sites were identified in the
promoter of MET25 and shown to be required for a high level of activated
transcription (Thomas et al. 1989), and Cpflp is also required for the transcription of
METI16 (Thomas et al. 1992). In these cases Cpflp does not appear to behave as a
conventional transcriptional activator, since it seems that the CDEI site is required
rather than of the protein itself (Kent et al. 1994). Whilst Thomas et al. (1992)
showed by Northern blotting in CPF1 and cpf/ strains that neither MET 16 nor
MET?2S was transcribed in the absence of Cpflp, Kent et al. (1994) used an RNase
protection assay to show that both MET16 and MET25 are expressed in a cpf! strain.
This anomaly can been explained by the fact that the conditions of growth used by
the two groups were different, and expression of METI16 and MET25 1s more
complex than just requiring Cptlp for activation. Both Met4p and Gendp play roles

‘o the induction of these genes in reponse to methionine starvation and to general

amino acid starvation (Thomas et al. 1992, O'Connell e? al. 1993).

One way in which Cpflp might affect transcription is through the modulation of

chromatin proteins, such as Spt21p which regulates histone biosynthesis (McKenzie

ot al. 1993). A screen to find high copy number suppressors of methionine
auxotrophy in cpfl yeast isolated a DNA sequence containing the 3'd element of Ty
1-17. This sequence can be used as a promoter by genes such as SPT21 and RPDI1.

When double disruptions were made eg cpfl/spt21, the double mutants were found
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to grow without methionine. That the strains could not complement the centromere

detects of cpfl strains again suggests distinct functions for regions of Cptlp.

The tamily of multifunctional transcription factors in yeast contains Raplp, Reblp,

Abtlp and Cpflp (Figure 1.3). These proteins share a number of features which
separate them from other yeast transcription factors. They are all abundant within the
cell, as might be expected from the fact that they each have many binding sites. All
four proteins have roles in the regulation of transcription as well as roles influencing
the structure of chromatin, and the importance of these proteins to Saccharomyces

cerevisiae 18 demonstrated by the fact that all except for Cpflp are encoded by

cssential genes.

The homologues of Abflp, Reblp and Cpflp have been cloned from Kluyveromyces
lactis by complementation (Goncalves et al. 1992, Morrow et al. 1993a, Mulder et
al. 1994) and Raplp has been cloned in the same organism by homology to a
subfragment of S. cerevisiae RAP1 (Larson et al. 1994). K. lactis diverged from 3.
cerevisiae about 108 years ago, and comparisons of the protein sequences from both
species can help to identify regions of functional importance. Abflp, Reblp and
Cpflp from K. lactis can functionally complement S. cerevisiae, but K. lactis Raplp
is unable to complement S. cerevisiae rapl® strains. This may be because the N-
terminal truncation of K. lactis Raplp has resulted in the loss of domains required
for interacting with S. cerevisiae proteins, or because the K. lactis protein does not
have an activation domain. Interestingly, K. lactis CPF1 is an essential gene. It is
possible that in . cerevisiae, other proteins have evolved to interact with Cpflp and
overcome the lethal effects of the gene disruption. Thus studying these proteins in

different yeast species may provide insights into domains to which no function has

yet been assigned.

1.7.6 yATE

The mammalian ATF/CREB family of proteins (Hai et al. 1983) bind an optimal
binding site TGACGTCA, known as the CRE (cAMP Response Element; Lin and

Green 1988). Each of the two halves of this palindromic sequence are likely to be
bound by a protein monomer (Sellers ef al. 1990). A yeast protein with the same
binding specifivity as ATEF was identified in yeast (Lin and Green 1989, Jones and
Jones 1989), and its binding site was shown to have the ability to activate
transcription. A potential yeast Activating Transcription Factor (YATF) binding site
has been identified in the PGK promoter (Lin and Green 1989). This potential yATE
binding site is a poor match to the CRE consensus as it contains only one half ot the
palindrome. However a member of the yeast ATF/CREB family has been shown to
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bind to such a sequence, containing only one half-site (Nehlin ef al. 1992), and so
turther investigation of the potential PGK site was undertaken in this work.

1.8 Aims of thesis

At the start ot this work the PGK promoter was known to consist of a basal
promoter, and UAS which bound the transcription factors Rap1p, Abf 1p and Gerlp.
A potential yATF binding site had also been identified at the 3' end of the UAS.
Deletions of transcription factor binding sites had been made from PGK constructs
on multicopy plasmids in order to investigate roles for the transcription factors
known to bind to the promoter. Since these transcription factors were identified after
deletion analysis of the promoter to find regions important for the activation of
transcription, one aim of this work was to carry out a systematic search of the
promoter with transcription factor consensus binding sites to see whether any other
factors interacted at this locus. If so, in vitro binding to the new sites would be

investigated.

The potential yATF binding site would be inserted into a minimal promoter plasmid
to look tor the ability to activate transcription, and a deletion of the potential binding
site would be made from a multicopy plasmid. Finally, the deletions of transcription
factor binding sites which had been made from multicopy plasmid contructs of PGK
would be introduced into the chromosomal PGK locus by homologous
recombination. This would allow the roles of the transcription factors to be

examined in the absence of artifacts such as high plasmid copy-number, interference

from plasmid sequences and plasmid chromatin structure.
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Chapter 2

Materials and Methods

Harbour Laboratory Press, Cold Spring Harbour, NY.).

2.1 Strains used 1n this work

E. coli

MCI1061: FraraD139 Alara-leu)7696 A(lac)X74 galU galK hsdR2 (rx-myx™t) mcrB1
rpsL (Str’)

BL2I(DE3): = ompT hsdSp (rg- mp™), with a A prophage carrying the T7 RNA
polymerase gene (Studier ef al. 1990)

Saccharomyces cerevisiae
DBY745: axadel-100 leu2-3 leu2-112 ura3-52

W303-1A: a ade2-1 trpl-1 canl-100 leu2-3, 112 his3-11, 15 ura3-52

R884-1C: a ade2-1 trpl-1 canl-100 leu2-3, 112 his3-11, 15 ura3-52 galll-313
YAG93: & adel-100 leu2-3 leu2-112 ura3-52 cpfl A10-351
YLP1: o adel-100 leu2-3 leu2-112 ura3-52 PGK A-463/-475

YLP2: o adel-100 leu2-3 leu2-112 ura3-52 PGK A-503/-516
YLP3: & adel-100 leu2-3 leu2-112 ura3-52 PGK A-552/-562
YLP4: o adel-100 leu2-3 leu2-112 ura3-52 PGK A-427/-415
YDS413: o ade 2-1 canl-100 his3-11 his3-15 leu2-3 leu2-112 trpl-1 ura3-1 rapl-4
YDS410: o ade 2-1 canl-100 his3-11 his3-15 leu2-3 leu2-112 trpl-] ura3-1 rapl-5
YDS409: o ade 2-1 canl-100 his3-11 his3-15 leu2-3 leu2-112 trpl-1 ura3-1 rapl-2

2.2 Bacterial Growth Media

LB:1% bacto-tryptone, 0.5% yeast extract, 1% NaCl (+1.5-2% bacto-agar for plates)
L.BAp: LB with 50ug/ml ampicillin

7 3 Yeast Growth Media

YPD (complete): 2% bactopeptone, 1% yeast extract, 2% glucose (+2% agar for

plates)
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>C (minimal): 0.67% yeast nitrogen base with no amino acids, 1% glucose (+2%

agar for plates). After autoclaving the SC media was supplemented with a rich amino
actd mix (100X stock: 0.2% adenine, 0.2% tryptophan, 0.2% histidine. 0.2%
arginine, 0.2% methionine, 0.3% isoleucine, 0.3% lysine, 0.5% phenylalanine, 1%

glutamate. 1% aspartate, 1.5% valine, 2% threonine. 4% serine) excluding either

leucine or uracil to maintain selective pressure for plasmids.

Buffered SC agar: SC-agar was made up to half of the required volume with water,
and then 0.2M sodium phosphate buffer pH7 was added to give the final volume.

After autoclaving amino acids were added as required, and finally X-gal was added
to give a final concentration of 40pg/ml.

0-FOA SC-agar: After autoclaving, SC-agar was allowed to cool to about 40°C
betore 0.003% leucine, 0.002% uracil, 0.002% adenine and 1mg/ml 5-FOA were

added.

2.4 Growth Conditions

Unless otherwise stated E. coli were grown at 37/°C 1n LB or LBAp, and yeast strains

were grown at 30°C 1n either YPD or SC medium.

2.5 Isolation of DNA from E.coli

2.5.1 Miniprep: 2ml LBAp was 1noculated with a single bacterial colony and grown
for 6-7 hours or overnight. 1.5ml cells was harvested at high speed for 2 minutes in a
MicroCentaur and resuspended in 100ul GTE (50mM glucose, 25mM TrisHCI,

10mM EDTA). 200ul NaOH/SDS (0.2M NaOH, 1% SDS) was added to lyse the
cells, followed by 150ul potassium acetate (3M K¥*, SM acetate). Precipitated

proteins were removed with a 5 minute high speed spin and 400ul supernatant
transferred to a fresh Eppendorf. [If the initial culture had been grown overnight the
supernatant was subjected to a phenol/chloroform extraction at this stage.] An equal

volume of ethanol was added and after a brief vortex, tubes were spun at high speed

for 5 minutes. The pellet of nucleic acid was resuspended in 20l water.

2.5.2 Midiprep: 40ml LBAp was inoculated and grown overnight to stationary phase.
Cells were harvested (4000rpm, 5 minutes) in a bench top centrifuge and
resuspended in 2ml GTE. 4ml NaOH/SDS was added and then 3ml potassium

acetate. After removing cell debris and precipitated proteins (4000rpm, 5 minutes),

7 5 volumes of ethanol were added to the supernatant to precipitate the nucleic acid

30



added, and left at 37°C for 15 minutes. Tubes were then heated to 70°C for 10
minutes with 20ul 10% SDS before two extractions with phenol/chloroform. DNA

was precipitated with 1ml ethanol containing 0.3M sodium acetate (EtOH/NaOAc)
washed with 70% ethanol, and resuspended at a concentration of 0.5-1 g/l

2.5.3 Large Scale Preparation of DNA from a Caesium Chloride Gradient: A 40 ml
culture of E. coli was treated as described above until the first precipitation of

nucleic acid. The pellet was then resuspended in 4.6 ml STE (10mM NaCl, 10mM
I'msAHCI pH 7.4, ImM EDTA). Gradients were made by adding 4.5g CsCl and 1801l

of 10mg/ml ethidium br<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>