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A bstract
The Serum Response Element (SRE) is a promoter element important in the
transcriptional regulation of many immediate early and muscle specific genes. Serum
Response Factor (SRF) and Ternary Complex Factor (TCF) form a complex at the c-fos
SRE.

TCF is phosphorylated on MAP Kinase activation resulting in activation of

transcription. In addition, a TCF independent pathway, dependent on RhoA signalling
and depletion of G-actin levels, activates transcription through SRF.

The sensitivity of SRF target genes to inhibitors of the actin pathway correlates with
the presence of a TCF binding site adjacent to the SRE. o,-fos and egr-1 promoters
have a TCF binding site adjacent to the SRE and are insensitive to the actin pathway,
vinculin and p-actin promoters do not have a TCF binding site and are sensitive to the
actin pathway.

In this study vinculin has been used to investigate whether the presence of a TCF
binding site is sufficient to render the SRE insensitive to the actin pathway. At the
vinculin promoter a TCF site alone is not sufficient to reduce the sensitivity to the actin
pathway inhibitor, Latrunculin B. This finding is in contrast to studies using the c-fos
promoter, which can be made sensitive to the actin pathway by the removal of the TCF
binding site (Murai and Treisman, 2002).

The promoter context of the SRE may

therefore be important in rendering a promoter insensitive to the actin pathway.
However, targeting an altered DNA binding specificity TCF molecule to the SRE can
inhibit the actin pathway at the vinculin promoter.

In addition, a 1-hybrid screen was conducted to identify factors capable of interacting
with SRF, to allow identification of the SRF co-activator of the actin pathway. A clone
was identified that is not the co-activator of the actin pathway, but which may have a
role in SRF mediated transcriptional activation.
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Chapter 1
1.1 Regulation of Transcription

It has been proposed that "gene regulatory circuits with virtually any desired
property can be constructed from networks of simple regulatory elements" (Monod,
1969). If one specific factor controlled every single gene one would have a paradox,
as the genome would need to be infinitely large. Transcription factors are never
expressed and controlled as specifically as their target gene.

However,

combinatorial interactions between transcription factors and specific DNA
sequences, allow a small number of transcription factors to culminate in a complex
transcriptional programme (See section 1.1.3), a tremendous array of distinct
developmental programmes is established by a genome of fixed size. The manner in
which promoters form a highly organised complex has been likened to a jigsaw
puzzle, promoter elements and regulatory proteins fitting together in a specific
orientation to culminate in the required transcriptional output.

This thesis will describe how the combination of transcription factors bound at a
promoter can dictate by which signals a gene is transcriptionally activated.

A

transcription factor bound to two different promoters may only be responsive to
signalling cascades at one promoter, either because of a conformational constraint or
because o f inhibition by other factors.

Serum Response Factor (SRF) is a

transcription factor important in the transcriptional activation of both immediate
early and cytoskeletal genes. SRF is able to tether a MAP kinase responsive ternary
complex factor (TCF) to the DNA, allowing MAP kinase signalling to culminate in
transcriptional activation, however SRF is also responsible for activating
transcription in response to RhoA activation. These two pathways appear to be
mutually exclusive. This thesis will describe whether the presence of a TCF binding
site adjacent to a SRF binding site can render a promoter insensitive to RhoA
activation.
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1.1.1 General Transcription
Genes are transcriptionally up regulated in response to specific signals to allow a cell
to adapt to its environment. This is inducible gene expression, which is a highly
complex process. The same signal reaching two different cells may cause a different
transcriptional response. In addition, the same transcription factor binding site may
have a different effect in the context of two different genes. These differences are
due to the combinatorial manner in which regulated transcription is controlled.

Regulated gene transcription involves the assembly of a multi-subunit complex at
the promoter region of a gene. In vitro the minimal protein apparatus required for
accurate transcription are the general transcription factors (GTFs) and the subunits of
polymerase II (reviewed in Chambon, 1975). However, in vivo transcription is a
highly regulated process. DNA is packaged into chromatin, which acts as a general
repressor, and there are many layers of regulation ensuing that transcription of any
gene occurs in a spatially and temporally regulated manner.

Initial stages of transcription include the remodelling of the chromatin at the locus of
the gene, allowing the entry of transcription factors to their binding sites.
Concomitantly, and sometimes prior to transcription factor binding, the histones of
the core promoter are post-translationally modified.

These modifications, which

include acétylation, result in a more open DNA template, DNA sequence is exposed
to transcription factors allowing their recruitment. Transcription factors bind in a
synergistic way to the promoter of the gene allowing multiple contacts to be made
between the transcription factors and the basal transcription machinery. Once the
basal transcription machinery is assembled at the promoter, clearance takes place,
and mRNA is transcribed.

Processes of mRNA capping, splicing, and

polyadenylation occur whilst transcription is proceeding

(for a review of basal

transcription see Lee and Young, 2000, for a review of co-transcription events see
Maniatis and Reed, 2002).
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1.1.1.1 The basal transcription machinery
Polymerase II is responsible for transcription of protein coding genes.

It must

receive regulatory signals from promoter specific activators, initiate transcription at
the correct location, euid elongate to the end of the gene.

The RNA polymerases were purified in the 1960s, but were incapable of initiating
transcription (for details see Young, 1991).

Factors that reconstituted efficient

transcriptional initiation by the purified RNA polymerases in vitro, were isolated by
cell fractionation studies (Matsui et al., 1980; Segall et al., 1980), and termed the
general transcription factors (GTFs). The basal transcription machinery can be
compared to the ribosome in the complexity of subunits fi*om which it is assembled.

Models initially proposed for the initiation of transcription required the step-wise
assembly of the pre-initiation complex (Reinberg et al., 1998), via the step-wise
addition of general transcription factors. This model requires 1) The recognition of
core promoter elements by TFIID, 2) Recognition of this TFIID complex by TFIIB,
3) Recruitment of a TFIIF/polymerase II complex, 4) recruitment of TFIIE and
TFIIH to the polymerase complex, 5) promoter melting. The first phosphodiester
bond can then be formed, the polymerase releases contacts with the initiation
complex and the mRNA transcript is elongated.

However, it has now been

established that many of these GTFs are found in complexes (for a review see Naar
et al., 2001 and references therein), their assembly at a promoter may not occur in a
step-wise fashion.

It is thought that the transcriptional activators recruit RNA

polymerase II to promoters in a holoenzyme form, a complex consisting of multiple
GTFs and associated factors.

TFIID consists of TBP (TATA binding Protein) and TAFs (TBP Associated
Factors). TBP binds to the TATA box of a promoter through the interaction of a
concave, saddle shaped, 10 stranded p-sheet with the minor groove of the TATA
element.

Above the concave P-sheet lie 4 a-helices which serve to mediate

interaction with the TAFs and with other GTFs and polymerase II (Bryant et al.,
1996; Nikolov et al., 1996). There is growing evidence that TAFs themselves can
recognise enhancer-bound activators and serve to recruit the transcription machinery

18

(Albright and Tjian, 2000).

The ability of both TBP and TAFs to recognise

promoter elements allows the recognition of diverse arrays of promoters.

1.1.2 Sequence specific transcription factors
The ability of transcription factors to bind to DNA in a sequence specific manner is
of prime importance for regulated transcription (for a review see Garvie and
Wolberger, 2001). Typically the region o f DNA contacted by a single DNA binding
domain is 4-10 bases long, and a-helices and antiparallel ^-sheets have ideal
proportions to bind to the major groove of B form DNA.

In certain cases

polypeptide loops extruding from a protein interact in a sequence specific manner
with DNA, the mechanism used by NF-kB and NFAT (Chen et al., 1998; Ghosh et
al., 1995). In more unusual cases a distortion in the conformation of DNA can allow
the binding of larger protein folds, such as that used for the general transcription
factor TBP (Nikolov et al., 1996). Transcription factors can also bind to the minor
groove of DNA, such factors include HMG-box containing transcription factors,
such as LEF-1 (Bewley et al., 1998), and the MADS box transcription factor SRF
(section 1.2.2).

Sequence specific transcription factors are usually organised in a modular fashion,
with a DNA binding domain and a separate activation domain (Brent and Ptashne,
1985).

The modular nature of transcription factors was exploited by Fields in

designing the 2-hybrid system, that allows identification of protein-protein
interactions in a yeast system (Fields and Song, 1989). DNA binding domains often
fall into a relatively small number of structural classes, but it is the modulation of
these structures that allow a large range of specificity in the sequence that
transcription factors bind to.

Common structural motifs of transcription factors

include helix-loop-helix structures, basic region leucine zippers and Zinc fingers
(Garvie and Wolberger, 2001).

1.1.2.1 The Helix-Loop-Helix
The helix-loop-helix motif comprises two a-helices (of 15-20 amino-acids) at a
fixed angle relative to each other, and connected by a loop (Murre et al., 1989). The
second o f the two helices is referred to as the ‘recognition helix’ as it makes
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sequence specific contacts with the major groove of DNA. In some cases the first
helix also makes sequence specific contacts with DNA. The HLH mediates homoor hetero-dimerisation, which is essential for DNA binding (for a review of Helixloop-helix proteins see Phillips, 1994). bHLH (basic Helix-Loop-Helix) proteins
have a basic region adjacent to the HLH domain which mediates binding to the ‘Ebox’ sequence of DNA (CANNTG) (Bexevanis and Vinson, 1993). Twist (Thisse et
al., 1987) encodes a bHLH transcription factor essential for multiple steps in
mesoderm development as described in section 1.1.5.4. (Furlong et al., 2001).

A sub-class of the helix-tum-helix family includes the winged helix-tum-helix
family (Donaldson et al., 1994), so called due to the presence of an additional
structural element C-terminal to the first helix, the 'wing', that also makes sequence
specific contacts with DNA. The Ets family of transcription factors fall into this
family (Liang et al., 1994; Sharrocks, 2001), of which the main DNA binding
elements are residues located in the third a-helix, in the ‘wing’ between p-strands 3
and 4, and in a loop between a-helices 2 and 3.

1.1.2.2 The Basic Region-Leucine Zipper (bZIP)
bZlP proteins consist of a long a-helix of approximately 60 residues, the C-terminus
having multiple leucine residues in phase to allow the formation of a leuzine zipper
between two molecules (Landschulz et al., 1988). The N-terminus of the helix is
splayed and interacts with the major groove o f DNA (Ellenberger et al., 1992). bZlP
proteins can bind DNA as a homodimer or heterodimer and the ability of these
proteins to heterodimerise allows diverse sequence specificity in DNA binding
(Kouzarides and Ziff, 1989).

Mafs are bZlP proteins which can both homo- and hetero- dimerise. Small Mafs
bind to MAREs (Maf Recognition Elements), but do not have a transcriptional
activation domain (Fujiwara et al., 1993). They must therefore heterodimerise with
a transcription factor containing an activation domain, or act as transcription
repressors (for a review o f Mafs, see Motohashi et al., 1997).
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1.1.2.3 The Zinc finger
The co-ordination of Zinc within a protein serves a structural role, the zinc itself
does not interact with DNA, The most common DNA binding element in the human
genome is the zinc finger (Lander et al., 2001). This structure consists of a relatively
short a-helix, 2 anti-parallel p-sheets followed by the co-ordinated Zn atom, the Zn
being co-ordinated by two cysteine and histidine residues, hence the term a
Cys2 His2 -Zn finger (Gibson et al., 1988). The short a-helix makes contacts inside
the major groove, but multiple Zn fingers are involved in the recognition of target
DNA sequences, a minimum of 2 fingers are needed for DNA binding. The binding
of transcription factor Spl to DNA requires 3 repeats of a zinc finger sequence
(Kuwahara and Coleman, 1990).

1.1.3 Combinatorial theory of gene transcription
The combinatorial model for activation of gene transcription was proposed to
explain how diverse transcriptional regulation programmes can be set up from
genomes of limited size (for a review see Chen, 1999).

Indeed, transcriptional

activation of eukaryotic genes in vivo often requires the co-ordinated binding of
multiple transcription factors to the promoter (Kim and Maniatis, 1997). Distinct
signal transduction pathways regulate individual transcription factors, allowing
multiple signalling pathways to feed into a given promoter. As many possibilities
exist to mix and match enhancer and protein modules, an endless number of unique
gene expression programmes can be achieved with a relatively small genome.

Transcription factors can bind in a co-operative manner to the promoter, and the
spatial arrangement of the factors is often extremely important. Each individual
transcription factor makes contacts with specific regions of the basal transcription
machinery, and hence the transcription factors must be bound in such a way that
these interactions are maximised.

c-fos is an immediate early gene with multiple transcription factor binding sites
within its promoter, as vyill be discussed in section 1.2 and shown in Fig 1.1. The
promoter o f this gene has a sis inducible element (SIE), which is responsive to
multiple extracellular signalling molecules, such as PDGF (Wagner et al., 1990), a
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serum response element (SRE) (Treisman, 1986), which is responsive to growth
factors (see Section 1.2.4), and a cAMP responsive element (CRE) which is
responsive to increases in cAMP on G protein activation (for a review see Shaywitz
and Greenberg, 1999).

c-fos is not alone in having multiple transcription factor binding sites, in fact it is
unusual for a promoter to be regulated solely by one element.

The human

metallothionein promoter, for example, has binding sites for API, steroid hormones
(Glucocorticoid Response Element - GRE), and elements responsive to the presence
of heavy metals; Metal Response Elements (MREs). The promoter elements of the
metallothionein gene allow activation of the gene by a wide variety of stimuli,
independently of the state of other promoter elements.

However, there is often

interdependence between transcription factor elements within a promoter. The c-fos
gene has often been likened to the metallothionein gene in the ability of individual
promoter elements to activate the gene, however Robertson and co-workers
(Robertson et al., 1995) have shown there is a certain interdependence between the
promoter elements in vivo (for a discussion see section 1.2).

Interdependence

between transcription factors is exemplified by the interferon-p enhanceosome
(section 1.1.3.2).

1.13.1 The Enhanceosome
In the case of the interferon p (IFNP) and T-cell receptor a (TCRa) promoters it has
been shown that specificity of transcriptional activation is achieved from the
formation of a higher order three-dimensional structure, formed from the interaction
of multiple transcription factors, and presenting a complex surface to the basal
machinery (Giese et al., 1995; Thanos and Maniatis, 1995). The requirement for a
particular arrangement of transcription factors ensures that transcriptional activation
is a tightly controlled temporally and spatially specific process, and due to the
requirement for multiple factors diverse patterns of regulation are achieved. These
complexes require a specific arrangement of transcription factors within the complex
and hence the position of individual enhancers at the promoter is critical. The higher
order DNA protein complex is termed an enhanceosome (Thanos and Maniatis,
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1995), and is facilitated by multiple protein-protein and protein-DNA interactions
(for a review see Merika and Thanos, 2001).

The enhanceosome can be considered to act as a transcriptional switch, not until all
of the individual factors are present can transcription proceed.

Even when several

transcription factors are bound, they cannot act in a combined manner to activate
transcription.

It is the surface structure of the complete complex that forms an

interaction surface with the basal machinery.

1.1.3.2 IFN-P enhanceosome
The interferon-P (IFN-P) gene is normally silent but can be induced to high levels in
response to virus (Maniatis et al., 1998). The induced expression of this gene has
become a paradigm for understanding how enhanceosomes function (Struhl, 2001;
Thanos and Maniatis, 1995). The use of chromatin immunoprécipitation has been
critical in identifying histone modification patterns, and characterising patterns of
transcription factor binding.

The IFN-p promoter contains four activator binding sites, sites for NF- kB, IRF,
ATF/Jun families and HMGI(Y) see Fig 1.2 (Thanos and Maniatis, 1995). When
these factors are bound in isolation to the promoter transcription does not proceed.
Occupation of the promoter by two or more of these separate transcription factors
can render the promoter inducible to virus, but the activation is not efficient, and the
promoter is rendered inducible by factors other than virus that do not activate the
wild-type promoter (Maniatis et al., 1998; Munshi et al., 1998; Thanos and Maniatis,
1995). The enhanceosome of the IFN-P gene is a complex arrangement that only
forms under precise environmental conditions.

Following cellular exposure to virus NF-kB binds to the promoter, followed by the
binding o f ATF-2, then IRF-3 and Jun, and finally IEF-7. The enhanceosome is
complete around 4 hours post-virus exposure. The enhanceosome is then able to
recruit the histone acetylase Gcn5, which acetylates adjacent nucleosomes. Shortly
after the recruitment o f Gcn5, CREB Binding Protein (CBP) is recruited to the
enhanceosome. Once CBP is bound to the complex structure of the enhanceosome
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the polymerase II holoenzyme is recruited. This is followed 1-2 hours later by the
chromatin remodelling machinery of the Swi-Snf complex, which disrupts the local
chromatin structure and allows the recruitment of TFIID, transcription is then
induced (Agalioti et al., 2000).

It is the role of the IFN-P enhanceosome in

recruitment of chromatin remodelling factors that is critical for transcriptional
induction (Agalioti et al., 2000; Lomvardas and Thanos, 2002).

The activation of the IFN-P gene is transient, and this transience is largely due to the
role of HMGI(Y). HMGI(Y) is an architectural protein, it induces conformational
changes in DNA and makes several protein-protein interactions leading to the stable
enhanceosome 3-D structure (Falvo et al., 1995).

It was found that complexes

formed in the absence of HMGI(Y) are unstable, and that HMGI(Y) can induce the
formation of a stable complex when the cellular levels of the individual factors are
limiting, by aiding co-operative binding (Kim and Maniatis, 1997). Recent data
suggests that acétylation o f HMGI(Y) plays a key role in the assembly and
disassembly of the enhanceosome. Acétylation of HMGI(Y) by CBP decreases the
stability of the enhanceosome, shutting off transcription (Munshi et al., 1998). In
contrast, acétylation of HMGI(Y) by Gcn5/pCAF strengthens the enhanceosome
structure, and prevents the premature disruption of the enhanceosome by inhibiting
the acteylation by CBP (Munshi et al., 2001).

The IFN-p promoter is not unique in requiring the step-wise formation of a complex
structure before transcription can proceed, however it as yet unknown what
percentage of promoters require the assembly of an enhanceosome.

The T-cell

receptor a (TCR-a) promoter requires the lymphoid specific HMG-domain protein
(LEF-1) to orchestrate transcription factor binding, through its ability to distort the
DNA conformation (Giese et al., 1995).

The complex is bound to the TCR-a

promoter in the presence of LEF-1, however, it is unable to activate transcription
until the recruitment of a T-cell stage specific (double-positive) transcription factor
(Spicuglia et al., 2000). The TCR-a enhanceosome is acting as a transcriptional onoff switch, where the developmental stage specific transcription factor is required to
turn the promoter on, even though in its absence other active transcription factors are
bound to the promoter.
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It is not clear at present whether an enhanceosome structure is required at the c-fos
promoter for maximal transcriptional induction. However, factors are present at this
promoter prior to growth factor stimulation (Herrera et al., 1989), and hence it could
be predicted that the role of signalling pathways is to complete the orchestration of a
specific structure to allow transcription to proceed.

Work is needed to address

whether formation of an enhanceosome is a general requirement at multiple
promoters, or whether it is a specific regulatory mechanism at a small proportion of
promoters.

1.1.4 Transcription from a chromatin template
Within the cell histones are assembled onto DNA forming a nucleosomal ‘beads on a
string’ structure, which is then packaged into higher order chromatin structure
(Komberg, 1974, and see Felsenfeld and Groudine, 2003 for a review).

The

packaging of DNA is important in folding long lengths of DNA within the nucleus,
however the packaging is highly ordered and dynamic to allow the transcription
machinery regulated access to promoters. It is generally accepted that chromatin
higher order structures have a role in regulated transcription (Weintraub and
Groudine, 1976), a concept supported by several experiments using S.cerevisiae
(Wyrick et al., 1999). On reduction of Histone H4 levels in S.cerevisiae by 50%,
15% of genes show increased expression levels, and 10% of monitored genes are
down regulated (Wyrick et al., 1999). In addition, it was found that in a yeast strain
lacking the functional chromatin remodelling complex SWI/SNF, 6% of yeast ORFs
were regulated differently to the wild type strain (Sunarsanam et al., 2000).
Chromatin structure clearly has a role in regulating transcription.

A nucleosome consists of a protein octamer, made up of two copies of each of the
histones H2A, H2B, H3 and H4 (Komberg, 1974) and the linker histone HI. Each
histone consists of a central globular region consisting of a central 3-helix domain,
the histone fold (Arents and Moudrianakis, 1995), which allows the dimérisation of
H2A-H2B and H3-H4.

The histones have an N-terminal tail, which contains

multiple sites that are subject to multiple post-translational modifications. The 2.8 A
resolution crystal stmcture of the nucleosome show that the histone tails are ordered.
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and are involved in nucieosome-nucleosome interactions (Luger et al., 1997),
suggesting they play a major role in organising the higher order structure of
chromatin. The histone tails are subject to post-translational modification, which
serves as a regulatory mechanism for accessibility of nucleosomal DNA to
transcription factor binding (see section 1.1.4.2).

This octamer organises around 200 base pairs of DNA, the core octamer consists of
146 bp of DNA wrapped slightly less than two times around the protein core. In
addition, a linker piece o f DNA ranging from 15 to 55 bp makes up the roughly 200
bp repeating nucleosome structure. The linking of nucleosomes through HI allows
the formation of a helical array o f nucleosomes, the solenoidal 30nm fibre (Finch
and Klug, 1976).

These fibres can be folded into loops forming higher order

structures. The present view of regulated transcription from a chromatin template
focuses on the positions of nucleosomes in relation to DNA sequence, how
nucleosome positions are modulated, and the role of histone tail modifications.

There is strong correlative evidence linking the chromatin structure at a particular
locus and its state of transcriptional activity. There is a global genomic level of
chromatin structure; for example telomeric regions are repressive to transcription
due to the highly ordered structure of chromatin. There are also promoter specific
chromatin structures due to the recruitment of specific chromatin modifiers. At the
previously described IFN-P promoter (see section 1.1.3.2) enhanceosome assembly
leads to histone octamer eviction (Agalioti et al., 2000), chromatin is remodelled
over the TATA box, and virus induction of the gene leads to proximal promoter
hyperacetylation of histones H4 tails and H3 tails (Parekh and Maniatis, 1999).

It is thought that chromatin progresses from an inactive, repressed state, to an active
transcriptionally competent state in an ordered step-wise manner (Agalioti et al.,
2000; Cosma et al., 1999). The recruitment of the first factor causes a change that
recruits the second factor; this process continuing until a pre-initiation transcription
complex is assembled.

The chromatin ‘ground’ state of an individual promoter

region is different, and can even depend on cell type. In yeast the HO endonuclease
promoter is dependent on chromatin re-modelling for expression of the
endonuclease, yet expression only takes place in mother cells due to the presence of
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the repressor Ash Ip in daughter cells.

Swi5p enters the nucleus at the end of

anaphase, and is able to recruit the chromatin remodelling complexes Swi/Snf, and
then GcnSp. However, in daughter cells Ash Ip binds to the HO promoter shortly
after SwiSp and prevents recruitment of the chromatin remodelling complexes
(Tanaka et al., 1997).

Chromatin changes that take place prior to transcriptional activation include
chromatin remodelling and the post-translational modification of histones.

1.1.4.1 Chromatin remodelling
Chromatin remodelling involves the ATP-dependent re-positioning of nucleosomes
along a length of DNA to reveal binding site for transcription factors (Imbalzano et
al., 1994). Remodelling of the chromatin at a promoter can increase hypersensitivity
to DNase I digestion (Tsukiyama et al., 1994). It is apparent that chromatin
remodelling complexes are involved in transcriptional repression in addition to
activation, remodelling can establish a chromatin architecture at a promoter that
precludes the access of transcription factors to their cognate binding site (Wolffe et
al., 2000). When a microarray study was conducted using a yeast strain deleted for
the SWI/SNF chromatin remodelling complex 6 % of yeast ORFs were affected
(Sunarsanam et al., 2000). Some genes were de-repressed, such as PH08 (Gregory
et al., 1999) and the HO endonuclease.

Chromatin remodelling factors are multi-subunit complexes with an ATPase domain
containing factor at their centre, the ATPase domain having homology to that of
DNA dependent helicases, although the complexes do not show helicase activity
(see Fyodorov and Kadonaga, 2001). The chromatin remodelling complexes are
thought to function by generating localised twists in DNA (Quinn et al., 1996). The
SWI/SNF chromatin remodelling complex was shown to be capable of generating
superhelical torsion in DNA, in an assay that required the extrusion of a cruciform
structure from a strand of DNA, and this activity was dependent on ATP (Havas et
al., 2000). It is as yet unknown how the superhelical tension generated remodels
nucleosomes, but this tension could affect the DNA-histone interaction, either
causing the DNA to peel away from the histone octamer, or causing a simple
rotation o f the nucleosome on the DNA (Varga-Weisz, 2001).
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1.1.4.2 Histone modifications - HATs
A correlation between histone acétylation and increased transcriptional activation is
well established (Allfrey et al., 1964), and constitutively inactive heterochromatin is
known to be hypoacetylated (Hebbes et al., 1988). It is now becoming apparent
however, that modifications of histone tails other than acétylation play a major role
in the regulation of chromatin structure, and hence the activity of transcription at a
particular loci.

Post-translational modifications of méthylation, phosphorylation,

and ubiquination have been observed at the histone tails (see Berger, 2001 for a
review), although our understanding of the role of acétylation in the regulation of
transcription is the furthest advanced.

The substitution of arginine for lysine residues at histone H4 tails, prevents
acétylation and severely reduces the transcription of inducible genes in yeast (Durrin
et al., 1991).

Later studies show that positive transcriptional activators possess

acetyltransferase activity, such as the yeast factor Gcn5 (Brownell et al., 1996), and
that this activity is critical for transcriptional activation (Kuo et al., 1998). Similar
observations have been made in mammalian cells, with the identification that the
transcriptional co-factor p300/CBP is a histone acetyltransferase (HAT) (Bannister
and Kouzarides, 1996).

p300/CBP has been shown to bind to many sequence

specific transcription factors and cause acétylation of nearby histone tails.

A

dominant negative version o f the transcription factor IRF-3, which cannot associate
with CBP, results in the abolishment o f transcription of the IFN-p gene (Parekh and
Maniatis, 1999).

The role of acétylation and chromatin remodelling in transcriptional activation of
target genes is emerging through careful analysis of the timing of chromatin
modification in relation to gene induction (Umov and Wolffe, 2001).

The HO

endonuclease of yeast has a major role in yeast mating type switching, a highly
controlled process, requiring this gene to only be switched on at a very specific time
point in an appropriate cell lineage (Nasmyth and Shore, 1987).

The use of

chromatin immunoprécipitation in a highly synchronised cell population has
established that the first step to transcriptional activation is the binding of SwiSp to
its binding site at the HO endonuclease promoter.
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Swi5p then recmits the

chromatin-remodelling

machinery

SWI/SNF,

which

induces

DNAse

I

hypersensitivity, and then SwiSp leaves the promoter (Cosma et al., 1999). This is
followed shortly by the recruitment of both the GcnSp and the transcriptional
activator Swi4p/Swi6p.

The recruitment of GcnSp causes a promoter-proximal

hyperacteylation of histone tails (Krebs et al., 1999), and transcription initiation
proceeds.

The requirement for chromatin remodelling and acétylation of histone tails in an
ordered sequence is seen in mammalian cells in addition to yeast systems. In the
case of the mouse mammary tumour virus long terminal repeat (MMTV LTR)
promoter the binding of the liganded glucocorticoid receptor allows the recruitment
of the SWI/SNF chromatin remodelling complex, and a HAT (Wallberg et al.,
2000). Once the chromatin has both been remodelled and histone acétylation has
taken place, the transcriptional activator NF-1 is recruited and transcription
proceeds.

The presence o f Swi5p at the HO promoter is transient, however at the

glucocorticoid receptor promoter the presence of the liganded glucocorticoid
receptor is extremely transient, and is thought to bind and leave the promoter within
seconds (McNally et al., 2000).

1.1.4.3 Histone Deacetylases (HDACs)
For the acétylation of substrates, such as histones, to be acting as a signal, the acetyl
group must be removed once the signal is no longer required. As in the cases of
kinases acting in concert with phosphatases, acetylases must work in combination
with deacetylases (for a review see Kouzarides, 2000; Kouzarides, 1999). However,
deacetylation may be more than simply a reversal of acétylation, it may help in
ordering a repressive chromatin structure.

HDACs are not thought to have a large degree of substrate specificity, but they are
found in a complex with transcriptional repressors, and these repressors are the
specificity determining factors. For example, the yeast transcriptional factor Ume6p
is able to recruit the Rpd3p HD AC to several promoters, including the INOl
promoter where approximately 2 nucleosomes adjacent to the TATA element
become markedly deacetylated (Rundlett et al., 1998).
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1.1.4.4 Multiple post-translational modification of histone tails
Acétylation is the most prolifically studied histone modification, however current
studies are focusing on the relevance of other histone modifications in regulated
transcription. Histone H3 is a substrate for the MAP Kinase effector RSK-2
(Sassone-Corsi et al., 1999), and H3 has also been reported to be a substrate of the
kinase MSK (Thomson et al., 1999).

Mahadevan and co-workers have shown

stimulation of quiescent mammalian cells with epidermal growth factor (EGF)
causes a phoshorylation of histone H3 by Rsk-2 kinase, in addition to the induction
of immediate early genes, such as Q-fos (Barratt et al., 1994; Clayton et al., 2000;
Mahadevan et al., 1991; Thomson et al., 1999). Acétylation and phosphorylation are
found in combination at active promoters (Cheung et al., 2000).

And further,

Alberts and co-workers showed that specific signalling cascades are needed to
induce expression of chromosomal reporter genes through induction of histone
acétylation (Alberts et al., 1998). For a review of histone modifications see Berger
et al.,

2 0 0 1

.

A model is arising whereby a series of modifications encode a message of activation
or repression. Modification to the histone tail may occur in a specific order, and one
modification may preclude, or promote, an additional modification on a nearby
residue, this theory has been referred to as The histone code’ (Strahl and Allis, 2000;
Turner, 1993). Strahl and Allis propose this theory based on the proximity of the
sites o f modification on the histone tail, one would imagine that rates of enzyme
action would be affected by the prior state of the histone tail. However, by the use
of pharmacological inhibitors Barratt and co-workers found no evidence that
phosphorylation of histone tails sensitised the tails for acétylation events, or that
acétylation sensitised the tails for phosphorylation events (Barratt et al., 1994). The
same nucleosomes were both hyperacetylated and phosphorylated simply due to
their position on the chromosome.

In addition, Thomson and co-workers

investigated the role of both acétylation and phosphorylation at the o,-Jun promoter.
It was found that induction lead to an increase in both acétylation levels, and
phosphorylation of Histone H3 on serlO.

However, these modifications were

independent of each other. Kinase inhibitors did not affect increases in acétylation,
and inhibitors of HDACs did not result in increased phosphorylation levels.
Activating stimuli target both HATs and kinases to the nucleosome tails, however at
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this promoter the modification of one residue does not render another residue subject
to modification (Thomson et al., 2001). Specific modifications are characteristic of
an activated promoter, however whether the modifications are found together may
depend on the activating signal, and the specific promoter.

Two families of proteins vsdth histone methyltransferase activity have been isolated;
one family is able to methylate lysine residues, of which the H3 specific nuclear
receptor coactivator-associated protein, CARM-1 (also called PRMT4) is a member.
The other family methylates arginine residues, one family member being the
Drosophila heterochromatic protein Su(var)3-9. Mutation of the SAM-binding
domain (the enzyme co-factor S-adenosyl-L-methionine) of CARM-1 leads to a
decrease both in the methyltransferase activity and transcriptional activation (Chen
et al., 1999), illustrating a strong correlation between methyltransferase activity and
transcriptional activation.

Su(var)3-9 contains a SET domain (Rea et al., 2000), which has been recognised in
multiple proteins with histone methyltransferase activity, although its role has yet to
be determined.

Su(var)3-9 is knovm to have a role in the formation of

heterochromatin. It is thought that the removal of acetyl groups by HDACs on H3K9 and H3-K14 allows the méthylation of H3-K9 by Su(var)3-9, this méthylation
then acts to recruit factors important in the formation of heterochromatin, such as
HPl/Swi 6 . In contrast, it has been shown that a histone methyltransferase interacts
with p300/CBP (Vandel and Trouche, 2001), suggesting that méthylation can also
play a positive role in transcriptional activation.

It is possible that it is the

combination of modifications at the histone tails that is recognised by factors
involved in transcriptional control.

The histone code predicts that functional domains of proteins involved in
transcriptional activation and repression recognise different histone modifications,
and it is emerging that multiple modifications are present at any one time, and may
be able to dictate what modifications can follow, allowing a high level of specificity
in histone recognition. However, it is also clear that modifications of histone tails
can occur independently at a given promoter (Thomson et al., 2001), and there is no
current evidence that enzymes that post-translationally modify histone tails are
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dependent on prior modification of the histone tail. It is intriguing that there are
multiple post-translational modifications found at histone tails, multiple cellular
machines that carry out these modifications, and a highly dynamic characteristic to
these modifications. The implications for signal regulated transcription is evidently
great.

1.1.5 Regulated Transcription
It is clear that a promoter is not simply a length of DNA with proteins bound to it, as
early models of regulated transcription may have predicted.

The chromatin

structure, and nature of post-transitional modifications of histones, are important in
determining the ability of transcription factors to access their cognate binding sites.
In addition, multiple transcription factor interactions take place at a promoter.
Transcription factors interact with one another, to provide a complex interaction
surface with the basal machinery. At particular promoters, the factors that bind to
the promoter act like a switch, and only when they are all assembled can the
transcription machinery be recruited, as in the case of the IFN-P enhanceosome
(section 1.1.3.2). At other promoters, individual transcription factors bound to their
cognate binding site can interact with co-factors and the transcription machinery, in
such a way as to allow the promoter to be activated by multiple signal pathways, as
in the case of the metallothionein promoter (section 1.1.3).

Transcription factors themselves are subject to regulation and modes of regulation
differ substantially between different factors.

Several transcription factors are

regulated by post-translation modification, others are regulated by sub-cellular
compartmentalisation. Some are only present in the cell at specific times, either
because their expression is tightly controlled, or because they are degraded unless
specific signals are present. The variety of regulatory mechanisms is diverse; the
following sections give a flavour of regulatory mechanisms of induced transcription.

1.1.5.1 Activation of transcription by post-translational modification;
Phosphorylation
The TCFs Elk-1 and SAP-1 are Ets domain transcription factors, which binds to the
c-fos SRE in combination with SRF (see section 1.2.3). Activation of the Ras-Raf-
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MAP kinase by extracellular growth factors culminates in the phosphorylation of
TCFs on multiple serine and threonine residues, and result in transactivation (Marais
et al., 1993). The TCFs are nuclear proteins, and are bound at the Q-fos SRE in the
absence of growth factor signal (Herrera et al., 1989). MAP kinases translocate into
the nucleus on activation and phosphorylate TCFs.

Elk-1 is targeted by the ERK and JNK kinases (Yang et al., 1998), SAP-1 is targeted
by ERK and p38 (Ducret et al., 2000). The ability of the TCFs to be phosphorylated
by several different kinases allows a response to a wider range of signalling
pathway. The ability of individual TCFs to be activated by a slightly different subset
of kinase is due to differences in the motif known as the D-domain (see BarsyteLovejoy et al., 2002, and references therein), which is the domain of the substrate
recognised by the kinase. That the different TCFs have different D-domains may
have interesting implications in signal specificity of gene induction by TCFs. It is
known that there is a slightly different sequence specificity of different TCFs to bind
DNA (see Verger and Duterque-Coquillaud, 2002 and references therein). It is as
yet unclear whether the sequence specificity of individual TCFs has a functional
role, as at physiological concentrations of TCF in the presence of its co-factors, such
as SRF, there is little difference in binding affinity to particular sites (see section
1.2.3).

The TCFs are therefore transcription factors that are regulated by phosphorylation.
The kinase translocates into the nucleus on activation and phosphorylates the TCF
molecule.

Phosphorylation allows transactivation via recruitment of factors

involved in the transcription process, in the case of the TCFs it is not clear what
factors are recruited. On phosphorylation of CREB however, it is the co-activator
CBP/p300 that is recruited (Chrivia et al., 1993).

Phosphorylation is a common transcription factor post-translational modification
that results in activation. The bZIP protein CREB, which is also known to bind to
the c-fos promoter (see section

. ) is phosphorylated by a number of kinase

1 2

including PKA, CaMKJV, Rsk, and MAPKAP-K2 (reviewed by De Cesare et al.,
1999), which allows recruitment of CBP/p300 (Chrivia et al., 1993), thereby
activating transcription. Phosphorylation can also regulate NLS accessibility, either
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directly, as in the case of NFAT 4, where the cytoplasmic un-activated form of the
protein is heavily phosphorylated, on calcium influx into the cell calcineurin binds to
NFAT, NFAT becomes dephosphorylated, and enters the nucleus allowing
transactivation (see Holmberg et al., 2002).

Or, the NLS of a protein can be

regulated indirectly by phosphorylation, as in the case of NF-kB which is held in the
cytoplasm by IkB, until IkB is phosphorylated and then degraded (see section
. .5.2).

1 1

Phosphorylation is not the sole post-translational modification used to control
transcription factor activity.

Transcription factors can be methylated (Stallcup,

2001), acetylated (Bannister and Miska, 2000), and ubiquitinated (Desterro et al.,
2000).

1.1.5.2 Regulation of transcription by transcription factor sub-cellular
compartmentalisation
NF kB is a transcription factor involved in the up-regulation of genes predominantly
involved in immune responses, and also in proliferation and apoptosis. There are
five different DNA binding subunits of this factor (see Perkins, 2000 for a review),
which all contain a Rel homology domain, a DNA binding domain, and an IkB
interaction domain. NF kB interacts with Ik B, and by its association is retained in
the cytoplasm. On activating signals, such as virus infection, Ik B is phosphorylated
by IKK (I kB kinase), which results in ubiquitination and subsequent degradation of
IkB (see Stancovski and Baltimore, 1997, and references therein).

degradation NF

kB

On I kB

translocates into the nucleus and induces transcription. It is

apparent that NF kB is regulated in additional ways, reports have suggested NF kB
sub-units are phosphorylated (Wang and Baldwin, 1998), and additional reports
show that Akt increases the ability of NF k B to transactivate (Sizemore et al., 1999).
This transcription factor can be regulated at multiple levels, however control of subcellular localisation is a critical regulatory mechanism.

1.1.5.3 Regulation of transcription factors by degradation
The Wnt/p-catenin pathway leads to expression of cell cycle associated genes, such
as c-myc and cyclin D l, and the deregulation of this pathway is strongly associated
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with colon carcinoma. In the absence of Wnt signals cytoplasmic pools of p-catenin
are low, due to targeted degradation, p-catenin is found in a cytoplasmic complex
consisting of the scaffolding proteins axin and adenomatous polyposis coli (APC), in
addition to the serine/threonine kinase glycogen synthase kinase 3 (GSK-3). GSK-3
phosphorylates p-catenin at its N-terminus, which targets P-catenin for degradation
via the ubiquitination pathway. In the presence of the ligand, Wnt, the frizzled
receptor is activated, which activates the cytoplasmic protein Dishevelled (Dsh).
Activated Dsh destabilises the p-catenin-axin-APC-GSK-3 complex, this prevents
the phosphorylation, and hence degradation of p-catenin, which then translocates to
the nucleus to activate transcription. In the nucleus p-catenin interacts with the
transcription factor Tcf/Lef-1 and results in transcription of a plethora of genes. It is
not known exactly how p-catenin activates transcription, however it has been
hypothesised that it acts a chromatin remodelling factor (for a review of the Wnt
pathway see Sharpe et al., 2001).

In the case of NF kB, degradation of a factor allows the sub-cellular relocation of an
active transcription factor. In the case of p-catenin, it is the transcription factor itself
that is degraded. Activating signals, or deregulation of the pathway as in the case of
colon carcinoma, result in the stabilisation of p-catenin and gene induction.

1.1.5.4 Regulation of transcription factors by expression
Transcription programmes play a major role in development. Specific patterns of
transcription factor expression can determine developmental fate. This has been
particularly well studied in Drosophila, where mutations in developmental pathways
can be recognised and the corresponding genes analysed. The dorsal-ventral axis of
the fhiit fly is largely determined by the gradient of the active transcription factor
Dorsal (Steward et al., 1984; Thisse et al., 1991), which is homologous to NF
(Thisse et al., 1991).

kB

Toll, is a maternal effect gene, which encodes a

transmembrane receptor (Hashimoto et al., 1988). A gradient of active Toll is set up
along the dorsal-ventral axis, with the highest levels of activity at the ventral region.
Dorsal, the downstream activator of the Toll pathway is therefore activated most
strongly at ventral regions, and is not activated at dorsal regions. Dorsal is regulated
in a similar manner to NF

k B;

at dorsal regions Dorsal is located solely in the
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cytoplasm, whereas in ventral regions Dorsal is nuclear. An IkB homologue, Cactus
(Ray et al., 1995), interacts with Dorsal to restrict it to the cytoplasm, but on cactus
phosphorylation Cactus and Dorsal disassociate and Dorsal translocates into the
nucleus (Reach et al., 1996). For a review of the Dorsal transcription factor see
Strathopoulos and Levine, 2002.

The concentration gradient of active Dorsal leads to differential gene activation. At
highest concentration of active Dorsal the twist gene is activated (Thisse et al.,
1991).

At lowest levels o f Dorsal activation the decapentaplegic (dpp) gene is

activated (Ray et al., 1991). Activation of twist specifies mesoderm (Thisse et al.,
1987).

Activation of Dpp specifies dorsal structures (Hoffman and Goodman,

1987). Regions of the embryo where the activity of Dorsal is too low to activate
twist, and too high to specify Dpp, neurogenic ectoderm is specified (Jackson and
Hoffmann, 1994).

A gradient of an activated receptor therefore leads to a transcription programme
whereby at certain regions some genes are activated and other genes are inactive.
The transcription factor Twist is only expressed at those regions of the embryo that
Avill become mesoderm.

Microarray gene expression profiles of loss-of-function

Twist embryos, and embryos with ubiquitous expression of Twist, has shown that
the difference in expression profiles is marked (Furlong et al., 2001). A gradient of
activation of one transcription factor. Dorsal, causes a gradient of expression of
specific transcription factors.

1.1.5.5 Study of regulated transcription at a global level
In the preceding sections the mechanisms whereby transcription factors are regulated
has been touched upon. However, technical advances are allowing a more global
view of regulated transcription, as described for the expression of Twist controlled
genes.

The study of individual transcription factors and promoters has yielded a wealth of
knowledge as to the mechanisms by which transcription programmes are initiated,
and the mechanisms in place to maintain specificity of regulation. Multiple proteinprotein and protein-DNA interactions take place at a promoter to allow genes to be
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activated/repressed on multiple signals, and yet avoid the regulatory regression
paradox, whereby to regulate one gene one would require a multitude of other genes,
and therefore require an unlimited genome.

1.1.5.6 Microarrays; study of transcription programmes
The complexities of protein-protein and protein-DNA interactions will require new
methods of study to understand regulated transcription at a global level. The use of
microarrays has gone some way to address global transcription regulation.
Microarrays work by hybridisation of labelled RNA or DNA in solution to DNA
molecules attached at specific locations on a surface. For example, mRNA from a
specific cell type under specific conditions can be assessed against mRNA fi-om the
same cell type under different conditions, to look at differences in gene expression
profiles of the cell. For a review of microarrays see Lockhart and Winzeler, 2000.

Studies using yeast have been particularly successful as it has a small genome, and a
low frequency of alternative splicing.

It is also possible to synchronise yeast

populations, and in addition mutant yeast strains are readily available.

Spellman

and co-workers used microarray analysis to comprehensibly identify all cell cycle
regulated genes (Spellman et al., 1998). Likewise, Simon and co-workers analysed
gene expression profiles of key cell cycle activators, and showed how transcription
factors of one stage o f the cell cycle activate transcription of transcription factors
which act at the next stage (Simon et al., 2001). In addition, microarray analysis has
lead to interesting observations in mammalian cells; Iyer and co-workers observed
changes in gene expression on serum stimulation of human fibroblasts (Iyer et al.,
1999).

It was noted that there was a co-ordinated regulation of genes whose

products act in a common process, and that the immediate response to serum was the
induction of genes that encoded transcription factors. The potential uses of this
technology are vast, and may be particularly valuable in diseases such as cancer,
where classification o f the effect of a genetic lesion may allow a tailored treatment.

1.1.5.7 Predicting the ability of transcription factors to bind to a specific
promoter
Ren and co-workers used a modified DNA microarray analysis to identify the
promoters bound by two yeast transcription factors (Ren et al., 2000). The technique
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involved a chromatin immunoprécipitation step, followed by labelling of the
amplified DNA, and subsequent hybridisation to a microarray of yeast intergenic
DNA. This technique would be of great interest to general studies of the promoters
associated with specific transcription factors. However, it may be difficult to use
this type of study in higher organisms where there is large amount of intergenic
DNA. The use of smaller genomes, with less intergenic regions however, such as
that of puffer fish, will give an increased understanding of the binding constraints for
specific factors in higher organisms. Lee and c-workers have proceeded to use this
method, of chromatin immunoprécipitation followed by microarray analysis, to look
at transcription factor regulatory networks in S.cerevisiae (Lee et al., 2002). 106
transcription factors were tagged, and then the promoters these transcription factors
were bound to were identified through microarray analysis. This study allows one to
look at how many transcription factors are bound to a promoter, and therefore gives
an insight into the complexity of promoters.

Programmes that predict transcription factor binding sites, based on known
consensus binding sites, are emerging. However, an increased knowledge of the
requirements for factor binding will be necessary to predict with confidence what
factors are responsible for regulated transcription using only the promoter sequence.
DNA binding site selection studies can be used to identify the DNA binding site of
transcription factors (Pollock and Treisman, 1990), but it is clear that DNA binding
by transcription factors is highly modulated by other factors, such as multiple
protein-protein interactions.

The proceeding parts of the introduction will focus on the c-fos promoter, which has
become a paradigm for understanding transcription factor interactions, and
regulation of transcription on activation of signalling pathways.
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1.2 The c-fos gene
Immediate early genes, are those genes that are transcribed on growth factor
stimulation without the need for de novo protein synthesis. Serum stimulation of
fibroblasts activates about 100 immediate early genes (Almendral et al., 1988),
which has been confirmed using microarray analysis (Iyer et al., 1999). c-fos is an
immediate early gene that has been widely studied as a paradigm for transcriptional
regulation (Treisman, 1995). It is itself a transcription factor of the bZIP family
(section 1.1.2.2), Fos protein forms a heterodimer with Jun family proteins and binds
to API binding sites.

Multiple signalling pathways are integrated at the c-fos promoter.

This allows

multiple extracellular signals to result in the transcription of the c-fos gene, and
allows a co-ordinated response to multiple signals. Promoter elements of the c-fos
promoter include the Serum Response Element (SRE), which includes a binding site
for both SRF and TCF, unlike at some promoters where SRF alone binds to the SRE
and mediates a serum induction in transcription. The c-fos promoter also contains an
API binding site, the Sis Inducible Element (SIE), and the cAMP Response Element
(CRE), as shown in Fig 1.1. Genomic footprinting studies show that the SRE and
API binding sites are occupied prior to growth factor stimulation, however
transcription factor binding to the SIE is regulated (Herrera et al., 1989; Konig,
1991).

The c-fos SRE binds SRF and TCF, and is required for induction of c-fos by serum
(Treisman, 1986; Treisman, 1985). The API binding site of the c-fos promoter is
necessary for maximal induction of the c-fos gene in response to TPA.

Studies

suggest that factors that bind to the API site can be activated on MAP Kinase
stimulation (Wang and Prywes, 2000). Studies with a c-fos transgene suggest the
API site has a role, along with all of the c-fos promoter elements, in providing a
promoter complex recognised by the basal machinery (Robertson et al., 1995). In
addition, transient transfection studies conducted by Murai and Treisman show a
role for the API binding site in restricting the ability of SRF to respond to specific
pathways at the c-fos promoter (Murai and Treisman, 2002 and see section 2.3.1).
The SIE element of the c-fos promoter binds STAT proteins (Hayes et al., 1987), and
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is responsive to a subset of growth factors, including PDGF (Bromberg, 2001; Ihle,
2001). In a transient transfection assay deletion of the SIE reduced transcription by
all signals by 50 % (Hill and Treisman, 1995).

The CRE does not induce

transcription in response to growth factors, however mutation of the CRE element
reduces Q-fos expression levels on growth factor stimulation (Ginty et al., 1994)
suggesting a role in co-operation with other promoter elements. The CRE element
induces transcription of c-fos on increased levels of intracellular calcium, and
increased concentrations of cAMP. CREB binds to the CRE, and on Ca^^/cAMP
signals becomes phosphorylated on residue Ser 133, activating transcription
(reviewed in Shaywitz and Greenberg, 1999).

Transient transfection studies indicate that the induction of c-fos can be mediated by
separate promoter elements, and further that elements such as the SRE can drive
expression of heterologous reporter genes in isolation (Siegfried and Ziff, 1989).
However, work by Robertson and co-workers using c-fos transgenes, showed that all
of the c-fos promoter elements are required for activation via the formation of an
inter-dependent complex (ITC) (Robertson et al., 1995). It was concluded that the
chromatin context of the reporter gene was responsible for the difference in results.

It is clear that chromatin structure is important in regulated transcription (see section
1.1.4).

However, close analysis of the results of Robertson and co-workers reveal

that the elements of the transgene do not contribute equally to growth factor
stimulation. Mutation o f the CRE for example, renders the promoter less inducible,
as studies with transiently expressed reporters have shown, however the qualitative
regulation of the gene on growth factor stimulation remains unchanged. In addition,
the authors comment that an insertion effect of the transgene is apparent, and in
some cells types high induction of the transgene is not observed (Robertson et al.,
1995). We are only part way to understanding the interaction of multiple elements
within this well characterised promoter, and further work is needed to amalgamate
current observations. Chromatin immunoprécipitation studies using highly specific
antibodies may aid our understanding of promoter occupation on activation of
signalling pathways in vivo.
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1.2.1 The SRE
The SRE was identified as a region of the Q-fos promoter necessary and sufficient for
serum stimulated transcriptional activation (Treisman, 1986).

When fused to a

heterologous promoter the SRE alone can mediate an enhanced transcription rate
(Siegfried and Ziff, 1989). Although the c-fos SRE consists of both a TCF and SRF
binding site, SRF can bind to a promoter in isolation and induce transcription. The
consensus sequence for SRF binding is termed the CArG (C A+T rich G) box. The
SRE induces many cellular immediate early genes on growth factor stimulation (for
a review see Winkles, 1998), and is important in the regulation of muscle specific
genes (section 1 .2 .8 . 1 ).

Serum Response Factor (SRF) is the 67 kDa ubiquitous protein found to bind to the
SRE in electrophoretic mobility shift assay (Gilman et al., 1986; Greenberg et al.,
1987; Prywes and Roeder, 1986; Treisman, 1987). Mutational analysis of the SRE
shows that DNA binding by SRF is required for SRE function in vivo (Greenberg et
al., 1987). Depletion of SRF by addition of DNA oligomers with SRF binding sites
block the response of reporter genes to growth factor stimulation (Berkowitz et al.,
1989). In addition, a low affinity SRF binding site can be made more responsive to
serum by over-expression of wild-type SRF (Hill et al., 1994). And, expression of
SRF fused to VP 16 causes constitutive activation of an SRE reporter gene (Hill et
al., 1993; Hill et al., 1994). Furthermore, SRF anti-sera can block proliferation in rat
embryo fibroblasts (Gauthier-Rouviere et al., 1991), and anti-sense RNA can block
expression of immediate early genes, and block proliferation in myoblasts (Soulez et
al., 1996).

A 62 kDa protein Ternary Complex factor (TCF) binds in partnership with SRF at
the SRE of c-fos (Shaw et al., 1989). TCF binding sites are found adjacent to SRF
binding sites at multiple immediate early gene promoters (see Fig 1.8). Genomic
footprinting at the c-fos promoter reveal a SRF-TCF complex bound to DNA even in
the absence of growth factor stimulation (Herrera et al., 1989).

This suggests

transcriptional activation of the SRE requires an additional component to ternary
complex formation, and indeed MAP Kinase phosphorylation has been shown to
activate transcription (Marais et al., 1993 and section 1.2.3).
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However, SRF

dependent transcriptional activation can take place in the absence of TCF (Hill et al.,
1994, and section 1.2.4.2).

1.2.2 SRF
1.2.2.1 MADS box proteins
SRF is a ubiquitously expressed 508 amino acid transcription factor initially
identified as the critical component in mediating serum-induced transcription of the
c-fos gene (Norman et al., 1988). SRF predominantly binds to the minor groove of
DNA, and binds as a dimer.

SRF is constitutively expressed, but its mRNA is

further induced on serum stimulation (section 1.2.8.2). It is a member of the MADS
(MCMl, Agamous, Deficiens, SRF) box (Sommer et al., 1990) family of
transcription factors, a highly conserved 56 amino acid motif important in mediating
homodimerisation and DNA binding.

The specificity of DNA binding of different family members is determined by the Nterminal basic half of the MADS box (Johansen and Prywes, 1994; Pollock and
Treisman, 1991). Dimérisation of MADS box proteins requires the MADS box
itself, but efficiency of dimer formation also requires around 30 amino acid residues
C-terminal to the MADS box, which are important for recruitment of accessory
factors (Mueller and Nordheim, 1991; Primig et al., 1991).

This C-terminal

extension of the MADS box in SRF and MCMl is termed the SAM domain,
however this domain is not found in the MEF2 subfamily of MADS box proteins, as
in this family member it is replaced with a MEF2 box.

The MADS box between vertebrate and invertebrate SRF is 98% identical, and the
SAM domain is 79% identical. However, the transactivation domain of SRF, found
at its C-terminus, is not conserved (Avila et al., 2002). The DNA binding domains
of SRF and MCMl are 70% identical (Norman et al., 1988). They have related, but
distinct DNA binding specificity, which is determined by basic residues of the Nterminus of the MADS box (Wynne and Treisman, 1992). The MADs box of SRF is
found at its’ N-terminus and a transactivation domain is found at the C-terminus,
from residue 395 to 478 (Liu et al., 1993), which has been shown to interact with

42

TFIIF (Zhu et al., 1997). A schematic o f the structure of SRP and TCF is shown in
Fig 1.3.

SRF is subject to multiple post-translational modifications.

It is constitutively

1992), although Drosophila SRF is not modified in this way (Affolter et al., 1994).
The OKU mediated phosphorylation was reported to increase DNA binding affinity
(Manak et al., 1990), although later studies suggest this is an artefact of non
equilibrium conditions and CKII increases the rate of protein-DNA exchange not
binding affinity (Marais et al., 1992).

CKII phosphorylation has been shown to

cause a conformational change in SRF (Manak and Prywes, 1991), and the
microinjection of CKII induces c-fos expression (Gauthier-Rouviere et al., 1991).
However, the mutation of the CKII phosphorylation site of SRF does not impair SRF
mediated serum induced transcription (Hahn et al., 2000; Hill et al., 1993; Hill et al.,
1994), in addition this CKII phosphorylation site is not conserved, hence its
importance is unclear.

SRF is also phospohorylated at serine 103 by pp90^*^, following growth factor
stimulation (Janknecht et al., 1992). The importance of this growth factor regulated
phosphorylation is also not clear, as site directed mutagenesis of serine 103 does not
alter the growth factor regulated transcriptional activation by the protein (Hill et al.,
1994) and this serine residue is not conserved mXenopus SRF (Mohun et al., 1991).

Alternative splice forms of SRF have been identified, and these may have an
important functional role, as the alternative splice forms identified do not have exon
5, which forms part of the transactivation domain. Kemp and Metcalfe identified 4
splice forms o f SRF (Kemp and Metcalfe, 2000); 1) The full-length protein, 2) SRF
M, which does not have exon 5 and is expressed at the same level of full length SRF
in differentiated vascular smooth muscle and skeletal muscle cells, 3) A splice form
lacking both exons 4 and 5 was observed in vascular smooth muscle, and 4) SRF
lacking exons 3, 4 and 5 was expressed in the embryo.

Expression of these

alternative splice forms can reduce expression of a SM22a reporter gene. Studies by
Belaguli and co-workers also identified a splice form of SRF without exon 5, and
found this protein interfered with the differentiation of myogenic C2 C 10 cells, and
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reduced expression of skeletal p-actin and myogenic mRNAs (Belaguli et al., 1999).
It has been proposed that splice forms of SRF that act as naturally occurring
dominant negatives may have an important role in the regulation of muscle specific
SRE target genes.

However, it as yet unknown how this regulatory mechanism

works, and how the splice forms of SRF are regulated.

1.2.2.2 Structure of SRF
The crystal structure of the core SRF DNA-binding domain (amino acids 132-223)
bound to a consensus SRF-binding site has been solved by Richmond and co
workers, and shows that the SRF dimer adopts a three layered stratified structure on
binding DNA (Pellegrini et al., 1995, illustrated in Fig 1.5). The primary DNA
binding motif of SRF is an anti-parallel coiled coil formed from the interaction of an
amphipathic a-helix within the central MADS box of each SRF monomer. Above
the DNA interacting coiled coils lie a four-stranded anti-parallel p-sheet, formed by
the C-terminus of each MADs box, which has an important role in the dimérisation
of the two SRF monomers. The C-terminus of the MADs box lies above the fourstranded p-sheet and adopts an irregular coiled structure followed by a short a-helix.

When SRF binds to a canonical SRE the DNA is bent by 72° (Pellegrini et al.,
1995). In the absence o f bound SRF the CArG box remains bent due to the run of six
adenine and thymine bases at its centre. SRF is capable of recognising the bent
DNA of the SRE, and its interaction with DNA bends this site further, as suggested
by gel based assays to quantify DNA bending (West et al., 1997). The curvature of
DNA is non-uniformly distributed around the dyad axis of the CArG box.

A hydrophobic groove on the surface-exposed side of SRF has been shown to be
important for interactions with co-factors, such as EIk-1, and FIi-1 (Ling et al.,
1998). This region is made up o f the interaction between the p-sheet middle layer of
SRF and the helical structure that folds over it. Mutagenesis studies have shown that
a valine residue (Val 194) at the centre of this hydrophobic groove is critical for the
interaction between Elk-1 and SRF (Ling et al., 1998), and a similarly positioned
valine in MCMl is critical for its interaction with the yeast mating type factor
M ata2 (Tan and Richmond, 1998).

This hydrophobic groove of SRF is also

44

important for interaction with other proteins, such as Fli-1, but is thought that the
interaction surface, although overlapping, is slightly different for each interacting
factor (Ling et al., 1998). The structure of SRP in a ternary complex with the SRE
and SAP-1 has been determined, and has interesting implications for interactions
between SRF and its co-factors (Hassler and Richmond, 2001, and see later
sections).

Mueller and Nordheim showed that regions of the SRF hydrophobic groove are
important in its interaction with TCF. ARG80 is a MADS box protein unable to
interact with TCF, however, substitution of SRF residues 198-210 (part of the
hydrophobic groove) into ARG80 allow this chimera to interact with TCF (Mueller
and Nordheim, 1991). Hill and co-workers took advantage of this observation to
design mutations in SRF which severely affected SRF-TCF interactions.

The

residues 198-210 of ARG80 were substituted into SRF, and it was shown that this
protein had a much lower affinity for TCF than wild type SRF (Hill et al., 1993). In
addition. Hill and co-workers found this SRF molecule defective in TCF
independent activation of transcription (Hill et al., 1994). Chapter 5 of this thesis
describes a 1-hybrid screen to identify SRF co-factors important in the TCF
independent pathway (the actin pathway, see section 1.2.4.3), and hence this SRF
construct, SRF 198/210, was used to counter-screen clones isolated on their ability
to bind to SRF.

In vertebrates there are only two types of MADS box protein, SRF and the MEF2
subfamily. MEF2 (myocyte enhancer factor 2) has a role in myogenesis. It has a
MADS box at its N-terminus that has 39 % identity to the MADS box of SRF,
however the motif C-terminal to the MADS box of MEF2 is quite different from that
found in SRF and MCMl (termed the SAM domain for SRF and MCMl) (Huang et
al., 2000).

The DNA is bent by around 70° in the presence of SRF and MCMl,

however the DNA is bent only by 15° in the presence of MEF2, and the MEF2
binding site is different from that of SRF and M CM l, MEF2 binds to
CTA(A/T)4 TAG as opposed to SRF and M CM ls binding site of CC(A/T)6 GG.
These differences allow a different local architecture in the transcription factor
higher order complexes o f SRF and MEF2; the proteins have different co-factors.
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1.2.2.3 The biological role of SRF
The Drosophila melanogaster genes pruned (Guillemin et al., 1996) and blistered
(Montagne et al., 1996) are two alleles of the Drosophila SRF homologue (DSRF)
(Affolter et al., 1994).

The pruned gene illustrates a clear role for SRF in

Drosophila development, a homozygous mutation at this allele is lethal, and the
heterozygous mutant illustrates a role for SRF in the regulation of cytoplasmic
outgrowths during terminal branching of the tracheal system.

Expression of

constitutively active mammalian SRF or Elk-1 causes an increase in projections in
an unregulated manner (Guillemin et al., 1996). No TCF factor has yet to be
identified in Drosophila, although SRF residues important for ternary complex
formation are conserved in Drosophila SRF, as the effect of the constitutively active
Elk-1 is dependent on the presence of the endogenous pruned gene.

DSRF is

expressed in the intervein tissue of the Drosophila wing. Disruption of the blistered
locus prevents the differentiation of intervein tissue, which becomes vein-like. The
blistered flies have ectopic wing veins and hence the wings have a blistered
appearance (Montagne et al., 1996).

SRF expression studies in mouse, rat and chicken suggest an important role for SRF
in neural and mesoderm vertebrate tissues. High levels of SRF expression are seen in
neurons of the adult rat nervous system (Herdegen et al., 1997), and in the chicken
SRF is predominantly expressed in tissues of mesodermal and neuroectodermal
origin (Croissant et al., 1996). During chicken embryogenesis high mRNA levels of
SRF are observed in the primitive streak, neural groove and many other features of
the gastrula. In addition, SRF protein is abundant in the developing chicken heart
and the myotomal portion of the somites (Croissant et al., 1996).

Similar

observations are made in mouse, with SRF transcripts enriched in adult skeletal and
cardiac muscle. SRF-related proteins are detected in the early embryo myotomes of
Xenopus laevis (Chambers et al., 1992), and Zebra fish SRF is expressed at high
levels during skeletal muscle cell differentiation (Vogel and Gerster, 1999).

The knock out of SRF is embryonic lethal (Arsenian et al., 1998). Studies show that
the SRF" ' mice have a severe gastrulation defect that is lethal at E7.5; they lack a
primitive streak and have no detectable mesodermal tissue. In addition the mice do
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not express marker genes for mesoderm such as T(Bra) and Bmp2/4.

The

impairment of SRF" ' ES cells to form mesodermal tissue can be modulated by
external factors (Weinhold et al., 2000). 1) Retinoic acid can cause the induction of
T(Bra), which is also induced when SRF is expressed in SRF" ' cells. 2) Embryoid
bodies generated from SRF" ' ES cell aggregates activate mesodermal marker genes.
And, 3) Mesodermal cells of SRF' " genotype are observed when SRF" " ES cells are
introduced into nude mice. Weinhold and co-workers therefore demonstrate that the
defect of SRF" ' ES cells to differentiate into mesoderm is non-cell autonomous. It is
as yet unclear what this non-cell autonomous defect is, one hypothesis is that an SRF
controlled extracellular signalling molecule is needed for the induction of mesoderm.

The use of SRF" ' ES cells allowed analysis of the role of SRF in expression of
immediate early genes (Schratt et al., 2001). As expected, immediate early gene
induction was severely defective in SRF" " ES cells. Surprisingly however, these
cells did not display a significantly change in rate of ES cell proliferation. That c-fos
was reduced in induction level following growth factor stimulation could support the
findings of Robertson (Robertson et al., 1995), who used c-fos transgenes to show
that individual elements of the c-fos promoter act in an interdependent manner (see
section 1.2). However, unlike egr-1, whose induction in SRF" " ES cells was reduced
to background levels, c-fos was induced

2 0

fold following serum stimulation,

indicating a transcriptional response is possible in the absence of occupation of all of
the c-fos promoter elements, even in the context of the bona fide chromatin complex.

The role of SRF in regulating cytoskeletal activities was investigated in SRF" " ES
cells (Schratt et al., 2002), and a role was found for SRF in the formation o f actindirected cytoskeletal structures that determine cell spreading, migration, and
adhesion.

The SRF" " ES cells could not assemble actin stress fibres and focal

adhesions. In addition, introduction of SRF, fused to the constitutive transcription
activation domain VP 16, into these cells induced stress fibre formation, and this
effect was dependent on a functional MADS box.
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1.2.3 TCFs
Ternary Complex Factors (TCFs) make up a subset of the Ets domain transcription
factor family (for a review see Sharrocks, 2001) which are able to bind to the c-fos
promoter in combination with SRF. Ets domain transcription factors bind DNA
though their Ets domain, which is a structural variant of a winged helix-tum-helix
motif (Donaldson et al., 1994). In addition to the DNA binding Ets domain, TCF
family members share homology in two other regions, the B and C boxes. The B
box is a 21 amino acid hydrophilic region that interacts with SRF, and the C box is a
transactivation domain that has multiple (S/T)-P motifs and is responsive to MAP
kinase activation (See Fig 1.3 for a schematic of the structure of TCF).

Members of the TCF family include Elk-1 (Ets-like protein 1), SAP-1 (SRF
Accessory protein-1), and SAP-2/Net (Dalton and Treisman, 1992; Giovane et al.,
1994; Hipskind et al., 1991). Knock-out studies identify distinct roles for TCFs.
The knock-out of SAP-1 causes an immunological defect (R.Nicolas, personal
communication), and the knock out of Net-1 leads to respiratory failure due to a
build up of chyle from a defect in lymphatic vessels (Ayadi et al., 2001).

That the

deletion of the individual TCFs is not lethal in mice, suggest functional redundancy
between the factors. Elk-1 is the main TCF in HeLa cells (Hipskind et al., 1991;
Treisman et al., 1992), although the TCFs are ubiquitous factors and their individual
relative importance to specific promoters or signal cascades is currently unknown.
However, the TCFs have subtly different DNA binding specificity, and also different
D-domains for the interaction with activators (section 1.1.5.1).

Ets domain proteins bind to DNA sequences that contain a central GGA motif. The
DNA sequence surrounding this central sequence determines the affinity of different
Ets domain transcription factors for DNA. The Ets domain of SAP-1 and Elk-1 are
80 % identical, and the DNA recognition helix of these proteins is completely
identical. However, it has been shown that residues outside of the highly conserved
Ets domain can direct sequence specificity of individual TCF members.
Crystallographic studies of Elk-1 show residues flanking the Ets domain cause re
orientation of residues in the DNA binding domain, these residues are not conserved
in SAP-1 and hence the DNA binding domain of Elk-1 is orientated in a different
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manner (Mo et al., 2000). The isolated Ets domain of SAP-1 binds to the c-fos
promoter with high affinity, unlike Elk-1 (Shore and Sharrocks, 1995). However,
the presence of SRP allows co-operative binding of both TCFs to this promoter. Co
regulators of Ets domain proteins are important in both increasing the affinity of the
Ets domain proteins to DNA, and in providing an additional level of specificity.
Many Ets proteins bind a co-factor through the Ets domain itself, but in the case of
TCF the main interaction with the cofactor SRF, is the B box. There is substantial
flexibility in the requirement for the TCF binding site to be adjacent to the SRF
binding site, Treisman and co-workers found that altering the position of the TCF
binding site did not have a significant effect on the formation of a ternary complex
(Treisman et al., 1992).

The structure of the ternary complex comprising human SAP-1 (Ets domain and Bbox region amino acids 1-156), the homodimeric core of SRF (amino acids 132-223)
and a 26 bp length of DNA containing the consensus SRE sequence was solved to
3.15 Â resolution (Hassler and Richmond, 2001). The B box of SAP-1 adopts an
unusual 3 io-helix/p-strand/3 lo-helix motif that interacts with SRF at all three
secondary structural layers of the SRF molecule (see section 1.2.2.2 and Fig 1.5).
The B box adopts this conformation on interaction with SRF and DNA, and is
unable to form this structure in solution as measured by circular dichroism (Ling et
al., 1997).

SAP-1 and SRF form an extensive interaction surface; there is a

substantial loss of the solvent accessible surface on SRF in the ternary complex.

The B box binds both alongside and protrudes into the hydrophobic cleft of the SRF
molecule.

SAP-1 adds an anti-parallel strand to the MADS box p-sheet at the

secondary layer of the SRF molecule alongside the hydrophobic groove (Hassler and
Richmond, 2001). A comparison of the ternary complexes of SAP-1-SRF-DNA and
MAT«2-MCM 1-DNA allow identification of common features of the ternary
complex, which may be important in the interaction of MADS box proteins with
other co-factors. Where SAP-1 adds an anti-parallel strand to the p-sheet of SRF,
MCMl adds a parallel P-strand. These interactions along the hydrophobic groove
have a common motif, however the direction of the motif is different. The sequence
LTFSSYCG runs C<-N in SAP-1, whereas the sequence LVFNVVTG runs N->C
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in MATa2. A similar sequence can be found C<-N in the Ets protein FIi-1, which
can also interact with SRP.

It will be interesting to determine whether similar

sequences can be found in all proteins that interact with SRP/MCMl in this region.
It of interest that MCMl is able to bind to TCFs (Dalton and Treisman, 1992),
however the MADS protein ARG80, which has 2 amino acid substitutions in the
hydrophobic groove compared to MCMl (S198T and F202L), cannot bind to Elk-1
(Mueller and Nordheim, 1991). The MADS box pil strand with the coil folded over
it, forming the hydrophobic groove, is of central importance in the interaction of
MADS box proteins with their cofactors.

1.2.4 Signalling Pathways to the SRE
1.2.4.1 MAP Kinase Signalling
The identification of several TCF family members allowed the functional domains of
these proteins to be mapped. The C box of the TCF members contains multiple
MAP kinase phosphorylation sites. MAP kinases are proline directed kinases, which
phosphorylate proteins containing the motif Ser/Thr-Pro. HeLa cell TCF was shown
to be a substrate for ERK2 (Gille et al., 1992), and the use of gel mobility shift and
transcriptional assays, with wild type and alanine mutants of Elk-1, illustrate the
importance of Elk-1 phosphorylation in the transcriptional induction of Q-fos (Marais
et al., 1993).

In addition to activation of the Ras-Raf-ERK pathway, the TCFs are also substrates
of stress activated MAP kinases, such as the SAPKs (Stess Activated Protein
Kinases) and p38/RK/MPK2 (Price et al., 1996; Whitmarsh et al., 1995; Whitmarsh
et al., 1997).

TCFs mediate transcriptional activation following activation of

receptor tyrosine kinases (RTKs), stimulation by TP A, or whole serum. RTKs that
mediate TCF phosphorylation are activated by a diverse array of polypeptide growth
factors including Epidermal Growth Factor (EGF), Platelet derived growth factor
(PDGF), and Colony Stimulating Growth Factor (CSF-1).
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When either TCF or SRF is transiently over-expressed reporter gene induction in
response to growth factors is severely reduced (Hill et al., 1993), a phenomena
thought to be caused by 'squelching' (Gill and Ptashne, 1988). An SRE reporter gene
(SRE.M) was therefore derived that could not be activated by wild type endogenous
SRF, but required transfection of a modified SRF (SRF.M2), which has residues in
its DNA binding domain swapped with those of the yeast MADS box protein
M CM l, and this is activated solely by the MAP Kinase pathway, and not by RhoA
signalling. In addition, the Ets motif (CAGO AT) found 5’ to the SRE of c-fos was
replaced by a LexA binding site (SRE.L, or in combination with the SRE derivative
SRE.LM) and an Elk-1 derivative was constructed that can bind to this site and is
nuclear located, NL.ELK. These constructs allow an in vivo study of the ternary
complex important in c-fos transactivation, and show an in vivo functional co
operation between these two factors (Hill et al., 1993). The use of a LexA binding
site adjacent to an SRE, has been used in Chapter 3 to target the modified TCF,
NL.Elk, to the vinculin promoter.

SRF recruits Elk-1 to the promoter via interactions with the DNA binding domain of
SRF and the B box of Elk-1, the C-terminal MAP kinase sites of TCF being critical
for transcriptional activation (Hill et al., 1993). In addition SRF has been shown to
potentiate the transcriptional induction by TCF at the Q-fos promoter (Murai and
Treisman, 2002).

1.2.4.2 A TCF Independent pathway
It was noted that several immediate early gene promoters containing SRF binding
sites lack an associated TCF binding Ets consensus site (Latinkic et al., 1991;
Mohun et al., 1987). In addition, in both BALB/c 3T3 and rat cardiac myocyte cells,
c-fos promoter mutants that abrogate TCF binding, result in the promoter remaining
responsive to serum stimulation, but unresponsive to activation by TPA and protein
kinase C (PKC) (Graham and Gilman, 1991). These observations hinted towards a
TCF independent pathway mediated by SRF.

The use o f an SRE with a poor affinity for SRF, SRE.P, allowed the verification o f a
TCF independent pathway dependent on SRF (Hill et al., 1994).

When the Ets

consensus site adjacent to this weak SRF binding site is removed, this reporter gene
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(SRE.LP) is responsive to serum stimulation only when SRF is over-expressed. The
SRF DNA binding domain is shown to be critical for this activity, and the region
known to be important in TCF binding (residues 198-210) has a prime role in this
TCF independent transcriptional activity (Hill et al., 1994).

The TCF independent activation of SRF is stimulated in response to whole serum,
Lysophosphatidic Acid (LPA; a serum mitogen), and an intracellular global activator
of heterotrimeric G-proteins, aluminium tetrafluoride ion (AIF4 ) (Hill and Treisman,
1995). A model was proposed, whereby on RhoA activation an unknown factor,
factor ‘X ’, binds to SRF culminating in transcriptional activation.

1.2.4.3 The Actin Pathway
A mammalian screen, conducted by Sotiropoulos and co-workers was used to
identify factors that activated transcription of an SRF reporter gene. An NIH 3T3
library fused to a VP 16 activation domain was screened for activation of
transcription of an SRE driven cell surface marker, CDS (Sotiropoulos et al., 1999).
The screen had the potential to identify proteins that directly interact with SRF, and
factors that could activate SRF through indirect methods. The screen identified SRF
itself, as here SRF was fused to the activation domain VP 16, and an SRE driven
reporter gene was used, in addition to LIM kinase (LIMK).

LIMK is an actin regulator whose known substrate is Cofilin (Carlier et al., 1997;
Lappalainen and Drubin, 1997).

The phosphorylation of Cofilin by LIMK

inactivates Cofilin, whose role is to facilitate the dissociation of actin monomers
from F-actin pointed ends. The activation of LIMK therefore acts to stabilise Factin. Further studies using Cofilin mutants that cannot be inactivated by LIMK,
illustrated that the ability of LIMK to activate SRF is through its action on the actin
cytoskeleton. It was further demonstrated that LIMK is not necessary for serum
induced activation of SRF in NIH 3T3 cells, and that the actin treadmilling cycle is
the point at where these signals converge in the activation of SRF (Sotiropoulos et
al., 1999). However, LIMK is needed for serum mediated activation of some cell
types, such as neuronal cell lines (Geneste et al., 2002).
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Actin is an ATPase which cycles between monomeric (G-actin) and polymerised (Factin) states (Holmes et al., 1990; Kabsch et al., 1990). RhoA, a known effector of
the TCF-independent pathway has a large role in cytoskeletal reorganisation, it
therefore seems likely that the ability of the actin treadmilling cycle to activate SRF
is a function downstream of RhoA activation.

1.2.4.4 Effect of actin binding drugs on SRF activity
The use of actin binding drugs suggest that it is the decrease in G-actin levels that
activates SRF. The toxin Latrunculin B, which sequesters G-actin monomers (Coue
et al., 1987), and Clostridium botulinum C2 toxin, which prevents the polymerisation
of actin by ADP ribosylating it (Vandekerckhove, 1988), inhibit the activation of
SRF. In contrast, SRF is activated by the drug Jasplakinolide, which stabilises Factin (Bubb et al., 1994). The ability of LIMK and mDia mutants to activate SRF
correlates with their ability to promote F-actin accumulation, and interfering
derivatives of these proteins can inhibit the activation of SRF by extracellular signals
(Geneste et al., 2002; Sotiropoulos et al., 1999; Tominaga et al., 2000). The Cterminal regions of mDia required to activate SRF, co-localise precisely with
sequences required for F-actin accumulation (Copeland and Treisman, 2002). In
addition, the over-expression of Actin alone is sufficient to inhibit serum stimulated
induction of SRF target genes (Posem et al., 2002; Sotiropoulos et al., 1999). The
effects of these drugs and activators on the actin treadmilling cycle, and in the
regulation o f SRF mediated transactivation are shown in Fig 1.6.

The finding that SRF is responsive to cellular G-actin levels is not surprising
considering that the expression of SRF target genes, such as vinculin and actin, have
previously been reported to be down regulated by Latrunculin treatment (Ben-Ze'ev
et al., 1990; Bershadsky et al., 1995; Lyubimova et al., 1999), and phalloidin
treatment (Serpinskaya et al., 1990).

In addition, the actin binding drug

Cytochalasin D bas previously been shown to activate SRF reporter genes (C. Hill
and R. Treisman, unpublished data; Sotiropoulos et al., 1999).

The possibility that actin itself is involved in a repressive complex is interesting
considering that actin has been shown to be a sub-unit of the BAF chromatin
remodelling complex (Zhao et al., 1998).
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2-hybrid interaction studies in yeast.

however, have suggested that actin itself does not directly bind and repress SRP
activity (Posem et al., 2002). Furthermore the role of p-actin mutants in SRF target
gene expression was assayed, and suggest that actin itself is involved in the
signalling pathway to SRF activation (Posem et al., 2002). p-actin mutants G13R
and R62D, that cannot polymerise, are able to inhibit SRF activity, p-actin mutants
V159N and S14C, which enhance the level of F-actin, activate SRF reporter genes in
the absence of extracellular signals. G13R inhibits SRF activation by constitutively
active mDia (Copeland and Treisman, 2002), demonstrating that activating p-actin
mutants function downstream of RhoA, as would be predicted considering that
RhoA acts to re-model the actin cytoskeleton. Monomeric actin, possibly a specific
subset o f the G-actin pool, is a signalling intermediate in the activation of SRF.

It has also become apparent that the importance of factors that feed into the actintreadmilling cycle depend on cell type. LIMK is not necessary for serum stimulated
activation of an SRF dependent reporter gene in NIH 3T3 cells, although LIMK is
found in these cells, and was initially identified as an SRF activator from an NIH
3T3 library (Sotiropoulos et al., 1999). In contrast, in PC 12 cells, which are able to
extend neuronal like projections on exposure to certain growth factors, LIMK is
essential for serum stimulated SRF activity (Geneste et al., 2002).

1.2.5 Two types of SRF target gene
The use of pharmacological inhibitors allowed the relative importance of the TCF
dependent, and TCF-independent pathways, to be evaluated on several SRF target
genes (Gineitis and Treisman, 2001).

Latrunculun B, which sequesters G-actin

monomers and inactivates the Rho-actin pathway, was found to inhibit activation of
vinculin and s r f genes. This inhibitor did not significantly inhibit the induction of cfos and egr-1 genes. In contrast, U0126, which inhibits TCF phosphorylation by
inhibiting MEK (Duncia et al., 1998), severely inhibited transcriptional activation
following serum stimulation of c-fos and egr-1 genes, yet had little effect on vinculin
and s r f genes.

The promoters of vinculin and s r f do not have well defined TCF binding sites
adjacent to the SRF binding site (Moiseyeva et al., 1993; Spencer and Misra, 1996),
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and hence it is reasonable that the serum induction of these genes is not dependent
on activation of the MAP kinase pathway. However, that c-fos and egr-1 are not
sensitive to Latrunculin B inhibition suggest that the actin pathway doesn’t function
at these promoters, a result supported by the lack of induction of these genes by the
actin pathway activating drug, Jasplakinolide (Sotiropoulos et al., 1999). There is a
direct correlation between the presence of a TCF binding site adjacent to the SRE,
and the lack of sensitivity to the actin pathway. The recruitment of the effector of
the actin pathway to SRF may therefore be sterically hindered by TCF. This would
have interesting implications on the signalling specificity of transcriptional
activation by SRF, and defines two sets o f SRF target genes (Gineitis and Treisman,
2001).

Hill and co-workers, first established that the actin pathway activator maybe blocked
from binding SRF by TCF using SRE reporter genes. An SRF reporter gene was
established that bound SRF poorly, and therefore required over-expression of SRF
for efficient transcriptional activation.

Over-expression of a TCF derivative that

could bind to this reporter gene potentiated serum induced activation. However,
over-expression of a TCF derivative deleted in C box residues important for
transactivation resulted in the abolition of TCF independent transactivation. The
over-expression of a TCF molecule, itself unable to activate transcription, abolished
the ability of SRF to activate transcription independently of TCF (Hill et al., 1994).

1.2.5.1 Alteration of the signalling specificity at the SRE
Murai and Treisman tested the model that a TCF binding site adjacent to the SRE
renders a promoter refractive to the actin pathway. Murai and Treisman removed the
TCF binding site of the c-fos SRE, and determined what effect this had on the
signalling specificity (Murai and Treisman, 2002). It was found that this RhoA-actin
pathway unresponsive gene became sensitive to inhibitors of this pathway, such as
the G-actin sequestering drug Latrunculin B, on removal of the TCF binding site.
Furthermore, it was possible to negate the sensitivity to Latrunculin B, by expressing
a derivative of the TCF Elk-1, which could bind to the mutated c-fos promoter.

The experiments carried out by Murai and Treisman suggest that TCF does indeed
bind to SRF in such a way as to block the actin pathway. A TCF derivative with
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point mutations in the B-box, L158P or Y159A, which abolish the interaction
between SRF and TCF, was not able to change the sensitivity of the Q-fos mutant
promoter to the actin pathway (Murai and Treisman, 2002). It is therefore assumed
that TCF and the downstream activator of the actin pathway compete for common
surfaces on SRF, and hence their interaction with SRF is mutually exclusive.

The use of the NL.Elk TCF derivative established that TCF inhibits the sensitivity to
the actin pathway, however the NL.Elk construct is dependent on SRF for
recruitment to the promoter, and hence one cannot decipher whether physical contact
between Elk-1 and SRF is required for inhibition. Murai and Treisman established
that SRF-TCF interaction is required to inhibit the actin pathway by the use of Gal4TCF fusion proteins that are able to bind to a derivative of the Q-fos promoter
independently of SRF. Gal4-TCF fusions with an intact B-box inhibited the actin
pathway, however Gal4-TCF fusion proteins with mutations in the B-box critical for
SRF interaction failed to inhibit the actin pathway.

The hydrophobic groove of SRF (section 1.2.2.2 and 1.2.3) appears to play a
significant role in interaction with multiple factors. The interaction between the Bbox of TCF and SRF recruits TCF to a promoter, however this SRF-TCF interaction
prevents the interaction of SRF with the co-activator of the actin pathway. It is
reasonable that the binding o f one factor can restrict the activation of the promoter to
another pathway that targets the same region of SRF.

In addition, removal of the API binding site found 3' to the Q-fos SRF binding site
renders the serum induction of this gene partially sensitive to the actin pathway
inhibitor, Latrunculin B (Murai and Treisman, 2002).

However, the effect of

mutating the TCF binding site has a more striking effect. It therefore seems that
removal of the steric constraints from SRF bound at the Q-fos promoter can render
the gene responsive to the actin pathway. However, the B box interaction of TCF
with SRF has the greatest effect on inhibition of the actin pathway, and the effect of
the API site may be purely steric, a hindrance of access of the actin pathway SRF
co-factor to SRF.
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Work in this thesis describes the introduction of a TCF binding site into the actin
pathway responsive gene, vinculin.

Vinculin is an immediate early gene, whose

induction on serum stimulation is abolished in the absence of SRF (Schratt et al.,
2002; Schratt et al., 2001). The promoter is described further in section 1.2.8.3. It is
found that a TCF binding site alone is not sufficient to render the promoter
insensitive to the actin pathway (Chapter 2), however targeting an altered specificity
Elk-1 derivative to the promoter can inhibit serum induction of this gene (Chapter
3).

It appears that promoter context plays an important role in the interaction

between SRF and its cofactors, and that the interaction between multiple promoter
elements determine the sensitivity of a promoter to the actin pathway. That the
removal of the API binding site 3’ to the Q-fos SRE rendered the promoter more
sensitive to the actin pathway (Murai and Treisman, 2002) supports the conclusion
that other promoter elements, in addition to a TCF binding site, alter the sensitivity
of an SRE to the actin pathway.

1.2.6 Myocardin, a potent activator of SRF target genes
Wang and co-workers (Wang et al., 2001) identified a potent activator of SRF target
genes using a bioinformatics screen to identify unknown cardiac specific genes. The
factor identified is termed Myocardin, and belongs to the SAP (SAF-A/B, Acinus,
PIAS) domain family of nuclear proteins (see Fig 1.7 for domains of Myocardin). It
is expressed in embryonic cardiac and smooth muscle lineages, and is restricted to
the myocardium following birth.

Fusion of Myocardin to a Gal4 DNA binding domain strongly activated transcription
of a GAL4 dependent reporter gene.

Furthermore, Myocardin mediated

transactivation of the promoters for the SM22a, atrial natriuretic factor {ANF) and
myosin light chain genes, amongst others (Wang et al., 2001). A common feature of
these genes is the presence o f CArG boxes within their promoters. Indeed, it was
found that Myocardin could up-regulate the activity of heterologous promoters
containing SRF binding sites, and Myocardin could form a ternary complex with the
SRF-SRE binary complex as assayed by electrophoretic mobility shift analysis.
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The ternary complex of Myocardin-SRF-DNA required both the basic and Q
domains of Myocardin and the MADS box of SRF. Transactivation mediated by the
Gal4 DNA binding domain fiised to Myocardin was dependent on the C-terminus of
Myocardin, and further, an increase in transactivation could be observed when the
N-terminus of Myocardin was deleted, suggesting an inhibitory effect of the Nterminus. It appears that the N-terminus of Myocardin is important in conferring
transcriptional specificity by mediating interactions with SRF, and the C-terminus of
Myocardin is the transcription activation domain. The structure of Myocardin is
represented in Fig 1.7. No interaction could be seen between Myocardin and the
MADS box protein MEF2.

Introduction of a dominant negative form of Myocardin, that could not associate
with SRF, into Xenopus embyros interfered with development. A dose dependent
effect o f the dominant negative Myocardin on the expression of cardiac marker
genes was observed (Wang et al., 2001).

That Myocardin activated transcription of SRE containing promoters in such a
potent manner, in some cases activating transcription several thousand fold, and that
Myocardin required the MADS box of SRF for activation, is a strong indicator that a
Myocardin relative is the downstream activator of the actin pathway (see section
1.2.4.2).

Myocardin itself is expressed specifically in cardiac tissues.

However

AML-M7 (Ma et al., 2001; Mercher et al., 2002) is a translocation protein encoding
a ubiquitously expressed homologue of Myocardin, MAL.

There are three

vertebrate MAL family proteins, each with a conserved N-terminal RPEL motif,
followed by an ORF of approximately 800 amino-acids containing several conserved
domains.

The mouse MAL proteins were identified and isolated using EST

databases and published human MAL sequences (Mercher et al., 2002; Wang et al.,
2001; Wang et al., 2002). Work is currently taking place to identify the role of these
MAL proteins in SRF mediated transactivation. There is strong evidence to suggest
that MAL is the downstream SRF co-activator of the actin pathway, it induces
transcription of actin pathway reporter genes in the presence of dominant negatives
of the actin pathway (F.Miralles, personal communication).
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Work in this thesis describes the ability of MAL22 (Genbank AF532597, recently
published as MRTF-A (Wang et al., 2002)) to strongly induce transcription of the
vinculin gene (Chapter 4). High levels of MAL22 may alleviate the requirement for
bona fide SRF binding site at this promoter, suggesting that MAL22 may interact
with factors other than SRF, have a weak affinity for specific DNA sequences, or
recruit SRF to a non-consensus SRE (for discussion see section 6.4.1).

1.2.7 Proteins that interact with SRF
Proteins that SRF has additionally been shown to interact with include the general
transcription factor TFIIF (Zhu et al., 1994), and several transcription co-factors,
including Human activating signal cointegrator 1 (hASC-1) (Juag et al., 2002), GBP
(Ramirez et al., 1997), and Steroid Receptor Coactivator 1 (SRC-1) (Kim et al.,
1998).

Several of the reported SRF-transcription factor interactions are tissue

specific, such as the interaction with the homeodomain containing protein Nkx2.5
(Chen et al., 1996). Nkx2.5 is a positive acting SRF co-factor required for the
activation o f the a-actin cardiac gene, the DNA binding domain of SRF is required
for this activation.

Phox-1 is another homeodomain protein that has been reported to bind to SRF, and
enhance the ability of SRF to bind to the c-fos SRE (Grueneberg et al., 1992).
Another factor SPIN-1 (TFII-I), has been implicated in the formation of a
SRF/Phox 1/SPIN ternary complex, that induces transcription of the c-fos gene
(Grueneberg et al., 1997). However, genomic footprining studies show that the SRE
of c-fos is occupied prior to serum stimulation (Herrera et al., 1989), and hence the
role of this complex in signal mediated induction of c-fos is unclear.

C/EBPp (CCAAT/Enhancer Binding Protein) was identified by its ability to interact
with the c-fos SRE (Metz and Ziff, 1991). CCAAT boxes can be found in several
SRF target genes including the s rf and vinculin promoters (section 1.2.8).

An

interaction between SRF and C/EBPp has been seen in the 2-hybrid system, and by
co-immunoprecipitation. The interaction requires the DNA binding domain of SRF,
and the N-terminus o f C/EBPp (Hanlon and Sealy, 1999).

There are multiple

translation products of C/EBP p, due to multiple in frame methionines, and it was
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demonstrated that the p35 isoform could induce transactivation of the Q-fos gene,
whereas the p20 isoform blocked serum induction of this gene (Sealy et al., 1997).
In addition, Hanlon and Sealy show that Ras stimulates the association of SRF and
p35-C/EBPp, but not the association o f SRF with the p20 isoform (Hanlon and
Sealy, 1999). The nuclear concentrations of the p35 and p20 isoforms do not appear
to change on serum stimulation. However, it will be interesting to determine the role
of SRP-C/EBPP association in serum induction of SRF target genes.

Several architectural transcription factors have also been implicating in SRF
interactions.

This is interesting as the formation of the IFN-P enhanceosome is

dependent on the presence of HMGI(Y), to bend the DNA of the promoter and hence
mediate transcription factor interaction.

However, the role of architectural

transcription factors in CArG box mediated transcription remains unresolved.

It

should be noted that when SRF is bound to the SRE the DNA is bent by 72°
(Pellegrini et al., 1995), and the necessity of an enhanceosome structure at SRF
containing promoters has not been determined.

At the s r f promoter two CArG boxes contain overlapping consensus binding sites for
the YYl transcription factor (Natesan and Gilman, 1993), and although mutagenesis
studies have indicated that this site alone cannot mediate induction of the gene, it
may play a role in mediating the organisation of a DNA-protein complex. However,
as the CArG box contains part of the consensus binding site for YYl it is highly
likely that a binding site for YYl can be seen at a proportion of CArG boxes, yet
there is no evidence that these are functional YYl binding sites. It has been reported
that YYl can potentiate SRF binding and SRF mediated transcription (Natesan and
Gilman, 1995), and at the Q-fos promoter YYl has been shown to bend DNA in a
manner that potentiates transcription.

However, when YYl binds at the Q-fos

promoter at a site in-between the TATA box and CRE it mediates a repressive effect
on transcription.

This section has detailed only a few of the characterised interactions of SRF with
other transcription factors. SRF regulates many different types of genes, and hence
it is reasonable that it should interact with multiple factors. The way in which the
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interactions are modulated, and the ability to bind to multiple factors are interesting
topics of investigation, which will give a clearer understanding of how SRF can
respond to multiple signalling cascades, and result in a varied gene expression
profile. This thesis will concentrate on the interaction of SRF with the downstream
activators of the RhoA and MAP Kinase pathways, the MAL proteins and the TCFs.
However, how other factors interact with SRF in association with TCF/MAL will be
of interest in future investigations into the biological role of SRF.

1.2.8 SRF Target genes
SRE binding sites are found in many promoters, a sample of which are shown in Fig
1.8. The egr-1 promoter is similar to Q-fos, in that it has a well-defined TCF binding
site adjacent to the SRF binding site (Christy et al., 1988). As described in section
1.2.5, genes with a TCF binding site adjacent to an SRF binding site are refractive to
the actin pathway.

However, muscle specific genes, and immediate early genes

without TCF binding sites are candidate target genes for activation by the effector of
the actin pathway, the Myocardin and MAL proteins. In the proceeding section I
will describe the promoter structure of several of these genes, focusing on the
vinculin promoter, that has been used extensively in the work carried out in this
thesis.

1.2.8.1 Muscle specific SRF regulated genes
Muscle specific SRF target genes are numerous, and include both cardiac, smooth
and striated muscle specific genes. For example, smooth muscle specific genes
include SM22a, smooth muscle myosin heavy chain and SM a-actin. Muscle specific
SRF target genes tend to have at least two CArG boxes within the promoter. It is not
clear how SRF is able to function both as a ubiquitous factor necessary for
immediate early gene induciton, and as a cell type specific transcription factor,
however multiple regulatory mechanisms for activation of cell type specific
transactivation have been shown to be important (Chang et al., 2001) and references
therein). These include specific interactions between multiple promoter elements,
the specific sequence o f the SRE, and multiple SRF co-factors.

61

The two CArG boxes o f the SM a-actin promoter have an invariant spacing of 40
bp, and changing this spacing can abolish transcription (Mack et al., 2001).

In

addition, swapping these CArG boxes can also abolish activity (Hautmann et al.,
1998), indicating that these promoter elements, and the factors that bind to them, are
involved in complex interactions necessary for transactivation. In several muscle
specific genes the flanking region of the SRE has been shown to be necessary for
regulated transactivation. Chang and co-workers showed that the CArG boxes of the
SM22a and skeletal a-actin promoters direct highly restricted expression of a LacZ
transgene, and that swapping the CArG from SM22 to that from c-fos resulted in
ubiquitous expression of the transgene (Chang et al., 2001).

Using chimera

transgenes with a combination of c-fos and SM22 CArG boxes and flanking
sequence Chang and co-workers demonstrate that it is the CArG box flanking
sequence that is important in determining transgene expression patterns. However,
there is a correlation between transgene expression and affinity of the transgene for
SRF, hence it is not possible to distinguish between whether expression patterns are
due to affinity of the promoter for SRF or the presence of binding sites for additional
factors.

Likewise, Latinkic and colleagues showed that restriction of the cardiac a-actin gene
to the myotomes and developing heart tube of a tadpole requires the promoter
proximal CArG box and flanking sequences (Latinkic et al., 2002). It has also been
noted that muscle specific CArG boxes have a lower affinity for SRF than
immediate early genes, and this has also been proposed as a mechanism whereby the
two classes of gene are distinguished. Again it is not clear whether it is the binding
affinity of SRF for the promoter or the presence of additional factors which has the
greatest effect on gene expression programmes.

Tissue specific factors also play a part in restricting expression of SRF target genes
to specific cell types. A selection of tissue specific factors that have been reported to
interact with SRF to direct transcription from specific promoters include Nkx2.5,
GATA-4, and MyoD (see section 1.2.7). Section 1.2.6 details the association of a
cardiac specific SRF co-factor, Myocardin, with SRF (Wang et al., 2001).
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In

addition, there is also a ceil type specific distribution of SRF splice forms (Section
1.2.2), which could contribute to cell type specific expression of genes.

1.2.8.2 The srf promoter
The promoter of the s rf gene itself contains two CArG boxes that are important in
the regulation of transcription of this gene (Spencer and Misra, 1996). A dominant
negative form of SRF, which has point mutations in its DNA binding domain
(SRFpml) represses s r f promoter activity (Belaguli et al., 1997). In addition to the
CArG boxes the promoter contains a putative Ets binding site, an Spl binding site,
and a CCAAT box. It has been shown that the two CArG boxes and the Spl binding
site alone are critical in mediating induction of the gene following serum
stimulation, however the CCAAT box has a role in the transcription of this gene, as
when it is deleted the basal level of induction is reduced (Spencer and Misra, 1996).
Mutational analysis of the s r f promoter has shown that the promoter can function
efficiently in the absence of one of the two CArG boxes, and studies suggest that
SRF only binds to one of the CArG boxes (Spencer and Misra, 1996).

The s rf gene is induced on stimulation by both serum and polypeptide growth factors
(Misra et al., 1991; Pollock and Treisman, 1991). The RhoA pathway induces SRF
activity in response to serum and LPA, and a Ras pathway has been shown to
function through Spl (Spencer and Misra, 1999).

Multiple SRF target genes have

Spl binding sites within their promoters, however, the role of Spl in SRF mediated
transcriptional activation remains unclear. Spl binding sites are also found in many
house-keeping genes (Kaneda et al., 1990).

1.2.8.3 The vinculin promoter
Vinculin is a cytoskeletal protein that has a major role in the structure and function
of focal adhesions (Burridge et al., 1988, and references therein) and references
therein). The pattern of Vinculin expression is dynamic, for example its expression
increases transiently in areas of ectoderm and endoderm that are undergoing
extensive folding, and also high levels of Vinculin expression can be observed in
migrating neural crest cells (Duband and Thiery, 1990). Vinculin expression is
induced by serum and polypeptide growth factor (Ben-Ze'ev et al., 1990).
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It was noted that the level o f non-polymerised G-actin directly correlated with the
synthesis of actin, and Bershadsky and co-workers demonstrated this was due to a
cytoplasmic event, as the mechanism persisted in enucleated cells. However, it was
also noted that Vinculin, whose expression level was also affected by cellular Gactin levels, was controlled by a mechanism within the nucleus as the mechanism
was defective in enucleated cells (Bershadsky et al., 1995).

SRF"' embryonic stem cells display a severely reduced induction in vinculin
expression (Schratt et al., 2002; Schratt et al., 2001). The SRE mediated serum
induced expression of vinculin is known to be responsive to changes in actin
dynamics (Sotiropoulos et al., 1999), as Latrunculin B, an actin-binding drug that
sequesters G-actin monomers, can inhibit the serum induction of the endogenous
vinculin gene.

Hence, the actin pathway is responsible for changes in Vinculin

expression levels on altered G-actin levels, and explains why this mechanism cannot
function in Bershadsky and co-workers enucleated cells.

Moiseyeva and co-workers (Moiseyeva et al., 1993) determined the sequence of 1.1
Kb of sequence 5’ to the transcription start site of the human vinculin gene. The
promoter lacks a TATA box, but contains an SRE at position -262, a CCAAT box
at position -200, and six Spl binding sites in the same orientation as the direction of
transcription (Fig 1.9). Moiseyeva and colleagues showed that this 1.1Kb upstream
region of the vinculin gene is serum inducible by fusing this promoter to a CAT
reporter gene, expressing the construct in NIH 3T3 cells, and monitoring
transcription of the CAT reporter gene (Moiseyeva et al., 1993).

There is an extensive degree of homology between the mouse and human vinculin
promoters, particularly at the SRE region (Fig 1.10).

The Drosophila vinculin

promoter does not display extensive regions of homology, however it does have an
SRF binding site.

1.2.8.4 Altering the actin pathway sensitivity of a promoter
As described in section 1.2.5.1 Murai and Treisman altered the sensitivity of the cfos gene to the actin pathway by mutating the TCF binding site at this promoter.
Further, Murai and Treisman showed that the physical interaction of the TCF B-box

64

with SRF was critical for restriction of the actin pathway (section 1.2.5.1). This
thesis will describe the converse experiment. One would predict that the insertion
of a TCF binding site adjacent to the SRF binding site, of an actin responsive gene,
would restrict the ability of the actin pathway to mediate transcriptional induction of
the gene. I aim to establish whether the restriction of the actin pathway to induce
transcription when a TCF binding site is adjacent to the SRF binding site, is solely a
feature of the Q-fos promoter, or whether it is a general mechanism whereby the
signalling specificity of the SRE is controlled.

In this study the vinculin promoter was used to establish whether the introduction of
a TCF binding site adjacent to the SRE could render the promoter refractive to the
actin pathway. The vinculin promoter was chosen, as it is clearly responsive to the
actin pathway (Gineitis and Treisman, 2001; Sotiropoulos et al., 1999), and does not
have multiple transcription factor binding elements that are responsive to
extracellular stimuli, its induction is solely due to SRF (Schratt et al., 2002; Schratt
et al., 2001 and Section 2.2.2).
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Fig 1.1
The c-fos promoter
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Fig 1.1 The c-fos promoter
Many transcription factors bind to the c,-fos promoter
including STAT proteins (maroon), Elk-1 (green), which is a member of the TCF family;
SRF (blue), APl/ATF factors (orange), and CREB (pink). Stimuli activate multiple
transcription factors via a range of signalling pathways, including JAK-STAT, MAPK and
Rho-actin mediated pathways.
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Fig 1.2
The IFN-P enhanceosome
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Fig 1.2 The IFN-p enhanceosome The IFN-p promoter contains four activator binding
sites, sites for NF-k B, IRF, ATF/Jun families and HMGI(Y) as illustrated. Following
cellular exposure to virus NF- k B binds to the promoter, followed by the binding of ATF-2,
then lRF-3 and Jun, and finally lEF-7. The enhanceosome is then able to recruit the hi stone
acetylase Gcn5, which acetylates adjacent nucleosomes. Shortly after the recruitment of
Gcn5, CREB Binding Protein (CBP) is recruited to the enhanceosome. Once CBP is bound
to the complex structure of the enhanceosome the polymerase 11 holoenzyme is recruited,
the ATPase SWl/SNF and finally TFllD. As discussed in Agalioti, 2000, HMGl(Y)
structural transcription factors are essential in specifying a complex transcription factor
complex recognised by the transcription machinery.
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Fig 1.3
The structure o f SRF and TCF
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Fig 1.3 The Structure of SRF and TCF The schematic structure o f SRF illustrates the
conserved MADS box, and the transcription activation domain. Phosphorylation sites of
SRF are depicted at its N-terminus. The TCF structure is also depicted: The A box contains
the Ets box, the B box of TCF allows interaction with SRF, and the C box has MAP kinase
phosphorylation sites as depicted.
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Fig 1.4
S ignalling p athw ays to the c-fos SRE
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Fig 1.4 Signalling pathways to the c-fos SRE The SRE of the c-fos promoter is depicted.
TCF and SRF bind to the promoter. MAP kinase pathways activate TCF by phosphorylation
of residues in the C box. SRF is needed to recruit TCF to tiie c-fos promoter.
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Fig 1.5
S tructure o f the SR F-TC F ternary com plex
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Fig 1.5 Structure of the SRF-TCF ternary complex Structural representation of the Xray structure of the core SRF, SAP-1, SRE ternary complex. A) An SRF (red) monomer
bound to SAP-1 (yellow). SAP-1 adds an anti-parallel |3-sheet flanked by a short 3,Q-helix
segment to the four stranded anti-parallel P-sheet of the SRF MADS box. The 26 bp
sequence of DNA, o f which the SRE is central, is shown in grey. B) View of the opposite
DNA face of the ternary complex: SRF (red), SAP-1 (yellow), DNA (grey). This Figure is
taken from Hassler and Richmond, 2001.
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Fig 1.6
The actin cycle
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Fig 1.6 The actin cycle A decrease in G-actin levels result in activation of SRF. This
figure depicts the actin cycle. ATP-bound actin monomers can polymerise at the barbed end
o f actin filaments. ATP hydrolysis occurs when actin polymerises. ADP-bound actin can
de-polymerise from the pointed end of F-actin. Multiple mechanisms exist to regulate
polymerisation of actin: Cofilin can bind to the pointed end of actin filaments and promote
de-polymerisation. Phosphorylation of cofilin by LIMK blocks its ability to promote actin
de-polymerisation. Extracellular signals regulate the system via control of the Rho GTPases
and LIMK and Diaphanous activity. The effect of the inhibitors Latrunculin B, C2 toxin and
Jasplakinolide is also shown.

71

Fig 1.7
The structure o f Myocardin

am ino acid

100

300

basic Q

500

700

SA P

I

Leucine
Zipper-like
H elix-Linker-H elix

66

192

585

807

T ranscription A ctivation
Dom ain

SR F Interaction
Domain

Fig 1.7 The structure of Myocardin Myocardin is a heart specific transcription factor that
interacts with SRF. It’s structure is depicted above. The N-terminal basic and Q rich
domains interact with SRF, and the C-terminus has a transcription activation domain. The
protein is a member of the SAP (SAF-A/B, Acinus, PIAS) family o f transcription factors,
and this domain resembles a helix-linker-helix domain. Myocardin also contains a domain
that resembles a leucine zipper as shown. This figure is modified from that found in Wang
et al., 2001.
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Fig 1.8
P rom oters that contain SRF binding sites
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Figure 1.8 Promoters that contain SRF binding sites Many o f the promoters, which
have SRF binding sites, including c-fos, contain Ets, API and CRE binding motives. These
response elements are represented by colour coded circles. The promoter structures
represented are based on mouse sequence (except vinculin). The c-fos SIE promoter
element is shown in purple. This figure was originally produced by K.Murai.
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Fig 1.9
The Human vinculin Promoter
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Fig 1.9 The Human vinculin Promoter The nucleotide sequence of 1.1 kb of the vinculin
gene upstream of exon 1 is shown. The transcription start site is represented by an arrow, and
the translation start site is underlined. Spl transcription factor binding sites are represented in
green, and the SRE is shown in blue. Unique restriction enzyme sites are indicated and
underlined in black. Information for this figure was taken from Moiseyeva and co-workers,
1993.
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Fig 1.10
A lig n m en t o f hum an and m ouse vinculin prom oters
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Fig 1.10 Alignment of human and mouse vinculin promoters A representation of the
vinculin promoter is shown, in addition to the alignment of human and mouse vinculin
promoters. The SRE is depicted in blue, SPl binding motifs are shown in grey, and API
binding site in yellow. Human sequences are represented in blue, mouse sequences in
black. Mismatches are shown by capital letters. This figure is modified from that by D.
Ginetis (PhD thesis 2002).
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2

The introduction of TCF binding sites at the vinculin

promoter
2.1 Summary of chapter
Vinculin is an immediate early gene. Its promoter contains an SRE, and this promoter
element is shown to be critical for serum stimulated induction of transcription. The
SRE dependent transactivation is wholly sensitive to inhibitors of the actin pathway
unlike the c-fos gene, where activation is largely sensitive to inhibitors of the MAP
Kinase pathway. The vinculin SRE, unlike that of c-fos, does not have an adjacent
TCF binding site, and it is the TCF binding site that has been demonstrated to be
responsible for preventing actin pathway activation of the Q-fos SRE (Murai and
Treisman, 2002). However, here it is shown that introduction of TCF binding sites
into the vinculin promoter is not sufficient to render this promoter insensitive to actin
pathway activation. In addition, insertion of the whole c-fos SRE region into the
vinculin promoter, replacing the vinculin SRE region, does not render the promoter
insensitive to the actin pathway. The promoter context of the SRE is therefore an
important factor in determining whether the SRE can respond to signals downstream
of changes in actin dynamics.

2.2 The vinculin promoter
Moiseyeva and co-workers (Moiseyeva et al., 1993) established a 1.1 Kb sequence 5’
to the transcription start site of the human vinculin gene as the vinculin promoter, as
described in the introduction (section 1.2.8.3). This promoter region lacks a TATA
box, but contains an SRE at position -262, a CCAAT box at position -200, and six
Spl binding sites in the same orientation as the direction of transcription (See Fig
1.9). Moiseyeva and colleagues showed that this 1.1 Kb sequence was responsive to
serum in reporter gene assays. In addition, SRF"' embryonic stem cells display a
severely reduced induction in vinculin expression (Schratt et al., 2002; Schratt et al.,
2001). And, the serum induced expression of vinculin is known to be dependent on
changes in actin dynamics (Sotiropoulos et al., 1999), a transcriptional response
dependent on the SRE.
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At the immediate-early Q-fos and egr-1 promoters SRF forms a ternary complex with
TCF. These immediate early genes are not responsive to the actin pathway, induction
of these genes is not inhibited by the actin pathway inhibitor Latrunculin B. SRE
containing promoters which lack associated TCF binding sites, such as vinculin, Pactin and s r f promoters, are responsive to changes in actin dynamics (Gineitis and

Treisman, 2001). In addition, the removal of the TCF binding site from the Q-fos
promoter renders this promoter sensitive to changes in actin dynamics, induction
becomes sensitive to Latrunculin B inhibition (Murai and Treisman, 2002). It has
been hypothesised (Gineitis and Treisman, 2001) that the presence of a TCF binding
site renders an SRE unresponsive to the actin pathway, in that the TCF and actin
pathways are mutually exclusive. In this chapter I will examine whether the presence
of a TCF binding site, introduced adjacent to the vinculin SRE, can render this
promoter insensitive to changes in actin dynamics.

The vinculin promoter was chosen to identify what makes a promoter sensitive to the
actin pathway, because the promoter has a single SRE without characterised
transcription binding sites in its vicinity, and hence sequences in the vicinity of the
SRE can be readily modified. In addition, it is known that the promoter is strongly
induced by actin stimuli (Gineitis and Treisman, 2001; Sotiropoulos et al., 1999).

2.2.1

Serum stimulation of a vinculin Luciferase reporter gene

The 1.1 kb promoter region of the human vinculin gene (Moiseyeva et al., 1993) was
fused to a luciferase reporter gene (pGL3, Promega).

Luciferase assays have the

advantage of being quick, and many samples can be assayed simultaneously.
However, luciferase assays do not measure the induced RNA level on activation of
transcription, and they are sensitive to background promoter activity, hence the
transience o f induction can be misjudged.

The vinculin luciferase reporter gene was transfected into NIH 3T3 cells, cells were
serum starved overnight, and then stimulated with serum for 7 hr, cells were lysed and
luciferase activity was measured.

As shown in Fig 2.1 the vinculin luciferase

construct (wild type) is induced on serum stimulation, albeit to a low level. This
induction can be inhibited by a 30 min pre-treatment with Latrunculin B (lanes 3),
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illustrating that the induction is entirely due to the actin pathway. Latrunculin B is a
drug which sequesters G-actin monomers (Coue et al., 1987), and hence inhibits the
actin pathway (see section 1.2.4.3).

2.2.2

An intact SRE is essential for serum stimulated transcription of vinculin

To verify that the SRE is responsible for induction of the Vinculin gene by actin
pathway stimuli the SRE of the vinculin gene was mutated to the binding site of
MCMl.

The sequence of the mutant SRE (SRE.M) is identical to the sequence

introduced into the Q-fos promoter, which was shown to be incapable of binding SRF
by Hill and co-workers (Hill et al., 1993).

Vinculin luciferase with the SRE.M

mutation was expressed in NIH 3T3 cells, cells were serum stimulated and induction
of the gene was monitored. No induction in transcription following serum stimulation
could be observed (Fig 2.1, lanes 4-6). The SRE of the vinculin promoter is therefore
essential for serum stimulation of this gene.

The necessity of the SRE for serum

stimulated transcription of the vinculin gene as shown here, is comparable to the effect
of knocking out SRF, where serum induction of vinculin is similarly abolished (Schratt
et al., 2002; Schratt et al., 2001). Basal transcription levels of this reporter gene are
affected by the mutation of the SRF binding site (Fig 2.1), luciferase activity levels are
approximately half that driven by the wild type construct. This suggests the SRE has a
role in maintaining basal transcription levels of the Vinculin gene.

2.2.3

Expression of SRF VP 16 in combination with the vinculin reporter genes

To verify that SRF binds to the vinculin promoter in the absence of extracellular
stimuli, similarly to the binding of SRF to the Q-fos promoter (Herrera et al., 1989), a
constitutively active SRF molecule was expressed in NIH 3T3 cells. SRF fused to the
VP 16 transcription activation domain was expressed in combination with the vinculin
luciferase reporter gene. Cells were incubated for 24 hr prior to lysis. The level of
luciferase activity was vastly increased in cells expressing the SRF VP 16 fusion
protein. At low levels of SRF VP 16 expression vector luciferase activity was higher
on serum stimulation, this is due to the endogenous SRF bound to a proportion of
vinculin reporter gene promoters. At higher SRF VP 16 expression levels there was
little induction seen on serum stimulation (Fig 2.2a), suggesting that SRF can bind to
the vinculin promoter in the absence o f extracellular signals.

In comparison the

SRE.M vinculin construct was not induced to very high levels by the expression of this
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constitutive active SRF (Fig 2.2a, lanes 9-16), this was predicted as this reporter gene
does not have a high affinity SRF binding site.

A comparison was made as to the level of transcription of several SRE driven reporter
genes on expression of 0.1 pg SRF VP 16. This allows one to determine whether the
mutations introduced into the vinculin promoter have an effect on the affinity of SRF
for the CArG box of the promoter. However, it is not possible to compare binding
affinity of SRF VP 16 for different types of promoter (e.g. the vinculin promoter
compared to the Q-fos promoter) solely on luciferase activity, due to fundamental
differences in promoter structure, such as the TATA box and the presence of other
transcription factor binding sites. Again SRE.M vinculin luciferase was not expressed
to levels comparable to the wild type vinculin gene (Fig 2.2b), as SRF cannot bind
efficiently to this promoter.

High levels of transcription are seen from the c-fos

luciferase and SDA.luciferase (a reporter gene consisting of 3 SRF binding sites
without adjacent TCF binding sites in the context of a minimal P-actin promoter, see
section 8.12.1) constructs compared to the vinculin promoter driven luciferase reporter
genes. This may be a property of the interactions of the basal transcription machinery
with the promoter, and in keeping with this hypothesis vinculin does not contain a
canonical TATA box.

Alternatively, the vinculin promoter may contain elements

inhibitory to SRF mediated transactivation. However, this experiment shows that SRF
VP 16 binds at comparable levels to both the wild type and 5T3A (section 2.3.1)
vinculin promoters, and binding is slightly reduced at 5TCF and 3'TCF vinculin
promoters (section 2.3) compared to the wild type promoter.

2.3 Actin pathway induction of vinculin reporter genes
Binding sites for TCF were introduced into the vinculin promoter of the same
sequence as the TCF binding site found 5’ to the c-fos SRE. A binding site was
introduced 5’ to the vinculin SRE, at the same spacing from the SRF binding site in
the Q-fos gene. In addition, 3’ to the vinculin SRE a TCF binding site was introduced
in the opposite orientation to the 5’ TCF binding site. The sequences of these mutated
promoters is shown in Fig 2.3.

SRF VP 16 strongly activates all of the vinculin

reporter genes, with the exception of the construct with a mutated SRF binding site
(Fig 2.2b).
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The mutant luciferase constructs were transfected into NIH 3T3 cells, and the
contribution of the actin pathway to serum stimulated activation of the genes was
monitored using the actin pathway inhibitor Latrunculin B. As can be seen in Fig 2.1,
Latrunculin B inhibited serum induction of both the wild type vinculin construct and
the constructs with TCF binding sites. Latrunculin B also inhibited serum induction of
the c-fos gene, but not to basal levels. Previous investigations have also shown that
Latrunculin B does not have a large effect on induction of the c-fos gene by serum.
Murai and Treisman saw a 25% decrease in induction on Latrunculin B pre-treatment
(Gineitis and Treisman, 2001; Murai and Treisman, 2002; Sotiropoulos et al., 1999).

A single TCF binding site, introduced into the vinculin promoter, therefore has no
effect on the sensitivity of serum induction of transcription to inhibitors of the actin
pathway.

2.3.1

The role of the c-fos API binding site in restricting the actin pathway

Murai and Treisman found that removing the c-fos API binding site 3’ to the SRE had
an effect on the sensitivity of c-fos serum induction to the actin pathway (Murai and
Treisman, 2002).

Removal of the API site increased the sensitivity of serum

induction to the actin pathway inhibitor, however the inhibition by Latrunculin B is
not as pronounced in comparison to the removal of the TCF binding site.

It is

conceivable that an occupied TCF binding site 5’ to the SRE, and an occupied API
binding site 3’ to the SRE, provide an environment in which the downstream activator
of the actin pathway cannot bind to SRF at the c-fos promoter. In the context of the
vinculin promoter, a single TCF binding site is insufficient to render the promoter
insensitive to the actin pathway (section 2.3). An API site, of the same sequence to
that found at the c-fos promoter, and at the same distance from the SRE, was therefore
introduced into the vinculin luciferase construct with a 5’ TCF binding site.

The

sequence of this 5’TCF 3’APl construct (5T3A) is shown in Fig 2.3. Serum stimulated
activation of this construct remained sensitive to inhibition by Latrunculin B (Fig 2.1).

The presence of a 5'TCF binding site and a 3'APl binding site, in relation to the SRF
binding site (5T3A), is not sufficient to inhibit actin pathway induction of the vinculin
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gene. A similar promoter assembly at the c-fos promoter precludes actin pathway
induction of the gene.

2.4 Limitations of the vinculin luciferase reporter gene
As shown in Fig 2.1 the level of vinculin luciferase induction is not as high as that of
3DA. luciferase. The small level of serum induced transcriptional activation makes
studying the effect of inhibitors on activation difficult.

Vinculin is a housekeeping

gene, the basal transcription level is high, and the serum induced transcription level is
not pronounced. To overcome the difficulty in studying low levels of induction, it was
previously necessary to look solely at pre-mRNA levels by the RNase protection assay
using probes to intron-exon boundaries (Gineitis and Treisman, 2001). To study the
requirements at the promoter level for the actin pathway, I therefore turned to the use
of the RNase protection assay to monitor vinculin reporter gene activity. However, to
study promoter mutants by the use of transfected reporter genes, it is not possible to
measure pre-mRNA levels of the endogenous message.

c-fos is an immediate early gene that is induced transiently, this is because of a
transient transcriptional activation (Greenberg and Ziff, 1984) and the unstable nature
of the message (Wilson and Treisman, 1988). The vinculin promoter was therefore
fused to the coding region of the c-fos gene (Fig 2.4), which would increase the
instability of its mRNA. This approach was used by Mohun and co-workers to study
the induction of the actin gene, which also has a high basal level of expression
(Mohun et al., 1987). The mRNA of this Vinculin-fos fusion construct (referred to as
vinculin throughout) is unstable, and a peak in transcription after serum stimulation
can be more easily observed.

2.4.1

Using the RNase Protection assay to study induction of Vinculin

Vinculin fused to c-fos {vinculin) was transfected into NIH 3T3 cells, which were
serum starved for 24 hour prior to stimulation with 15 % FCS. The RNase protection
technique was used to visualise vinculin message using a probe designed to overlap
the Vinculin and c-fos message (Fig 2.4). In addition, a plasmid was transfected that
gives a basal level of transcription, and which is not induced on serum stimulation
(M L V all8, Hill et al., 1995), this plasmid is therefore a control of transfection
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efficiency, as a probe is used against its message in the RNase protection assay. The
induction o f vinculin at 60 min, as measured by the RNase protection technique, is
pronounced (Fig 2.5).

The higher level of induction measured by the RNase

protection method provides a better assay to study the effects of inhibitors on
activation. In addition, this technique allows one to study the kinetics of induction.

2.5 A time course of serum induced vinculin transcription
To look at the kinetics o f induction of the vinculin gene the vinculin RNase protection
reporter gene (the Vinculin-fos fusion) was transfected into NIH 3T3 cells, cells were
serum starved for 24 hour and then stimulated with serum, and samples collected over
a 6 hour time period. RNA was extracted and the RNase protection assay was used to
visualise levels of vinculin message. As shown in Fig 2.5 vinculin message peaks at
60 min in this experiment, this is similar to the induction of c-fos message.

The

induction o f c-fos message remains slightly more transient than that of vinculin, for
example at 240 min c-fos message is little above basal levels, whereas vinculin
message at 240 min remains at an intermediate level of the transcription peak. The 30
min time point of c-fos induction looks lower than expected in this experiment
compared to later experiments (see Fig 2.8).

The induction of vinculin is inhibited by a 30 min pre-treatment with Latrunculin B, in
contrast to c-fos, where Latrunculin B has little effect on induction (Fig 2.5). U0126,
a specific inhibitor of MEKl and MEK2 of the MAP Kinase pathway, has no effect on
serum induction of vinculin message, but has an effect on c-fos induction. The effect
of U0126 on c-fos induction is more pronounced at 15, 30 and 60 min time points,
there is a reduced sensitivity to this inhibitor at later time points, however one can not
eliminate the effect of the stability of the inhibitor in this experiment.

From this

experiment it appears that the induction of c-fos message is dependent on TCF
activation at early time points, but at later time points U0126 is unable to inhibit
activation o f transcription. It has previously been noted that kinetics of the actin
pathway induction are slower than that of the MAP Kinase pathway, and the activation
is prolonged (Gineitis and Treisman, 2001; Sotiropoulos et al., 1999).
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Using the RNase protection assay we verify the results of the luciferase experiments,
whereby induction of vinculin message is dependent on actin pathway stimulation,
whereas c-fos message is induced on MAP Kinase activation.

2.6 The effect of Latrunculin B and U 0126 inhibitors on serum
stimulated transcription of vinculin promoter mutants
As vinculin message peaks at 60 min (Fig 2.5), this time point was used in subsequent
experiments to assess the effect of inhibitors on the vinculin promoter mutants, which
were inserted into the vinculin RNase protection reporter gene. Again, reporter gene
constructs were transfected into NIH 3T3 cells, and after a 24 hr incubation in the
absence of serum, cells were pre-treated with Latrunculin B/U0126 for 30 min, prior
to serum stimulation. Fig 2.6 shows that transcription activation of wild type vinculin
is inhibited by a 30 min pre-treatment with Latrunculin B (lanes 2 and 3), but not by
U0126 (lane 4), which inhibits MAP Kinase activation of TCF. This is in contrast to
c-fos where serum stimulated activation is blocked by U0126, and not significantly
blocked by Latrunculin B (lanes 25-28). The vinculin promoter construct lacking a
consensus SRE (SRE.M) is not induced on serum stimulation (lanes 5 and 6). Both
vinculin promoter constructs with a single TCF binding site are induced by serum to a
smaller degree than the wild type promoter, this induction is inhibited by Latrunculin
B and not by U0126. The presence of an API binding site 3’ to the vinculin SRE, in
the context of a 5’ TCF binding site (5T3A), has no effect on the ability of Latrunculin
B to inhibit serum stimulated induction in transcription (Fig 2.6, lanes 21-24).

These results again mirror those using luciferase constructs, however the results are
more striking due to increased induction levels, allowing an improved assessment of
the effect of inhibitors. Vinculin induction is inhibited by Latrunculin B, but not by
the MAP Kinase inhibitor U0126. c-fos induction is inhibited by U0126, but is not
significantly inhibited by the actin pathway inhibitor Latrunculin B. The introduction
of TCF and API binding sites into the vinculin promoter does not decrease the
sensitivity o f induction of this gene to inhibitors of the actin pathway.
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2.6.1

The effect of a TCF binding site both 5’ and 3’ to the vinculin SRE

Murai (Murai and Treisman, 2002) showed that the B box of TCF is necessary for
inhibition of the actin pathway at the c-fos promoter (see section 1.2.5.1). In addition,
Murai and Treisman showed that the API binding site 3' to the c-fos SRF binding site
has an effect on inhibiting the actin pathway, this effect is likely to be merely steric, as
API does not have an obvious B-box structure. The introduction of a TCF binding
site both sides of the SRF binding site at the c-fos promoter further decreased the
effect o f actin pathway inhibitors at this promoter (Murai and Treisman, 2002). The
introduction of a single TCF binding site at the vinculin promoter is insufficient to
markedly decrease the actin pathway transcriptional induction of this gene.

It is

surprising that the 5'TCF 3'API vinculin (5T3A) construct is fully responsive to the
actin pathway, but it is conceivable that the c-fos SRE is more crowded than the
vinculin SRE, and one needs two B-box structures to fully inhibit the actin pathway at
the vinculin promoter. A vinculin construct was therefore generated with TCF binding
sites flanking both sides of the vinculin CArG box (see Fig 2.3 for the DNA sequence
of this construct). As SRF binds DNA as a dimer, this allows both monomers o f SRF
to potentially contact TCF.

This vinculin promoter construct with TCF binding sites flanking the SRF binding site,
5’3’ TCF, was induced by serum stimulation (Fig 2.6), but the induction remained
wholly sensitive to Latrunculin B inhibition, and U0126 had no effect on the
induction.

The presence of TCF binding sites flanking the SRF binding site are

therefore insufficient to inhibit the actin pathway at the vinculin promoter. This is in
contrast to the c-fos promoter, where the introduction of TCF sites flanking the SRF
binding site further decrease the sensitivity of this promoter to the actin pathway.

2.6.2

5T3A vinculin compared to c-fos

It is interesting that the vinculin construct with a 5’TCF binding site and a 3’API
binding site (5T3A) is inhibited by Latrunculin B and not U0126, considering that cfo s is inhibited by U0126 and not by Latrunculin B, and these constructs are very
similar at the SRE region. A comparison of these constructs is shown in Fig 2.7.
There are only 5 bases different between the 5T3A construct and c-fos over 37 base
pairs.

It is conceivable that these base differences are critical in allowing a

conformation of the protein-DNA complex that prevents the binding o f the
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downstream activator of the actin pathway. The entire c-fos SRE region was therefore
swapped with the SRE region of the vinculin promoter, therefore this construct
consists of the vinculin promoter, but with the 37 base pair SRE region of c-fos. This
construct, Eos vinculin, was transfected into NIH 3T3 cells and assayed for the effect
of the inhibitors Latrunculin B and U0126 on serum stimulated induction of
transcription.

The level of induced transcription of the Fos vinculin transcript is very low (Fig 2.8)
compared with the vinculin wild type construct, and compared to the 5T3A vinculin
construct, it is therefore difficult to assess the effect of inhibitors on transcriptional
activation. However, U0126 has no effect on the level of transcription at the 60 min
time point, whereas Latrunculin B causes a drop to basal levels (lanes 22-28). The
results are not clear due to the low level of induction, however this construct appears
to act like vinculin, which is surprising considering that over 37 base pairs the SRE
region is identical to that of the c-fos gene, and as previously shown, the SRE is
wholly necessary for the RhoA/actin induction of the gene (section 2.2.2).

It is

surprising that with this construct the induced level of transcription is significantly
lower than that of the other vinculin constructs.

That there is a significant difference between the 5T3A and Fos vinculin construct in
serum stimulated induction of transcription, suggests that the presence of transcription
factor binding sites is not sufficient to determine transcriptional induction following
stimulation by extracellular signals. There is a context dependent factor: the c-fos
promoter is required for optimal induction via the c-fos SRE. The c-fos SRE is not
compatible with the vinculin promoter for maximal induction levels.

2.6.3

Does the amount of transfected reporter gene alter the sensitivity to the
actin pathway?

If the levels of TCF and API in the cell are limiting then different amounts of the
reporter gene may affect the sensitivity of serum induced activation to inhibitors of the
actin pathway. One may expect that at low levels of reporter the induction is less
sensitive to the Latrunculin B, as TCF and API are able to ‘crowd’ the vinculin SRE.
This is unlikely, as Latrunculin B does not inhibit serum induction of c-fos, even at
high reporter gene levels. However, concentrations of 5T3A ranging from 50 ng to
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1.2 [xg were transfected into NIH 3T3 cells, and the effect of the inhibitors on induced
transcription was monitored. As shown in Fig 2.9, the concentration of the reporter
gene does not effect the contribution of the actin pathway to serum stimulated
activation of the gene.

2.6.4

Shorter vinculin promoter constructs

In section 2.6.2 we saw a promoter context effect on the ability of the c-fos SRE to
drive transcription following actin pathway stimulation. To determine whether there
was an effect of distal regions of the vinculin promoter on the ability of the actin
pathway to be inhibited, a 5’ region of the wild type and 5T3A promoter was deleted.
These shorter promoter constructs were deleted of promoter sequence 5' of base -363.
These short promoter constructs were compared to full length constructs in ability to
be induced by serum stimulation, and the effect of inhibitors Latrunculin B and
U0126 on induction level was monitored. As can be seen in Fig 2.10 serum induction
is somewhat higher in the shorter constructs, suggesting that distal regions may reduce
induction levels of the vinculin promoter following actin pathway stimulation.
Promoter context is again affecting transcription induction mediated by SRF.
However, deleting the region of the promoter upstream of the SRE does not have a
role in changing the sensitivity of the induction to inhibitors of the actin pathway.

2.7 The ability of TCF to bind to vinculin promoter constructs
containing TCF binding sites in vitro
To verify that TCF can bind to the vinculin promoter constructs containing TCF
binding sites with the same affinity as the c-fos promoter, and therefore rule out the
possibility that the TCF sites of the vinculin promoter remain unoccupied,
electrophoretic mobility shift analysis was undertaken. Electrophoretic mobility shift
analysis probes were generated by PCR using radiolabelled dCTP, and encompass
residues -293 to -215 of the vinculin promoter, as shown in Fig 2.11.

Probes

generated using PCR methods allow the use of probes with identical specific activities,
this allows a direct comparison of binding affinities between different constructs, and
therefore has advantages over using probes which are end labelled.
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A semi-quantitative strategy for comparing affinity of vinculin probes for SRF was
used, in which 5 fold serial dilutions of recombinant SRF were used to determine
binding efficiency.

Fig 2.12a shows that core SRF, an SRF derivative that

encompasses residues 133-265, and which is sufficient to interact with TCF Elk-1
(Marais et al., 1993), binds equally well to all of the vinculin constructs, and to c-fos,
with the exception of vinculin SRE.M, which has a non-consensus SRF binding site
(Section 2.2.2). In addition, on incubation with NIH 3T3 cell extract the constructs
also bind an endogenous protein, which is likely to be SRF as it does not bind to the
SRE.M probe (Fig 2.12b).

Full length Elk-1 was transfected into NIH 3T3 cells, and following a 15 min serum
stimulation cells were lysed (see materials and methods). This extract was used to
assess the ability of full length Elk-1 to bind to the vinculin constructs. As can be seen
in Fig 2.13 at high concentrations of Elk-1 a shift in the binary complex of SRF-DNA
probe can be seen even with the wild type vinculin probe, which doesn’t contain a
consensus TCF binding site. However, TCFs are known to interact with SRF (Shaw et
al., 1989, and section 1.2), hence at high levels of Elk-1 it is reasonable to expect
binding to SRF in the absence of a TCF binding site. When lower concentrations of
Elk-1 are used a clear difference can be observed between the ability of Elk-1 to bind
to the wild type promoter compared to those promoters containing optimal TCF
binding sites.

It is clear from the electrophoretic mobility shift analysis that the c-fos probe binds
Elk-1 slightly better than the vinculin probes with TCF binding sites (Fig 2.13),
however the difference in binding affinity is small. Footprinting studies would be
needed to analyse the occupancy of the TCF binding sites in vivo, however, this data
indicate that there is little difference between the ability of Elk-1 to bind to the c-fos
probe, as to the vinculin constructs with TCF binding sites.

It is intriguing that a strong binary and ternary complex can be observed with the Fos
vinculin probe, considering the poor serum inducibility of this promoter construct (Fig
2.8). The poor transcription induction seen with the Fos vinculin construct does not
therefore correlate with a reduced affinity for either SRF or TCF in this in vitro assay.
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2.8 Analysis of promoter context
There is little difference between c-fos and several of the vinculin mutant promoters in
ability to bind TCF in vitro (Fig 2.13), yet the ability of the actin pathway to induce
transcription at these promoters is clearly different (Fig 2.6). TCF binding is therefore
not sufficient to inhibit induction by the actin pathway at all promoters. Promoter
context has a role to play in SRF mediated induction in transcription, as described in
section 2.6.2. The serum induction of a reporter gene driven by a c-fos SRE, in the
context of the vinculin promoter, is inhibited by Latrunculin B, unlike in the context of
the c-fos promoter. To corroborate the promoter context theory we tested the effect of
inserting vinculin SRE sequences (a 33 base pair oligomer) into a c-fos promoter
lacking the c-fos SRE region, and all sequence 5' to it, the pF261X constructs
(Treisman, 1986).

pF261X plasmids contain c-fos promoter sequence to -261. The SIE and SRE regions
are therefore deleted from this c-fos plasmid, however the promoter proximal CRE site
remains intact. It has been shown previously that pF261X is not able to mediate serum
induced transcription (Treisman, 1986). To determine whether the vinculin SRE could
mediate transcription in the context of the c-fos gene, a 33 base pair oligo of the
vinculin SRE region was inserted upstream of the c-fos promoter sequence. In
addition, the same region of the vinculin construct containing a TCF binding site 5’ to
the SRE and an API binding site 3’ to the SRE (5T3A) was inserted into this c-fos
construct, as shown in Fig 2.14.

2.8.1

Vinculin SRE regions in a c-fos promoter context

The pF261X constructs containing the wild type vinculin SRE region (vine pF261X),
and the 5T3A vinculin SRE (5T3A vine pF261X), were transfected into NIH 3T3
cells. For reference, vinculin and 5T3 A constructs were also transfected into NIH 3T3
cells.

Cells were incubated for 24 hr prior to serum stimulation. RNA was then

extracted and RNase protection analysis was performed. The effects of the U0126
and Latrunculin B inhibitors was also assessed (Fig 2,15). Firstly, it can be seen that
there is a change in the kinetics of serum stimulated induction of transcription when
the vinculin SRE regions are inserted into the c-fos construct. Rather than the level of
induction at the 30 min time point being midway to that of the 60 min level, the
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pF261X constructs are close to the maximal induction level at 30 min post serum
addition.

There is also a difference in the sensitivity of serum induction of the pF261X
constructs to Latrunculin B inhibition. In the context of the vinculin promoter, the
serum induction is entirely inhibited by Latrunculin B (Fig 2.15, lanes 3 and 4), but in
the context of the c-fos promoter (pF261X), even induction of the wild type vinculin
SRE region (vine pF261X) is only partially sensitive to this inhibitor (lanes 8 and 9).
U0126 does not have a large inhibitory effect on the serum induction of any of the
constructs shown in this Fig 2.15. That Latrunculin B does not fully inhibit the serum
induction o f the vine pF261X construct suggests that the immediate SRE region only
plays a small role in the signalling specificity to SRF, and we see again that promoter
context is an important factor.

It is of interest that even the serum induction of vine pF261X is not fully inhibited by
Latrunculin B. There is no TCF binding site in the vicinity of the SRE, and so one
may expect the induction to be fully dependent on the actin pathway. However, it
seems that the c-fos promoter itself is playing a role in the serum induced activation,
indeed it has been documented that regions of the c-fos promoter other than the SRE
are MAP Kinase responsive (De Cesare et al., 1998; Murai and Treisman, 2002). An
important control is to determine whether in this assay the pF261X construct itself is
serum inducible, however previous studies have shown that this construct cannot be
transcriptionally induced upon serum stimulation (Treisman, 1985).

To verify that the empty pF261X construct is not induced upon serum stimulation, and
to compare the induction of pF261X constructs with c-fos, the constructs were
transfected into NIH 3T3 cells. The induction of transcription of these constructs was
assayed following serum stimulation and the effects of the inhibitors Latrunculin B
and U0126 on serum induction was monitored. As shown in Fig 2.16 pF261X alone
is only slightly upregulated following serum stimulation. The induction of pF261X
constructs containing inserts o f the vinculin promoter, following serum stimulation,
can therefore be attributed to the insertion of the vinculin sequence.
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As shown in Fig 2.16 the effect of the inhibitors U0126 and Latrunculin B on the
level of Q-fos induction changes depending on the presence or absence of a TCF
binding site. Q-fos is only partially sensitive to Latrunculin B and induction is largely
inhibited by U0126.

In the case of Q-fos ATCF, inhibition by Latrunculin B is

markedly increased, and the induction is slightly less inhibited by U0126. There does
not appear to be such a clear effect of inserting a TCF binding site adjacent to the
vinculin SRE, even in the context of the Q-fos promoter (5'TCF vine pF261X), as there
is not a large difference between vine pF261X and 5T3A vine pF261X. However, in
the context of the Q-fos promoter both the actin and MAP Kinase pathways appear to
contribute to serum mediated induction in vinculin transcription.

It is therefore not possible to switch the sensitivity of the vinculin SRE to the MAP
Kinase pathway from the actin pathway, even in the context of a Q-fos promoter.
However, in the context of the Q-fos promoter both actin and MAP Kinase pathways
do contribute to vinculin SRE mediated induction of the reporter gene.

2.8.2

The effect of Latrunculin B and U0126 inhibitors on pF261X constructs
assayed at 30 min post serum stimulation

The peak in serum induction of Q-fos is different to that of vinculin (Fig 2.5 Gineitis
and Treisman, 2001), and as can be seen in Fig 2.15 and Fig 2.16 the peak of mRNA
of pF261X constructs at 30 min is approaching the level seen at 60 min. The effects of
the inhibitors at the 30 min time point was therefore investigated. As can be seen in
Fig 2.17, the difference in outcome in extracting RNA at 30 min following serum
stimulation, rather than 60 min, is not pronounced. A clear difference between the
effect of Latrunculin B on induction of Q-fos, and Q-fos ATCF remains. However,
there is not a clear difference between the vine pF261X reporter constructs. 5T3A vine
pF261X is slightly more resistant to inhibition by Latrunculin B than vine pF261X, but
it also appears more resistant to U0126 inhibition.

This experiment includes both positive and negative controls of constructs activated
by the actin pathway. The A290 B4 construct, which contains a single SRF binding
site at its normal location in the Q-fos promoter, but does not contain a TCF and API
binding site (Treisman, 1986; Treisman, 1985), is wholly sensitive to the actin
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pathway, and serum induction of this construct is inhibited by Latrunculin B. U0126
does have an inhibitory effect on this construct, but this is likely to be due to other
MAP Kinase responsive elements within this derivative of the c-fos promoter. In
contrast, c-fos induction is only slightly inhibited by Latrunculin B, and inhibited by
U0126. A change at the c-fos promoter can alter the effects of the inhibitors on serum
induction. Serum induction of the vine pF261X constructs is not as high as that of the

c-fos constructs, and the effect of the inhibitors is not clear. It appears that, especially
in the case of 5T3A vine pF261X, the actin pathway is not solely responsible for the
serum induction in transcription. Promoter context therefore has a role to play in
sensitivity of the vinculin SRE to the actin pathway. The effect of promoter context is
not as pronounced as in the case of the c-fos SRE, where serum induction properties
are markedly different when this SRE region is inserted into the vinculin promoter.

2.9

Summary

The presence of a TCF binding site at the vinculin SRE is not sufficient to render the

vinculin promoter insensitive to the actin pathway, although TCF can bind to this site
with a similar affinity to that of the c-fos promoter in vitro.

The insertion of the c-fos SRE promoter region (37 bases) into the vinculin promoter is
not sufficient to render the vinculin promoter insensitive to the actin pathway. This
promoter construct is not induced to high levels, and thus suggests that promoter
context is critical for maximal transcriptional induction.

The c-fos SRE functions

maximally when in the context of the whole c-fos promoter.

Promoter context clearly has an effect on the sensitivity of SRF to signalling
pathways. The serum induction of the vinculin promoter is wholly dependent on the
actin pathway. However, when the SRE of vinculin is inserted into a c-fos promoter
without an SRE, the SRE mediated serum induction is not inhibited fully by an
inhibitor o f the actin pathway, Latrunculin B.
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Fig 2.1
Serum induction and L atrunculin B sensitivity o f vinculin prom oter
constructs
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Fig 2.1. Serum induction and Latrunculin B sensitivity of vinculin promoter
constructs 0.3 pg of reporter gene, as indicated, was transfected into NIH 3T3 cells in
addition to 0.3 pg of P galactosidase reference reporter plasmid, c-fos luciferase, and
3DA. Luciferase were used as reference reporter plasmids, c-fos luciferase is the
luciferase reporter gene (pGL3) driven by the c-fos promoter. 3DA.luciferase is a reporter
consisting of 3 SRF binding sites in a minimal p-actin promoter (see section 8.12.1)
driving the luciferase reporter gene. Following a 12 hr serum starvation cells were
stimulated with 15 % FCS for 7 hr (as indicated). For Latrunculin B treatment, cells were
pre-treated for 30 min with Latrunculin B prior to serum stimulation. Luciferase activity
was measured in relation to P-gal activity, and the average data of two independent
experiments is shown.
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Fig 2.2a
Effect o f increasing concentrations o f SRE VP 16 on vinculin wild type
and SRE.M reporter genes
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Fig 2.2b
Effect o f SRF VP 16 on vinculin reporter genes
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Fig 2.2 a) Effect of SRF VP16 on vinculin reporter genes 0.3 pg o f reporter gene, lanes 18 vinculin wild type, 9-16 vinculin SRE.M, was transfected with 0 ng, 5 ng, 50 ng, 0.5 pg
SRF VP 16 expression plasmid. Cells were incubated overnight prior to a 7 hr 15 % serum
stimulation (lanes indicated). Luciferase and P-gal activity was measured, b) 0.3 pg of
reporter gene, as indicated, was expressed in NIH 3T3 cells in combination with 0.1 pg SRF
VP16. Cells well incubated for 24 hr prior to lysis, and luciferase activity was measured in
relation to p-gal activity. Fig 2.2a shows a representative result of 3 separate experiments,
albeit using different concentration of reporter gene; induction level increases with SRF VP 16
were similar using different concentrations of vinculin luciferase reporter genes.
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Fig 2.3
vinculin promoter constructs
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Fig 2.3 Vinculin Promoter Constructs The sequence of the vinculin wild type SRE promoter
region is shown, with the CArG box highlighted in blue. Mutations introduced into the
promoter are illustrated (red lettering), and binding sites for TCF (green) and API (orange) are
indicated. The sequence of the c-fos SRE region is shown for comparison.
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Fig 2.4
vinculin-fos probe for R N ase P rotection assay

The entire vinculin promoter

Exon 1 of the c-fos gene
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vinculin start site

Sequence of exon 1, starting at
base 719, o f the hum an c-fos gene
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'
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Fig 2.4. Vinculin-fos probe for RNase protection assay The vinculin promoter was fused
to the c-fos gene (base 719 o f human c-fos, accession no. K00650 M l 6287), and a probe for
RNase protection was designed to overlap vinculin and c-fos sequences as depicted. The
sequence o f the probe is shown.
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Fig 2.5
6 hr tim e course o f vinculin and c-fos induction follow ing
serum stim ulation
vinculin

reference

Serum

30
15

60

120 36 0 0
30
0
30 ' 0
30
120 360 0
30
0
30
2 4 0 480 15
6 0 15
60
15
60
2 4 0 480 15
60 15
60

Latrunculin B
U 0126
Fig 2.5. 6 hr time course of vinculin and c-fos induction following serum stimulation
Cells were transfected with 1 [ig vinculinJc-fos reporter gene and 0.5 pg M LV al 18 reference
plasmid. Cells were serum starved for 24 hr, before serum stimulation with 15 % FCS. Cells
indicated were pre-treated with Latrunculin B/U0126 for 30 min prior to serum stimulation.
Cells were subject to lysis at the indicated time point following serum addition, and RNA
isolated.
RNase protection analysis was undertaken with probes to vinculin-fos and
M LV al 18. A quantification of the RNase protection is shown, the level of vinculin!c-fos
message protected is normalised to the level of reference RNA protected. An independent time
course experiment gave similar results as this experiment, and the effect of the inhibitors on
induction o f vinculin and c-fos is consistent with additional experiments reported in this thesis.
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Fig 2.6
The effect o f L atrunculin B and U 0 1 2 6 on serum induction o f
vinculin pro m o ter m utants
vinculin
wild type II SRE.M n

5 T C F n 3’TCF n
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SRE.M

5TC F
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5’3’
TCF

4-

4-

+

4-

45T3A

c-fos

Fig 2.6 The effect of Latrunculin B and U 0126 on serum induction of vinculin promoter
mutants Cells were transfected with 1 pg vinculin/c-fos reporter genes and 0.5 pg M LVal 18
reference plasmid. Cells were serum starved for 24 hr, before serum stimulation with 15 %
FCS. Cells indicated were pre-treated with Latrunculin B/U0126 for 30 min prior to serum
stimulation. Cells were lysed at 60 min following serum addition, and RNA isolated. RNase
protection analysis was undertaken with probes to vinculin-fos and M LV al 18.
A
quantification of the RNase protection is shown, the level of vinculin message protected is
normalised to the level of reference RNA protected. This experiment is a representative of
many experiments (an examples can be seen throughout this thesis, for example see Fig 2.8
and Fig 2.10), in addition transfection of different concentrations of reporter gene does not
alter the results seen.
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Fig 2.7
A comparison o f vinculin 5T3A and c-fos SRE promoter regions

r / / -///// 5 T C F 3 ' A P I ( 5T3A)

CGCTCCCAGGATGCCCTTATAAGGACATCTGCGTCAT

CGCTCACAGGATGTCCATATTAGGACATCTGCGTCAG

D ifference betw een constructs
M

###

Fig 2.7 A comparison of vinculin 5T3A and c-fos SRE promoter regions The sequences of
vinculin 5T3A and c-fos are shown, with sequences different to the vinculin SRE region
indicated by red font colour. The difference between vinculin 5T3A and c-fos over the SRE
region is shown at the bottom of the figure, bases different between the two constructs are shown
in blue. The consensus binding site for TCF (CAGGAT) and SRF (CCA/TeGG) are underlined.
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Fig 2.8
Comparison o f vinculin 5T3A and Fos vinculin
vinculin
wild tvoe

c-fos
rF 7 in
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0
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1 )0 1 2 6
Hh
Hh
—1
I-

vinculin
w ild type

c-fos
(F711)

5T3A

Fos vinculin

Fig 2.8 Comparison of vinculin 5T3A vinculin and Fos vinculin Cells were transfected
with 1 pg vinculinJc-fos reporter genes and 0.5 pg M LV al 18 reference plasmid. Cells were
serum starved for 24 hr, before serum stimulation with 15 % FCS. Cells indicated were pre
treated with Latrunculin B/U0126 for 30 min prior to serum stimulation. Cells were lysed at
the times indicated following serum addition, and RNA isolated. RNase protection analysis
was undertaken with probes to vinculin-fos and M LV al 18. A quantification of the RNase
protection is shown, the level of vinculinJc-fos message protected is normalised to the level of
reference RNA protected. This experiment was repeated 3 times, including a repeat with a
different preparation of plasmid DNA. Quantification of DNA preparation was determined
repeatedly by optical density and intensity on an agarose gel, however there was no
discrepancy in DNA concentration used, and the results shown are representative of all
experiments conducted.
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Fig 2.9
T he effect o f inhibitors on different concentrations o f 5T 3A vinculin

50ng5T3A^^200 ng 5T3A^ ^600 ng 5T3/>|,1.2 ^gST3A^
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l^atruneulin B
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44-

-h
4-

200 ng 5T3A 600 ng 5T3A

4 -4 -4 44-

1.2 pig 5T3A

Fig 2.9 The effect of inhibitors on different concentrations of 5T3A vinculin Cells were
transfected with 50 ng, 200 ng, 600 ng, 1.2 pig 5T3A vinculin reporter genes and 0.5 pg
M LV al 18 reference plasmid. Cells were serum starved for 24 hr, before serum stimulation
with 15 % PCS. Cells indicated were pre-treated with Latrunculin B/U0126 for 30 min prior
to serum stimulation. Cells were lysed at 60 min following semm addition, and RNA isolated.
RNase protection analysis was undertaken with probes to vinculin-fos and M L V allS . A
quantification of the RNase protection is shown, the level of vinculin message protected is
normalised to the level of reference RNA protected. This is experiment was only conducted
on one occasion, but the pattern seen using different concentrations of reporter gene gives
confidence that the results are not anomalous.

100

Fig 2.10
A com parison o f short constructs to full length constructs

I
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4 I-

5T 3A
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5T 3A

Fig 2.10 A comparison of short constructs to full length constructs Cells were
transfected with 1 fxg vinculin reporter genes and 0.5 pg M L V al 18 reference plasmid. Cells
were serum starved for 24 hr, before serum stimulation with 15 % PCS. Cells indicated were
pre-treated with Latrunculin B/U0126 for 30 min prior to serum stimulation. Cells were
lysed at the times indicated following serum addition, and RNA isolated. RNase protection
analysis was undertaken with probes to Vinculin Fos and M LV al 18. A quantification of the
RNase protection is shown, the level of vinculin message protected is normalised to the level
of reference RNA protected. This particular time course with inhibitors was only conducted
on one occasion, however a higher induction of transcription with the shorter constructs was
seen on the several occasions when these constructs were assayed.
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Fig 2.11
Band Shift probe design
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Fig 2.12a
Ability o f core SRF to bind to vinculin promoter mutants

vinculin
w ild type

SR E .M
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vinculin
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Core SRF

Free probe

Fig 2.12b
E n d ogenous proteins bound to probe

»»

SRF-

Free probe

Fig 2.12 Ability of SRF to bind to the vinculin promoter Electrophoretic mobility shift
analysis a) Probes indicated were incubated with recombinant core SRF (residues 133-265).
Lanes 1; 1:100 dilution of core SRF. Lanes 2; 1:500 dilution. Lanes 3; 1:2500 dilution.
Lanes 4; no SRF. b) 1 pi NIH 3T3 cell extract (1.5 pg/pl) was incubated with probes
indicated. All gels are 5 % Acrylamide (37.5:1), see Materials and Methods for details of
electrophoretic mobility shift assay procedures.
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Fig 2.13
The ability o f Elk-1 to bind to vinculin promoter mutants

5’
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Fig 2.13 Electrophoretic mobility shift analysis. The ability of Elk-1 to bind to vinculin
promoter mutants Probes indicated were incubated with recombinant Core SRF (residues
133-265) and NIH 3T3 extract of cells transfected with full length Elk-1. Lanes 1; 1:10
dilution of cell extract (1.5 ug/ul). Lanes 2; 1:30 dilution. Lanes 3; 1:90 dilution. Lanes 4;
no cell extract Quantification of the gel is shown at the bottom of the figure. The amount of
ternary complex in relation to free probe is plotted. Similar trends in ability of Elk-1 to shift
SRF-probe complexes was seen with different titrations of cell extract.
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Fig 2.14
Design o f pF261X constructs

Transcription start site

-261
pU C 12

C-fos sequence

vinculin 33 bp
SR E O ligo
Bam HI

Xbal

gatccCCCACCATGCCCTTATAAGQAGCGCCCGGCGTTt
vine pF261X

gatccCCCAGGATGCCCTTATAAGÔAGCGCCCGGCGTTt
5’TCF
vine pF261X

gatccCCCAGGATGCCCTTATAAGGACATCTGCGTCAt
5T3A
vine pF261X

Fig 2.14. Design of pF261X constructs vinculin SRE region oligos were inserted into the
Bam Hl/Xba I sites of pF261X. The c-fos promoter to base -261 is inserted into this
promoter, and is directly 3’ to the vinculin promoter sequence. The names of these promoter
constructs is illustrated in black. Binding sites for SRF are depicted by blue boxes, TCP
binding sites are depicted in green ovals, and API binding sites are depicted by pink ovals.
Bases shown in red are sequence differences from the wild type vinculin promoter.
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Fig 2.15
In d u ctio n o f pF 261X constructs by serum , and effect o f inhibitors on
serum m ed iated induction
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Fig 2.15. Induction of pF261X constructs by serum, and effect of inhibitors on serum
mediated induction Cells were transfected with 1 pg vinculin reporter gene and 0.5 pg
M L V a llS reference plasmid. Cells were serum starved for 24 hr, before serum stimulation
with 15 % FCS. Cells indicated were pre-treated with Latrunculin B/U0126 for 30 min prior
to serum stimulation. Cells were lysed at times indicated following serum addition, and RNA
isolated.
RNase protection analysis was undertaken with probes to vinculin-fos and
M LV al 18. A quantification of the RNase protection is shown, the level of vinculin message
protected is normalised to the level of reference RNA protected. Similar experiments are
shown in Fig 2.16 and Fig 2.17.
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Fig 2.16
The effect o f inhibitors Latrunculin B and U 0 1 2 6 on the pF261X
constructs
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Fig 2.16. The effect of inhibitors Latrunculin B and U 0126 on the pF261X constructs
Cells were transfected with 1 pg vinculin reporter gene and 0.5 pg M L V a llS reference
plasmid, A290.B4 has the SRF binding site o f the c-fos promoter without an associated TCF
binding site. Cells were serum starved for 24 hr, before serum stimulation with 15 % FCS.
Cells indicated were pre-treated with Latrunculin B/U0126 for 30 min prior to serum
stimulation. Cells were lysed at times indicated following serum addition, and RNA isolated.
RNase protectioi analysis was undertaken with probes to vinculin-fos and M L V allS . A
quantification of the RNase protection is shown, the level of vinculin message protected is
normalised to the level of reference RNA protected.
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Fig 2.17
The effect o f inhibitors on induction o f pF261X constructs at 30 min
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Fig 2.17. The effect of inhibitors on induction of pF261X constructs at 30 min Cells were
transfected with 1 p,g vinculin reporter gene and 0.5 pg M LV al 18 reference plasmid. Cells
were serum starved for 24 hr, before serum stimulation with 15 % FCS. Cells indicated were
pre-treated with Latrunculin B/U0126 for 30 min prior to serum stimulation. Cells were lysed
at times indicated following serum addition, and RNA isolated. In this experiment RNase
protection analysis was undertaken with a probe to c-fos exon 1 (FOS", which protects 287
nucleotides of exon 1, Hill et al., 94), and to the reference reporter plasmid M LV al 18. A
quantification of the RNase protection is shown, the level of vinculinJc-fos message protected
is normalised to the level of reference RNA protected.
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3
3.1

Targeting Elk-1 to the vinculin promoter
Summary of chapter

In the case of the c-fos gene removal of the TCF binding site adjacent to the SRE can
render an actin pathway unresponsive gene sensitive to the actin pathway (Hill et al.,
1994; Murai and Treisman, 2002). The presence of a TCF binding site at the vinculin
SRE is not sufficient to render this actin pathway sensitive gene insensitive to the actin
pathway (Chapter 2). To ensure TCF binding to the mutant vinculin promoter is at
saturating levels in vivo, I exploited an altered-specificity TCF derivative which can be
targeted to the vinculin promoter through the insertion of a LexA binding motif (Hill et
al., 1993). It is found that over-expression of this Elk-1 derivative can inhibit actin
pathway induction of the vinculin gene.

In the context of a c-fos promoter lacking an endogenous TCF binding site, this Elk-1
derivative inhibits induction via the actin pathway, but maintains the genes serum
responsiveness by induction through the MAP Kinase pathway (Murai and Treisman,
2002). However, here it is shown that in the context of the vinculin promoter the Elk1 derivative inhibits induction via the actin pathway, but cannot itself lead to
activation of the gene through the MAP Kinase pathway.

3.2 Targeting NL.Elk to the vinculin promoter
A lexA half-operator was introduced into the vinculin promoter, of the same sequence,
and distance from the SRE as that introduced into c-fos to abolish the TCF binding site
(Hill et al., 1993; Hill and Treisman, 1995). The sequence of this vinculin construct is
shown in Fig 3.1. NL.Elk is a derivative of Elk-1, which lacks the A box (residues 1107), but contains a nuclear localisation signal (NTS) and a LexA DNA binding
domain at its N terminus, and can be targeted to a LexA half-operator. In the context
of a c-fos promoter containing a LexA binding site 5’ to the SRE, NL.Elk is sufficient
to inhibit the actin pathway induction of the gene, which activates this promoter
construct due to the absence o f a functional endogenous TCF binding site (Murai and
Treisman, 2002).
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NL.Elk was expressed in NIH 3T3 cells with a vinculin reporter gene containing a
lexA binding site. As can be seen in Fig 3.2, expression of increasing doses of NL.Elk
significantly reduces the serum stimulated increase in mRNA level. As a control, the
same titration of NL.Elk was expressed in combination with the wild type vinculin
promoter, which does not have an optimal TCF binding site. At high doses of NL.Elk
expression, transcription is also inhibited from the wild type promoter. It has been
proposed that the same region of SRE is necessary for interaction of SRF with TCF
and the downstream activator of the actin pathway (Hill et al., 1994, and see section
1.2.5). As TCF has an SRF interaction domain, at high levels of NL.Elk expression it
will bind to SRF in the absence of a TCF binding site. In addition, as EIk-1 binds to
SRF in the same region of the activator of the actin pathway it will inhibit the actin
pathway from functioning. However, when an NL.Elk binding site is present adjacent
to the SRE a striking effect o f expressing Nl.Elk can be seen (Fig 3.2). NL.Elk
inhibits serum stimulated transcriptional activation of vinculin, yet does not lead to a
change in the pathway by which vinculin is activated; the serum induction remains
inhibited entirely by Latrunculin B.

The effect of NL.Elk on c-fos transcription was also monitored, and as can be seen in
Fig 3.2, increasing levels of NL.Elk lead to a reduction in transcription levels from this
promoter. In addition, the serum stimulated induction in transcription is now partially
refractive to Latrunculin B inhibition.

In the absence of NL.Elk, serum induced

transcription is inhibited over 90 % by Latrunculin B, when 400 ng of NL.Elk is
expressed in combination with this reporter gene the serum induction of this promoter
is inhibited by Latrunculin B by only 40 %. In contrast, although at 60 ng of NL.Elk
expression vector Lex vinculin induction levels are very low, the serum induction
remains wholly inhibited by pre-treatment with Latrunculin B.

Overexpression of NL.Elk inhibits transcription of the c-fos gene significantly, this is
in contrast to studies by Murai and Treisman that did not reveal a significant reduction
in transcription levels with similar expression levels of NL.Elk (Murai and Treisman,
2002). However, here mRNA levels were monitored at the 60 min point, and previous
studies have indicated that the rapid peak in c-fos induction is very transient (Gineitis
and Treisman, 2001). Later experiments utilise the 30 min time point post serum

no

stimulation, and at the 30 min time point NL.Elk does not cause a significant drop in
transcription levels of c-fos (Fig 3.3).

3.2.1

The MAP Kinase pathway does not induce vinculin transcription

To verify that the serum induction of Lex vinculin in the presence of NL.Elk is solely
due to the actin pathway and that the MAP Kinase pathway does not induce activation
at all, serum induced transcription was monitored both in the presence of U0126 (an
inhibitor o f the MAP Kinase pathway) and Latrunculin B (an inhibitor of the actin
pathway). 50 and 100 ng of NL.Elk was used in this experiment, as 400 ng inhibited
serum induction of the wild type vinculin promoter (Fig 3.2), suggesting this level of
NL.Elk is too high to look at the effects o f targeting Elk-1 to the vinculin promoter. In
addition, the 30 min time point following serum stimulation was used to assay mRNA
levels, as it is thought that MAP Kinase activation mediated via TCF peaks at this
point (Gineitis and Treisman, 2001).

Fig 3.3 shows that induction o f Lex fo s (c-fos ATCF) is sensitive to Latrunculin B in
the absence of NL.Elk, and only partially sensitive to U0126.

When increasing

concentrations of NL.Elk are expressed in combination with this c-fos construct, a
change in the effect of the inhibitors on the serum induction can be seen. Latrunculin
B has a smaller inhibitory effect on the induction, and U0126 has a greater inhibitory
effect. Increasing concentrations of NL.Elk does not change the relative effect of the
inhibitors Latrunculin B and U0126 on the induction of the Lex vinculin promoter
(Fig 3.3).

In summary, it appears that the targeting of an Elk-1 derivative is sufficient to inhibit
actin pathway activation of transcription fi*om the Lex vinculin promoter, similarly to
the Lex fo s promoter. In contrast to the c-fos promoter however, serum stimulated
transcription o f vinculin is always dependent on the actin pathway, and does not
become dependent on the MAP Kinase pathway, even though the NL.Elk construct
used in these experiments can be activated on MAP Kinase activation.

I ll

3.3 Targeting TCF to the vinculin SRE in the context of the c-fos
promoter
In Chapter 2 there appeared to be a slight difference between the ability of the actin
pathway to activate transcription from the vinculin SRE, in the context of the vinculin
promoter compared to the c-fos promoter (Section 2.8). The presence of TCF and API
binding sites flanking the vinculin SRE (5T3A) have a slightly greater effect of
reducing the Latrunculin B sensitivity in the context of the c-fos promoter.

In

addition, the c-fos SRE region is not sensitive to Latruniculin B inhibition, yet when it
is transplanted into the vinculin promoter induction is sensitive to Latrunculin B
inhibition (section 2.6.2). It was therefore investigated whether targeting the NL.Elk
construct to a LexA binding site adjacent to the vinculin SRE has a different effect in
the context of the c-fos promoter to that of the vinculin promoter.

Fig 3.4 shows a markedly different effect of targeting NL.Elk to the vinculin SRE
when it is in the context of the c-fos promoter. Lex vine pF261X (See section 2.8 for
information on pF261X constructs). This construct is activated on serum stimulation,
and this activation is sensitive to pre-treatment with Latrunculin B (Fig 3.4, lanes 2
and 3). When NL.Elk is expressed in combination with this reporter gene the serum
stimulated induction of this gene becomes refractory to inhibition by Latrunculin B
(lane 12), however transcription is still induced on serum stimulation. The effect of
expressing NL.Elk in combination with this reporter construct is similar to expressing
NL.Elk in combination with c-fos ATCF.

There is clearly a marked difference between the targeting of TCF to the vinculin SRE
in the context of the vinculin promoter, to targeting TCF to the vinculin SRE in the
context of the c-fos promoter. At both promoters NL.Elk is sufficient to markedly
reduce sensitivity to Latrunculin B inhibition. However, in the context of the c-fos
promoter, NL.Elk expression retains the serum induction of the gene through an
alternative pathway. In the context of the vinculin promoter, serum induction of the
gene is severely reduced in the presence of NL.Elk.
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3.3.1

NL.Elk mediated activation of Lex vine pF261X is inhibited by U0126

The serum induction of the Lex vine pF261X gene is refractory to inhibition by
Latrunculin B on expression of NL.Elk, yet the gene remains serum responsive. To
determine whether this serum induction is due to activation through the MAP Kinase
pathway, cells were transfected with NL.Elk in combination with this reporter gene,
and following a 24 hr serum starvation cells were pre-treated for 30 min with
UO126/Latrunculin B, prior to serum stimulation.

As can be seen in Fig 3.5, in the absence o f NL.Elk the serum induction of both Lex
vine pF261X and Q-fos ATCF is largely inhibited by pre-treatment with Latrunculin B.
However, in the presence of 400 ng of NL.Elk expression vector the serum induction
is more sensitive to U0126 than to Latrunculin B inhibition.

In conclusion, targeting NL.Elk to the vinculin SRE in the context of a c-fos promoter
reduces the sensitivity to actin pathway inhibition.

However, the gene remains

inducible by serum via the MAP Kinase pathway. This is in contrast to targeting
NL.Elk to the vinculin SRE in the context of the vinculin promoter, where the small
level o f induction is not sensitive to U0126 inhibition.

3.3.2

The ability of NL.Elk to bind to the vinculin promoter

To verify that the different effects o f NL.Elk expression on vinculin induction in the
context o f vinculin and c-fos promoters is not due to a difference in affinity of these
promoters for NL.Elk, electrophoretic mobility shift analysis was conducted. Probes
were made by PGR using radiolabelled dCTP, and were designed to encompass the
vinculin SRE regions inserted into the truncated c-fos promoter, as shown in Fig 3.6.
Probes were made o f identical specific activity using PCR methodology.

Fig 3.7a illustrates that the affinity of NL.Elk for probes to Lex vinculin. Lex vine
pF261X and fo s ATCF is very similar. It appears unlikely that a difference in affinity
of the SRE region of these promoters for NL.Elk could explain the different effects of
NL.Elk on the induction o f these promoters. In addition, the binding of endogenous
SRF, and exogenously added core SRF, appears similar for all constructs, as shown in
Fig 3.7b. NL.Elk can only bind to the binary complex of wild type vinculin probe and
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core SRF when expressed at very high levels, the binding of NL.Elk to the promoter
requires a LexA binding site.

3.3.3

c-fos ATCF pF261X and Lex vine pF261X are very similar

As shown in Fig 3.5 both c-fos ATCF and Lex vine pF261X become less sensitive to
Latrunculin B inhibition in the presence of NL.Elk. However, in the presence of
NL.Elk, Lex vine pF261X remains more sensitive to actin pathway inhibition than cfo s ATCF.

It was also hypothesised that the difference in ability of the vinculin and c-fos SRE to
become resistant to the actin pathway on over-expression of NL.Elk may be due to the
presence o f an API site 3’ to the SRE of c-fos ATCF. Murai and Treisman showed
that removal of the API binding site from the c-fos promoter increased the promoters
responsiveness to the actin pathway (Murai and Treisman, 2002). An API binding
site, identical in sequence to that found in the c-fos promoter, was therefore inserted 3’
to the SRE in Lex vine pF261X to determine whether this had an effect on the ability
of NL.Elk to reduce the sensitivity to Latrunculin B inhibition.

Fig 3.9 shows that the presence of an API site does not increase the level of resistance
to Latrunculin B inhibition, however in this experiment the level of NL.Elk inhibition
of the actin pathway is markedly increased (compare Fig 3.9 to Fig 3.4). However, the
presence of API appears to decrease the ability of NL.Elk to inhibit the actin pathway
at the vinculin promoter, although the transfection efficiency of this experiment is not
consistent, as seen from the level of reference RNA protected. To determine whether
there is an effect of the API site on the ability of NL.Elk to inhibit the actin pathway,
this experiment would need to be repeated multiple times. However, the presence of
an API site does not appear to increase the refractiveness of the vinculin SRE to
Latrunculin B inhibition in the context of the c-fos promoter.

To verify that the difference in actin pathway sensitivity on expression of NL.Elk is
due to the additional promoter elements of the c-fos ATCF promoter (pF261X
constructs are deleted of distal elements of -261), pF261X constructs were constructed
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with c-fos SRE regions inserted in the identical manner to vinculin SRE region, as
shown in Fig 3.8.

pF261X constructs with c-fos SRE regions were transfected into NIH 3T3 cells, cells
were serum stimulated following pre-treatment with Latrunculin B/U0126, RNA was
extracted and assayed using the RNase protection technique.

There is no real

difference between the ability of NL.Elk to reduce sensitivity to Latrunculin B at the
vinculin SRE compared to the c-fos SRE in the context of the c-fos promoter (Fig 3.9).
Lex vine pF261X is similar to Lex Fos pF261X both in Latrunculin B inhibition of
serum induction in the absence of NL.Elk, and in the presence of NL.Elk.

As shown in Fig 3.10 NL.Elk is able to bind to Lex vine pF261X, Lex vine API
pF261X and Lex Fos pF261X with similar affinities, but NL.Elk is not able to bind to
constructs lacking LexA binding sites.

3.4 Chapter conclusions
Similarly to the c-fos ATCF promoter, NL.Elk can reduce the sensitivity of vinculin
induction to Latrunculin B inhibition. However, over-expression of NL.Elk does not
render the vinculin promoter sensitive to the MAP Kinase pathway, as determined by
sensitivity o f induction to U0126 inhibition.

The vinculin promoter restricts the ability of NL.Elk to activate transcription, as when
inserted into the c-fos promoter the vinculin SRE can mediate transcription through
NL.Elk (Lex vine pF261X).

The targeting of the B-box containing TCF derivative is sufficient to reduce sensitivity
of the vinculin promoter to Latrunculin B inhibition, suggesting that TCF binding was
not at saturating levels in vinculin promoter mutants containing TCF binding sites
(Chapter 2).

However, we have again seen that promoter context is critical in

orchestrating transcription mediated by SRF.
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F ig 3.1
S tructure o f N L .E lk, and the sequence o f the L exA half-operator sequence

Structure of NL.Elk
Elk-1

428
90

148 168

352

399

N L.Elk

4

LexA

A.

1^

107

JJ

NLS

Sequence of the LexA half operator
vinculin SR E region

GCTCCCACCATGCCCTTATAAGGAGC
Lex vinculin

GCGTACT GTATGICCTTAT AAGGAGC

LexA half operator

SRE

Fig 3.1 Structure of NL.E1R, and the sequence of the LexA half operator The structure
of NL.Elk is depicted in comparison to the structure of Elk-1. The LexA binding domain is
illustrated in blue, residues 1-87. The A, B and C boxes of Elk-1 are shown in green. At the
bottom of the figure the LexA binding site is shown, in comparison to the wild type vinculin
promoter. Residues that have been changed are illustrated in red. The LexA half operator is
illustrated by a pink box, and the SRE is illustrated by a blue box.
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Fig 3.2
O v er-ex p ressio n o f N L .E lk in com bination w ith Lex vinculin
Lex vinculin
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vinculin

Fig 3.2 Over-expression of NL.Elk in combinatiMi with Lex vinculin Cells were
transfected with 1 fxg vinculinJc-fos reporter gene as indicated, 0.5 pg M L V a llS reference
plasmid, and 0, 10, 60, or 400 ng expressicm vector of NL.Elk. Cells were serum starved for
24 hr, before serum stimulation with 15 % FCS. Cells indicated were pre-treated with
Latrunculin B for 30 min prior to serum stimulation. Cells were lysed at 0/60 min (shown as /+ respectively) following serum addition, and RNA isolated. RNase protection analysis was
undertaken with probes to vinculin-fos and M L V allS . A quantification of the RNase
protection is shown, the level of vinculinlc-fos message protected is normalised to the level of
reference RNA protected. This Figure is representative of 2 separate experiments.
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Fig 3.3
U 0 1 2 6 inhibition o f NL.Elk mediated induction
C-fos ATCF

Lex vinculin
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C-fos

ATCF
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vinculin

+
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4-

50

+

100

Lex vinculin

Fig 3.3 U 0126 inhibition of NL.Elk mediated induction Cells were transfected with I |ig
vinculin/c-fos reporter gene as indicated, 0.5 pg M LV al 18 reference plasmid, and 0, 50, or
100 ng expression vector of NL.Elk. Cells were serum starved for 24 hr, before serum
stimulation with 15 % FCS. Cells indicated were pre-treated with Latrunculin B/U0126 for
30 min prior to serum stimulation. Cells were lysed at 0/30 min (shown as -/+ respectively)
following serum additicxi, and RNA isolated. RNase protection analysis was undertaken with
probes to vinculin-fos and M LV al 18. A quantification of the RNase protection is shown, the
level of vinculinl c-fos message protected is normalised to the level of reference RNA
protected. This experiment was not repeating using the same conditions as this experiment,
however the data shown is consistent with later experiments shown in this thesis.
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Fig 3.4
A b ility o f N L .E lk to inhibit actin pathw ay induction o f the
vin cu lin SRE in the context o f c-fos
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Lex vinculin
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Fig 3.4. Ability of NL.Elk to inhibit actin pathway induction of the vinculin SRE in the
context of c-fos Cells were transfected with 1 pg reporter gene as indicated, 0.5 pg
M LV al 18 referenee plasmid, and 0,60, or 400 ng expression vector for NL.Elk as indicated.
Cells were serum starved for 24 hr, before semm stimulation with 15 % FCS. Cells indicated
were pre-treated with Latrunculin B for 30 min prior to serum stimulation. Cells were lysed
at 0/30 min (shown as -!+ respectively) following serum addition, and RNA isolated. RNase
protection analysis was undertaken with probes to vinculin-fos and M LV al 18.
A
quantification of the RNase protection is shown, the level of vinculinJ c-fos message protected
is normalised to the level of reference mRNA protected. Part of this experiment is
reproduced as part of a separate experiment in Fig 3.5.
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Fig 3.5
U 0 1 2 6 sensitivity o f Lex vine pF261X serum induction
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Fig 3.5 U 0126 sensitivity of Lex vine pF261X serum induction Cells were transfected with
1 \ig reporter gene as indicated, 0.5 pg M L V al 18 reference plasmid, and 0/400 ng expression
vector for NL.Elk as indicated. Cells were serum starved for 24 hr, before serum stimulation
with 15 % FCS. Cells indicated were pre-treated with Latrunculin B/U0126 for 30 min prior
to serum stimulation. Cells were lysed at 0/30 min (shown as -/+ respectively) following
serum addition, and RNA isolated.
RNase protection analysis was undertaken.
A
quantification of the RNase protection is shown, the level of vinculinJc-fos message protected
is normalised to the level of reference RNA protected.
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Fig 3.6
Band shift probes for pF261X constructs

Band Shift Probe
22

33

22

77 bases

-261
pU C 12

C-fos

vinculin 33 bp
S RE Ol i go

Bam HI

Xbal

Fig 3.6 Band Shift Probes for pF261X constructs The band shift probe encompasses the
SRE region of the vinculin promoter inserted upstream of the c-fos promoter {c-fos promoter
up to residue-261). This is illustrated schematically. The blue line represents the band shift
probe, and is 77 bases long.
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Fig 3.7a
The ability o f NL.Elk to bind to LexA containing promoter constructs
Lex vine
Lex
vinculin
---- 1 1—
1
11
— 11—
—1
1 2 3 4 5 6 1 2 3 4 5 6
1 2 3 4 5 6 1 2 3 4 5 6
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F ig 3.7b
E ndogenous/C ore SR F binding to LexA prom oter constructs
A*
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■Sf
.■V

Core SRF

Free Probe

Fig 3.7. Ability of NL.Elk to bind to the LexA half-operator containing promoters.
Electrophoretic mobility shift analysis, a) Probes indicated were incubated with recombinant
core SRF (residues 133-265) and, Lanes 1; 1:4 dilution of NL.Elk containing NIH 3T3 cell
extract (1.5 fxg/pl). Lanes 2; 1:16 dilution. Lanes 3; 1:64 dilution. Lanes 4; 1:4 dilution of
cell extract of non NL.Elk transfected NIH 3T3 cell extract. Lanes 5; 1:16 dilution. Lanes 6;
1:64 dilution. Similar results were seen using different dilutions of NL.Elk transfected NIH
3T3 cell extract. Fig 3.7 b) Lanes 1-4; 1 pi NL.Elk transfected NIH 3T3 (1.5 pg/pl) cell
extract incubated with the indicated probe. Lanes 5-12; Ability of core SRF to bind to
LexA half-operator containing promoters. Lanes 5, 7, 9, 11; 1:100 dilution of core SRF
(as in Fig 3.7a) incubated with probes indicated. Lanes 6, 8, 10, 12; 1:500 dilution of core
SRE incubated with probe indicated. All gels are 5 % Acrylamide (37.5:1), see Materials and
Methods for a description of electrq^horetic mobility shift analysis methodology.
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Fig 3.8
LexA binding sites in pF261X constructs

-261
pUC12

C-fos

vinculin 33 bp
SRE Oligo
Bam HI

Xbal

gatccCCCACCATGCCCTTATAAGGAGCGCCCGGCGTTt
vine pF261X

gatocGCqTACTGTATlGTCCTTATAAGQAGCGCCCGGCGTTt
Lex
vine pF261X
gatccGCG TACTGTATlGTCCTTATAAGGACATCTGCGTCATt
Lex vine
3’A Pl pF261X
gatccCACAGGATGTCCATATTAGGACATCTGCGTCAt
Fos pF261X

gatcc TACTGTAT GT(fcCATATTAGGACATCTGCGTCAt
----------Lex Fos
pF261X
Fig 3.8 Design of LexA half-operator containing pF261X constructs vinculinlc-fos SRE
region oligos were inserted into the Bam Hl/Xba I sites of pF261X. The c-fos promoter to
base -261 is inserted into this promoter, and is directly 3’ to the vinculinJc-fos SRE promoter
sequence. The names of these promoter constructs is illustrated in black. Binding sites for
SRF are depicted by blue boxes, TCF binding sites are depicted in green ovals, API binding
sites are depicted by pink ovals and LexA binding sites are depicted by orange boxes. Bases
shown in red are sequence differences from the wild type vinculin SRE region in vinculin
pF261X constructs. And, bases in blue are differences between Fos pF261X and Lex Fos
pF261X.
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Fig 3.9
Lex vine pF261X constructs, and the effect o f NL.Elk expression
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Fig 3.9 Induction of Lex pF261X constructs by serum, and the effect of NL.Elk
expression Cells were transfected with 1 pg reporter gene, 0.5 pg M L V a llS reference
plasmid, and 0/400 ng NL.Elk expression vector. Cells were serum starved for 24 hr, before
serum stimulation with 15 % FCS. Cells indicated were pre-treated with Latrunculin B for 30
min prior to serum stimulation. Cells were lysed at times indicated following serum addition,
and RNA isolated. RNase protection analysis was undertaken with probes to vinculin-fos and
M L V allS . A quantification of the RNase protection is shown, the level of vinculinlc-fos
message protected is normalised to the level of reference RNA protected. This experiment,
albeit caisistent with previous results, was not repeated.
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Fig 3.10
Ability ofN L .E lk to bind to LexA containing pF261X constructs
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Fig 3.10. Ability of NL.EIk to bind to the LexA half-operatw containing pF261X
constructs Electrophoretic mobility shift analysis. Probes indicated were incubated with
recombinant core SRF (residues 133-265) and, Lanes 1; 1:4 dilution of NL.EIk containing
NIH 3T3 cell extract (1.5 pg/pl). Lanes 2; 1:16 dilution. Lanes 3; 1:64 dilution. Lanes 4; 1:4
dilution of cell extract of non NL.EIk transfected NIH 3T3 cell extract. See section 8.9 for
electrophŒetic mobility shift analysis methodology. All gels are 5 % Aery Iamide (37.5:1 ).
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4
4.1

Effect of factor

on vinculin induction

Summary of Chapter

MAL22 strongly activates SRF reporter genes, and evidence is emerging that it is
the downstream activator of the actin pathway (see section 1.2.6). In this chapter
the ability of MAL22 to activate transcription of the vinculin gene is described. In
comparison

to

serum

stimulated

induction

in

vinculin

mRNA

levels,

overexpression of MAL22 induces vinculin message to very high levels. At high
MAL22 concentrations, this protein may be able to activate transcription from a
vinculin promoter lacking a high affinity SRF binding site.

4.2 MAL22 over-expression and induction of vinculin message
Using a bioinfomatics screen to identify unknown cardiac specific genes Wang and
co-workers, identified a highly potent transcription factor, Myocardin, that
functions through interaction with SRF (Wang et al., 2001). This factor is cardiac
specific, but ubiquitously expressed homologues of Myocardin exist, the MAL
proteins (Ma et al., 2001; Mercher et al., 2002), and these factors are also highly
potent transcription factors that require SRF for activation. Studies have shown
that the MAL proteins are strong candidates for the factor that interacts with SRF
downstream of the RhoA/actin pathway (F. Miralles, personal communication,
section 1.2.6 and Wang et al., 2002).

F.Miralles and co-workers used the EST database and published human MAL
sequences (Ma et al., 2001; Mercher et al., 2001) to identify mouse MAL
homologues.

MAL22 (Genbank, AF532597) is a Myocardin related factor

(recently referred to as MRTF-A (Wang et al., 2002)) which encodes an Nterminal RPEL motif (a sequence conserved in other MAL proteins), a SAP
domain and a leucine zipper similarly to Myocardin (see Fig 1.7). MAL22 is the
predominant class of MAL mRNA found in NIH3T3 cells (F.Miralles, personal
communication). MAL22 induces SRF target genes in the absence of extracellular
signals, interferes with the ability of dominant negative mDia and Actin molecules
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to inhibit actin pathway induction of SRF target genes, and can shift a SRF-SRE
complex in electrophoretic mobility shift analysis (Miralles et al., 2003).

Studies with the vinculin promoter have shown that it is not possible to inhibit the
actin pathway induction of the gene by transplanting c-fos SRE regions into this
promoter (section 2.6.2). It is therefore possible that other regions of the vinculin
promoter have a role in restricting this promoter to activation through the actin
pathway.

In support o f this theory, induction mediated by the vinculin SRE

resembles the induction mediated by the c-fos SRE when inserted into a c-fos
construct (section 2.8).

It has been established that the SRE region is important for serum induction of the
vinculin promoter (section 2.2.2). However, the actin responsive factor (MAL22)
may bind in combination with SRF and another region of the promoter, and over
expression o f this factor may circumvent the need for interaction with SRF to bind
to the promoter. In contrast, the actin pathway does not induce c-fos, unless the
TCF binding site adjacent to the SRE is removed. It would therefore be predicted
that any activation seen through over-expression of the actin regulated factor at the
vinculin promoter lacking a wild type SRE, would not be seen at a c-fos promoter
lacking a consensus SRE.

NIH 3T3 cells were transfected with vinculin!c-fos reporter genes in combination
with increasing levels of MAL22 expression vector (full length MAL22 in EFplink
vector). Following a 24 hr incubation in the absence of serum, cells were serum
stimulated prior to lysis, RNA was isolated, and RNase protection analysis was
conducted. As shown in Fig 4.1, even at 10 ng of MAL22 expression plasmid
vinculin is induced to levels four fold higher than levels induced on serum
stimulation. At 100 ng o f MAL22 expression vector, the non-serum stimulated
induction of vinculin is 10 fold higher than serum induced levels. At this level of
MAL22 expression vector, c-fos basal and induced levels are double that seen in
the absence of MAL22 overexpression. MAL22 is able to increase both basal and
serum induced levels of c-fos mRNA at low levels of expression. At higher levels
of MAL22 expression vector only the unstimulated level of c-fos mRNA is
induced.
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MAL22 does not have an effect on induction of c-fos lacking a wild type SRE (fos
SRE.M). However, transcription from a vinculin promoter with a none wild type
SRE was induced on over-expression of MAL22 (Fig 4.1). The protected vinculin
band was smaller than that seen with the wild type vinculin promoter. It seems that
MAL22 induces expression of vinculin message, even in the absence of a wild type
SRE. It is therefore possible that MAL22 binds to other elements of the vinculin
promoter. However, as high levels of SRF VP 16 are able to induce transcription
from the SRE.M promoter to a small extent (Fig 2.2a) it remains possible that high
levels of MAL22 allow interaction of this mutated SRE with endogenous SRF.

4.2.1

The effect of MAL22 over-expression assayed by luciferase activity

To verify the increase in vinculin transcription induction levels on over-expression
of MAL22 in the absence of a wild type SRF binding site, the luciferase assay
system was used. This assay has the advantage of allowing multiple samples to be
assayed simultaneously.

The luciferase reporter gene used in this experiment

consists of the entire vinculin promoter fused to luciferase coding sequence (pGL3,
Promega). The vinculin SRE.M luciferase construct is the whole promoter region
with the SRF binding site replaced with that of the MCMl binding site, as in
section 2.2.2. Over-expression of MAL22 on vinculin SRE.M luciferase does not
produce as significant an increase in induction as that assayed by RNase protection
(Fig 4.2). However, at 500 ng (per 6 well plate as opposed to a 6 cm dish in RNase
protection assays) o f expression plasmid a 3 fold induction in luciferase activity
can be seen.

An SRF luciferase reporter gene was used as a positive control in this experiment.
SRE L] is a reporter consisting of two SRF binding sites, of the same sequence
found in the c-fos promoter, however the TCF binding site of the c-fos promoter is
replaced with that of a LexA half-operator, and hence this reporter is sensitive to
the actin pathway. As shown in Fig 4.2, this SRF reporter gene in induced on over
expression of MAL22. The reporter gene SRE LM 2 is identical to that of SRE L 2 ,
albeit the SRF binding sites are mutated to that of the MCMl binding site (see
section 2.2.2). SRF cannot bind to this promoter to the same extent as to reporter
genes containing the wild type SRF binding site, and as can be seen in Fig 4.2, this
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reporter gene is not induced on serum stimulation, in addition, it is not induced on
MAL22 over expression.

For a simple SRF reporter gene (SRE Li), MAL22 is dependent on SRF for
activation. However, vinculin may have addition promoter elements that interact
with MAL22, as at high levels of MAL22 expression the bona fide SRF binding
site is not necessary to see an induction in transcription levels from this promoter.
This may be an indication of MAL22 inducing transcription in the absence of SRF,
or may be an indication that as MAL22 has an affinity for the vinculin promoter it
is able to recruit SRF to a promoter with a very weak SRF binding site.

It is interesting to note that in the case of vinculin, over-expression of MAL22
leads to a massive increase in induction of transcription compared to that induced
by serum (Fig 4.1, 4.2 and 4.3). This is not dependent on method of assay, as it is
the case both with vinculin induction assayed by RNase protection assay, and
vinculin luciferase. In contrast, both c-fos, and SRE Lz luciferase are induced to
higher than serum stimulation levels by over-expression of MAL22. However, at
the concentrations of MAL22 used in this study, the greatest increase in mRNA
level, or luciferase activity, of c-fos and SRE L 2 luciferase is no greater than 3 fold
that o f serum induced activity. As vinculin can be induced to such high levels by
over-expression of MAL22, and is not induced to such high levels on serum
stimulation, it is possible that vinculin is inhibited from high induction levels
following serum stimulation.

Inhibition of transcription may be due to the

presence of an inhibitory transcription factor binding to the vinculin promoter, the
chromatin structure of the template, or a sub-optimal orientation of transcription
factor binding sites, which require over-expression of the activating factor to
overcome the inhibitory effect. However, it is difficult to compare over-expression
of a limiting downstream factor in a pathway to exposure of a cell to extracellular
stimuli.
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4.2.2

The actin pathway is not required to induce transcription of vinculin
SRE.M on over-expression of MAL22

To determine whether the up-regulation of vinculin on over-expression of MAL22,
in the absence of a consensus SRE, is abolished by Latrunculin B pre-treatment,
the SRE.M vinculin reporter was transfected into NIH 3T3 cells, and cells were
pre-treated with Latrunculin B for 30 min prior to the addition of serum. mRNA
levels were assayed 60 min post serum stimulation. An induction of message can
be seen (Fig 4.3), both from the wild type promoter, and the promoter lacking a
consensus SRF binding site. At low levels of MAL22, an effect of Latrunculin B
on the wild type promoter can be seen, in agreement with studies within the
Treisman lab (F.Miralles, personal communication).

At low levels of MAL22

expression activation of SRF reporters can be seen, but the activation is further
induced on serum stimulation, and Latrunculin B can inhibit the serum induction.
The actin pathway is required to translocate MAL22 into the nucleus, and
Latrunculin B inhibits the translocation. At high MAL22 levels, MAL22 is seen in
the nucleus prior to serum stimulation (F.Miralles, personal communication), the
actin pathway is no longer required to translocate MAL22 into the nucleus.

The actin pathway has no effect on the induction of transcription by the vinculin
SRE.M promoter on over-expression of MAL22 (Fig 4.3). In the context of the
vinculin promoter high levels of MAL22 may activate transcription in the absence
of a wild type SRF binding site. However, levels of MAL22 are needed for this
activation which preclude the necessity for the actin pathway to translocate
MAL22 into the nucleus, and therefore Latrunculin B pre-treatment does not affect
induction levels. To verify that SRF is not bound to this mutant promoter in vivo
chromatin immuno-precipitation must be conducted. It is possible that MAL22
may function as a transcriptional activator in the absence of SRF, or high levels of
MAL22 may recruit SRF to this promoter. High levels of SRF VP 16 could induce
levels o f induction of this SRE.M promoter to a certain level (Fig 2.2a), suggesting
that SRF may have a very weak affinity for this promoter. It cannot be excluded
that over-expression of MAL22 recruits SRF to this promoter.
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4.3

Chapter Conclusions

MAL22, the downstream component of the actin pathway, induces transcription
from the vinculin promoter to a very high level. This is interesting as it suggests
that induction is not maximal on serum stimulation, possibly because regions of
the vinculin promoter are inhibitory to actin pathway induction.

It is of great interest that there is an induction in vinculin transcription on over
expression of MAL22 in the absence of a wild type SRF binding site. MAL22
may be able to interact with regions of the vinculin promoter other than the SRE,
and induce transcription in the absence of SRF. It vdll be of great interest to
decipher whether such elements exit, and what these elements are. Alternatively,
MAL22 may be able to recruit SRF to a promoter with only a weak affinity for
SRF in the absence of MAL22 over-expression.
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Fig 4.1
MAL22 over-expression with SRE.M constructs
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Fig 4.1 MAL22 over-expression with SRE.M constructs Cells were transfected with 1 mg
reporter gene as indicated, 0.5 mg mlv al 18 reference plasmid, and 0, 10, 100 ng, 1 mg
MAL22 expression plasmid as indicated. Cells were serum starved for 24 hr, before serum
stimulation with 15 % PCS. Cells were lysed at 0/60 min (shown as -/+ respectively)
following serum addition, and RNA isolated. RNase protection analysis was undertaken with
probes to Vinculin Fos and MLVal 18. A quantification of the RNase protection is shown,
the level of vinculin!c-fos message protected is normalised to the level of reference RNA
protected. Similar results from a separate experiment are shown in Fig 4.3.
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Fig 4.2
E ffect o f M A L22 over-expression on vinculin SRE.M as assayed by
luciferase activity
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Fig 4.2 Effect of MAL22 over-expression on vinculin SRE.M as assayed by luciferase
activity 0.3 pig of reporter gene as indicated, 0.2 pg mlv LacZ reference plasmid, and 0, 5,
50 and 500 ng MAL22 expression plasmid, was transfected into NIH 3T3 cells. Following
a 12 hr serum starvation cells were stimulated with 15 % PCS for 7 hr (as indicated as +).
Cells were lysed and luciferase activity and P-gal activity were monitored. This figure is
representative of 3 independent experiments, albeit using different titrations of MAL22
expression vector and reporter genes.
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Fig 4.3
The effect o f Latrunculin B on induction driven by over-expression o f
M A L22
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Fig 4.3 The effect of Latrunculin B on induction driven by over-expression of MAL22
Cells were transfected with 1 pig reporter gene as indicated, 0.5 pg M L V a l lS reference
plasmid, and 0, 10, 100 ng, 1 pg MAL22 expression plasmid, as indicated. Cells were serum
starved for 24 hr, before serum stimulation with 15 % PCS. Cells indicated were pre-treated
with Latrunculin B for 30 min prior to serum stimulation. Cells were lysed at 0/60 min (shown
as -/+ respectively) following serum addition, and RNA isolated. RNase protection analysis
was undertaken. A quantification of the RNase protectioi is shown, the level of vinculinJc-fos
message protected is normalised to the level of reference RNA protected. This experiment has
not been repeated 3 times, however there is a dose dependent effect of increasing MAL22
concentrations, and the results of this experiment are consistent with Fig 4.1.
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5
5.1

A 1-Hybrid screen to identify SRF co-factors
Summary of Chapter

Studies have shown that a TCF independent pathway activates transcription through
SRF (Hill et al., 1994). It is known that this pathway functions through RhoA (Hill et
al., 1995), and is dependent on a decrease in G actin levels through actin remodelling
(Sotiropoulos et al., 1999, and see section 1.2.4.2).

However, it would be highly

valuable to understand this transcriptional activation at the promoter level, through
knowledge o f the factor that interacts with SRF, factor ‘X’. In this chapter I will
describe a 1-hybrid screen, using SRF driven Histidine and LacZ reporter genes, to
look for the downstream activator of the actin pathway.

While this study was in

progress candidate SRF co-activators implicated in the actin pathway were identified,
the MAL proteins (see section 1.2.6).

However, it is conceivable that a factor

identified in this study is important in SRF mediated transcriptional activation.

A 1-hybrid screen was carried out using a NIH 3T3 library, and clones were identified
that would allow growth on media lacking Histidine and showed p-galactosidase
activity. The screen was successful as SRF was pulled out of the screen, as expected
using the SRE as a bait, and expressing a cDNA library with a transcription activation
domain. Counter-screens were performed to ensure clones obtained in the screen were
bona fide SRF interactors, and that the clones were dependent on the region of SRF
known to be important in the actin pathway (Hill et al., 1994). A clone that fulfilled
the criteria, is termed clone 208, and is an unknown protein identified through the
RIKEN sequencing project (accession number XM 129155).

This protein is

conserved in mouse. Drosophila, C.elegans, and yeast. A region of strong homology
between different species in this protein is a predicted methyl-transferase domain.
Deletion o f this domain abolished interaction with SRF in the 1-hybrid system.

To determine whether the 2-hybrid interactions take place in mammalian cells the
clones were fused to VP 16 (Dalton and Treisman, 1992) and expressed in NIH 3T3
cells in combination with SRF reporter genes. When assayed by luciferase assay there
was not a striking increase in SRF mediated transcription induced with the VP 16
fusion protein.

However, when assayed by RNase protection the increase in SRF
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mediated transcription is more striking, and goes some way to providing convincing
evidence that this factor interacts with SRF in mammalian cells. The function of this
factor is currently unknown, however it is of interest that this factor shows promoter
specificity in its interaction with SRF.

5.2 The downstream activator of the actin pathway (Factor X)
The Rho pathway to SRF is independent of TCF (Hill et al., 1995), and is dependent
on actin remodelling (Sotiropoulos et al., 1999). We know that SRF is not regulated
by DNA binding, as shown by footprinting studies (Herrera et al., 1989).

It has

therefore been proposed that a factor binds to SRF to activate transcription on signals
from the RhoA GTPase (Hill et al., 1994), factor X.

A yeast 1-hybrid screen was conducted to allow identification of this SRF co-activator
involved in the actin pathway. A 1-hybrid system allows a screen to be conducted
with SRF bound to its own DNA binding site, which is important, as studies have
shown that when SRF is tethered to DNA by an exogenous DNA binding domain the
actin pathway cannot activate transcription (Hill et al., 1994).
A yeast 1-hybrid screen has previously been conducted in the Treisman laboratory (A.
Akhtar, PhD thesis 1998). This screen identified two factors that bound to SRF in the
yeast system.

One of these factors, the homeobox containing protein ZHXl was

dependent on the DNA binding domain of SRF for interaction between ZHXl and
SRF. However, this protein does not activate SRE containing reporters in mammalian
cells.

Homeobox proteins have been shown previously to interact with SRF (See

section 1.2.7), but the precise role for these proteins in SRF mediated transactivation is
unclear. The screens carried out by A Akhtar used a B lymphocyte library, the Elledge
library, which had been amplified several times. In addition, it is not known whether
the Rho/actin pathway functions in this cell type, and hence the mRNA for the clone
of interest may not be present in this library. In this screen known interactors of SRF,
such as the TCFs, were not identified, suggesting that the screen may not have been
carried out to completion.
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5.2.1

Utilisation of a NIH 3T3 cDNA library

We know that the actin pathway is active in NIH 3T3 fibroblasts, as this is the cell
type where the Rho pathway was first described (Hill et al., 1994), and where the role
of actin in this pathway was investigated (Sotiropoulos et al., 1999). A NIH 3T3
cDNA library was used in the screen carried out in this study to identify SRF co
activators.
The mouse embryonic muscle fibroblast ’matchmaker' cDNA library from Clontech
(catalogue number, ML4009AH. Lot number 8040131) was made from an NIH 3T3
cell line (ATCC #CRL1658). It has an average insert size of 2 Kb, and it is of high
complexity; an estimated 3.5 x 10^ independent clones (Clontech product analysis
certificate). The cDNA was made using primers complementary to the poly A tail of
isolated mRNAs. The library is in the pACT2 (clontech) vector, and the cDNA inserts
have a size range from 0.4 to 4 kb.

5.2.2

An SRF-reporter carrying strain of yeast

A strain of yeast (S62/His3) was used for the screen that has two integrated SRF
reporter genes. An SRE driven His3 gene, and an SRE driven LacZ gene. The SRE
sites in these reporters are divergent from the c-fos SRE, to prevent binding of MCMl,
a yeast MADS box gene homologous to SRF.

The c-fos SRE sequence

TCCATATTAGGA is replaced with the sequence CCCATATATGGG (Fig 5.1a).
The same sequence modifications were used in the screen that isolated the TCF SAP-1
(Dalton and Treisman, 1992).

Using the S62/His3 yeast strain expressing SRF, cDNA clones that bind to SRF are
able to grow on media lacking histidine through activation of the His3 reporter gene.
In addition, SRF interacting clones should activate the LacZ gene. Clones that are
identified as positives are isolated, and counter-screens conducted to discard 1-hybrid
artefacts.

5.2.3

Testing the yeast strain

Yeast was transformed with full length SRF (SRFi-sos), or full length SRF fused to
VP 16, the constitutively active transcription activation domain. Colonies were picked
and restreaked on media lacking histidine. Clones containing SRF VP 16 grew on
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media lacking histidine after 2 days, but clones containing SRF alone were unable to
grow (Fig 5.1b).

Colonies identified as positive for growth on media lacking histidine were also tested
for LacZ activity. SRF VP 16 transformed yeast showed higher LacZ activity than
yeast transformed with wild type SRF. The background activation of the SRE driven
His3 and LacZ reporter genes is sufficiently low to use full length SRF in a 1-hybrid
screen.

5.3 Conducting the 1-hybrid screen
Yeast was first transformed with bait (SRF), and then with the cDNA libraiy. A
sequential transformation allows the library to be the limiting factor in screening
clones for SRE reporter gene activity, not SRF.
250 pg o f library DNA was transformed into yeast carrying the SRF plasmid, as
described in Materials and Methods (see section 8.11.4). The transformed yeast was
plated onto agar selective for Leu (library), Trp (bait), and His (reporter gene
activation) growth. An aliquot of the transformed yeast was also plated onto media
not selective for histidine, to determine the number of colonies screened.

It was

estimated that in the first screen 1.5 x 10^ clones were screened for His gene
activation.
Colonies able to grow in the absence of histidine were picked, and restreaked onto
media lacking histidine, to verify that these yeast colonies were able to grow due to the
activation of the His SRE driven reporter gene. DNA was extracted from these clones.

Analysis of the positive clones showed that many of them had very low levels of pgalactosidase activity, and were unable to grow on media lacking histidine following
re-transformation with wild type SRF. It is estimated that for a successful 2-hybrid
screen at least 10^ clones should be screened. In the first screen it was estimated that
1.5

X

10^ clones were screened.

In addition, SRF itself, and other known SRF

interactors were not identified. A second screen was therefore conducted, using more
library plasmid, and more yeast, in the attempt to screen at least a million clones. It
was also decided that focus should be placed on large colonies, as from the
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preliminary screen these colonies were noted to have higher p-galactosidase activities,
and were more likely to activate the His and LacZ reporter genes on re-transformation
with wild type SRF.

5.3.1

A large scale 1-hybrid screen

1.2 litres (OD6oo=0.80) of S62/His3 SRF transformed yeast was transformed with 1 mg
of NIH 3T3 library. This was plated on 24, 25 cm^ agar plates selective for His
growth. It was estimated that in the second screen 3.4 x 10^ clones were screened,
positive large clones from this screen are numbered from 200. A third large scale
screen was also conducted, in which 1.3 x 10^ clones were screened, positive clones
from the third screen are numbered from 500.

Positive His3 colonies were re-streaked to ensure the colonies were His positive, and
the clones were then tested for LacZ activity. DNA was extracted from the positive
clones and further tests were carried out to discard 1-hybrid artefacts. Transformation
with wild type SRF allowed verification that activation of SRE reporters was due to
expression of library cDNA. In addition, the dependence on bait was determined by
monitoring growth on media lacking histidine in the absence of SRF, this would
identify factors which are able to bind to the promoters of the SRE reporter genes, but
not to SRF itself.

The ability of the clones to activate the SRE reporters in the presence of SRF 198/210
rather than wild-type SRF was also monitored. SRF 198/210 has residues 198-210 of
SRF replaced with those of ARG80, a MADS box protein not capable of interacting
with factor ‘X ’ (see section 1.2.2.2). Yeast expressing SRF 198/210 form the basis of
a counter-screen for positive clones, positive clones with a role in this pathway would
not be-able to bind to SRF 198/210, and therefore not activate the reporter genes.
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5.4 Identity of positive clones, and conducting counter-screens
5.4.1

Growth on media lacking histidine in the presence of wild type SRF

To verify the ability of the positive clones to grow on media lacking histidine, yeast
were retransformed with the library DNA coding for the positive clones and SRF
expression vector. Transformed yeast was streaked onto media lacking histidine, and
the ability of the clones to grow was monitored. As a growth control, the yeast were
also streaked onto selective media for both bait and library plasmid, but with added
histidine. As can be seen in Fig 5.2 many of the clones identified as positives in the
screen were unable to grow upon retransformation. The experiment monitored growth
of three independent colonies and in addition, the yeast could grow well on media with
histidine.

The clones that were not able to grow on selective media after

retransformation are not true positives. Growth on such media in the screen may have
been due to a mutation within the colony itself. Many of the clones that could not regrow were common 2-hybrid artefacts (www.fccc.edu/research/labs/golemis/main_false.html).
It is perplexing that these clones were identified in the screen yet were unable to grow
on retransformation.

The only positive clones that were able to grow on selective media upon
retransformation are clones 205, 209, 211, 213, 214, 216, 217 and 502, which are all
independent isolates of the same library clone of SRF, and clone 208, clone 212
(MafF), and clone 507 (Dermo-1).

5.4.2

Dependence on bait

Yeast was transformed with the library plasmid alone, and the ability to grow on
selective media was monitored (Fig 5.3). All SRF clones, apart from clone 210, were
able to grow without bait plasmid. It is unsurprising that the SRF clones were able to
grow in the absence of bait, as they all contain a functional MADS domain and
therefore can interact with the SRE of the reporter genes. It is surprising that clone
210 was unable to grow, as 3 individual transformants were used, however it is also
noted that the P-galactosidase of this clone was lower than other SRF clones, and may
indicate a mutation within the Gal4 activation domain. The SRF clone pulled out of
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the screen is full length apart from the very N-terminal 46 amino acids (see Fig 1.3 for
SRF structure).

Clone 212, MafF (see section 1.1.2.2 for more information on M af transcription
factors) was also able to grow in the absence of SRF. It is therefore likely that MafF is
able to bind to the promoters of the His and LacZ reporter genes; there is no
requirement for SRF, and hence this factor is unlikely to play a role in the actin
pathway. Clones 208 and 507 (Dermo-1) were not able to grow in the absence of
SRF, and from the assays described remain candidates for the SRF co-activator of the
actin pathway, factor X.

5.4.3

Growth with a mutant form of SRF; SRF 198/210

The S62/His3 yeast strain was transformed with library plasmid in combination with a
plasmid for SRF 198/210 (Fig 5.4). Residues 198-210 line the hydrophobic groove of
SRF, and it is this groove that is implicated in protein-protein interactions, including
interactions with factor X (section 1.2).

SRF clones remained able to activate the SRE reporter genes with SRF 198/210,
because they are not dependent on bait plasmid. Likewise, clone 212 (MafF), which is
not dependent on bait for activation can activate transcription in the presence of SRF
198/210. In addition, clone 507 (Dermo-1), is able to activate transcription in the
presence of this mutated SRF, suggested it does not interact with SRF in the region
one would expect if it was involved in the actin pathway (Fig 5.4). The control of
streaking yeast on media only selective for bait and library plasmid shows that clone
208 did not grow in this experiment, but previous experiments have shown that the
growth o f clone 208 v^th SRF 198/210 is severely compromised compared to growth
seen with wild type SRF, as can be seen in Fig 5.13.

5.4.4

Dependence on the endogenous SRF DNA binding domain

The Rho pathway is dependent on the intact DNA binding domain of SRF, as shown
by Hill and co-workers (Hill et al., 1994).

Serum mediated, TCF independent

transactivation of a reporter gene dependent on over-expression of SRF, is severely
reduced on over-expression of SRF with mutations within the DNA binding domain.
The TCF independent pathway requires the intact SRF DNA binding domain for
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transactivation, SRF must be tethered a promoter by its own DNA binding domain. It
would therefore be expected that use of a classical 2-hybrid system where the bait
(SRF) is tethered to a promoter by the Gal4 DNA binding domain (codons 1-147),
would be unable to identify factors involved in the TCF independent pathway. This
system, using the HF7c yeast strain which contains a Gal4 DNA binding site driven
His reporter gene, can be used as a counter screen for positive clones from the initial
screen that are not true factors involved in the TCF independent pathway.

As can be seen in Fig 5.5 the only clones able to grow in this system were 202 (EFla ), 503 (ribosomal protein L31), 504 (ribosomal protein 110), and 507 (Dermo-1).
Partial activation of the Gal4 DNA binding site driven reporter gene was seen with
clones 206 (EF-ly), 212 (MafF), 501 (EF-ly), and 505 (empty vector).

This

experiment provides verification that these colonies are not of interest in this screen
for the SRF co-activator of the actin pathway. It is interesting to see that clone 507
(Dermo-1) activates the His reporter gene in this system, as it verifies that this clone
may interact with SRF, but at a position not important in RhoA activation of SRF.

Dermo-1 was originally identified in a 2-hybrid screen for factors that interact with the
ubiquitously expressed HLH protein E l2 (Li et al., 1995). It is closely related to the
Twist HLH transcriptional repressor, that is highly expressed in embryonic mesoderm
(section 1.1.5.4). Twist was first recognised by Nusslein-Volhard as a zygotic gene
that is required for dorso-ventral patterning in Drosophila (Nusslein-Volhard et al.,
1984). Dermo-1 has recently been shown to interact and inhibit the transactivation of
the MADS box protein MEF2 (Gong and Li, 2002). However, this protein does not
bind to SRF in the region known to be of importance in the actin pathway, and may
have been identified for its ability to interact with MADS box proteins. As described
in section 1.2.2.2 the region C-terminal to the MADS box of SRF and MEF-2 is
divergent, and it is this region that is implicated in co-factor binding.

The yeast experiments described thus far are summarised in Fig 5.6. The identity of
many o f the clones is the same independent isolate of SRF. The only clone that fulfils
the requirements for a potential co-activator of SRF involved in the actin pathway is
clone 208.
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5.5 Clone 208
Clone 208 is an unknown protein identified by the RIKEN sequencing project,
accession number XM 129155 (protein ID; Bab27180 Fig 5.7). The predicted protein
has homologues from humans to yeast, as shown in Fig 5.11. No functional data is
available for these proteins, which have been identified predominantly by gene
prediction programmes and homology based searches.

However, ESTs from mice

show that clone 208 is ubiquitously expressed. The clone identified in this screen does
not contain the N-terminal 52 amino-acids, as shown in Fig. 5.7. All experiments
conducted in this thesis use this clone, which starts at amino-acid 53.

This predicted protein has a potential 5'-adenosyhnethionine (SAM) dependent
methyltransferase domain.
conserved

in

SAM

Niewmierzycka and Clarke used the sequence motifs
dependent

methyltransferases

to

identify

putative

methyltransferases from the completed Saccharomyces cerevisiae genome database
(Niewmierztcka and Clarke, 1999), as the SAM dependent methyltransferases all bind
to the cofactor 5"-adenosylmethionine, they have a conserved catalytic domain
structure. The catalytic domain of multiple methyltransferases have been solved (see
Niewmierztcka and Clarke, 1999 for references), and show a central parallel p-sheet
surrounded by a-helices. The conserved sequences which make up this domain have
been termed motifs I, post-I, II, and III (Kagan and Clarke, 1994). These motifs are
always in the same order in a polypeptide chain, and are separated by comparable
intervals. The structural studies show that motif I and post-I interact with each other
and bind to the co-factor 5-adenosylmethionine, motif II and III interact with each
other and a portion of motif I, to form the central P-sheet of the catalytic centre. These
motifs, and the distances separating them are illustrated in Fig 5.12. From this study
the yeast homologue (YNL092w) of clone 208 was identified as a putative
methyltransferase, see Fig 5.12.

Several transcription factors have been proposed to interact with methyltransferases, in
multiple cases the target of the methyltransferase is the méthylation of histones in the
vicinity o f the transcription factor (see section 1.1.4.4).

The transcription factor

recruits a specific histone modifying factor, which disrupts the local chromatin
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structure, and thereby allows the recruitment of further factors necessary for the
initiation of transcription.

Histone specific methyltransferases have a common

domain, termed the SET domain. Clone 208 does not have this motif, and is therefore
unlikely to belong to this class of transcription cofactors.

5.5.1

Activation of SRE driven reporter genes in mammalian cells by clone 208

The ability of clone 208 (c208) to activate SRE reporter genes in mammalian cells was
monitored. Increasing concentrations of c208 (expressed in an EF vector, see section
8.12.4, and encoding the entire region of c208 pulled out of the screen, the N-terminal
52 amino-acids are not encoded in this construct) were expressed in NIH 3T3 cells in
combination with SRE driven reporter genes.

Reporter genes assayed for effects of

clone 208 include SREi luciferase, which is a reporter consisting of 2 SREs of the
same sequence as those found in the c-fos gene, SRE L] luciferase, which has TCF
binding sites adjacent to the SRE replaced with LexA binding sequences (see Fig 3.1),
and the reporter SRE LP] luciferase, which has SRE sequences of poor affinity for
SRF and no TCF binding sites, as with the L 2 luciferase construct. As can be seen in
Fig 5.8, there is no significant effect of expressing increasing concentrations of c208
on the activity of these SRF dependent reporter genes. However, it is conceivable that
c208 interacts with SRF, but does not mediate an induction in transcription levels. To
detect whether an interaction can be detected in transcription based assays it is
necessary to use a transcription activation domain fused to the protein of interest.

5.5.2

The activity of clone 208 VP16 in mammalian cells

VP 16 was fused to the N-terminus of clone 208 (clone 208 pulled out of the screen,
which therefore doesn't contain the first 52 amino acids of the predicted mouse
protein, details of VP 16 constructs can be found in section 8.12.4), this protein was
expressed in NIH 3T3 cells in combination with SRE reporter genes. As can be seen
in Fig 5.9, clone 208 VP 16 has little effect on the reporter genes SRE L2 luciferase and
SRE LP2 luciferase. However, the level of both basal, and serum induced transcription
of SRE2 luciferase, increased to a small degree in the presence of clone 208 VP 16, in a
concentration dependent manner.

A similar increase in transcription levels is seen with the c-fos luciferase reporter gene,
a representative experiment is shown in Fig 5.9. The basal levels of transcription
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increase marginally in a concentration dependent manner. The SRE environment of
the c-fos promoter is similar to that of SRE2 luciferase. This data therefore indicates
that clone 208, when fused to a constitutive active transcription activation domain, can
marginally increase transcription from promoters that have binding sites for TCF in
the vicinity of the SRE. However, the increase in induction is very small.

5.5.3

Gal4 activation domain fusion proteins expressed in mammalian cells

The conformation of the transcription activation domain in relation to the protein it is
fused to may affect the relative level of transactivation. Clone 208 fused to the Gal4
activation domain activates the Histidine and LacZ reporter genes in yeast. The Gal4
activation domain was therefore fused to library clones in the context of a mammalian
expression vector (see section 8.12.4), and the ability of these constructs to activate
SRE reporter genes in mammalian cells was monitored. SRF itself, which can bind to
the SRE does not give large increases in basal levels of transcription when fused to the
Gal4 activation domain (Fig 5.10). When the Gal4 activation domain is fused to clone
208 and transcription is monitored, no increase in transcription can be observed. This
is not surprising considering the low level of induction seen when SRF is fused to this
activation domain. It is surprising that there is an increase in induction on expressing
increasing doses of empty vector. This is an anomaly, one would not expect to see
such an effect on further repeats of this experiment.

5.6 The role of the methyltransferase domain of c208 in interaction
with SRF
The predicted methyltransferase domain (see Niewmierztcka and Clarke, 1999 and
section 5.5) of c208 is conserved throughout evolution, and therefore this domain
would be predicted to play a central role in the function of this protein. To determine
whether this domain plays a role in interaction with SRF, motif II (see Fig 5.12) of the
domain was deleted. In addition, the aspartic acid residue central to motif II is thought
to play an important role in methyltransferases of this class (Takata et al., 1994). The
homology region of the c208 related proteins is not clearly defined, as the sequence
and spacing of the motifs can vary, it is therefore not clear which of 2 aspartic residues
is the central one, and hence mutations were designed at both D332 and D441.
However, I made a deletion rather than a point mutation of D441, and hence only
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D332A was used in the following assays, along with the clone with a deleted motif II
(see Fig 5.12), although it is not clear whether D332 is the critical aspartic acid of
motif II.

When expressed in the yeast strain S62/His3 clone 208 with a deletion at motif II
(amino acid residues 259-311, termed c208 HA, see Fig 5.12), and clone 208 with a
point mutation (D332A), are not able to interact with SRF (Fig 5.13). Both SRF and
clone 208 are able to interact with wild type SRF and therefore activate the His
reporter gene. However, clone 208 HA and D332A are unable to activate this reporter
gene. To verify that the mutant 208 clones are expressed Western blot analysis was
undertaken Protein extracts were taken from yeast expressing c208 proteins, as
described in section 8.11.7, and after polyacrylamide gel electrophoresis, proteins
were transferred onto PVDF membrane prior to incubation with antibody to the Gal4
activation domain.

Fig 5.13b shows that all forms of 208 are expressed, and as

expected the HA form of clone 208 has a higher mobility than the wild type protein. It
appears that c208 HA is expressed at lower levels than the wild type protein (Fig
5.13b).

5.6.1

Effect of mutations in the methyltransferase domain of c208 on
mammalian reporter genes

If the increase in SRE2 luciferase and c-fos luciferase activity seen on over-expressing
208 VP 16 is an SRF dependent effect, then one would predict the increase to be absent
if the protein is no longer able to interact with SRF. From studies in yeast (Fig 5.13) it
appears that changes in motif II of clone 208 affect interaction with SRF. These
mutant constructs were expressed in NIH 3T3 cells in combination with the SRE2
reporter gene. As can be seen in Fig 5.14 clone 208 D332A and clone 208 HA do not
increase basal levels of SRE2 luciferase.

In addition, the serum induced level of

transcription decreased with increasing concentrations of the mutant constructs, this is
an effect often seen on over-expression of VP 16 tagged constructs. The VP 16 domain
is such a strong transcriptional activator the transcription machinery is ‘squelched', and
a decrease in transcription is seen from genes not dependent on the VP 16 tagged
protein (Gill and Ptashne, 1988).
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Western blot analysis shows that the mutant forms of clone 208 are expressed (Fig
5.14), albeit to lower levels than the wild type protein. A distinction cannot therefore
be made as to whether less transcription activation is seen with the mutant proteins due
to an effect of the mutations themselves, or whether the concentration of the mutant
protein is limiting. However, that the mutant proteins cannot interact with SRF in
yeast, is a strong indication that this is the reason these clones are unable to induce
transcription in mammalian cells when fused to a VP 16 activation domain.

5.6.2

Using RNase Protections as an assay for the ability of c208 VP 16 to
activate SRE driven reporter genes

The induction of the SRE2 luciferase and Q-fos luciferase reporter genes on expression
of clone 208 VP 16 is very low. It was therefore investigated whether 208 VP 16
showed an increase in transactivation in other systems. 208 VP 16 was over-expressed
in NIH 3T3 cells in combination with vinculin and c-fos RNase protection reporter
genes. As shown in Fig 5.15 expression of 208 VP 16 induces transcription of the cfo s gene. Significant increases in c-fos message can be observed both in unstimulated
cells, and cells stimulated with serum for 30 min. A similar increase in RNA levels is
not observed on expression of c208 motif IIA VP 16.

The effect of c208 VP 16 on transcriptional activation of the vinculin promoter, as
assayed by RNase protection, is not clear. At low levels of 208 VP 16 expression
vector there seems to be a problem with the background level of RNA, in addition to
low transfection efficiency, as assayed by reference probe. It is clear that clone 208
motif IIA VP 16 does not increase transcription levels from the vinculin promoter,
however wild type clone 208 VP 16 may increase transcription levels to a degree,
particularly at low levels of expression vector.

It is of great interest that 208 VP 16 can induce transcription of SRF dependent reporter
genes in mammalian cells. It will be of importance to determine the role of clone 208
in SRF mediated transcriptional activation. The work presented here is a preliminary
study, and further characterisation of the role of c208 in SRF induced transcription
needs to be addressed (see Chapter 7).
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5.6.3

Can c208 bind to a binary SRF-SRE complex, as monitored by
electrophoretic mobility shift analysis?

Q-fos and vinculin probes were incubated with recombinant core SRF (residues 133265) and NIH 3T3 cell extract containing clone 208 protein, to determine whether
clone 208 can shift the binary complex of SRF-DNA. As can be seen in Fig 5.16 c208
-vinculin!c-fos complexes. In addition,

does not alter the mobility shift of core

c208 cannot form a complex with endogenous SRF. As a positive control, Elk-1 was
expressed in NIH 3T3 cells, and extracts taken from these cells are able to generate a
ternary complex both with core SRF-probe and with endogenous SRF-probe.

The assay conditions used in this experiment are optimised for SRF binding to probe,
and it is known that TCF can bind well in these conditions (Marais et al., 1993).
However, it is conceivable that c208 can bind to SRF at the promoter, but this binding
is not observed here due to the conditions used. In addition, it is conceivable that c208
only binds to SRF on specific signals, which were not present when cell extracts were
taken. However, studies with reporter genes suggest that this protein interacts with
SRF in the absence of extracellular signals, as it induces basal levels of transcription.

5.7 Chapter Conclusions
A 1-hybrid screen was conducted to identify factor ‘X ’, the downstream mediator of
the actin pathway.

SRF was pulled out of the screen, suggesting that the screen was

conducted in a manner that allowed identification of interesting factors. However, only
one positive clone was identified that fulfilled the given requirements for a role in the
actin pathway, the ability to interact with the region of SRF important in the actin
pathway. This clone, c208, is an unknown protein, which has homologues in multiple
species.

c208 requires motif II of a potential methyltransferase domain to interact with SRF.
However the transcriptional activation mediated by this clone fused to a constitutively
active transcription activation domain in mammalian cells is modest, particularly when
assayed by luciferase activity. When activation is monitored by RNase protection a
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clearer effect of this clone can be seen, and induction of SRE driven reporter genes is
dependent on the motif of clone 208 necessary for 1-hybrid interactions with SRF.

Future work is needed to address whether the interaction of this factor with SRF has a
functional role in signal mediated induction of SRF activity, and what this role is. It is
intriguing that there appears to be promoter specificity in the interaction of c208 with
SRF. All studies reported here used a c208 protein lacking N-terminal residues, it will
also be important to address whether the full length protein behaves in a similar way
the N-terminally truncated protein.
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Fig 5.1a
1-H ybrid screen reporter genes
Gal 4 A D
3T3 ibr

SR E -H ls3 reporter
tcgagtacacaggatgcC C A

TA TA T G G gcatcgcagatcgagcagatccgcc

SRE-LacZ reporter
tcgagtacacaggatgcC C A

TA TA T G G gcatcgcagatcgagcagatccgcc

Fig 5.1b
Initial T est o f yeast strain S62/His3
SRF

SRF VP 16

Growth on media
lacking Histidine

SRF 198-210

SRF 198-210 V P16

Fig 5.1 The S62/His3 yeast strain a) Schematic diagram of NIH 3T3 library fused to Gal4
Activation domain, expressed in combination with SRF. The sequence of the integrated
Histidine and LacZ genes are illustrated. Sequence depicted in red represents the CArG box.
b) Initial test of yeast strain Yeast was transformed with SRF VP16, SRF, SRF 198-210 and
SRF 198-210 VP16, transformed yeast was re-streaked onto media selective for histidine
reporter gene activation as shown, SD agar minus His and Trp. Only VP16 tagged SRF
constructs were able to grow on this media lacking histidine.
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Fig 5.2
The ability o f positive clones to activate the His reporter gene

-Leu, -Trp, -His

no.
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1
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SRF
SRF
SRF
SRF

+
+
+
+

202
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204
205

SRF + 2 0 6
SRF + 2 0 7
SRF + 2 0 8
SRF
SRF
SRF
SRF
SRF
SRF

+
+
+
+
+
+

209
210
211
212
213
214

SRF
SRF
SRF
SRF
SRF
SRF
SRF

+
+
+
+
+
+
+

215
216
217
501
502
503
504

SRF + 5 0 5
SRF + 5 0 7
SRF + 5 0 8

Fig 5.2 The ability of positive clones to activate the His reporter gene

Plasmids
encoding SRF and positive 1-hybrid clones were transformed into S62/His3 yeast. Positive
clones (3 independent colonies) were re-streaked onto SD agar selective for bait and library
plasmid; -Leu, -Trp, as shown on bottom panel, and -Leu-Trp-His as shown on the top
panel. The identity of the clones are shown in the table, and the clones are numbered from
one starting from the top left hand comer.
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Fig 5.3
T he ability o f positive clones to activate the H is reporter gene in the
absence o f bait

-Leu

5»

no.

Transformed with;

1
2

pACT (empty)
202

3
4

203
204

5
6
7

205

8
9
10
11
12

208
209
210
211

13
14
15
16
17
18
19
20
21
22
23
24

-Leu, -His

206
207

212
213
214
215
216
217
501
502
503
504
505
507
508

Fig 5.3 The ability of positive clones to activate the His reporter gene in the absence of
bait Library plasmid from positive clones was re-transformed into S62/His3 yeast. Positive
clones (3 independent colonies) were re-streaked onto SD agar selective for library plasmid; Leu, as shown on the top panel, and -Leu-His as shown on the bottom panel. The identity of
the clones are shown in the table, and the clones are numbered from one starting from the top
left hand comer.
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F ig 5.4
T he ability o f positive clones to activate the H is reporter gene w ith SRF
198/210 as bait

-Leu -Trp -His

no.

Transformed with;

1
2

SRF 198/210 + pACT (empty)
SRF 198/210 + 202

3
4

SRF 198/210+ 203
SRF 198/210 + 204

5

SRF 198/210+205
SRF 198/210 + 206
SRF 198/210 + 207

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

-Leu -Trp

SRF 198/210+ 208
SRF 198/210+ 209
SRF 198/210 + 210
SRF 198/210 + 211
SRF 198/210+212
SRF 198/210+213
SRF 198/210 + 214
SRF 198/210+215
SRF 198/210+216
SRF 198/210 + 217
SRF
SRF
SRF
SRF

198/210 + 501
198/210 + 502
198/210 + 503
198/210 + 504

SRF 198/210 + 505
SRF 198/210 + 507
SRF 198/210 + 508

Fig 5.4 The ability of positive clones to activate the His reporter gene vrith SRF 198/210
as bait Positive clones were re-transformed, with SRF 198-210, into S62/His3 yeast.
Positive clones (3 independent colonies) were re-streaked onto SD agar selective for bait and
library plasmid; -Leu, -Trp, as shown on bottom panel, and -Leu-Trp-His as shown on the top
panel. The identity of the clones are shown in the table, and the clones are numbered from
one starting from the top left hand comer.
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Fig 5.5
T he ability o f positive clones to activate the H is reporter gene w ith a G al4
D N A bind in g dom ain SRF fusion protein as bait

-Leu -Trp -His

A-V f

no.

Transformed with;

1
2

pGBT9 SRF + pACT (empty)

3
4

pGBT9 SRF + 203
pGBT9 SRF + 204
pGBT9 SRF + 205

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

-Leu -Trp

pGBT9 SRF + 202

pGBT9 SRF + 206
pGBT9 SRF + 207
pGBT9 SRF + 208
pGBT9 SRF + 209
pGBT9 S R F + 210
pGBT9 S R F + 211
pGBT9 SR F+212
pGBT9 SR F+213
pGBT9SRF + 214
pGBT9
pGBT9
pGBT9
pGBT9
pGBT9
pGBT9

S R F + 215
S R F + 216
S R F + 217
S R F + 501
SRF + 502
SRF + 503

pGBT9 SRF + 504
pGBT9 SRF + 505
pGBT9 SRF + 507
pGBT9 SRF + 508

Fig 5.5 The ability of positive clones to activate the His reported gene with Gal4 DNA
binding domain SRF fusion protein as bait pGBT9 SRF (Gal4 DNA binding domainSRF) and positive clones were re-transformed into HF7c y e a st,which has His3 and LacZ
reporter genes driven by a Gal4 binding site. Positive clones (3 independent colonies) were
re-streaked onto SD agar selective for bait and library plasmid; -Leu, -Trp, as shown on
bottom panel, and -Leu-Trp-His as shown on the top panel. The identity of the clones are
shown in the table, and the clones are numbered from one starting from the top left hand
comer.
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Fig 5.6
Summary and identities o f positive clones

Clone

Identity

Bgal

Growth with
SRF wt on retransformation

202
++
E F l-a
203
Capa6
++
204
Fos
+++
205
+++
SRF
206
++
EFI- y
207
4-4Cyt C oxidase
208 Unknown protein
4-4-4209
SRF
44-4210
SRF
211
SRF
4-4-k
212
MafF
4-4-44-4-4213
SRF
214
SRF
+++
4-4215
14-3-3 protein
216
SRF
4-4-4217
SRF
4-4-44501
EFl-y
502
SRF
4-4-4503 ribosomal protein L31
4504 ribosomal protein 110
4505
empty vector
4507
Dermo-1
4-44-4508
Histone H3.3

no
no
no
yes
no
no
yes
yes
no
yes
yes
yes
yes
no
yes
yes
no
yes
no
no
no
yes
no

Dependence Growth with
on bait
SRF 198/210

yes
yes
yes
no
yes
yes
yes
no
yes
no
no
no
no
yes
no
no
yes
no
yes
yes
yes
yes
yes

no
no
no
yes
no
no
no
yes
yes
yes
yes
yes
yes
no
yes
yes
no
yes
no
no
no
yes
no

Growth with
pGBT9 SRF

yes
no
no
no
partial
no
no
no
no
no
partial
no
no
no
no
partial
no
no
yes
yes
yes
yes
no

Fig 5.6 Summary and identities of positive clones The table shows the identity of the
numbered clone. In addition, the p-gal activity of the clone is shown, ++ corresponds to
Bgal activity of full length SRF VP16 (-Trp), + corresponds to Bgal activities in-between
that of SRF and SRF VP16, and +++ corresponds to activities greater than that of SRF
VP16. Growth of the clones with changes in bait plasmid on -His agar are also shown, this
data is collected from Figs 5.2,5.3,5.4 and 5.5.
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Fig 5.7
The sequence o f c208

1

48
95
144

M Q R R Q R A PPA SQ PA Q D G G R TR D V EV Q FSA G R LG SA A PA G PPA R G T A
ED EER L ER ED FW K V IN A FR Y Y G T SM H E R V N R T E R Q FR SL PE N Q Q K L L
PQ FPL H L D K IR K C ID H N Q EILLTIV N D C IH M FEN K EY G ED A N G K IM PA S
TFD M D K L K ST L K Q FV R D W SE T G K A E R D A C Y K PIIK E IIK N FPK E R W D P

192

SK V N IL V PG A G L G R L A W E V A M L G Y A C O G N E W SFFM LFSSN FV LN R C

238

SE IN K Y K LY PW IH Q FSN N R R SA D Q IR PILFPD V D PH SLPPG SN FSM TA G

287

D FQ EIY SE C N A W D C IA T C F F ID T A H N V ID Y ID T IW R IL K PG G IW IN L G P

336

LLY H FE N L A N E L SIE L SY E D IK N V V L Q Y G FQ L E V E K E SV L ST Y T V N D L
SM M K Y Y Y EC V LFV V R K PQ

Fig 5.7 The sequence of clone 208 Protein NP_080396, RIKEN cDNA 2410127L17. The
protein shown was isolated from an NIH 3T3 library by its ability to interact with SRF and
activate transcription when fused to the Gal4 transcription activation domain, and is termed
clone 208 (c208). The sequence highlighted in blue was the region o f the protein that was
isolated from the screen: amino acid 53 onwards of the reported protein sequence. This Nterminally truncated protein was used in all experiments reported in this thesis.
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Fig 5.8
T he effect o f clone 208 on SRE reporter genes in m am m alian cells

Serum

+

+

+

+

4-

+

+

+

+

('lo n e 208

SRE 2 Luciferase

SRE Lj Luciferase

SRE LP 2 Luciferase

Fig 5.8 The effect of clone 208 on SRE reporter genes in mammalian cells 0.3 pig of
reporter gene, as indicated, was transfected into NIH 3T3 cells, with 0, 100, 300 ng of clone
208 (expressed in an EF vector, see section 8.12.4). Following a 12 hr serum starvation
cells were stimulated with 15 % FCS (lanes indicated as +) for 7 hr. Luciferase activity was
measured in relation to p-gal activity, and the average data of two independent experiments
is shown.
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Fig 5.9
The ability o f c208 VP 16 to activate transcription o f SRF reporter genes
in mammalian cells

Serum

+

+

+

+

+

+

+

+

Clone 20S
VP I 6
I-------

SR E 2 Luciferase

SR E LP 2 Luciferase

SRE L 2 Luciferase

Serum
d o n e 208
V P I6

Fos Luciferase

Fig 5.9 The ability of c208 VP16 to activate transcription of SRF reporter genes in
mammalian cells 0.3 p,g of reporter gene, as indicated, was transfected into NIH 3T3 cells,
with 0, 100, 300 ng of c208 VP16 (expressed in an EF vector, see section 8.12.4).
Following a 12 hr serum starvation cells were stimulated with 15 % FCS (lanes indicated as
+) for 7 hr. Luciferase activity was measured in relation to p-gal activity. The average of 2
independent experiments is shown for the top two panels. The bottom panel is representative
of 2 separate experimaits, however average data is not shown due to different concentrations
of reporter genes used.
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Fig 5.10
Using the Gal4 activation domain fused to library clones in mammalian
cells

^4000ÜT

iZOCOr

100000 -

80000

60000

40000

20000

Serum

0.3 Mg
I Mg
Empty vector

0 . 3 Mg

I Mg

S R F G a l4 AD

0 . 3 Mg

I ttg

c208 G al4 AD

Fig 5.10 Using the Gal4 activation domain fused to library clones in mammalian cells
0.3 |xg of 3DA.Luciferase reporter gene was transfected into NIH 3T3 cells, with 0.3/1 pg of
library clone fused to Gal4 Activation domain, as indicated Following a 12 hr serum
starvation cells were stimulated with 15 % FCS (lanes indicated as +) for 7 hr. Luciferase
activity was measured in relatiœ to p-gal activity. This experiment was not repeated, two
different concentrations of SRF GAL4 AD did not give a good induction in transcription
levels.
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Fig 5.11
c208 Homologues
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Fig 5.11 c208 homologues A line-up of homologues of the mouse protein c208 (accession
no. XP_129155):
S.cerevisiae NP_014307, D.melanogaster NP 569963, C.elegans
NP_496829, P.falciparum AAD15388, A.thaliana NP_180775, A.thaliana NP_180775,
S.pombe NP 596290, N.crassa CADI 1349.
Blue lines represent regions of strong
homology. Red lines represent motifs of SAM dependent methyltransferases (see Fig 5.12).
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Fig 5.12
SAM dependent methyltransferases
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Fig 5.12 SAM dependent m ethyltranferases The upper part o f this figure shows the
conserved structure o f SAM dependent methyltransferases, taken from Niewmierzycka et
al., 1999. The conserved domain was identified in the yeast homologue of c208, as shown
in the table. Domain 11 was deleted from c208, as shown, and the effect of this deletion on
interaction with SRF was monitored.
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Fig 5.13a
The effect o f deleting m otif II o f c208 on the interaction between clone
208 and SRF
-L.eu, -Trp, -His

no.

Transformed with:

1

SRF + pACT (em pty)

2

SRF + pACT 502 (SR F)

3

SRF + pACT c208

4

SRF + pACT c208 IIA

5

SRF + pACT c2 0 8 D 332A

6

SRF 198/210 + pACT (em pty)

7

SRF 198/210 + pACT 502 (SRF)

8

SRF 1 9 8 /2 1 0 + p A C T c208

9

SRF 198/210 + pACT c208 IIA

10

SRF 198/210 + pACT c208 D332A

-Leu, -Trp

Fig 5.13b
Expression o f clone 208 in yeast
lane

1

2

3

Full length c208
c208 IIA

Fig 5.13 The effect of deleting m otif II of c208 on the interaction between clone 208
and SRF. 5.13a SRF (wild type/198-210) and 208 clones were re-transformed into
S62/His3 yeast. Positive clones (3 independent colonies) were re-streaked onto SD agar
selective for bait and library plasmid; -Leu, -Trp, as shown on bottom panel, and -Leu-TrpHis as shown on the top panel. The identity of the clones are shown in the table, and the
clones are numbered from one starting from the top left hand comer. In addition to using
independent clones in tripla, this experiment was repeated 3 times. 5.13b Expression of
clone 208 in yeast. Yeast extracts transformed with lane 1; empty pACT vector, lane 2;
Wild type pACT 208, 3; pACT 208 IIA, lane 4; pACT 208 D332A, were subjected to
SDS PAGE. Anti-Gal4 Activation domain antibody (Santa-Cruz, Rabbit polyclonal 1:500)
was used to detect the c208 protein. Full length clone 208 runs at around 60 kDa. Details
of how protein extracts were obtained see section 8.11.7.
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Fig 5.14a
Effect o f c208 VP 16 mutants on induction o f SREj Luciferase
1OOOOOOi
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208 V P16
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208 V P16 D332A
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208 V P161IA

Expression o f c208 VP 16 mutants in mammalian cells

Full length c208 VP16
c208 VP16 IIA

Fig 5.14 The effect of clone 208 VP16 mutants on reporter genes in mammalian cells a)
0.3 ng of SRE2 Luciferase reporter gene was transfected into NIH 3T3 cells, with 0, 100, 300
ng of C.208 VP16 constructs, as indicated. Following a 12 hr serum starvation cells were
stimulated with 15 % FCS (lanes indicated as +) for 7 hr. Luciferase activity was measured
in relation to f-gal activity, and the average data of two independent experiments is shown,
b) Western blot analysis of 208 VP16 expressicxi in mammalian cells. NIH 3T3 cells were
transfected with 208 expression plasmids, as indicated, SDS PAGE was conducted, and antiHA antibody was used to visualise the clone 208 protein. Full length c208 runs at around 60
kDa. The two concentrations on protein represent 10 pi samples (taken from 100 pi
luciferase assay lysis step, after freeze-thaw, but preceding centrifugation to remove cell
debris) taken from the 0.1 pg and 0.3 pg c208 transfection (Fig 5.14a).
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Fig 5.15
The indu ction o f Q-fos and vinculin by c208 VP 16 as assayed by R N ase
P rotection A ssay

c-fos
Serum

- + -
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c208 VP16

c208 VP I 6 IIA

c208 V P16

c208 V P ! 6 IIA

vinculin

c-fos

Fig 5.15 The induction of c-fos and vinculin by c208 VP16 as assayed by RNase
Protection Assay Cells were transfected with 1 ^ig vinculin!c-fos reporter gene, 0.5 pg
M L V a llS reference plasmid, and 0 ng 10 ng, 100 ng, 1 pg 208 VP16 construct as
indicated Cells were serum starved for 24 hr, before 60 min serum stimulation (lanes
indicated as +) with 15 % FCS. Cells were lysed and RNA isolated. RNase protection
analysis was undertaken. A quantification of the RNase protection is shown, the level of
vinculin!c-fos message protected is normalised to the level of reference RNA protected.
This experiment was not repeated, the dose dependent effect of c208 expression on c-fos
induction gives some confidence, however this experiment would need to be repeated
multiple times to confirm the results shown.
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Fig 5.16
Ability o f positive 1-hybrid clones to shift a SRF-DNA binary complex
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Fig 5.16 Ability of positive 1-hybrid clones to shift a SRF-DNA binary complex.
Electrophoretic mobility shift analysis. Probes indicated were incubated with NIH 3T3
extract of cells transfected with EF vectors of the constructs illustrated, and lanes 3 and 4;
recombinant Core SRF (residues 133-265). Lanes 1 and 3; 2 pil NIH 3T3 cell extract (1.5
p,g/^il). Lanes 2 and 4; 0.5 pil NIH 3T3 cell extracts. See materials and methods for
electrophcfetic mobility shift analysis methodology (section 8.9).
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6
6.1

Discussion
Summary

The work presented in thesis details the effect of TCF-SRF interactions on sensitivity
of induction of a promoter to Latrunculin B inhibition, an inhibitor of the RhoA/actin
pathway. It has been shown that, in the context of the c-fos promoter, the removal of
the TCF binding site adjacent to the SRF binding site is sufficient to render the
transcriptional induction of this promoter sensitive to Latrunculin B inhibition (Murai
and Treisman, 2002). However, the work presented in this thesis suggests that the
introduction of a TCF binding site into a Latrunculin B sensitive promoter, that of the
vinculin gene, is not sufficient to render induction of the gene refiractive to Latrunculin
B inhibition (Chapter 2). To verily that TCF binding at the promoter is saturated in
vivo an altered DNA binding specificity derivative of the TCF Elk-1 was targeted to
the vinculin promoter. This TCF derivative can reduce the Latrunculin B sensitivity of
the transcriptional induction of vinculin, however, the induction does not become
responsive to MAP Kinase signals (Chapter 3).

SRF target genes can be separated into two classes, one class being dependent on the
actin pathway, the other class reliant on the MAP Kinase pathway (Gineitis and
Treisman, 2001).

There is a positive correlation between the insensitivity of a

promoter to Latrunculin B inhibition and the presence of a TCF binding site at the
SRE, however, it is not possible to change the class of SRF target gene simply by the
insertion o f a TCF binding site (Chapter 2). This thesis details the importance of
promoter context in the signalling pathway sensitivity of the SRE (Chapters 2, 3 and
4).

In addition, this thesis describes a 1-hybrid screen, using SRF targeted to its
endogenous DNA binding site, to look for the downstream activator of the actin
pathway (Chapter 5). A factor was identified that interacts with SRF at the region
known to be important for the actin pathway, a protein of unknown function termed
clone 208. Over-expression of this protein fused to a VP 16 transcription activation
domain causes a small increase in basal levels of c-fos transcription, and also activates
a simple SRF driven luciferase reporter gene. A potential methyltransferase domain
mediates the interaction of this protein with SRF. Future studies with the proteins
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homologues in multiple species will address the role of this factor in SRF mediated
transcriptional regulation. A candidate for the SRF co-activator of the actin pathway,
has been identified, the MAL proteins (Wang et al., 2001), and MAL is shown in this
thesis to greatly induce vinculin mRNA levels (Chapter 4).

6.2 Signal specificity at the vinculin SRE
6.2.1

Serum induction of vinculin mRNA

It is clear that the SRE o f the vinculin promoter is necessary for induction of vinculin
mRNA on serum stimulation. This is shown by mutating the SRE within the promoter
to that of the MCMl binding site (Wynne and Treisman, 1992). This promoter can no
longer bind SRF efficiently, as shown in Fig 2.12 by electrophoretic mobility shift
analysis. This promoter construct is unresponsive to serum stimulation, both assayed
by luciferase activity (Fig 2.1 and Fig 2.2), and by RNase protection assay using the
vinculin promoter fused to the c-fos gene (Fig 2.6). There is likewise no induction of
vinculin mRNA levels on serum stimulation of SRF^"'^ ES cells, as assayed by
quantitative PCR (Schratt et al., 2002; Schratt et al., 2001).

Vinculin is an immediate early gene (Bellas et al., 1991; Ben-Ze'ev et al., 1990;
Gineitis and Treisman, 2001), it is induced on serum stimulation, with a gradual
increase in mRNA levels over a 2 hour period. Basal levels of mRNA are detectable
prior to serum stimulation, in contrast to the immediate early gene c-fos, whose
mRNA is induced rapidly and transiently upon serum stimulation, and whose message
is highly unstable (Treisman, 1985). The induction of vinculin mRNA levels does not
necessarily monitor the transcription rate, due to the stability of the message. The
instability o f the mRNA o f c-fos and srf allows transcription to be determined by
monitoring mRNA levels. To look at the transcription rate of vinculin message it is
necessary to use pre-mRNA levels (Gineitis and Treisman, 2001). However, to look at
promoter mutants it is not possible to use precursor message as an assay. A fusion of
the vinculin promoter to c-fos coding sequence was therefore utilised, the 3’UTR of cfo s is partially responsible for the transient nature of induction of its mRNA (Wilson
and Treisman, 1988), and such a fusion has been used previously to monitor actin
transcription levels (Mohun et al., 1987). The c-fos message increases the instability
of the vinculin-fos fusion gene. Indeed, transcription induced by this construct was
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both more transient, and induced to higher levels than the vinculin luciferase construct
(Section 2.4).

6.2.2

The role of TCF in sensitivity of a promoter to induction by the actin
pathway

The Q-fos promoter has a well characterised TCF binding site 5’ to the SRE. TCF
binds to this element in combination with SRF (Shaw et al., 1989), and the TCF is a
target of MAP Kinase phosphorylation, culminating in activation of transcription
(Gille et al., 1992; Janknecht et al., 1993; Kortenjann et al., 1994; Marais et al., 1993;
Whitmarsh et al., 1995; Zinck et al., 1993, and see section 1.2). Removal of the TCF
binding site from this gene does not render the gene unresponsive to serum
stimulation, but alters the sensitivity of induction to inhibitors of signalling pathways
(Hill and Treisman, 1995; Murai and Treisman, 2002). A rigorous investigation has
shown that the removal o f the TCF binding element can render the Q-fos gene sensitive
to inhibitors of the actin pathway, and further, this actin pathway sensitivity can be
reduced by the expression of an altered DNA binding specificity derivative of TCF,
which can bind to the mutant promoter (Hill and Treisman, 1995; Murai and
Treisman, 2002). It is striking that the change in sensitivity to the actin pathway does
not alter the transcription rate of Q-fos message; the factors feeding into the activation
have altered, yet the output remains the same.

It was hypothesised that the presence of a TCF binding site inhibits actin pathway
activation of SRF (Gineitis and Treisman, 2001; Hill and Treisman, 1995; Murai and
Treisman, 2002). The factor which interacts with SRF following actin remodelling,
and which is responsible for an induction in transcription, would be predicted to be
unable to bind to SRF when SRF is in contact with TCF. The crystal structure of the
tertiary complex of SRF-SAP-l-SRE shows the interaction of the SAP-1 B-box with a
hydrophobic groove on SRF (Hassler and Richmond, 2001).

This groove is also

known to be important in the interaction of SRF with the actin pathway effector, as
mutations in this region prevent the activation of SRF following RhoA activation
(Section 1.2.2.2).

And further. Murai demonstrated that the B-box of TCF is

necessary for inhibition of the actin pathway at the Q-fos promoter (Murai and
Treisman, 2002).
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It is surprising that a single TCF binding site is sufficient to block the actin pathway
(Latrunculin B) sensitivity of the c-fos promoter, considering that SRF binds DNA as a
dimer, and hence even with one TCF molecule bound to SRF another SRF
hydrophobic groove would be present. However, it could be envisaged that the actin
pathway factor binds SRF as a dimer, or that other factors at the c-fos promoter hinder
the interaction of the actin pathway factor with SRF.

It is also possible that an

interaction at one hydrophobic groove of the SRF dimer alters the conformation of the
other groove, preventing interactions of this surface with other factors.

The

hypothesis, that factors at the c-fos promoter hinder the interaction of SRF with the
actin pathway factor, is strengthened by the observation that the removal of the AP-1
binding site 3’ to the c-fos SRE is sufficient to render the serum induction of c-fos 50
% sensitive to the actin pathway. And, the presence of two TCF binding sites flanking
the SRF binding site of the c-fos gene further relieves the sensitivity of this promoter
to the actin pathway (Murai and Treisman, 2002).

A TCF binding site was introduced into the vinculin promoter, of the same sequence,
and at the same spacing to that found in the c-fos promoter (sequence illustrated in Fig
2.3). The introduction of this TCF site does not change the sensitivity of the serum
induction to the actin pathway. In addition, the introduction of a TCF binding site 3’
to the vinculin SRE, or the introduction of TCF binding sites both 5’ and 3’ to the
vinculin SRE, does not change the sensitivity of this promoter to the actin pathway
(Fig 2.6).

Electrophoretic mobility shift analysis shows that the presence of TCF

binding sites markedly increases the affinity of the vinculin promoter probe for TCF
(Fig 2.13). The introduction of a TCF binding site, of the same sequence and spacing
to the SRE found in the c-fos gene, is therefore insufficient to render the vinculin
promoter, an actin responsive gene, insensitive to this pathway.

However, it is

possible that the binding of TCF to the c-fos and mutant vinculin promoter is markedly
different in vivo, and further assays would be needed to discount this possibility, such
as chromatin immuno-precipitation.

The theory that the presence of a TCF binding site adjacent to an SRF binding site
markedly reduces sensitivity of a promoter to the actin pathway is not wholly credible.
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The presence of a TCF binding site is a major determinant in sensitivity of induction
to the actin pathway at the c-fos promoter, this is not the case at the vinculin promoter.

6.2.3

The role of API in actin pathway sensitivity

The removal of the AP-1 binding site 3’ of the c-fos SRE renders this promoter
partially sensitive to the actin pathway (Murai and Treisman, 2002), It is conceivable
that interactions between TCF, API and SRF provide a promoter complex that is
inaccessible to the SRF co-activator of the actin pathway. An API binding site was
therefore introduced 3’ to the SRE of the 5’TCF vinculin reporter construct. This has
no effect on the sensitivity of this promoter to the actin pathway (Fig 2.6), and has no
significant effect on the affinity o f the binary SRF-SRE complex for TCF in
comparison with the promoter with a single TCF binding site (Fig 2.13). It appears
that at the c-fos promoter steric hindrance restricts the activation of the gene on actin
pathway stimulation, and that removing factors from sites adjacent to the SRE can
increase the sensitivity o f this gene to this pathway. The mutation of residues in the
B-box of TCF that interact with SRF is sufficient to render the c-fos promoter sensitive
to the actin pathway.

However, even by providing the same level of local steric

hindrance at the vinculin SRE, the actin pathway is in no manner compromised.

6.2.4

Evidence that promoter context influences SRE function

There are only 5 bases different between the vinculin 5’TCF 3’API (5T3A) promoter
construct and the c-fos SRE region over 37 bases (Fig 2.7). To verify that these bases
are not critical in specification of a particular promoter conformation that precludes
the interaction of the actin pathway co-activator ^vith SRF, these bases were mutated
to those residues found in the c-fos promoter. This promoter (Fos vinculin) binds TCF
with a slightly increased affinity to the 5T3A vinculin construct (Fig 2.13), which may
indicate an optimised DNA sequence for ternary complex formation.

Surprisingly

however, this construct is significantly compromised in serum inducibility (Fig 2.8).

In the context of the c-fos promoter the SRE DNA sequence is responsible for the
large serum induction of the gene (Treisman, 1986). In the context of the vinculin
promoter a sequence with several bases difference (the 5T3A construct) to the c-fos
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SRE, in positions not thought to be critical for protein interactions, is able to mediate a
wild type serum response. It is therefore very surprising that the induction of the
vinculin promoter with a c-fos SRE is so low. Distal promoter-transcription factor
interactions allow this promoter sequence to be an optimal sequence in one promoter,
yet a sub-optimal sequence in another.

To further understand the function of the c-fos SRE it would be interesting to insert the
sequence into other SRF target genes, and determine whether the same effect is seen as
when it is inserted into the vinculin promoter.

This strategy would allow one to

determine whether it is the vinculin promoter that is inhibitory to the c-fos SRE, or
whether c-fos distal promoter elements are necessary for maximal induction of this
SRE sequence.

A similar effect of transplanting the c-fos region into an SRE containing promoter was
seen by Strobec and co-workers (2001). The SM22a promoter restricts the expression
of the SM 22a gene to smooth muscle cells.

Six promoter elements have been

identified which bind to nuclear proteins, two of which have been characterised as
SREs. Multimerised copies of either of these SREs have been found to be sufficient to
confer SM 22a gene expression in smooth muscle cells in the context of a LacZ
transgene. However, a multimerised copy of the c-fos region is not sufficient to drive
expression o f the transgene (Strobec et al., 2001). It is clear that the c-fos SRE is not
able to drive expression of certain genes, even though these genes are dependent on an
SRE for induction. However, Strobec and co-workers identified a 5’ region of one of
the SREs to be important in the ability of the transgene to be transcribed. One must
therefore conclude that residues within the SM22a promoter are important in the
ability o f the SRE to mediate a transcriptional response, for example they may mediate
binding o f a transcription factor that associates with SRF, yet cannot do so if the SRE
is replaced by the c-fos sequence. The c-fos SRE was also inserted into the SM aactin promoter, in place of one of the CArG boxes of this promoter. This resulted in a
relaxed cell-specific expression of the gene, and although basal expression of the gene
was higher than with the wild type promoter, the gene was less inducible (Hautmann
et al., 1998).
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It is clear that SRF interacts with multiple cofactors at a promoter, and a cell type,
specific manner, and substituting one SRE for another can disrupt these interactions.
However, SRE substitution studies may give a clearer understanding to the signalling
specificity o f promoters, and an understanding of the interactions that take place at an
SRE to determine specificity. It is curious that at both the vinculin (Fig 2.8) and
SM22a (Strobec et al., 2001) promoter the c-fos SRE is relatively inactive, considering
that at the c-fos promoter it induces extremely high transcription levels. It is not clear
whether the reffactiveness to induction is due to repressive effects by the vinculin and
SM22a promoters, or by factors that bind at the c-fos promoter, and are prevented
from doing so at other promoters.

Robertson and co-workers suggest that multiple elements of the c-fos promoter are
necessary for induction of the gene (see section 1.2. for discussion). By the use of cfos transgenes this group established the necessity of an inter-dependent complex
(ITC) for transactivation (Robertson et al., 1995).

Multiple elements of the c-fos

promoter are necessary for maximal induction, and transplanting the SRE alone into
other promoters is not sufficient to induce transcription. However, the SRE region of
the c-fos gene has been shown to be sufficient to induce transactivation from
heterologous promoters (Siegfried and Ziff, 1989), and there is no current physical
evidence for the formation of the Robertson ITC. There is clearly a promoter specific
effect as to whether the c-fos SRE is sufficient for induction.

6.2.5

The vinculin SRE per se is not the defining factor in actin pathway
sensitivity

The insertion of the vinculin SRE into a c-fos promoter lacking its own SRE renders
the promoter serum inducible, and this serum induction is sensitive both to inhibitors
of the actin pathway and the MAP Kinase pathway (section 2.8).

This promoter

contains elements, other than TCF binding sites, that are sensitive to the MAP Kinase
pathway (De Cesare et al., 1998; Murai and Treisman, 2002), which makes it difficult
to assess the sensitivity o f different vinculin promoter constructs to the actin pathway;
both U 0126 and Latrunculin B are able to inhibit serum induction to a degree.
However, the 5’TCF 3'AP-1 (5T3A) vinculin insert appears less sensitive to actin
pathway inhibitors than the wild type vinculin SRE region (Fig 2.16 and 2.17).
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There is little difference between the 5T3A vinculin construct and the c-fos SRE
region inserted into this pF261X promoter construct in terms of the ability of NL.Elk
to inhibit induction via the actin pathway (Section 3.3.3).

This indicates that the

vinculin SRE region is capable of TCF interactions, and that the sequence of the actual
SRE, which is not identical between vinculin and c-fos is not the determining factor in
sensitivity to the actin pathway.

This is unsurprising considering that the c-fos

promoter can be made sensitive to the actin pathway by the removal of a TCF binding
site (Murai and Treisman, 2002).

6.2.6

The quantitative effect of inhibitors is dependent on the time-point when
RNA is assayed

In assessing the contribution of the actin pathway to serum induction of the vinculin
gene, the 60 min time point following serum addition was used. This is because time
course experiments indicate that this is when maximal induction of the gene is seen
(fig 2.5). However, it is important to note that MAP Kinase dependent transcriptional
activation is rapid, c-fos, whose serum induction is largely dependent on MAP Kinase
activation (section 1.2), peaks at 30 min post serum addition (Gineitis and Treisman,
2001). It is therefore important to assess the effect of inhibitors at both 30 and 60 min
time points, especially in the case of the pF261X constructs, where additional c-fos
promoter elements are responsive to MAP Kinase signals, and transcription induction
is rapid. A comparison of vinculin, and the vinculin SRE oligomer inserted into the cfos gene, did indeed show a change in induction kinetics, with the peak being earlier in
the context of the c-fos gene (Fig 2.15). Conversely, the actin pathway activation of
transcription peaks at a later time point than the MAP kinase pathway, and in addition,
activation is maintained for a longer period of time (Sotiropoulos et al., 1999). It is
therefore reasonable to expect later time points in gene induction, of genes that can be
induced by both pathways, to be dependent on the actin pathway.

6.3 Targeting NL.Elk to the vinculin promoter
The introduction of TCF binding sites into the vinculin promoter should allow binding
of TCF to this promoter. However, to verify that the TCF binding is saturated in vivo
a TCF derivative was utilised which can be targeted to a promoter, NL.Elk, which has
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both a NLS and a LexA binding motif (see section 3.2). In addition, a LexA binding
site was introduced into the vinculin promoter adjacent to the SRF binding site.
Expression of NL.Elk in NIH 3T3 cells in combination with this vinculin reporter gene
is sufficient to inhibit the serum induction of the vinculin promoter.

Hence, the

interaction of TCF with SRF at the vinculin promoter is able to inhibit activation of the
gene by the actin pathway, and it seems that the TCF binding sites introduced into the
vinculin promoter (Chapter 2) were not saturated in vivo. One would hypothesise that

mutation of B-box residues important in this TCF-SRF interaction could relieve the
inhibition o f the actin pathway by NL.Elk.

However, this NL.Elk construct is

dependent on SRF for recruitment to the promoter, and therefore this experiment is not
possible in this system.

Vinculin and Q-fos ic-fos ATCF) are therefore similar: targeting of NL.Elk to the
promoter leads to a decrease in sensitivity to the actin pathway. However, the serum
induction of Q-fos is not significantly changed by over-expression of the NL.Elk
construct, as MAP Kinase signals activate this altered specificity TCF on serum
stimulation. This is not the case at the vinculin promoter, as shown in Chapter 3 and
illustrated in Fig 6.1, NL.Elk expression markedly decreases the induction of vinculin
on serum stimulation.

NL.Elk is not activated in the context of the vinculin promoter, electrophoretic
mobility shift analysis indicates it binds to the vinculin promoter with the same affinity
as to the Q-fos promoter (Fig 3.7), and it is able to inhibit the interaction of the actin
pathway co-activator with SRF at both the Q-fos and vinculin promoters. However, it
does not seem that NL.Elk can interact productively with the rest of the vinculin
promoter to induce transcription.

It cannot be excluded that Elk-1 cannot be

phosphorylated at the vinculin promoter, however, there is no evidence to support this
possibility.

It would be of interest to over-express a constitutively active NL.Elk

construct, which is not subject to phosphorylation, but is capable of interacting with
components of the transcription machinery. It would also be possible to determine
whether serum caused a further reduction in the mobility of the TCF-SRF-SRE
complex, corresponding to the phosphorylation of TCF (Marais et al., 1993), however,
this would not indicate whether the TCF bound to the SRF-DNA binary complex was
phosphorylated in vivo.
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In the context of a c-fos promoter with a vinculin SRE region (Lex vine pF261X),
NL.Elk is capable of both decreasing sensitivity to the actin pathway, and being
activated by the MAP Kinase pathway (Fig 3.4). An additional indication that it is not
the vinculin SRE itself that cannot mediate TCF interactions sufficient to allow
activation on MAP Kinase activation, but an effect of other elements of the vinculin
promoter.

6.4 MAL22 and vinculin transcription
The role of RhoA mediated activation of SRF, independent of TCF activation, was
established by Hill and co-workers (Hill and Treisman, 1995; Hill et al., 1995; Hill et
al., 1994, and section 1.2.4). Studies have shown that the activation of SRF by this
pathway is dependent on a decrease in G-actin levels (Sotiropoulos et al., 1999). This
thesis describes a 1-hybrid screen to identify the factor responsible for mediating the
actin pathway through interactions with SRF.

However, during this investigation

Olson and co-workers identified an unknown cardiac specific gene, Myocardin, whose
protein product was found to induce transcription mediated by SRF to a very high
level (Wang et al., 2001). Ubiquitously expressed homologues of this cardiac specific
factor, the MAL proteins, are also able to mediate transcription in an SRF dependent
manner (F.Miralles, personal communication).

A discussion of the interaction of

MAL containing proteins with SRF can be found in Chapter 1 (Section 1.2.6).

Over-expression of MAL22 in NIH 3T3 cells leads to a striking increase in
transcription of SRF dependent genes. In this thesis the effect of increasing doses of
MAL22 on transcription from the vinculin promoter was monitored (Chapter 4). It is
found that the level of transcription induced by MAL22 is far greater than serum
stimulated increases in transcription of the vinculin promoter. The effect of MAL22
over-expression is far less striking in the case of the c-fos promoter, where induced
levels of transcription are no greater than double that induced by serum, and likewise
the basal levels of transcription of this gene increases, but only 2-fold. The actin
pathway cannot normally function at the c-fos promoter as it is inhibited by TCF, as
previously described.

MAL22 over-expression can induce a marginal increase in

transcription of c-fos, however this induction is likely to be inhibited by over-
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expression of TCF. The hydrophobic groove of SRF interacts with MAL22 and TCF
in a mutually exclusive manner (Murai and Treisman, 2002).

Transcriptional induction of vinculin is significantly increased on over-expression of
MAL22 (Fig 4.1). As the actin pathway is solely responsible for the serum induction
of the vinculin gene, it is unsurprising that MAL22 is able to activate this promoter.
However, the induction by MAL22 far exceeds the induction seen on serum
stimulation. The SRE L2 luciferase is responsive to the actin pathway, yet induction by
MAL22 as assayed by luciferase activity shows an increase in transcription levels 2fold that seen on serum stimulation (Fig 4.2).

The basal level of transcription is

induced to levels seen on serum stimulation, as with transcription from the vinculin
promoter, but this is unsurprising considering the factor responsive for activation is
present in the nucleus in the absence of serum stimulation (F.Miralles, personal
communication).

A comparison o f transcriptional induction on over-expressing a limiting downstream
factor o f a pathway, and stimulating cells with an extracellular stimuli, is clearly
difficult. However, one cannot exclude the possibility that activation of transcription
from the vinculin promoter on serum stimulation is partially inhibited, and over
expression of MAL22 is sufficient to over-come this inhibition. Further analysis of
the promoter would be needed to determine whether elements of the vinculin promoter
are inhibitory to serum mediated transactivation.

An inhibitory domain of the vinculin promoter may explain why NL.Elk is unable to
mediate a TCF dependent response at this promoter. This could work in multiple
ways. An inhibitor may prevent interaction between elements bound to the promoter
and the transcription machinery. Or, an inhibitor may mediate an inhibitory chromatin
structure at the promoter, even in the context of a transiently transfected reporter gene.
One would be able to distinguish between these possibilities if a region of the vinculin
promoter was found that was inhibitory to transcription activation. However, Wang
and co-workers saw a similarly large induction of muscle specific SRF target genes on
expression of Myocardin. Both, SMC22 and ANF were induced to very high levels on
over-expression of Myocardin (Wang et al., 2001). A similar mechanism may act at
these promoters to prevent high levels of induction on serum stimulation.
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Alternatively, we are simply observing the induction level possible on over-expression
of a limiting factor directly involved in transactivation.

6.4.1

The necessity of the SRE in MAL22 mediated induction of the vinculin
gene

An explanation for the difference in sensitivity of the SRE of the vinculin promoter to
the actin pathway compared to SRF target genes like c-fos, maybe an increased
affinity o f the vinculin promoter for the SRF co-activator of the actin pathway. It is
possible that this factor ‘X ’ is able to interact with the vinculin promoter at an
additional element to the SRE. To test this hypothesis MAL22 was over-expressed in
the presence of a vinculin reporter gene with a mutated SRE, SRE.M, which is
severely compromised in ability to bind SRF (Fig 2.12). MAL22 is able to induce
transcription fi*om this vinculin promoter (Fig 4.1).

The vinculin promoter without a wild type SRF binding site is induced to ten fold
higher levels than the basal level on expression of MAL22. The same increase in
induction is not seen fi*om the c-fos promoter with a similar mutation at the SRE. It is
therefore possible that MAL22 does indeed interact with the vinculin promoter at an
additional element to the SRE.

This is an interesting observation, and it will be

important to decipher which region of the vinculin promoter is required for this
transcription induction. However, it is also possible that over-expression of MAL22 is
sufficient to recruit a MAL22-SRF complex to a promoter with only a very weak
affinity for SRF, as Fig 2.2a shows that the SRE.M sequence may have a weak affinity
for SRF.

It remains possible however, that MAL22 activates transcription fi*om

promoters that don’t contain SRE sequences, in an SRF independent manner.
Determining whether there are regions of the vinculin promoter which allow SRF
independent transcription, would allow identification of a MAL22 binding sequence,
and allow analysis o f whether this element is found at other promoters.

The binding o f MAL22, at cellular concentrations, to an additional element in the
vinculin promoter is not sufficient to mediate transcription induction, as a vinculin
promoter without a functional SRF binding site is not induced on serum stimulation
(Fig 2.6).
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6.5

Competition model; The hydrophobic groove on SRF is the
convergence point for actin and TCF pathways

At the c-fos promoter the presence of TCF is the determining factor in sensitivity to
the actin pathway.

TCF binds to SRF and prevents the actin pathway from

functioning; MAL22 cannot interact with SRF. On over-expression of MAL22, the
promoter is activated, but not to a large degree. On over-expression of MAL22 the
balance in the competition for SRF between TCF and MAL22 is slightly shifted, but
the MAP Kinase activation of TCF remains the main pathway whereby the c-fos gene
is activated.

The vinculin promoter is responsive to the actin pathway. The insertion of a TCF
binding site is not sufficient to restrict the actin pathway. However, over-expression
of NL.Elk in combination with a vinculin promoter with a LexA binding site adjacent
to the SRF binding site can inhibit the actin pathway. It is clear that at this promoter it
is MAL22 that has the strongest affinity for SRF, the balance at this promoter is
shifted towards the actin pathway. Additional proteins/promoter sequence that can
interact with MAL22 may affect the balance in pathway sensitivity.

The high

constitutive activity of SRF in the presence of myogenic factors, such as MyoD, may
reflect interactions between MAL22 and the myogenic proteins, thereby sensitising
SRF to basal levels o f active MAL22. We have no evidence that MAL22 interacts
with such proteins, however it is reasonable that multiple protein-protein interactions
can take place between MAL22 and various transcription factors.

6.5.1 Determination of a promoters sensitivity to the actin pathway
It is of interest to determine what influences the sensitivity of a promoter to the
balance between TCF and factor ‘X ’.

Previous studies indicated that the main

determinate of sensitivity to the actin pathway is a TCF binding site in the vicinity of
the SRE (Murai and Treisman, 2002). Work carried out here suggests that a TCF
binding site, albeit necessary to reduce sensitivity to the actin pathway, is not always
sufficient. Whether the TCF binding site alone can alter the sensitivity of a promoter
to the actin pathway is promoter specific. It will be important to determine whether
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vinculin is a special case, due to the interaction of multiple promoter elements at this
promoter. Or, whether c-fos is the only SRF target gene whose signalling pathway
specificity can be altered simply by the change in one transcription factor binding site.
Promoter dissection of multiple SRF target genes is needed to address this question,
see section 7.1 for possible strategies for future investigation.

It has been established that the SRE of vinculin is critical for serum induction of the
vinculin gene, however, if s possible that MAL22 has an affinity for other regions of
the vinculin promoter. The increased affinity of the vinculin promoter for MAL22 is
not great enough to allow serum induced transcription in the absence of SRF, as the
SRE.M construct is not induced on serum stimulation, however, it could explain why
vinculin is insensitive to inhibition of the actin pathway by TCF.

Likewise, it is

known that other elements of the c-fos promoter are responsive to MAP Kinase signals
(De Cesare et al., 1998), which may explain why this promoter is responsive only to
the ERK pathway.

6.5.2

Implications of the complexity of the vinculin promoter in understanding
signalling specificity at the SRE

It is not always possible to assess the role of a transcription factor binding site at a
promoter simply by removing the site, or adding a new site. It is important to realise
that there are multiple interactions between proteins bound to a promoter, both
between transcription factors themselves, and between the transcription factors and co
activators/the basal transcription machinery. Altering the interaction of one factor
with a promoter can effect multiple transcription factor binding elements. We have
seen here that particular promoter elements, like the SRE region of the c-fos gene, can
activate transcription strongly in the context of one promoter, c-fos, but not in the
context o f another promoter, vinculin.

Promoters are indeed very complex jigsaw puzzles (Section 1.1) with many
interdependent interactions. Removing/adding one factor to the promoter can alter
multiple interactions, preventing a step-by-step delineation of how the promoter
functions.
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In the case of the c-fos gene, removing the TCF binding site results in activation via
the actin pathway, and therefore leads to important conclusions as to the convergence
of signalling pathways at the SRE. It was therefore a reasonable hypothesis to assume
the introduction of a TCF binding site into the vinculin promoter would alter
sensitivity to the actin pathway.

At the c-fos promoter SRF potentiates the ability of TCF to mediate transcription, at
the vinculin promoter NL.Elk, although able to block the actin pathway, could not be
activated on MAP Kinase activation.

NL.Elk is able to bind to the hydrophobic

groove o f SRF to prevent interaction with MAL22, however, at the c-fos promoter it is
also able to mediate transcription induction.

Murai and co-workers predicted that one would be able to design promoters equally
sensitive to RhoA-actin and ERK signalling pathways (Murai and Treisman, 2002).
However, work carried out here suggests that our knowledge of transcription factortranscription factor interactions is not sophisticated enough to design artificial
promoters capable of responding to specific signalling pathways. We are beginning to
understand the interaction of SRF and the MAE proteins (Wang et al., 2001,
F.Miralles, A. Zaromytidou, unpublished observations), and we are some way to
determining the specific interactions between SRF and TCF (Hassler and Richmond,
2001; Ling et al., 1998).

However, the promoter context that these local protein-

protein interactions takes place within, is critical in understanding how factors respond
to specific signals.

It is possible that an inhibitory domain within the vinculin promoter prevents
activation o f Elk-1 at the vinculin promoter, and that MAL22 has an affinity for
another element of the vinculin promoter. Such findings would not compromise the
ability to predict the signalling sensitivity of a given promoter, or design an artificial
promoter, these observations would simply add another level of complexity to the
interaction between SRF and its co-factors. However, if there are multiple proteinprotein interactions at the vinculin/c-fos promoters, and the specific orientations of
specific elements within the vinculin promoter render it refractory to the ERK
pathway, then we are far from predicting the sensitivity of promoters to specific
signalling cascades.
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The IFN-p promoter involves a complex arrangement of multiple factors, in a specific
temporal sequence, to allow induction of this gene in response to virus (Section 1.1.3).
It is conceivable that both the vinculin and c-fos promoters use the same level of
complexity as the IFN-P promoter to maintain regulation of induction. By altering
promoter sequences we are altering a myriad of interactions.

6.6 Additional SRF interacting factors; Clone 208
A 1-hybrid screen to identify factors that interact with SRF and mediate the actin
pathway was conducted (Chapter 5). This screen identified SRF, which would be
expected as the reporter genes used in this screen were driven by an SRE, and the
expressed cDNA library had a constitutively active transcription domain at their Nterminus.

However, TCF was not identified.

This could because TCF is a large

protein with a long 3’UTR, a TCF clone with the SRF interacting B-box may not
therefore be present in this cDNA library which was made using primers
complementary to the polyA tail, however this was not investigated. The finding that
SRF was included in positives identified from the screen was promising, and indicated
the screen was carried out in a manner which would allow identification of interesting
proteins. SRF was also identified in the mammalian 1-hybrid screen conducted by
Sotiropoulos and co-workers which identified LIM Kinase, and it was this screen that
led to the identification of the role of actin-remodelling in the activation of SRF by the
RhoA pathway (Sotiropoulos et al., 1999). That TCF, and other factors known to
interact with SRF, were not identified was disappointing.

A clone that interacted with SRF at the hydrophobic groove, known to be important in
mediating the Rho-actin pathway, was termed clone 208 (c208).

Clone 208 has

proteins identified as homologues in S.cerevisiae, C.elegans^ D.melanogaster^ and is
known to be ubiquitously expressed in mouse (Unigene database). Comparison of the
homologous proteins shows a region of strongest homology at their N-terminus (Fig
5.11).

This region of homology is a predicted methyltransferase domain

(Niewmierztcka and Clarke, 1999).

Deletion of a motif of the predicted

methyltransferase domain is sufficient to render the protein incapable of interacting
with SRF in the 1-hybrid system. However, verification of the interaction between
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c208 and SRF through alternative methodology, such as immuno-precipitation was not
conducted in this study.

Clone 208 activated both the His and LacZ reporters in the strain of yeast used for this
1-hybrid screen, strain S62/His3.

However, expression of c208, with a VP 16

activation domain, in NIH 3T3 cells elicited only a moderate increase in reporter gene
activity, and furthermore, this induction was only seen at those SRF reporter genes
whose SRE was found adjacent to a TCF binding site. Induction of transcription by
this clone was most striking when basal levels of transcription were assayed by RNase
protection (Fig 5.15). It is not clear as to why this assay was most sensitive for
measuring an induction in transcription. It is possible that the association of c208 with
SRF is o f a very transient nature, and hence transcription levels measured over longer
time periods, as with luciferase assays, are less sensitive in recording such a short
association. However, a clear difference can be seen on basal levels of transcription
from the Q-fos promoter, and for this measurement there is no signal to induce
association between c208 and SRF; the cells are incubated for 24 hours post
transfection before RNA is extracted.

Transcription, induced on over-expression of clone 208 fused to the constitutively
active transcription activation domain VP 16, is not seen when a motif of the putative
methyltransferase domain is deleted (Fig 5.14). There is therefore a direct correlation
between the effects of this protein expressed in NIH 3T3 cells, and the effects seen in
the 1-hybrid screen. However, the protein with a deleted motif II is expressed at lower
levels than the wild type protein (Fig 5.14b), and it is surprising that the induction
levels seen with wild type c208 in mammalian cells is so low.

6.6.1

Promoter Specificity in the interaction between clone 208 and SRF

It is of interest that an induction in transcription by c208 fused to a VP 16 activation
domain can only be seen on those promoters with TCF binding sites adjacent to the
SRE. An induction in transcription is seen both with the SREi and c-fos promoter
driven luciferase reporter genes, and also seen in an RNase protection assay using a
probe against the c-fos promoter. Induction is not seen when assayed on SRE Lz and
vinculin promoters.
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To explain the interaction of c208 with SRF at those promoters with TCF binding
sites, one could speculate that the DNA sequence, and hence structure surrounding the
SRE is critical in mediating a conformation of SRF that can interact with clone 208.
One has to invoke a model by which sequence itself is important, and not the presence
of TCF, as S.cerevisiae do not have a TCF homologue, and therefore in the screen
c208 was able to interact with SRF in the absence of such an SRF co-factor. This
would not be the only explanation for the restriction in clone 208s interaction with
SRF. It is also conceivable that in the absence of TCF a factor binds to SRF, for
example MAL22, and this factor prevents the interaction of c208 with SRF. However,
at promoters with TCF binding sites, MAL22 does not bind, and hence c208 is able to
interact with SRF.

It is also possible that c208 is able to bind to SRF at promoters that do not contain
TCF binding sites. However, at these promoters the transcriptional activation domain,
VP 16, is not in the correct orientation to interact with the basal machinery, and hence
we cannot assay its presence by transcription activation methods. This scenario is
unlikely, in that VP 16 is a potent transcriptional activator whose ability to ‘squelch’
the basal machinery is well documented.

Chromatin immuno-precipitation

experiments would allow further analysis as to at what promoters c208 can interact
with SRF, however if the nature of the interaction between c208 and SRF is highly
transient then these assays may be difficult to perform.

Further studies are required to probe the interaction between c208 and SRF. It is clear
that c208 is not the downstream activator of the actin pathway, as this clone is not a
potent activator of SRF, and its activity is not restricted to those promoters known to
be controlled by the actin pathway.

However, this factor could be important in

restricting the signalling specificity to SRF at given promoters.

Further work is

needed to define clearly the interaction of clone 208 with SRF, and the functional role
of this interaction.
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6.7 CONCLUSIONS; SRF Regulated Transcriptional Activation
SRF is a convergence point for two separate signalling pathways that mediate an
induction in transcription. The MAP Kinase pathway results in activation of TCF,
whose interaction with SRF is critical in mediating TCF DNA binding. At the c-fos
promoter, the interaction between SRF and the B-box of TCF potentiates the
transcription induction mediated through TCF. Targeting a TCF to the SRE of the
vinculin promoter does not result in MAP Kinase mediated induction in transcription
(Chapter 3 and Fig 6.1).

The RhoA-actin pathway is dependent on SRF for transcription induction at those
promoters without TCF binding sites. The interaction of MAL22 with SRF is critical
in mediating this response. However, unlike TCF, it is not clear as to whether MAL22
itself binds DNA. At the vinculin promoter this factor can induce transcription in the
absence of a consensus SRE, although high levels of MAL22 are required for this
induction (Chapter 4).

The interaction between SRF and TCF/MAL22 is complex. The binding of these
factors to SRF is mutually exclusive. However, the promoter context of the SRE has a
major role in determining which factor interacts with SRF. It is not always possible to
change the class of an SRF target gene simply by inserting a TCF binding site adjacent
to the SRE (Chapters 2 and 3).

Multiple factors may play a role in mediating transcription induced on SRF activation,
and these factors may be specific to given promoters. Clone 208 is a candidate SRF
co-activator, whose interaction with SRF is promoter specific (Chapter 5).
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F ig 6.1
The effect o f promoter context on the ability o f TCF to inhibit induction
o f transcription by the actin pathway
Actin
pathway

Actin
pathway
Inhibition
by NL.Elk

Lex vinculin

vinculin

and NL.Elk expression

MAP Kinase Actin
pathway
pathway

Actin
pathway

c-fos ATCF

c-fos ATCF

and NL.Elk expression

Fig 6.1 The effect of promoter context on the ability of TCF to inhibit induction of
transcription by the actin pathway 1. The wild type vinculin promoter is induced on actin
pathway activation. The SRE of this promoter does not have an adjacent TCF binding site. 2.
When an NL.Elk binding site is inserted adjacent to the vinculin SRE, over-expression of NL.Elk
is sufficient to render the gene insensitive to actin pathway stimulation. However, the gene does
not become sensitive to the MAP Kinase pathway. 3. Induction of the c-fos ATCF promoter is
not sensitive to inhibition o f the actin pathway in the presence of NL.ELK. This promoter is
induced on MAP kinase activation. 4. Removal of the TCF binding site from the c-fos promoter
is sufficient to render this promoter sensitive to the actin pathway. TCF does not have the same
effect on transcription induction at the SRE of c-fos and vinculin promoters.
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7.1

Future Directions

Is vinculin a special case?

The ability of TCF to restrict the actin

pathway
There are two classes o f SRF target gene, those responsive to the MAP Kinase
pathway, and those responsive to changes in actin dynamics (Gineitis and Treisman,
2001). That it is possible to change the SRF target gene class of the Q-fos gene by
removal of the TCF binding site, led Murai and Treisman to propose that a TCF
binding site is the main determinant as to the class of SRF target gene (Murai and
Treisman, 2002). However, it has been found in this study that a TCF binding site
alone cannot change the SRF target gene class of the vinculin promoter (Chapter 2). It
will be of interest to determine the role of a TCF binding site at other SRF target genes
(see section 1.2.8).

Can one render the s r f gene itself unresponsive to the actin

pathway by insertion of a TCF binding site juxtaposed to the SRE(s)? Many muscle
specific genes have several CArG boxes, and are responsive to the actin pathway,
would the introduction of TCF binding sites at these promoters change the sensitivity
of these promoters to the actin pathway? And, would such an insertion alter the cell
type restricted expression of these genes?

Conversely, can one alter the class of

additional MAP Kinase regulated immediate early genes, such as egr-\, by the
removal of TCF binding sites from these promoters?

It is of great interest that both the actin and MAP Kinase pathways converge at the
hydrophobic groove of SRF in serum mediated transactivation.

From the work

presented in this thesis, promoter elements other than the SRE are shown to be critical
in determining which factor (TCF/MAL22) has the ability to interact with SRF. By
studying multiple SRE containing promoters, and the role of a TCF binding site in
these promoter contexts, one may gain an understanding of the myriad interactions
that take place to determine the signalling specificity of an individual SRE. For such
an understanding one may also need to begin with first principles, and design artificial
promoters specific for either pathway.
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Vinculin was used as a model promoter to study the inhibition of the actin pathway by
TCF because it is a promoter with a single SRF binding site, and this binding site is
not juxtaposed to known transcription factor binding sites, allowing mutational
analysis of surrounding sequence.

In addition, it is known that vinculin is

transcriptionally induced on actin pathway stimuli (Gineitis and Treisman, 2001;
Sotiropoulos et al., 1999). However, this study has shown that the promoter structure
of vinculin is more complex than anticipated, and therefore other SRF target genes
may be more amenable to study how TCF restricts the actin pathway.

Cyr61, an

immediate early gene, is an extracellular ligand of integrin receptors that promotes cell
adhesion, migration and proliferation (see Mo et al., 2002). Cyrôl is induced to high
levels on extracellular signals, and unlike vinculin its message is unstable (O'Brien et
al., 1990) allowing analysis of the entire cyr61 gene by RNase protection, rather than
needing to rely on a vinculin-fos fusion reporter gene.

7.2 The hydrophobic groove of SRF - the interaction domain of 2
pathways
The crystal structure of SRF bound to the SRE illustrates a surface exposed
hydrophobic groove (Pellegrini et al., 1995). This groove is made up of the interaction
between the p-sheet middle layer of SRF, and the helical structure that folds over it.
From the exposed hydrophobicity of this domain one may predict that it is an
important domain in interaction with SRF co-factors. Indeed, this groove is found to
play a central role in interaction with TCF, as shown both by the crystal structure of
the ternary complex (Hassler and Richmond, 2001), and mutagenesis studies (Ling et
al., 1998).

Site directed mutagenesis studies illustrated that while this region is

important for SRF to interact with another cofactor, Fli-1, the interaction domain,
albeit overlapping is not identical, and residues important in the SRF-Elk-1 interaction
do not have identical roles in the SRF-Fli-1 interaction (Ling et al., 1998).

It is conceivable that while this groove of SRF is important for both the actin and
MAP kinase pathways, the precise molecular binding specificity is different. Ling and
co-workers showed that the central Valine (V I94) of the hydrophobic groove is
critical for the interaction o f SRF with TCF (Ling et al., 1998), however the binding of
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the MAL proteins to SRF may be little changed by this mutation. Systematic site
directed point mutagenesis of this hydrophobic groove of SRF may allow the
identification of the exact binding specificity of the cofactors of both pathways, and
may allow the design of SRF molecules responsive to only one of the signalling
pathways. Such SRF molecules would be useful tools in deciphering the regulation of
serum regulated induction of SRF target genes.

SRF molecules with a series o f point mutations at this hydrophobic groove have been
made, but it has previously been difficult to analyse the ability of the separate
pathways to mediate transactivation at the mutant SRF molecules (data not shown).
One was reliant on transcription assays, as the downstream activator of the actin
pathway was unknown.

Reporter genes are available which are dependent on

individual pathways, however over-expression of SRF results in squelching (Gill and
Ptashne, 1988; Hill et al., 1993).

And although reporter genes have been used

previously with a low affinity for SRF, and therefore were activated on over
expression o f SRF (Hill et al., 1994), it was found that these reporters genes were
inducible by serum in the absence of over-expressed SRF (unpublished observation),
potentially due to the transfection method used. However, with the availability of
SRF' ' ES cells, and the knowledge o f the factor downstream of the RhoA pathway,
one will be able to use these SRF mutants to decipher the importance of specific
residues o f the SRF hydrophobic groove in transactivation.

7.3 The

interaction

of MAL22

with

the

vinculin promoter,

independence of the SRE
At high levels o f MAL22 expression vector transcription from the vinculin promoter is
induced in the absence of an SRE of consensus sequence (Chapter 4). This suggests
that either MAL22 has a weak affinity for specific DNA sequences, or that MAL22
has an affinity for another protein bound to the vinculin promoter. Both of these
scenarios are interesting, in that it would affect the compliment of genes activated on
actin pathway activation.

In the context of the vinculin promoter the potential

interaction o f MAL22 with DNA/other transcription factors is not sufficient to induce
transcription, as it has been shown that the SRE is critical in serum induction of the
gene (Section 2.2.2). However, it is possible that at other promoters the actin pathway
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can function in the absence of a high affinity SRF binding site. It is possible that SRF
is required for transactivation on MAL22 over-expression at the vinculin SRE.M
promoter, and that high levels of MAL22 are able to recruit SRF to this SRE.M
promoter which doesn't have a high affinity for SRF (Fig 2.12).

One strategy to determine the effect of changes in actin dynamics on global
transcription programmes is to use microarray studies (Section 1.1.5.6).

One has

multiple drugs and dominant negative/active proteins available to both activate and
inhibit the actin pathway (Section 1.2.4). For example, one could look at the effect of
the activating drug, Jasplakinolide, and the inhibitory drug, Latrunculin B, on gene
expression in a given cell type. Alternatively one could express an activating form of
mDia, or a dominant negative form of mDia, and look at the effect of these constructs
on gene induction/repression. One may discover a sub-set of actin regulated genes are
not controlled by SRF, and hence identify common DNA sequence motifs of these
promoters, and thereby identify a potential MAL22 activation element.

However, the vinculin promoter itself is a useful tool in determining MAL22
activating elements.

By using vinculin promoter deletions, in the context of the

SRE.M mutation, one could decipher the region of the promoter required for wild type
SRE independent induction on MAL22 over-expression. Transcription based assays
can be used for this type of study, or alternatively one may be-able to use
electrophoretic mobility shift analysis; a ternary complex between SRF-SRE-MAL22
is detectable in such an assay (Alexia Zaromytidou, unpublished observations).
However, the binding of MAL22 to the SRE.M vinculin promoter has not yet been
assayed by electrophoretic mobility shift analysis.

7.4 Are vinculin and muscle specific SRF target genes inhibited from
maximal induction on serum stimulation?
Over-expression of a limiting downstream effector of the actin pathway is clearly
different than stimulation of cells by an extracellular stimuli, however it is of interest
that on MAL22 over-expression vinculin is induced to levels far exceeding those seen
on serum stimulation (Chapter 4). In addition, Wang and co-workers saw a several
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thousand fold induction of the SM22 gene on MAL22 over-expression (Wang et ah,
2001). The cellular level of MAL22 is likely to be far lower than the levels introduced
on transient transfection of a MAL22 expression vector. However, the expression
level of c-fos ATCF is significantly greater than that of vinculin, and is entirely
dependent on the actin pathway, as demonstrated by the ability of Latrunculin B to
abolish transactivation (Chapter 3). In addition, a deletion of the 5’ region of the
vinculin promoter increased the serum induction of this promoter (Section 3.4.3).

There may therefore be a mechanism to prevent high induction levels of vinculin,
SM22, and other actin pathway target genes on serum stimulation, and in the case of
vinculin this mechanism may function through the 5’ region of the promoter. It would
be possible to systematically delete regions of the vinculin promoter and determine
what element is responsible for the inhibitory effect on serum stimulation of this
promoter.

7.5 The inability of NL.Elk to be activated at the vinculin promoter
NL.Elk can be targeted to the vinculin promoter, but cannot mediate transactivation
(Chapter 3). This is perplexing considering that when this construct is targeted to the
same sequence, at the same spacing, of c-fos ATCF, induction in transcription is seen.
The first step to understanding the inability of NL.Elk to activate the vinculin promoter
will be to determine whether it is the inability of NL.Elk to interact with upstream
kinases, or downstream cofactors, that is limiting.

It may be possible to draw a

comparison to the IFN-P enhanceosome and the vinculin and c-fos promoters, in that a
specific complement and orientation o f factors may be needed for transactivation (see
section 1.1.3.2). At the c-fos promoter phosphorylation of Elk-1 is the final step to
transactivation, and this is able to organise a complex capable of interacting with the
basal machinery/cofactors. At the vinculin promoter phosphorylation is insufficient to
drive activation o f transcription, as the correct 3D surface is not displayed to the basal
machinery.

It is unlikely that Elk-1 cannot be phosphorylated at the vinculin promoter, however,
to decipher whether NL.Elk can be phosphorylated at this promoter, one maybe able to
use chromatin immuno-precipitation with an antibody specific to the phosphorylated
form o f Elk-1, and ask whether there is a qualitative/quantitative difference between
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the c-fos ATCF and Lex vinculin promoters. Alternatively, to determine whether the
interaction with the transcription machinery is functional, one could use a
‘biochemically activated’ TCF, where glutamic acid residues are inserted into the C
box, and then determine whether there is transactivation of the Lex vinculin construct,
using c-fos ATCF as a positive control.

In determining why NL.Elk cannot mediate transactivation at the vinculin promoter
one may gain a further insight as to why the introduction of a TCF site at the vinculin
promoter does not render it refractive to actin pathway stimulation.

7.6 Clone 208
An unknown protein was identified by its ability to interact with SRF. Furthermore, a
conserved domain within the protein is necessary for the interaction with SRF in a 1hybrid screen, and this domain is necessary for a VP 16 tagged version of the protein to
activate reporter genes in NIH 3T3 cells (Chapter 5). However, the functional role of
this protein has not been established. No functional data is available for any of the
protein homologues.

The conserved domain, that is shown here to be critical for

interaction with SRF, is predicted to be a SAM dependent metyltransferase domain,
however this is the only information available on this ubiquitously expressed protein.

Firstly, it is critical to further characterise the interaction between SRF and clone 208
(c208).

The interaction, as assayed by reporter gene activity, requires the

methyltransferase domain of c208, and a functional MADS box of SRF (Chapter 5).
One could look for an interaction between these proteins using co-immunoprecipitation and co-localisation studies. In addition to further characterising residues
in both proteins important in their interaction by site directed mutagenesis. It will also
be important to assay the effects o f the full length protein, as the N-terminally
truncated protein that was pulled out of the screen was used in all experiments
described in this thesis.

Over-expression of c208 tagged with VP 16 increased basal levels of transcription
from reporter genes with functional TCF binding sites juxtaposed to the SRE. It is
therefore likely that this protein is restricted to binding SRF at a subset of SREs. No
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activation o f SRE reporter genes can be seen in the absence of the VP 16 tag. c208 is
unlikely to be an active transcription factor, as over-expression does not result in
activated transcription levels, even on serum stimulation.

To determine the functional role of this protein, one could firstly determine whether it
does act as a methyltransferase. Methyltransferase assays could be carried out with
c208. SRF has not been characterised as a methyltransferase substrate, but it will be
interesting to determine whether it is post-translationally modified in this way,
particularly at the hydrophobic groove. It may be possible to establish the role of this
protein in various organisms, rather than relying on the use of cell culture techniques.
It will be interesting to determine the effect of knocking this protein out in model
organisms, one would be interested in the phenotype of such a knock-out, and if the
deletion o f this protein had an effect on the regulation of SRF target genes.

That the protein interacts with SRF at the sub-set of SREs with TCF binding sites in
juxtaposition is intriguing, and may signify an important role for this protein in
determining signalling specificity at the level of the SRF hydrophobic groove.
However, this is a purely speculative hypothesis, and further analysis of the in vivo
role of this protein is critical.

7.7 Conclusions
The SRE is a convergence point for the mutually exclusive actin and MAP Kinase
pathways. The work presented in this thesis has shown that promoter context has a
major role in determining the signal specificity at the SRE. However, much work is
needed to address what promoter factors are responsible for this promoter context
effect.

In addition, a protein has been identified that interacts with SRF at specific promoters.
However, the functional relevance of this interaction is unknown.
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8

Materials and Methods

Materials
8.1

Chemicals and reagents

Radioactive chemicals were obtained from Amersham International pic. A list of the
most commonly used reagents follows;

Agarose

GibcoBRL

Ammonium persulphate

Sigma

Ampicillin

Sigma

Aprotinin

Boehringer Mannheim

Benzamidine

Sigma

Bromophenol Blue

Biorad

BSA (acetylated)

Anglia Biotechnology

Complete Supplement Mixture (GSM)

BIOlOl

Dithiothreitol (DTT)

Calbiochem

Ethidium bromide

Boehringer Mannheim

Glycogen

Boehringer Mannheim

Guanidine hydrochloride

Fluka

Jasplakinolide inhibitor

Molecular Probes

Latrunculin B inhibitor

Calbiochem

Leupeptin

Sigma

dNTPs, rNTPs

Pharmacia

Orange G

Sigma

PD98059 inhibitor

NEB

Pepstatin

Sigma

Phenylmethyl-sulfonyl fluoride (PMSF)

Sigma

Poly(dIdC)-poly(dIdC)

Pharmacia

Protein assay dye reagent

BioRad

Sarcosyl

Fluka

Spermidine

Sigma

TEMED

BioRad

Tris-base

Sigma
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Tris-HCl

Sigma

U0126 inhibitor

Promega

Xylene cyanol

Biorad

3MM paper

Whatman

Restriction enzymes were purchased from New England Biolabs (NEB). Additional
enzymes used were purchased from the following companies:

Alkaline phosphatase

Boehringer Mannheim

AMV reverse transcriptase

Pharmacia

DNase I

Worthington

Pfii

Stratagene

Proteinase K

GibcoBRL

RNase A

Sigma R 5125

RNase T1

Calbiochem

RNase inhibitor

Boehringer Mannheim 799 025

SP6 RNA polymerase

NEB

Taq DNA polymerase (AmpliTaq)

Promega M 1865

8.2 Buffers and Solutions
Agarose gel loading buffer

TAE buffer with 0.01 % w/v OrangeG,
5 % Glycerol

SDS-PAGE gel loading buffer

62.5 mM Tris Base pH 8.0, 2 % SDS,
2.5

%

glycerol,

mercaptoethanol,

180
0 .1

mM
%

Pw/v

bromophenol blue
SDS running buffer

192 mM glycine, 25 mM Tris base pH
8.3, 0.1 % SDS

Transfer buffer

40 mM glycine, 120 mM Tris base, 20
% methanol, 0.01 % SDS

PBSA

0.17 mM NaCl, 3 mM KOI, 1 mM

Na2HP0 4

1.8mMKH2P04 pH 7.4
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Protease inhibitor cocktail

5 ng/ml Aprotinin, 50 pg/ml PMSF, 5
Hg/ml Pepstatin, 5 pg/ml Leupeptinin,
1 mM Benzamidine

TAE

40 mM Tris acetate, 2 mM EDTA

I B B

89 mM Tris Base, 89 mM boric acid,
2 mM EDTA

TE

10 mM Tris pH 7.5, 1 mM EDTA pH

7.5

Methods
General nucleic acid procedures were carried out in Treff 1.5ml microcentrifuge
tubes.

All centrifugation steps were carried out in either a bench top micro

centrifuge, or Beckman GS6 KR underbench centrifuge.

Autoradiography was

carried out with Kodak XAR-5 or BioMAX MS film. Exposed films were scanned
using a UMAX Power-look scanner and processed as Photoshop files using Adobe
Photoshop 5.0. Alternatively radio labelled samples were scanned and quantified
using a Molecular Dynamics Phosphorlmager with ImageQuant software, images
were converted to TIE files and processed using Adobe Photoshop 5.0.

8.3

Bacterial Techniques

8.3.1 Bacterial media and plates
Brain Heart Infusion (BHI)

Cancer Research UK

LB media

1% w/v Bacto-tryptone, 0.5% w/v
Bacto-yeast extract, 1% w/v NaCl

LB agar

1% w/v Bacto-tryptone, 0.5% w/v
Bacto-yeast extract, 1% w/v NaCl,
1.5% w/v Bacto-agar

Supplemented M9 minimal media plates

1

litre consists of:

2 0

g agar,

1

ml

mg/ml ampicillin stock solution,

100
1

ml

o f IM thiamine-HCl stock, and 100ml
lOx dropout supplement solution.
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Ampicillin 100 ng/ml was added to media for selection.

8.3.2 Bacterial Strains
DH5a:

[F-, recAl, endAl, gyrA96, thi-1, hsdRll, relAl, deoR, supE44,l-]
was used for all cloning manipulations.

KC 8 :

[hsdR, leuB600, trpC9830, pyrF::Tn5, hisB463, lacAX74, strA,
galUjK] was used to isolate library DNA plasmid (pACT2, -Leu)
from positive yeast clones, which also contained bait plasmid.

8.4

Transformation of bacteria

8.4.1

Preparation of electrocompetent ceils

To prepare electrocompetent cells, a single colony was incubated overnight in 5 ml
of LB at 37°C at 220 rpm. 1 ml of this saturated culture was transferred to 100 ml
of LB. Cells were incubated at 37°C with shaking at 220 rpm, until a density of
ODôoo of 0.5-0.6 was reached. The flask was incubated on ice for 20 min before the
cells were pelleted by centrifugation at 1200 xg for 10 min at 4°C. The pellet was
resuspended in 100 ml ice-cold 10% glycerol, and incubated on ice for 20 min. The
cells were again pelleted by centrifugation at 1200 xg, at 4°C, for 10 min. The pellet
was resuspended in

10

ml of ice-cold

10

% glycerol, and incubated for a further

20

min. Cells were pelleted in a similar manner, prior to resuspension in 1 ml of 10%
glycerol. The cells were stored at -70°C in 40 fxl aliquots.

8.4.2

Electroporation

Electroporation was carried out by a BioRad Gene puiser. 40 pil of bacterial cell
culture was mixed on ice with 1-2 [xl o f DNA. This suspension was placed at the
bottom of an ice cold electroporation cuvette (BioRad 0.2 cm separation) and this
was placed in the electroporator. The cells were subjected to an electric pulse of 2.5
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kV (capacitance setting 25 pF and resistance setting 200 Q). I ml of LB was added
to the bacterial suspension, and this was incubated at 37°C for 1 hr. Bacteria was
plated on LB plates containing 100 pg/ml of ampicillin.

8.5 Nucleic Acid preparations
8.5.1

Mini-preps

1.5 ml o f overnight bacterial culture was pelleted by centrifugation (13000 rpm, 5
min). The supernatant was decanted, and the cell pellet resuspended in 75 pi of
solution 1. The bacterial cell pellet was lysed by addition of 150 pi of solution 2.
90 pi of ice-cold solution 3 was added and lysates were centrifuged for 3-5 min. The
supernatant was transferred to a fresh tube, precipitated with 1 ml of cold ethanol on
ice, and centrifuged for 3-5 min. The pellet was resuspended in 25 pi TE, RNA was
precipitated by the addition of an equal volume of 5 M LiCl solution, and pelleted
by centrifugation for 3-5 min. The DNA containing supernatant was then added to
200pl o f TE and phenol extracted. Plasmid DNA was precipitated by centrifugation
for 3-5 min following the addition of 0.7 ml of ice-cold ethanol. The DNA
preparation was then resuspended in 50 pi of TE containing 40 pg/ml RNase A.

Alternatively, 4 ml of bacterial overnight culture, grown in LB, was pelleted (3500
rpm for 10 min) and plasmid DNA was isolated using the Qiagen Biorobot 9600.
On average this yielded 50 pg of plasmid DNA.

8.5.2

Maxi-preps

100 ml bacterial cultures were grown overnight at 37®C with shaking at 220 rpm,
cells were pelleted by centrifugation at 3500 rpm for 10 min in a Dupont Sorvall
RC-5B centrifuge. The pellet was resuspended in 5 ml of ice-cold solution 1, and the
cells were lysed by the addition o f 10 ml of solution 2. Cell debris and chromosomal
DNA were then precipitated from the lysate by the addition of 5 ml of ice cold
solution 3, and pelleted by centrifugation (3000 rpm, 5 min, in Falcon 2098 tubes in
an lEC Centra-8 R centrifuge. The supernatant was decanted through gauze. Nucleic
acids were isopropanol precipitated and resuspended in 1.5 ml TE buffer. RNA was
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precipitated by addition of an equal volume of cold 5 M LiCl. Following
centrifugation (3000 rpm, 5 min) the DNA containing supernatant was precipitated
by the addition of 2 volumes of cold ethanol, and centrifugation (3000 rpm,

10

min).

The DNA was dissolved in 0.5 ml TE, transferred to a microcentrifuge tube and
incubated at 37 °C with 40 pg/ml RNase A for 15 min, this removes the remaining
cellular RNA. Plasmid DNA was then precipitated by addition of 0.5 volume 20 %
PEG8000, 2.5 M NaCl, (ice 5 min, centrifugation 10 min). DNA was resuspended in
0.4 ml TE and subjected to one chloroform extraction, two phenol extractions and
then two chloroform extractions. The isolated plasmid DNA was ethanol
precipitated, resuspended in TE, and quantified at absorbance 260 nm (1 absorbance
unit at 260 nm corresponds to a 50 pg/ml double strand solution).

Alternatively maxi-preps were prepared using Qiagen midi size columns according
to the manufacturers recommendations.
prepared

using

the

Qiagen mega

NIH 3T3 library plasmid DNA was

size

columns

following

manufacturers

recommendations.

Solution 1

50 mM glucose, 25 mM Tris-HCl pH 7.4, 10 mM EDTA

Solution 2

200 mM NaOH, 1% SDS

Solution 3

5 M K acetate pH 4.8

8.6 Sub-cloning procedures
8.6.1

Restriction enzyme digests

Restriction enzyme digestions were performed for 1-2 hr in the appropriate NEB
buffer, at 37°C, unless recommended otherwise by the manufacture.

10 pi of

reaction mixture and 1 unit of enzyme were used per microgram of DNA. Cleavage
was monitored by gel electrophoresis.

8.6.2

Filling in 5* overhangs

End-repair o f 5' overhangs was performed using 5 units reverse transcriptase (AMV)
in restriction digest buffer containing 0.1 mM dNTPs.
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8.6.3

Phosphatase treatment

Alkaline phosphatase (CIP) treatment was carried out in accordance with the
manufactures recommendations (NEB), either in CIP buffer, or following restriction
enzyme digestion in buffers 2, 3 or 4, at 37 °C for 1 hr.

Following alkaline

phosphatase treatment DNA was phenol, and then phenol-chloroform extracted,
prior to loading on an agarose gel.

8.6.4

DNA fragment purification

Agarose gel electrophoresis: 0.8-2 % agarose gels containing THE buffer (TAE
buffer when purifying RNase protection probes) and 2 pg/ml ethidium Bromide
were used to analyse DNA fragments.

Gels were run at lOv/cm, and DNA

visualised by UV illumination. DNA ladders of 1 Kb/2 log were used to determine
the length of the DNA fragments.

The DNA fragments were excised from the gel by visualisation under a UV lamp.
DNA was extracted from the gel using a Qiagen gel extraction kit for DNA
fragments from 70 bp to 10 kb. DNA containing gel is incubated in a high salt
buffer (Qiagen buffer QG) at 50°C until fully melted. The DNA solution if applied
to a silica-gel membrane, washed, and extracted in 30 pi of H2 O.

8.6.5

Ligations

10 pi ligation reactions were carried out at 16°C using 200 units of T4 DNA ligase
in 1 X T4 DNA ligase buffer (NEB). For optimum ligation efficiancy, ligations were
carried out overnight. 2 pi of the ligation mixture was transformed (see Section
8.4). Approximately 100 ng o f vector DNA, cut and phosphatased, was incubated
with a 3 fold molar excess o f insert DNA

8.6.6

Generation of DNA fragments by PCR

Standard 50 pi PCR reactions contained 5 ng plasmid template, 50 mM KCl, 10 mM
Tris-HCl pH 8.3,1.5 mM MgCE, 100 pg/ml BSA, 0.2 mM dNTPs, approximately 25
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ng o f each oligonucleotide primer and 2.5 units of Taq polymerase.

28

amplification cycles were performed. Amplification cycles were: 94°C, 1 min; 4856°C (unless stated otherwise), 1 min; 72®C, 1 min. All PCR-generated fragments
were verified by DNA sequencing.

8.6.7

DNA sequencing

All sequencing reactions were carried out according to ABI PRISM Dye terminator
cycle sequencing kit using ICRF in house sequencing facilities. 0.75 pg of plasmid
was mixed with 3.2 pmol of primer and

8

pi of Perkin Elmer Dirhodamine big dye

terminator cycle mix in a 20 pi reaction. Thermal cycling was as follows; 96 °C, 30
sec; 50 ®C, 15 sec; 72 °C, 4 min; 25 cycles. The PCR products were then ethanol
precipitated on ice for 10 min, pelleted, washed in 70% ethanol and the pelleted
dried. DNA sequence was analysed using an ABI PRISM 377 DNA sequencer.
Sequence analysis was conducted with ABI Sequence Navigator software.

8.6.8

Site directed mutagenesis

Primers were designed on both strands of DNA that overlapped the region to be
mutated. The mutation was centrally located within a primer, and was flanked either
side by 20 bases of wild type sequence. Primers were also designed 5' and 3' of the
mutation site which flanked unique restriction enzyme sites. Two PCR reactions
were set up, in both cases

1

primer containing the mutation and the corresponding

primer flanking the restriction enzyme site. The products from the first set of PCRs
were analysed by agarose gel electrophoresis, and purified by PCR purification
(Qiagen). 2 pi of 30 pi o f the first PCR purified DNA fi-om each PCR was used as
primers for a second round of PCR. This was again analysed on an agarose gel.
When the correct size of DNA was generated, the PCR product was purifed,
digested by appropriate restiction enzymes, gel purifed (Qiagen), and ligated into the
appropriate vector to generate a mutation within a wild type construct.
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8.7 RNase Protection Analysis
8.7.1

RNA preparation

From 60 mm plates of transfected NIH 3T3 cells; Cells were washed twice with icecold PBS. 500 pi of guanidinium solution was added to each plate, the cell lysate
was scraped with a rubber policeman, and transferred to a 1.5 ml eppendorf tube. 50
pi of 2 M Na acetate pH 4 was added to each sample and vortexed. 500 pi of acid
phenol was then added and the solution vortexed once again.

100

pi of chloroform

was added, the solution vortexed for 30 sec, and then spun for 3-5 min at room
temperature, at 6000 rpm. The top phase was transferred to new tube, and
precipitated with an equal volume (-750 pi) of ice cold isopropanol at -20 °C for 10
min. The tubes are spun at 13000 rpm for 15 min, and the pellet resuspended in 200
pi of TES, debris was removed by spinning for a further 3 min. The supernatant
was transferred to a fresh tube and precipitated with 20 pi of 3 M Na Acetate pH 5.6
and 700 pi cold ethanol on dry ice.

For transfected cellsa DNase 1 step was carried out. Following centrifugation for
10 min at 13000rpm, the pellet was resuspended in 100 pi o f 50TE. 0.5 pi 1 M
CaClz, 1.25 pi 1 M MgCli, 0.5 pi RNase inhibitor, 0.5 pi 200 mM DTT and 0.5 pi
DNase 1 (RNase-ffee) were added and the mixture was incubated at 37°C for 30
min. Two phenol-chloroform extractions were carried out to remove the DNase 1
enzyme, the aqueous phase was then transferred to a fresh tube and precipitated with
10 pi 3 M Na acetate pH 5.6 and 300 pi of ethanol. For RNA from non-transfected
cells, DNase 1 treatment is omitted. Centrifugation for 10 min, at 13000 rpm, was
carried out, and the pellet was resuspended in 50 pi of TE. Quantification of the
RNA extracted from each sample was carried out by measuring the absorbance at
260 nm.

Guanidinium solution

236.25 g guanidinium isothyocyanate (Fluka 50990),
3.675g sodium citrate, 2.5 g N-lauryl sarcosine, 3.575
ml B-mercaptoethanol in 500 ml with water.

TES

10 mM Tris-HCl pH 7.5, ImM EDTA pH 8.0, 0.1%

SDS
50TE

50 mM Tris-HCl pH 7.5, ImM EDTA pH 8.0
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Premade acid phenol

Sigma P-4682

DNase 1:

Worthington

enzyme,

RNase

free.

2.7

units/pi

dissolved in 10 mM Tris-HCl pH 7.5, 50% glycerol.

8.7.2

Probe preparation for RNase Protection Assay

RNA probes were synthesised using the linearized plasmid described in section
8.12.2. For transcription, 10 pi reaction mixture containing 1 pi of lOx transcription
buffer (400 mM Tris-HCl pH 7.5, 60 mM MgCb, 20 mM Spermidine), 0.5 pi of 10
mM ATP, 10 mM GTP andlO mM CTP, 0.5 pi of RNase inhibitor, 0.5 pi of 200
mM DTT, 0.5 pg of DNA template, 2.0 pi of ^^P-UTP(400Ci/mmol), 0.5 pi of 0.2
mM UTP and 10 units SP6 polymerase was incubated at 40°C for 1 hr. Following
RNA synthesis, DNA template was digested in 90 pi 50TE, 0.5 pi of RNase
inhibitor, 1.25 pi mixture (lOpl of IM of MgCb, 5 pi of

1

M CaClz, 10 pi of 200

mM DTT), and 0.75pl o f DNase I at 37°C for 30 min. 4 pi of 0.5 M EDTA pH 8.0
and 10 pg tRNA was added, and then the reactions were phenol extracted and
precipitated with 20 pi 5 M Ammonium acetate and 0.9 ml ethanol on dry ice.
Precipitates were spun down at 13000 rpm for 10 min, washed with 80% ethanol
and dissolved in 50 pi hybridisation buffer (400 mM NaCl, 40 mM PIPES, pH 6.4,1
mM EDTA, 80% v/v formamide (deionised)).

8.7.3

RNase Protection Assay

For each sample, 10 pg of total RNA was spun out and dissolved in 20 pi
hybridisation buffer. Approximately 200 000 cpm of each probe (usually 1 pi) was
added per sample. Samples were denatured for 5 min at 85°C and hybridized at
45°C overnight. 350 pi o f RNase digestion mixture (10 mM Tris-HCl pH 7.5, 5
mM EDTA, 300 mM NaCl, 50 pg/ml RNase A and 2.5 pg/ml RNase T l) was added
to each hybridized RNA sample, and incubated at 37°C for 30 min. Reactions were
stopped by adding 5 pi 20% SDS and 5 pi o f 10 mg/ml proteinase K, and incubated
at 37°C for 10 min. Following phenol extraction, RNA fragments were precipitated
with 15 pg tRNA and 900 pi ethanol. After centrifugation at 13 000 rpm for 10
min, the pellets were washed with 80% ethanol and resuspended in 5 pi formamide
loading buffer containing bromophenol blue and xylene cyanol. All samples were
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analysed on thin 6 % acrylamide sequencing gel (19:1 bis-acrylamide (Anachem),
48% w/v urea, in TBE buffer), run at 24 W for approximately 1 hr 40 min, dried on
Whatman 3MM paper and exposed onto film.

In addition gels were phospho-

imaged.

8.8 Protein Manipulations
8.8.1

Protein Quantification

Protein samples were quantified using BioRad Protein Assay reagent (diluted 1:5 in
dHzO) and measuring absorbance at O D

5 9 5

.

Absorbance was calibrated against

readings with known concentrations o f BSA (Sigma A 7906).

8.8.2

SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE (Laemmli, 1970) using a minigel apparatus
(ATTA). 10 ml of gel (10-15% polyacrylamide (30:0.8 cross-linking; Anachem),
0.375 M Tris acetate pH 8 .8 , 0.1% SDS) was poured between two glass plates and
the surface overlaid with isobutanol.

Following polymerisation, isobuteinol was

washed off and 2 ml of stacking gel (5% polyacrylamide (30:0.8 cross-linking),
0.125 M Tris-HCl pH 6 .8 , 0.1% SDS) was poured on top of the resolving gel. All
acrylamide gels were polymerised by the addition of 1/1000 volume TEMED and
1/200 volume 20% w/v ammonium persulphate. Samples were boiled for 5 min in
SDS loading buffer to denature protein before loading. Gels were run at 140 V in
SDS running buffer.

After SDS-PAGE, proteins were transferred onto nitro

cellulose filters for western blotting (see below).

Protein Gel Size Markers: Prestained (Rainbow markers: Amersham) markers were
used for western Blot analysis ( 200kD, 92.5kD, 69kD, 46kD, 30kD, 14.3kD).

204

8.8.3

Western Blot Analysis

Following electrophoresis, proteins were transferred onto methanol pre-soaked
PVDF membranes (Millipore IPVHOOOlO) sandwiched between Whatmann 3MM
paper. Transfer was carried out for 1 hr at 100 V using a Mini Trans-Blot Cell
(Biorad) or overnight at 50 V using a Trans-Blot Cell (Biorad) with transfer buffer
(48 mM Tris Base, 40 mM glycine, 20% methanol, 0.01% SDS): an ice pack was
used to keep the buffer cool. Following transfer, the filter was blocked with 3%
Marvel milk in Ix PBS, for 60 min at room temperature with shaking. The filter
was incubated with primary antibody in buffer with 1.5% Marvel milk, 0.1% Tween
20, IxPBS. Incubation with primary antibody was carried out either overnight at
4°C, or for 2 hr at room temperature with rotation. The filter was then washed with
Ix PBS buffer containing 0.1% Tween 20 for 10 min, this was carried out three
times at room temperature. Incubation with secondary antibody was the same as
with primary antibody, except the blot was incubated for

1

hr at room temperature.

Following secondary antibody incubation, the filter was washed, as before, and then
incubated for 1 min with 3 ml ECL reagents (A and B mixed 1:1, Amersham RPN
2106). Excess liquid was removed, and the filter was wrapped in Saran wrap and
exposed to Amersham ECL Hyperfilm.

Antibodies used in this study include mouse monoclonal anti HA (Boehringer
Mannheim), Rabbit polyclonal anti-Gal4 Transactivation domain (Santa-Cruz
technologies), goat polyclonal anti-mouse HRP conjugated (DAKO), and swine
polyclonal anti-rabbit HRP conjugated (DAKO).

8.9 Electrophoretic Mobility Shift Analysis
Binding reactions (9 pi) containing cell extract up to 2.5 pi cell extract (usually 1.5
pg/pl) and 5 pi 2x DBB were incubated on ice for 10 min before incubation with 1
pi probe (0.5 ng PCR generated probe) for 15 min at RT. Loading buffer was then
added, and samples were loaded onto a 5 % Polyacrylamide gel, and run at 160 V
until the xylene cyanol dye had reached the bottom of the gel. The gel was dried on
3 MM Whatman paper prior to autoradiography.
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2xDBB

2 mM EDTA, 20 mM Tris-Hcl pH 7.9, 100
mM NaCl,

6

mM DTT,

100 ng/ml BSA, 50

ng/pl poly dl-dC
Loading Buffer

60 % Glycerol, 10 mM EDTA, 0.01 % w/v
Xylene cyanol and bromophenol blue

8.9.1

Generation of probes for electrophoretic mobility shift analysis

Probes were generated by PCR. 50 ng of template DNA was incubated in 20 p,l Ix
Taq buffer, 1.5 mM MgCL, 50 pM d(G, A and T)TP, 20 pM dCTP and 4 pi 10
pCi/pl 32P dCTP, 3.5 pmol primers and 0.5 pi Taq polymerase. PCR cycles were:
95°C 2 min, then 95°C 1 min, 65°C 1 min, 72°C 1 min for 30 cycles, before 72°C 5
min. The PCR product was precipitated by incubation with an equal volume of 5M
NH 4 OAC and

8

volumes o f 95 % ethanol at -20°C for at least 1 hr. The precipitant

was washed before loading on a 7% non-denaturing polyacrylamide (30:1) gel in
TBE buffer.

The gel was run at 100-170 V and then subject to autoradiography.

Identified probe bands were excised from the gel, and probe was extracted by 2x
incubation with extraction buffer (1 mM EDTA, 0.5 M NH 4 OAC). The probe was
precipitated with 2.5 volumes of ethanol, washed, and then dissolved in TEN
(lOmM Tris-HCl pH 7.9, 1 mM EDTA, 50 mM NaCl), and the amount of hot
product was measured by a cerenkov count of 1 pi of the product.

The probe

solution was adjusted to 0.5 ng/pl, and 1 pi was used per electrophoretic mobility
shift sample.

8.9.2

Templates and primers used to generate probes for electrophoretic
mobility shift analysis

Fos probes

FM711/ Fos ATCF templates with plO, p i 1 primers
(Hill et al., 1993).

Vinculin/pF26 IX probes

spVlO, spV ll primers used on multiple Vinculin
templates (Fig 2.11). primers to the pUC12 and Fos
promoter were used to generate probes to pF261X
templates, as illustartaed in Fig 3.6.
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8.10 Mammalian cell culture
8.10.1 Cell culture media
E4 (equivalent to DMEM)

ICRF media production services

Foetal Calf Serum (PCS)

Gibco BRL

OPTIMEM 1

Gibco BRL

LIPOFECTAMINE

Gibco BRL

Trypsin

0.25% w/v trypsin (Flow Labs) in PBS

Versene

G.SmMEDTAinPBS

8.10.2 Cell lines
NIH 3T3

A mouse fibroblast cell line

8.10.3 Lipofectamine Transfection procedure
2.4 X 10^ NIH 3T3 cells were seeded in 60 mm wells 16 hr prior to transfection, in
E4 +10% FBS. Cells were washed once in warm optimem, and then 1.5 ml of
optimem was added to the cells before the DNA-lipofectamine solution was added.
2 pg o f total DNA was mixed with 200 pi of optiemem (GibcoBRL), and then 200
pi of lipofectamine mixture (200:12 optimemilipofectamine (GibcoBRL)) was
added. The DNA-lipofectoamine mixture was left at room temperature for 30 min
prior to addition to the cells. On addition o f the DNA solution cells were incubated
at 37°C for 5 hr. After 5 hr the optimum solution was replaced with 3 ml E4 + 0.5%
FBS (0.3% FBS in the case of transfection for RNAse protection). After 24 hr (for
RNase protection assay, 16-18 hr for luciferase assay) cells were stimulated with an
appropriate stimulus and then scraped from the plate.

8.10.4 Preparation of whole cell extract for immunoblot analysis
2.4 X 10^ cells were seeded per 60-mm dish, prior to transfection with appropriate
expression vector.

Cells were washed twice using ice-cold PBS, 150 pi of 2x

Protein gel loading buffer was added to 60 mm dishes and the cells were scraped off
the dish using a 'rubber policeman'.

2 0

pi of extract was loaded per lane.
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8.10.5 Preparation of whole cell extract for electrophoretic mobility shift
analysis
Transfection with lipofectamine was carried out as previously described (section
8.10.3). Cells were washed twice with ice-cold PBS A, before lysis in buffer D0.4
(20 mM HEPES pH 7.9, 10% Glycerol, 0.4 M KCl, 0.4% tritonX-100, 10 mM
EGTA, 5 mM EDTA, 1 mM DTT and phosphatase/proteinase inhibitors).

Cell

extract was scraped into a 1.5 ml micro-centrifuge tube, and spun at 13 000 rpm for
10 min.

The supernatant was collected and protein concentration of protein

determined using the Bradford assay. Approximately 1.5 pg/pl protein solution was
used for electrophoretic mobility shift analysis.

8.10.6 Luciferase assay
Firefly luciferase was measured using luciferase reporter assay system according
manufacturer's recommendations (Promega). Cells were washed twice with ice-cold
PBS, prior to scrapping with a rubber policeman in 1 ml of PBSA and insertion into
a 1.5 ml micro-centrifuge tube. After a gentle micro-centrifuge step: 5 min 6000
rpm, cells were lysed in 200 pi reporter lysis buffer (Promega, Cat. No E4030),
including a freeze-thaw step. Cell debris was removed by centrifugation at 13 000
rpm for

10

min.

20

pi of the

20 0

pi cell lysate was used to determine firefly

luciferase activity. The activity was normalised to Pgal activity, as both luciferase
and reference Pgal plasmid was transfected into cells.

8.10.7 P-gal assay
20 pi o f the 200 pi cell lysate was incubated in 180 pi LacZ buffer (60 mM
Na 2 HPO 4 .7 H 2 0 , 40 mM NaH 2 P 0 4 , 10 mM KCl, 1 mM MgS 0 4 , 2.7 ml/1 Bmercaptoethanol) and 20 pi of 4 mg/ml 0-Nitro-Phenyl-B-D-galactoside (ONPG) at
37°C. Pgal activity was monitored by O D

595

containing cell extract.
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readings in comparison to a sample not

8.11 Yeast Techniques
8.11.1 Yeast Media and plates

YPD

2% Bacto-peptone, 1% Yeast extract, 2% glucose

YPD agar

as above with 2% agar

Selective media

0.67% Yeast Nitrogen Base w/o amino-acids, 2%glucose,
0.06% Complete Supplement mixture minus selctive aminoacids.

8.11.2 Yeast Strains
HF7c

MATa, ura3-52, his3A200, lys2, trpl, gal4-542, gal80-583,
LYS::GALl-fflS3, URA3::(GAL417-mers)3-CYC1-LacZ (Feilotter
etal., 1994).

S62/His3

HMLa, MATaMATa, HMRa, his3, trpl, ade2, leu2, ura3::SRE-His3
ura3::LacZ, ho, canl (Dalton and Treisman, 1992).

8.11.3 Growth conditions
All cultures were grown at 30®C with shaking at 220 rpm, in either YPD or selective
media, containing 2 % glucose.

8.11.4 Yeast Transformation
1 fxg of each plasmid to be transformed was added to 50 pil H2 O, with 10 pi of carrier
DNA (Salmon sperm DNA 10 mg/pl). Two ODs of yeast from a culture that had
reached an ODôoo of 0.8 was added (around 100 pi). The yeast solution was votexed
and 500 pi PLATE solution (40 % PEG 4000, 100 mM LiAc, 10 mM Tris-Hcl pH
7.5, 0.1 mM EDTA) was added. Following a vortex step, 20 pi IM DTT was added,
the solution vortexed, and then the solution was left overnight at RT. The solution is
plated on selective plates, after spinning the solution to the bottom of the microfuge
tube gently, and re-suspending the yeast solution in small volume (around 50 pi)
H2 O.
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A similar protocol was used for large scale yeast transformations, as in the case of
the 1-hybrid screen described in Chapter 5. For large scale yeast transformations
yeast were grown to the same density (OD ôoo = 0.8), however transformations were
carried out in 50 ml Falcon tubes. The protocol used was identical to that of small
scale transformations.

8.11.5 Yeast ^galactosidase (LacZ) assay
Yeast was grown to ODôoo = 0.5-0.9. Yeast was pelleted by centrifugation at 2000
rpm for 5 min, washed with water, and re-suspended in 200 pi 0.1 M Tris pH 7.5,
0.5% Triton.

Cells were ffeeze-thawed using dry ice, and then 20 pi of the

suspension was added to 180 ml LacZ buffer (60 mM Na2HPO4.7H20, 40 mM
NaH2?0 4 , 10 mM KCl, 1 mM MgS 0 4 , 2.7 ml/1 B-mercaptoethanol and 0.1 ml
ONPG at 4 mg/ml) in a multi-assay plate. The suspension was then incubated at
37°C until the reactions changed colour. Optical density at 600 nm was measured.
Control suspensions were used. In the case of the 1-hybrid screen, yeast with no
library plasmid would be used as a negative control, and a positive control yeast
would be transformed with SRF VP 16.

8.11.6 Recovery of plasmid DNA from yeast
Yeast was collected by centrifugation (2000 rpm 3-5 min) from a 10 ml overnight
culture, grown in selective media. Yeast cells were washed in 20 ml H2 O, and then
20 ml 1 M Sorbitol, prior to re-suspension in 20 ml SCEM (IM Sorbitol, 0.1 M Na
Citrate, 10 mM EDTA) with 1000 units of lyticase. The lyticase containing yeast
suspension was then incubated at 30°C for 1 hr. The solution was centrifuged at
3000 rpm for 5 min, before resuspension in 200 pi lysis buffer (2% Triton X-100,
1% SDS, 100 mM NaCl, 10 mM Tris-HCl pH8.0, 1 mM EDTA) and transfer to a
screw top 1.5 ml centrifuge tube. 0.3 g acid-washed beads were added to the yeast
extract with 0.2 ml phenolrchloroform, and the suspension was vortexed for 2 min
prior to centrifugation at 13 000 rpm for 5 min. The upper phase was taken and
plasmid DNA was ethanol precipitated, and re-suspended in 50 pi H 2 O. 2 pi of this
plasmid DNA solution was used to transform electro-competent bacteria.

210

KC8

electro-competent cells (Clontech, C2023-1) were used to recover library plasmid by
selection of growth in the absence of Leucine.

8.11.7 Protein Extracts from yeast for immunoblot analysis
10 ml of yeast was grown in selective media for 24 hr, or until the ODôoo had
reached 0.8-1. Cells were pelleted by centrifugation at 5000 rpm for 5 min. Cells
were then resuspended in buffer A (20 mM HEPES pH 7.9, 10% glycerol, 10 mM
EDTA, 1 mM DTT, 5 mM benzamidine) and transfered to a micro-centrifuge tubes.
The cell suspension was spun at 5000 rpm for 1 min and the supernatant discarded.
The cells were then resuspended in 1 pellet volume of buffer A with protease
inhibitors, and glass beads (425-600 microns; Sigma G-8772) were added until only
3 mm o f liquid phase remained. The cells were vortexed for 5 min. A hole was
punched into the top of the microfuge tube, and then the bottom of the microfuge
tube, and the cell suspension containing tube was placed into a clean tube. This was
centrifuged for a few seconds at maximum speed. An aliquot of the supernatant that
was released into the bottom fresh tube was added to SDS sample buffer (10 p-1
protein extract and 10 pil 2x sample buffer), boiled for 5 min, and loaded onto an
SDS-acrylamide gel.
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8.12 Plasmids
8.12.1 Mammalian reporter plasmids
3DA. LUC reporter plasmid is a derivative of 3D.ACAT (Mohun et a l, 1987) with
firefly luciferase in place of the CAT

sequence.

Constructed by O. Geneste

(Geneste et a l, 2002). The reporter gene consists of 3 SRF binding sites without
adjacent TCP binding sites in the context of a minimal p-actin promoter.

SRE 2 Luciferase, SREL 2 Luciferase, SRELP 2 Luciferase, SREP 2 Luciferase As
described in (Hill et al., 1994), these CAT reporter genes were inserted in the pGL3
(Clontech) luciferase reporter vector after digestion with X hol, sequencing allowed
verification of the correct orientation.
M LVLacZ Described in (Marais et al., 1993).

pF711 (Fos wt) As described by Treisman in previous studies (Treisman, 1985).

Fos ATCF As used in (Hill and Treisman, 1995), the TCP binding site in this c-fos
promoter is replaced Avith a LexA binding site.

M L V allS (p-globm) As described in (Hill and Treisman, 1995), the al-globin
coding sequences inserted into MLVplink (Dalton and Treisman, 1992).

Vinculin Luciferase Vinculin CAT (Moiseyeva et al., 1993) was digested with
BamHI. This 1.1 kb fragment was inserted into the Bglll site in pGL3.

Vinculin Fos The vinculin promoter was amplified by PCR, using EcoRI for, and
Bglll rev primers. EcoRI primer is complementary to bases -1105 to -1078, the
Bglll primer is complimentary to bases 35 to 9.

Vinculin Fos m utants Vinculin promoter mutants were generated by a 2 step PCR
protocol using the Vin.Luc promoter as a template, the mutant promoter fragment
was then ligated into this vector. The mutant promoter was PCR amplified from the

212

Luc plasmid using primers EcoRI for and Bgl II rev primers (see above), and ligated
into Vin.Fos after digetsion of the PCR fragment and of the Vin.Fos vector.

pF261X constructs Short oligos (sequences shown in Fig 2.14 and Fig 3.8) were
kinased, annealed and ligated into pF261X, which had been digested with BamHI
and Xbal. The oligos were designed to have overhanging ends to allow ligation into
EcoRI-Xbal.

8.12.2 RNase Protection probes
SP132

Human a-globin reference probe, generating 132-nucleotide protected

fragment, described by (Treisman, 1985). Linearised with Bam HI.

Fos The pSP6Fos5' probes was used after digestion with Bss H II at 50 °C for 2 hr,
followed by gel purification. (Hill et al., 1994).

Vine. Fos As shown in Fig 2.4 the probe to the Vinculin-Fos RNase reporter gene
was made to encompass 159 bases of the Vinculin promoter and 259 bases of Fos
exon 1, the probe hybridises over the fusion. The probe was made using PCR and
the Vinc-Fos gene as a template, and a fragment of the correct length was inserted
into the pGEM-T vector (Promega), sequencing was used to verify the clone was of
the correct sequence.

Prior to generation of radiolabelled probe the template is

linearised by digestion with Ncol.

8.12.3 Yeast Expression Vectors
pGBT9 (TRP, 2p) Expresses Gal4 amino acids 1-147 from the ADHl promoter.
These residues encode the GAL4 DNA binding domain (Bartel et al., 1993).

pGBT9SRF (Trp, 2 pi) The Gal4 DNA binding domain (codons 1-147) tagged with
full
length SRF (codons 1-508) as described by A. Akhtar (PhD Thesis, 1998).
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pADHSRF

(TRP, 2pi)

Full length SRF (codons 1-508) driven by the pADH

promoter, as described by A. Akhtar (PhD Thesis, 1998).

pADHSRF-198/210 (TRP, 2|i) As above, with the Stul/Bglll fragment of SRF
replaced by a construct with 198-210 residues identical to ARG80 (A. Akhtar PhD
Thesis, 1998).

pADHSRFVP16

(TRP, 2\i)

SRF residues 1-412 fused to the VP16 activation

domain (Dalton and Treisman, 1992, and A. Akhtar PhD Thesis, 1998).

pADHSRF-198/210VP16

(TRP, 2\x)

As above, but with 198-210 residues of

ARG80.

pACT2 (LEU, 2p) Clontech. This vector expresses the GAL4 AD (amino acids
768-881), a HA tag, and a MCS for proteins of interest to be inserted and expressed
as a fusion protein with the Gal4 activation domain, from the constitutive ADHl
promoter.

pACT Clone 208 From the pACT NIH 3T3 cDNA library (Clontech), this clone
(Protein NP 080396, RIKEN cDNA 2410127L17) contains amino-acids 52-401, see
Fig 5.7.

pACT SRF From the pACT NIH 3T3 cDNA library (Clontech), this clone encodes
SRF amino-acids 47-508 (trembl:Q9JM73).

8.12.4 M amm alian Expression vectors
EFNBRSStag

The EFPlinkTag poly linker is changed in this vector to NBRSS

(NcoI/BamHI/EcoRI/Sall/Spel) as described by A. Akhtar (PhD Thesis, 1998).

1-hybrid clones were inserted into EF vector by digestion of the EF vector with
NcoI/BamHI and digestion o f the clone with Ncol/Bglll.

This digestion

encompasses the whole o f the clone, but gel analysis was used to determine whether
clones had internal NcoI/BgUI sites. To add a VP 16 tag, clones were digested with
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Ncol and the tag was inserted, sequencing was used to determine the VP 16
activation domain was in the correct orientation. The Ncol VP 16 activation insert
was taken from EFVP16actin constructed by A. Sotiropoulos. c208 constructs were
constructed from the pACT c208 vector by the method described above, and encode
amino-acid 53 onwards of the mouse protein (Protein NP 080396, RIKEN cDNA
2410127L17).

EFGaMAD The Gal4 activation domain and mulitple cloning site (Hindlll (blunt)
to Eco RI o f pACT) was taken from the pACT vector and ligated into to EFNBRSS
vector, which had been digested with Ncol, blunted, and then digested with EcoRI.
Clones from the pACT vector could then be easily swapped into the GAL4AD
vector, as both contained the same MCS.

MAL22 MAL22 is the mouse homologue of Myocardin, and was identified and
cloned using EST sequence and published sequence (F.Miralles et al., 2003 and now
termed MAL(met)), expressed in EFplink (Sotiropoulos et al., 1999). MAL22 has
also been termed MRTF-A, Genbank AF532597 (Wang et al., 2002).
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