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Abstract

The transcription factor CREB, shown to activate the expression of 
target genes in response to extracellular signals mediated by cyclic AMP, is 

present in all cells examined for its expression. Despite the ubiquity of CREB, 
different cell types vary greatly in their ability to respond to cyclic AMP. 
Moreover, CREB has been implicated in the regulation of highly tissue- 
restricted patterns of gene expresion. Although the mechanics of transcriptional 
activation by CREB have been elucidated in some detail, the modulation of its 

activity which can give rise to this specificity in its behaviour are poorly 

understood. This thesis investigates a role for the interaction of cellular factors 

with CREB in modifying its activity.
Data are presented which show that in cell lines not responsive to 

cyclic AMP, CREB appears to interact through its leucine zipper with a factor 
inhibitory to its activity. Attempts to investigate this phenomenon by use of 
fusions of CREB with the DNA-binding domain of the yest GAL4 protein, and 

problems encountered with this approach, are discussed. ATF-1 is shown to be 

a good candidate for a negative regulator of CREB in the cell lines examined. 
Experimental procedures are developed for observing CREB-interactions with 

factors present in cell extracts, and the use of these techniques in cloning 

CREB-interacting factors from an expression library is described. Among the 

factors cloned are CREB, ATF-1 and a novel form of CREM. One of the clones is 

found to encode a novel and unusual homeodomain protein, Homeodomain 

protein Interacting with CREB (HIC), which is expressed in a tissue-restricted 

pattern, most notably in the prostate. HIC interacts with CREB in Far Western 

assays in a manner which appears to require the homeodomain of HIC and the 

leucine zipper of CREB. Additional properties of HIC are examined, including its 

ability to dimerize and its preferred sequence-specificity of DMA binding; and 

the possible consequences of its interaction with CREB are explored.
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Note to readers; CREB is sometimes referred to as CREB1 in order to 
distinguish it from the bZIP factor CREB2. However since it is more usually 
referred to in the literature simply as CREB, and has been ever since it was 
cloned as the first member of a family of CRE-binding factors, I shall also refer 
to this factor as 'CREB'.
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Chapter 1 Introduction

Events controlling the transcription of target genes in response to 

applied signals have proved the most informative aspect of their expression to 

study. One such set of target genes are associated with a c/s-acting cyclic AMP 

Responsive Element (CRE, (Montminy et al., 1986)). These genes typically 

show increased rates of transcription in response to extracellular signals which 

bring about elevated intracellular levels of the second messenger cyclic AMP 

(cAMP). The sequence of events which comprises this 'cAMP response' 
involves the cAMP-regulated protein kinase (PKA) and frans-acting factor, 
CREB (CRE Binding protein, (Montminy and Bilezikjian, 1987) ). CREB is the 

most extensively characterized of a family of nuclear, DNA-binding, protein 

factors which specifically recognize the CRE, and is a target for phosphorylation 

by PKA. Binding of phosphorylated CREB to CRE motifs in target genes brings 

about an activated level of transcription of those genes.
Despite the simple linear pathway described, the study of transcription 

factor CREB - which appears to exist in all mammalian cells - has shown that its 

behaviour varies widely between different cell types. Moreover, CREB has 

repeatedly been identified as a factor involved in the regulation of genes whose 
patterns of expression are restricted in a tissue-specific manner. CREB thus 

provides not only a useful tool for the investigation of the mechanics of 
transcriptional activation, but also gives access to the broader questions of how 

tissue-specific gene expression is achieved and what the key events may be in 

the differentiation process which generates such patterns of expression.

1.1 Components of transcription

Regulated transcription requires components of two different types: 
The general transcription factors are required to support the activity of RNA 

Polymerases (only Pol II will be considered here, although Pol I and Pol III 
appear to work by similar mechanisms), and can give rise to low levels of (basal) 
transcription even in the absence of regulatory components. Additional 
regulatory factors are capable of either activating (the term 'transcription factor' 
will be used to refer to these activators) or repressing transcription by this basal 
apparatus. Whilst there are predetermined ('permissive') effects of chromatin 

organization on the range of gene transcription which can occur in the nucleus,
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most evidence suggests that the interaction of transcriptional regulatory factors, 
either directly or via intermediary factors, with the basal machinery is the 

essential mechanism giving rise to activated transcription in response to 

extracellular signals.

1.1.i Basal transcription
Biochemical studies have identified most if not all of the general 

factors necessary for transcription since it is now possible to reconstitute 

transcription in vitro using a mixture of purified and recombinant components. 
These assemble together with Pol II to form an initiation complex bound to the 

TATA box of the gene to be transcribed (although initiation can be TATA box- 
independent on TATA-less promoters) (reviewed in (Buratowski, 1994)). The 

TATA box is recognized by TBP (TATA-Binding Protein), which together with 

TAFs (TBP-Associated Factors) comprise the complex identified as TFIID. The 

TFIIB factor can interact both with Pol II and with the TFIID-TATA element 
complex and thus may serve to recruit the polymerase to the pre-initiation 

complex. TFIIF is also required for Pol II recruitment, and TFIIA for stabilization 

of the complex. The transition from pre-initiation complex formation to 
transcriptional elongation requires two additional factors, TFIIE and TFIIH. TFIIH 

is a multi-subunit complex which has a Pol II CTD (C-Terminal Domain) kinase 

activity and also possesses ATPase and helicase activities; all of these activities 

may be important in the final steps of initiation, and in elongation, as well as in 

replication and DNA repair.

1.1.ii Activated transcription
It has been recognized for some time that transcription can be 

stimulated or induced by factors binding to DNA elements adjacent to ('proximal' 
or promoter elements) or at some distance from ('distal' or enhancer elements) 
the TATA box - even in some cases from positions downstream of the coding 

sequence (Maniatis et al., 1987; Mitchell and Tjian, 1989). It was also observed 

some time ago that the most powerful of the activating factors binding to these 

elements shared a characteristic concentration of acidic residues within the 

domain responsible for transactivation. Furthermore, this acidic region was also 

found in several viral transactivators, notably the herpes virus VP16 protein 

(although this does not itself bind DNA directly, but is recruited to promoters 
through complex formation with the specific DNA-binding factor Oct-1 (Stern et 
al., 1989)). The prediction that the acidic domains of these factors should be
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able to interact with the pre-initiation complex described above, in order to assist 
its assembly or to stabilize a particular configuration on the DNA (Ptashne, 
1988) has been borne out by the identification of a number of such interactions. 
Further types of activation domain have also been identified and are believed to 

function in a similar manner.

The earliest reported example of a direct interaction between acidic 

activation domain and basal apparatus was that of VP16 with TFIID (Stringer et 

al., 1990). A weak interaction with TBP has been demonstrated, and TBP has 

indeed proved to be one of the common targets for such interactions, the other 
being TFIIB (which also interacts with VP16 (Lin et al., 1991)). It is becoming 

increasingly apparent that the other components of TFIID, the TAFs, are also 

targetted for interaction by transcriptional activation domains. A recently 

reported interaction of TAF40 with VP16, as well as with TFIIB (Goodrich et al.,
1993) provides some rationale for the frequent demonstration that transcriptional 
activation by transacting factors depends on the presence of TAFs, purified TBP 

being unable to support activated transcription (for example (Dynlacht et al., 
1991)).

Further recent examples of interactions between transcription factors 

and TAFs are those of Spl and CREB with TAF110 (Ferreri et al., 1994; Gill et 
al., 1994), and many more are suspected. The TAFs are thought to be bridging 

factors for activated transcription (as discussed in (Pugh and Tjian, 1992)) and 

the main function of the activation domains of regulatory transcription factors is 

thought to be their interactions with components of the basal complex. Most 
activation domains are currently grouped into classes based on their amino acid 

composition; acidic, glutamine-, serine/threonine- or proline-rich, and it is 

frequently hypothesized that the members of each group might target a different 
TAP for interaction (since, for instance, Spl and CREB both possess glutamine- 
rich activation domains), but as yet there is insufficient evidence to confirm this 

idea. An alternative - or additional - model for functional differences between the 

classes of activation domain proposes that glutamine-rich domains are effective 

from proximal positions only whilst acidic and serine/threonine-rich domains can 

act also at distal positions (Seipel et al., 1992).
The regulation of the initiation step in transcription is probably the 

most significant control on gene expression. As might be predicted, this 

regulation of initiation can be achieved through regulation of the interaction 

between transcription factors and the basal apparatus. In practice, this seems to 

occur either through regulated binding of an activator to its cognate site on the
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DNA, or by regulation of the availibility or potency of activation domains of pre
bound factors for the required interactions. Both of these mechanisms are 

mediated through post-translational modifications - either directly (such as 

phosphorylation) or indirectly (such as changes in subcellular localization) - of 

the factors involved.
However, initiation is not the only regulated step in activated 

transcription. The efficiency of the elongation step in transcription has recently 

been shown to be a target for regulation by certain mammalian activators 

(Yankulov et al., 1994), although CREB itself does not appear to affect 
transcriptional elongation (K. Yankulov, personal communication).

It is experimentally observed that many enhancer elements can act 
independently of position or orientation in synthetic promoters, but there is 

increasing evidence that in fact combinatorial regulation by factors binding to 

multiple elements in the promoter occurs through the formation of three- 

dimensional and stereo-specific complexes (reviewed in (Tjian and Maniatis, 
1994)).

1.1.iii Repressed transcription
Basal transcription can also be down-regulated, by a number of 

mechanisms. Competition with activating factors for common binding sites, such 

as occurs between CREB and the repressor of CREs, CREM (Foulkes et al., 
1991), is one common mechanism. Steric occlusion of transcription components 

from the DNA by repressor binding represents another possible mechanism. 
The formation of inactive complexes between a repressor and an activator is 

also a means by which activated transcription can be checked. The inactive 

complex may be deficient in DNA binding - as exemplified by the dimerization of 
the Liver-enriched Activating factor (LAP) with an alternative splice product 
unable to bind DNA (Ron and Habener, 1992) - or may involve masking of 
activation domains, as seen in the repression of yeast GAL4 by GAL80 (Ma and 

Ptashne, 1987).
Repression may be mediated by specific domains, analogous to activation 

domains, which can be similarly classified according to their sequence. Proline- 
rich sequences, for example, mediate the repressive effects of Drosophila Even- 
skipped (Eve, (Han and Manley, 1993)), and alanine-rich and glutamine-rich 

sequences have also been implicated in repression. The KRAB domain 

(Kruppel-associated box, (Margolin et al., 1994)) has recently been identified as 

a repression domain common to many zinc-finger proteins. However, a
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functional analogy to the activation domains is harder to make and the types of 
interaction, if any, made by these domains have not been elucidated.

1.1.iv Permissive components
Transcription in vivo is also influenced by components of chromatin 

(reviewed in (Wolffe, 1994)). The packaging of DNA into nucleosomes has been 

identified as a mechanism for repression and transcription factors can enhance 

the ability of the basal machinery to compete with nucleosomes for promoter 
occupancy (Workman et al., 1991). Modification of individual histones to impair 
nucleosome formation (Tazi and Bird, 1990), or displacement of nucleosomes in 

Drosophila chromatin at promoters bound by the GAGA factor (Tsukiyama et al.,
1994) or by the product of the brahma gene (Tamkun et al., 1992), may be 

examples of 'permissive events' for transcription. By contrast, the Drosophila 

polycomb group gene products, originally identified as repressors of many of the 

homeotic genes, are a component of chromatin and appear to be involved in the 
maintenance of heterochromatin (Franke et al., 1992). Where the nucleosomes 

are packaged into compact higher-order structures, giving rise to 

heterochromatin, there is no, or limited, access of transcriptional components to 

the DNA and genes packaged in this way are not expressed. Thus transcription 

from any promoter in the nucleus of higher eukaryotes relies on permissive 

chromatin components in addition to the transcription factors discussed above.

1.2 Modular dissection of a transcription factor

A feature of transcription factors which has greatly aided the 

dissection of their various functions, and the assignment of functions to 

structures, is their highly modular organization into discrete domains. These 

domains retain their function independently of their origin - that is - in a 

heterologous context (reviewed in (Mitchell and Tjian, 1989)) or as chimeras 

with domains from other family members (Ransone et al., 1990). These domains 

can be loosely categorized into either DNA-binding or transactivation domains. 
Transcription factors are classified according to the type of their DNA-binding 

domain, where the dimerization motif required for binding of a factor to 

palindromic sites is included as part of the DNA-binding domain. The largest of 
these classes are: bZIP (iiasic DNA recognition domain juxtaposed with a 

leucine zipper dimerization motif), bHLH (basic domain in combination with 

helix-loop-tielix dimerization domain, sometimes also a leucine zipper), HTH
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(helixiturriihelix DNA binding motif, such as is found in the homeodomain) and 

ZnF (Zinc-Finger).

1.2.1 The bZIP' class of transcription factors
The bZIP class of factors can be further subdivided according to 

preferred DNA-binding sites. CREB was the first member to be cloned 
(Gonzalez et al., 1989; Hoeffler et al., 1988) of the CREB/ATF family of factors 

(reviewed in (Habener, 1990)). Members of this factor 'family' are characterized 

by their ability to bind as dimers to the CRE motif (minimal sequence CGTCA), 
which itself has variously been characterized as the ATF site (mediating 

adenovirus transcriptional activation), the TRE (LTR 21 bp repeat/ element 
involved in transcriptional responses to the Tax activator of HTLV-1 ; see section 

1.5.iii) or the CaRE (mediating c-fos activation in response to raised levels of 
Ca2+).

Other bZIP families of factors contain the immediate early response 

factors c-Jun, c-Fos and related factors which recognize the A P I motif 
(TGACTCA), and the CCAAT/Enhancer Binding Protein family (C/EBP) involved 

in hepatocyte differentiation. A complete review of all known bZIP factors can be 

found in (Hurst, 1994). The members of each family show a propensity for 
forming assorted dimers amongst themselves (reviewed in (Lee, 1992)]) and 

cross-dimerization between these families is also possible (Hai and Curran, 
1991).
The DNA-binding domain of CREB is indicated in figure 1.1a. In addition to the 

residues marked as defining the consensus sequence for the bZIP family, there 

is a preponderance of basic residues. The lysines at positions 303 and 305 have 

been shown to be critical for the méthylation interference pattern of CREB on 

the CRE (Andrisani and Dixon, 1991). Immediately C-terminal to the basic 

region are sequences defining the leucine zipper domain, described below. The 

bZIP of CREB has been shown to contain all of the necessary information for 
correct binding to the CRE (Dwarki et al., 1990; Yun et al., 1990).

The bZIP domain is the most strongly conserved structure within the 

CREB/ATF factor family, but all of the members share a similar modular 

organization. The domain structure of CREB as it is currently understood is 

illustrated in figure 1.1b. The apparent correlation between functional domains 

and the exon structure of the gene is striking; it is confirmed by deletion 

mutagenesis studies in which the exon boundaries are observed showing 

functional co-dependence of sequences within the same exon but not outside it
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Figure 1.1a The aCREB sequence:

The basic and leucine zipper domains are underlined. Residues conserved 
between basic domains of the bZIP family are marked in bold; those shown 
to be essential for precise CRE recognition have a double underline. The 
four leucine residues of the leucine zipper are indicated in outline font.

1 MTMESGAENQ QSGDAAVTEA ENQQMTVQAQ PQIATLAQVS MPAAHATSSA
51 PTVTLVQLPN GQTVQVHGVI QAAQPSVIQS PQVQTVQSSC KDLKRLFSGT

101 QISTIAESED SQESVDSVTD SQKRREILSR RPSYRKILND LSSDAPGVPR
151 lEEEKSEEET SAPAITTVTV PTPIYQTSSG QYIAITQGGA IQLANNGTDG
201 VQGLQTLTMT NAAATQPGTT ILQYAQTTDG QQILVPSNQV WQAASGDVQ
251 TYQIRTAPTS TIAPGWMAS SPALPTQPAE EAARKREVRL MKNREAAREC
301 RRKKKEYVKC LENRVAVLEN ONKTIjIEELK A&KDLYCHKS D*



Figure 1.1b The exon structure of the CREB gene:

The exons of CREB currently recognised (1-11) are indicated together 
with the functional domains that they encode. The various isoforms of 
CREB derived from alternative splicing of exons are shown beneath (only 
isoforms for which cDNAs have been isolated are shown). Based on 
Ruppert at al., 1992. .
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(Quinn, 1993). This modular stucture enables the generation of mixtures of 

domains (by alternative splicing), consequently increasing the functional 
diversity of the gene. Alternative splicing is at present best exemplified by the 

gene coding for CREM (Foulkes et al., 1991; Laoide et al., 1993), but generation 

of multiple products from single genes seems to be the rule for bZIP factors.

1.2.Ü The leucine zipper dimerization domain
The leucine zipper structure was first postulated for C /EB Pa  

(Landschulz et al., 1988) as that which might arise from a heptad leucine repeat, 

four to six copies of which are found in bZIP factors. The repeats form an 

amphipathic helix (that of CREB is illustrated in figure 1.2a) whereby the leucine 

residues are arrayed along the same side (adopting position d) with bulky, 
usually p-branched (valine, threonine, isoleucine) residues alongside (position 

a), thus creating a hydrophobic surface at which interactions with the 

corresponding surface of other such helices can occur. The bulky residues are 

the 'teeth' of the zipper, which fit into the indentations left by the smaller leucine 

residues in the other zipper. The dimerizing helices wrap around each other 
slightly giving rise to a coiled-coil (O'Shea et al., 1989) which forms the base of 
a Y-shaped structure whose two arms represent the associated a-helical basic 

domains. The basic domains then grip the DNA in a 'Scissors Grip' (Vinson et 
al., 1989).

The comparison of many variants on the leucine zipper plan has led to 

the conclusion that the selectivity of observed dimerizations is coded by specific 

residues within a zipper. Residues at positions e and g of the helix are closely 

involved in the dimerization interaction. For instance, it is acidic residues in this 

position which destabilize the Fos homodimer and drive preferential heterodimer 
formation of Fos with Jun (O'Shea et al., 1992). It has been possible both to 

predict the selection of dimerization partners, and to design such partners, 
based on the e/g composition of the helix (Vinson et al., 1993).

Transcriptional activation domains of CREB
The activation domains of CREB, as defined in studies by three 

different groups (Gonzalez et al., 1991; Lee et al., 1989; Quinn, 1993), are 

illustrated in figure 1.2b. An early nomenclature of the CREB activation domains 

in terms of clusters of potential phosphorylation sites (PDE1-3) has since been 

replaced by more functional definitions, since no effects of phosphorylation at 
either PDE1 or PDE3 (mainly Casein Kinase II sites) have been shown in the
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Figure 1.2a The leucine zipper 
represented as a helical wheel:

of CREB

The residues found at positions a-g in the four turns of the 
a-helix are shown. The first residue at position a is 
considered the first of the leucine zipper and successive 
turns of the helix are counted 1-4 from this position, each 
successive turn being marked further from the centre of 
the wheel.
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Figure 1.2b The activation domains of CREB
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absence of phosphorylation in PDE2. The principal domains involved in 

transactivation are now considered to be the Kinase Inducible Domain (KID, P- 
box, PDE2) which encodes the consensus sequence (R R PS) for 

phosphorylation by PKA, and an N-terminal glutamine-rich (Q) domain. The PKA 

site at Seri 33 is also phosphorylated in vivo by Calmodulin-dependent Kinase 

(Sheng et al., 1991) and a Ras-dependent kinase (Ginty et al., 1994).

Whilst the full complement of CREB phosphorylations remains 

unresolved, it has been shown beyond doubt that S e r i33 phosphorylation of 
CREB is critical for the cAMP response. Induction of a reporter gene by 

transfected CREB in response to forskolin is lost by mutation of Seri 33 

(Gonzalez and Montminy, 1989) or by injection of anti-CREB antibodies 

(Meinkoth et al., 1991). The inability of acidic residues to substitute for the serine 

at 133 suggests that the phosphorylation event is required to trigger a 

conformational change (Gonzalez and Montminy, 1989). Deletion analysis of 
CREB in F9 cells (which have low endogenous CREB activity; see section 1.6.v) 
implicated two domains in the conformational changes/activation induced by 

S e r i33 phosphorylation (Gonzalez et al., 1991). One was an acidic peptide 

(DLSSD) located immediately downstream of the basic PKA site and predicted 

to stabilize it in the new conformation, the other an 87 residue N-terminal 
glutamine-rich domain. Glutamine-rich activation domains are recognized as a 

common theme in transcriptional activation and - as already mentioned in 

section 1.1.ii - have recently been shown to mediate direct protein-protein 

interactions with the TBP-associated factor dTAF110 (Ferreri et al., 1994).
The most thorough analysis of the activation domains of CREB has 

been undertaken by (Quinn, 1993) who maps both constitutive and inducible 

domains (fig 1.2b) by deletion analysis of fusion proteins where the CREB bZIP 

is replaced completely by the dimerization and DNA-binding domains of the 

yeast GAL4 factor. This method is in contrast to the usual system of N-terminal 
fusion which, by placing the N-terminal sequences of CREB closest to the DNA- 

binding domain, effectively inverts the position of CREB relative to the DNA.
The function of the serine/threonine-rich 14 residue a-peptide shown 

in figure 1.2b, which characterizes the a  isoform of CREB, remains unresolved. 

Early identification of this sequence as an additional activation domain 

(Yamamoto et al., 1990) has since been contradicted (Berkowitz and Gilman, 
1990; Sun et al., 1992).
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1.3 Signal transduction mediated by CREB

CREB was first identified as a potential nuclear target for the classic 

linear signal transduction pathway which employs cAMP as its second 

messenger (Montminy and Bilezikjian, 1987). The traditional linear depiction of 
such signalling pathways is probably deceptive, and perpetuates an image of 
intracellular signalling which is vastly oversimplified. As a growing number of 
interactions between parallel pathways are identified, the overall picture 

increasingly resembles a network of interdependent pathways such that the 

sending of a signal in one pathway has widespread effects throughout the 
network.

1.3.1 The cAMP Pathway
Stimulation of cells by signals giving rise to raised intracellular levels 

of cAMP, through activation of a G-protein-coupled adenylate cyclase, switches 

on the signal transduction pathway which is illustrated in its most simple form in 

figure 1.3. cAMP binds to the two regulatory (R) subunits of the tetrameric 

cAMP-dependent protein kinase PKA, causing the release - and hence 

activation - of the two catalytic subunits of the enzyme (cPKA). Phosphorylation 

of target substrates by cPKA mediates many of the known subsequent effects of 
cAMP. These effects where they occur in the cytoplasm (such as initiation of the 

glycogenolytic cascade) are rapid and amplified. Effects within the nucleus are 

slower and possibly stoichiometric, since translocation of cPKA to the nucleus 
(Nigg et al., 1985) is the rate-limiting step in activation of transcription via CREB 

(Hagiwara et al., 1993).

A large number of potential substrates for cPKA are present in the 

cell. Specificity of responses to cAMP is achieved to some extent through the R 

subunit of PKA, for which several isoforms have been characterized. Several R- 

specific 'anchor proteins' have been identified, whose function is to tether R in 

varied subcellular localities; these may ensure responses localized to specific 

organelles. Nuclear substrates appear to be predominantly acted upon by cPKA 

released from the holoenzyme tethered to the outside surface of the nuclear 
envelope. The regulatory subunit involved is probably R lla , since 

overexpression of this subunit, but not of RIa, is sufficient to restore cAMP- 

inducibility of the somatostatin promoter to a cAMP-unresponsive mutant cell 

line (Tortura and Cho-Chung, 1990).
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Figure 1.3 The cAMP pathway for signal transduction
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Studies on extinction of liver-specific gene expression in somatic cell 

hybrids between liver and fibroblast cells show that the disappearance of the 

CRE footprint - thought to be made by CREB - in a liver-specific promoter is 

under the genetic control of a Tissue-Specific Extinguisher locus TSE-1 (Nitsch 
et al., 1993). TSE-1 has been identified as the R Ia  subunit of PKA (Boshart et 
al., 1991), thus establishing a role for R Ia  in regulating nuclear events, in 

particular the DNA-binding activity of CREB. This is in apparent contradiction of 
the result obtained by (Tortura and Cho-Chung, 1990) and implies that there 

may be cell type-specific differences in the functions of the regulatory subunits 

of PKA.

Additional regulation of nuclear events by cAMP occurs via 

phosphorylation of CREB/ATF family members ATF-1 (Rehfuss et al., 1991) and 
NF-IL6 (Metz and Ziff, 1991). Unlike CREB and ATF-1, which are 

phosphorylated in the nucleus, NF-IL6 exists in a cytoplasmic form whose 

nuclear translocation is achieved by cAMP-induced phosphorylation.

1.3.11 Cross-talk or Networking
Although the pathway described above (and illustrated in figure 1.3) 

for transduction of signals from cell surface to nucleus via the agency of cAMP is 
a linear one, the phenomenon of 'cross-talk' between such pathways has been 

well catalogued. Cross-talk is thought to exist as a means of integrating 

information laterally within the cell.
The putative phosphorylations of CREB by kinases other than PKA 

would constitute cross-talk at one level. The demonstration that TGFp can 

induce rapid phosphorylation of CREB in mink lung cells (Kramer et al., 1991) 
and the recent identification of a Ras-dependent mechanism which brings about 
phosphorylation of CREB on S e ri33 in response to NGF (Ginty et al., 1994) are 

examples of this. Cross-dimerization and/or cross-recognition of binding sites 

between factors ostensibly involved in different response pathways constitutes 

another (Benbrook and Jones, 1990; Lamph et al., 1990). Crosstalk on a higher 

level is exhibited by the blocking of the EGF-activated MAP Kinase transduction 

pathway by the cAMP agonist forskolin in rat fibroblasts (Wu et al., 1993). The 

activity of nitrogen oxide (NO) as a neurotransmitter in enhancing immediate 

early expression is mediated at least partly by Ca^+ and CREB, but the level of 

'crosstalk' involved is unknown (Peunova and Enikolopov, 1993). Finally, the 
recent observation that CREB-Binding Protein, CBP (see section 1.4.i), is
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required in serum- and phorbol ester-stimulated pathways as well as in the 

cAMP pathway (Arias et al., 1994) suggests that this class of co-activator may 

act to integrate or disperse information in a widespread signalling network.

Attenuation of signal
CREB is a stable species, even in its active form, and since CREB- 

induced events are normally found to have returned to their previous levels 8 

hours after the original stimulus (Hagiwara et al., 1992), specific activities for the 

attenuation of the CREB-response must exist. Experiments involving 

microinjection of inhibitor proteins to the phosphatases PP1 and PP2A, and 

cotransfection with CREB of catalytic subunits of the two phosphatases, appear 

to show that CREB phosphorylation is specifically attenuated by PP1, whereas 

PP2A is specific for API (Alberts et al., 1993; Hagiwara et al., 1992). However 

investigation of the ability of phoshatase-treated CREB to activate transcription 

in vitro shows that only PP2A is effective in dephosphorylating CREB  

(Wadzinski et al., 1993). Additionally, (Wadzinski et al., 1993) are able to show 

that okadaic acid, a specific inhibitor of PP2A, potentiates cAMP activation of the 

PEPCK gene (see section 1.4.Ü) and that the CREB-phosphatase activity 

copurifies with PP2A. Phosphatases appear to show even less substrate- 
selectivity than do kinases under in vitro conditions; it is thus possible that 
disturbing the balance of phosphatase activities within the cell may reveal, or 
create, a functional redundancy.

1.4 Models for activation of transcription by CREB

As has been described in the previous section, the critical event in 

CREB-mediated signal transduction is its phosphorylation on Seri 33 (by either 
cAMP-dependent or Ca2+-driven or ras-dependent kinases). In the simplest 
possible model for transcriptional activation by CREB, the phosphorylation state 

of Seri 33 regulates a direct interaction with the basal transcription machinery by 

switching the conformation of the protein between states in which the Q domain 

is hidden or exposed. Several additional properties of CREB have a 

demonstrated relevance to transcriptional activation functions and should also 

be incorporated into such models. Since it is at present impossible to arrive at a 

single model these properties will be treated separately below.
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1.4.1 Interactions with bridging factors
An interaction already mentioned in the context of transcriptional 

activation is that shown to exist between the Q2 domain of CREB and the TBP- 
associated factor dTAF||110 (Ferreri et al., 1994). The Q2 domain (as defined in 

(Quinn, 1993)) mediates the greater part of the kinase-inducible response, and it 
is notable that the equivalent domain is absent in the repressor forms of OREM 

(Brindle et al., 1993; Foulkes et al., 1991). When expressed as a Q2-bZIP  

fusion, this domain is a constitutive activator for in vitro transcription and it is 

essential for the association of CREB, both in vitro and in the yeast two hybrid 

system, with dTA FIIO  (Ferreri et al., 1994). Other components of TFIID tested 

in these assays have not revealed any further interactions of this type, but these 

cannot be ruled out.
The ability of a GALCREB fusion (that described previously, (Quinn, 

1993)) to support constitutive transcription from an artificial promoter depends 

on the origin of the TATA box used, since the tk TATA box does and the SV40 

TATA box does not support constitutive activity in conjunction with GAL4 binding 

sites, although both give equal levels of activated transcription (Quinn, 1993). 
The author proposes that the complement of TAFs available for mediating TBP 

interactions varies between promoters. This represents a potential mechanism 
for regulation of transcription (Pugh and Tjian, 1992). Similarly, it might be 

concluded that the complement of TAFs involved in constitutive and activated 

transcription are also different.
A recently cloned factor named CBP (for CREB Binding Protein) binds 

specifically to the Seri33-phosphorylated form of CREB (Chrivia et al., 1993). 

The CBP sequence contains strong homologies to a yeast coactivator and 

motifs characteristic of transcriptional activators, including a PKA site, and can 

function as an activator when fused to a DNA binding domain. The recently 

published sequence for the Ela-associated factor p300 (Eckner et al., 1994) 
proves on inspection to be highly similar to the CBP sequence and it is now 

proposed that the two are members of a conserved family (Arany et al., 1994) of 
coactivators, or adaptors, for a wide variety of transcriptional activators. In 

support of this inferred role for CBP, it has now been shown that CBP can 

associate with TFIIB (Kwok et al., 1994) and the transcriptionally active 

phoshorylated form of Jun (Arias et al., 1994). Furthermore, microinjection 

experiments using an anti-CBP antibody show that CPB is essential for 
transcriptional responses to cAMP, serum or phorbol esters (Arias et al., 1994). 
E l a and CREB bind to distinct domains of CBP/p300, although it has not been
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established whether they do so simultaneously. This finding indicates a pathway 
by which E1a may negatively regulate the pathway of transcriptional activation 

by CREB, as has been shown in some systems (Kalvakolanu et al., 1992) but 
not in others (Flint and Jones, 1991).

An interaction of CREB which may have some bearing on 

transcriptional activity is that reported to occur with topoisomerase II (Kroll et al.,
1993), although apparently this interaction does not occur through the putative 

leucine zipper of Topo II. Topo II is a regulator of DNA topology with the capacity 

to relieve supercoiling and thus could constitute a useful target for regulators of 
transcription, but there is as yet no strong evidence for this interaction in vivo .

1.4.Ü DNA Binding
Is there an effect of Seri 33 phosphorylation on DNA-binding by 

CREB? Examination of extracts containing either form of CREB suggests that 
there is no difference in their ability to bind a CRE (full palindrome) in vitro 

(Ruppert et al., 1992) (our own unpublished observations); salt elution profiles 

for CREB from isolated nuclei do not alter with its phosphorylation state, 
suggesting that its affinity for DNA remains unchanged (Hagiwara et al., 1993). 
However there is good in vivo evidence to suggest that unaltered DNA binding 

of CREB is true only for symmetrical CREs (those containing at least 
TGACGTCA) and that in fact binding to lower affinity, asymmetric sites may 

indeed be enhanced by phosphorylation: Comparison of the DMS-sensitivity of 
the two types of CRE in liver cells has shown that cAMP stimulation brings about 
increased protection of an asymmetric CRE (CGTCA) in the TAT (tyrosine 

amino-transferase) gene promoter, whereas a symmetric CRE of the PEPCK  

(Phosphoenolpyruvate Carboxykinase) gene promoter shows a strong footprint 
which is not altered upon cAMP stimulation (Nichols et al., 1992; Weih et al.,
1990). The ability of the CRE to bind protein in vivo appears to correlate with 

CREB available in liver extracts for binding to the CRE. The authors suggest 

that CREB permanently occupies high affinity sites in vivo and low affinity sites 

only upon activation. There are no data available to investigate a possible 

correlation between the symmetry of a CRE and its ability to mediate constitutive 

transcriptional activity, but this might be predicted from such a model for CREB 

DNA-binding. Further support for regulated CREB binding can be found in the 

study of the role of the TSE-1 locus (section 1.3.i) in mediating extinction in 

somatic cell hybrids between liver and fibroblast cells. Since the disappearance 

of the TAT CRE footprint is shown to be under the control of TSE-1 (Nitsch et
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al., 1993), which is the R Ia  subunit of PKA (Boshart et a!., 1991), an effect of 
PKA phosphorylation on CRE binding by CREB can be inferred.

Two recent studies on the stabilities of CREB-DNA complexes in EMS 

assays have established binding constants of a CREB bZIP peptide for the 
symmetric somatostatin CRE (ko = 5x10'^) (Santiago et al., 1993) and of 

purified ACREB for both perfect CRE (kp = 5x10'^) and asymmetric enkephalin 

promoter CRE (ko = 3x10’®) (Williams et al., 1993). These data confirm that 

there exists a 10-fold difference in the affinity of CREB for CRE variants, but 
neither study addresses the potential effect on binding affinity of the 

phosphorylation state of the protein. (Santiago et al., 1993) are also able to 

demonstrate by circular dichroism studies that DNA binding of the bZIP peptide 
increases its a-helical content by as much as 20% . This favourable 

conformational change is not seen to accompany API binding and may account 
for the high affinity of CREB for the CRE and for the high CRE occupancy 

observed in vivo.

1.4.IÜ DNA bending
Looping of DNA between enhancers and TATA boxes has long been 

invoked both as a mechanism to enable interactions between factors binding to 

distant sites and those directly involved in transcriptional initiation and as 

justification for the seeming irrelevance of spacing and orientation on the activity 

of many enhancers (Ptashne, 1988). More recently it has been found that 

stereo-specific enhancer complexes include factors with the specific property of 
bending DNA - such as the chromatin-associated proteins HMG1 and HMG2 

(Pauli et al., 1993) - and that the orientation and position of the binding sites can 

be critical for assembly of the enhancer complex. This is the case for the 

bending factor YY1 which is a repressor of the c-fos promoter but which 

behaves as an activator if the spacing between the YY1 binding site and the 

adjacent CRE in the c-fos promoter is altered (Natesan and Gilman, 1994).

The interaction of bZIP factors with DNA can itself be sufficient to 

bring about considerable bending of the DNA at the binding site (Kerppola and 

Curran, 1991; Kerppola and Curran, 1993). Furthermore, 'phasing experiments', 
whereby the effect of factor binding on the EMS (Electro-Mobility Shift, see 

Chapter 2) patterns of DNA fragments already bearing a bend of known 

orientation is assessed, demonstrate that the Fos-Jun heterodimer and the Jun 

homodimer bend DNA in opposite directions (Kerppola and Curran, 1991). The 

implications of this observation are as yet unknown. Others have proposed that
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intrinsic distortions pre-exist in (and vary between) the different binding sites and 

provide the means by which, for instance, CRE and API sites are distinguished 

in vivo by their respective factors. Binding of the 'correct' factors then provides 

the 'bending energy' necessary to straighten the binding sites (Paolella et a!.,
1994). Nevertheless, the bending studies suggest that it is possible that the 

conformation of the DNA at the promoter - and TBP also distorts DNA - is of 

greater significance than the factor domains bound to it. This suggests that 
measuring protein-protein interactions in vitro may be a deceptively simple 

approach to elucidating events at the promoter. CREB too (and either of the 

alternative DNA binding domains of CREM) bends DNA as determined by the 

same assay and, perhaps more importantly, phosphorylation of the factor 

increases the degree of bending observed (de G root et al., 1994).

According to the model of (Paolella et al., 1994) the greater distortion 

of DNA observed with Seri 33-phosphorylated CREB should indicate the 

formation of a higher-affinity complex of CRE with phosphorylated than with 
unphosphorylated CREB. Additionally, or alternatively, if the interaction of CREB  

with the basal transcription apparatus were facilitated by phosphorylation- 
induced DNA bending, activated transcription might arise from an increase in the 

amount, or frequency, of this interaction - and not just from the types of 
interaction made.

1.4.iv Combinatorial and topological considerations
A model for the induction of activated transcription by CREB, based 

on the evidence discussed so far, might show CREB altering the topology at the 

promoter of a target gene and interacting specifically with adaptor molecules in 

order to create new complexes. Other data indicate that there are additional 
considerations to be built into the model. In particular, (Brindle et al., 1993) 
investigate the differences in domain composition between activator and 
repressor isoforms of CREM (the repressor CREM-e - described elsewhere as 

CREMxl (Laoide et al., 1993)), the latter possessing one glutamine-rich domain 

only and lacking an additional domain analogous to the CREB Q2 domain, 
which is present in the activator CREMt. This work uncovers the surprising fact 

that not only is the insertion of a heterologous activation domain into a CREM  

repressor sufficient to convert the repressor into a cAMP-inducible activator, but 
that this effect also operates in trans. That is, the combination of a GALQ2 

fusion, or GAL4 or GCN4, bound to sites adjacent to a CREM repressor will 

generate cAMP-inducible transcriptional activation. From these results it could
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be concluded that CREM, and by extension CREB also, may be able to direct 
transcriptional activation via an effect of their kinase-inducible domain on 

additional promoter bound factors. It could also be concluded that combinatorial 
control of transcription is not a simple additive affair but can act as a mechanism 

to step over threshold requirements for a minimal number of promoter- 
associated activation domains before active transcription can proceed.

An interesting and possibly related observation is made by (Loriaux et 
al., 1993) who, by engineering the leucine zipper of CREB to create 

subpopulations of exclusively heterodimerizing molecules, are able to generate 

hemi-phoshorylated CREB dimers. These show a transcriptional activation 

ability reduced by 50%; which could mean one of two things: Either that the 

hemi-phoshorylated dimer is truly only semi-active, and that activation depends 

on the additive effects of accumulated activation domains, or that the dimers are 

fully active but in one orientation only. If the polarity of the CREB dimer on the 

CRE is indeed important then this confirms that modelling the behaviour of 
activators in systems which disregard such considerations ignores much that is 

important about the interactions made on the promoter.

1.5 Mechanisms for modulating CREB activity

The possible mechanisms involved in activation of transcription by 

CREB have been discussed in some detail. However it is clear that additional 
mechanisms for modulating the activity of CREB, in order to generate cell type- 
specific differences in its behaviour, must exist.

1.5.1 Regulation of CREB expression
Levels of CREB (a and A forms) appear to vary little in most cell lines 

and tissues which have been examined for its expression (for example 

(Berkowitz and Gilman, 1990)). The structure of the promoter of the mouse 

CREB gene (Cole et al., 1992) appears to agree with the inference that CREB 

expression is low and does not vary greatly, since it has no TATA box and is 

located within a CpG island, thought to be typical of house-keeping genes (Bird, 
1987). There are at least five transcriptional start sites within the CpG island and 

a putative initiator element (Inr, (Smale and Baltimore, 1989)) upstream of the 

most S' site (Cole et al., 1992). Despite these features of a house-keeping gene, 

the 5' flanking genomic sequences of human CREB are found to be capable of 
positive autoregulation (Meyer et al., 1993). They contain three CREs of the
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asymmetric variety, all able to bind CREB in cell extracts. Moreover, the 

promoter can induce expression of a reporter gene 4-fold in response to cAMP 

and 8-fold in response to cAMP plus phorbol esters (Meyer et al., 1993).

Northern analysis of CREB expression shows that there is higher 
expression of CREB in brain tissue and in spermatocytes than in other tissues 

(Ruppert et al., 1992) and these are the places in which regulation of CREB  

expression has been observed. Both mRNA and protein levels of CREB are 

increased in rat C6 glioma cells treated with glucocorticoids (Jungmann et al.,
1992) and in the testis there is very high expression of a truncated product 

which may be involved in spermatogenesis (Waeber et al., 1991).

1.5.Ü Regulation by splicing
The CREB gene consists of at least 11 exons (Cole et al., 1992) 

(fig i.lb ) and the predominant mRNA size in several tissues is 7-8kb (Ruppert et 
al., 1992). Only in the testis is there obvious regulation of CREB by generation 

of an alternative splice product. This 2kb product (Ruppert et al., 1992) is 

predicted to encode an isoform of CREB which is truncated immediately 3' to the 
PKA phospho-acceptor (Seri 19 of ACREB), by splicing into a novel exon 

containing multiple stop codons (Waeber and Habener, 1992; Waeber et al., 

1991). This form of CREB lacks dimerization or DNA-binding facilities (Ruppert 
et al., 1992), and is predicted to be cytoplasmic (Waeber and Habener, 1991), 
but its exclusive and high expression in cells of the seminiferous epithelium 

suggests that it may play some functional role in spermatogenesis. A similar 
CREB clone, referred to as CREBp and characterized in our laboratory shows 

splicing of the a  exon of CREB into a novel exon (distinct from Y), giving rise to 

a product truncated in an identical position (Ellis, 1992).

Additional splice products for CREB have been identified by PCR 

using exon-specific primers (Ruppert et al., 1992) but these are not 
characterized. The potential for mixing of exons achieved by the closely related 

CREM gene (Foulkes et al., 1991; Laoide et al., 1993) has given rise to a great 
functional diversity of this gene, and it seems reasonable to speculate that 
CREB too may reveal further diversity of form and function.

Regulation of CREB by bZIP factors
CREB is a member of a large family of factors characterized by the 

possession of the conserved bZIP motif which makes dimerization between 

different family members possible. Some of the members of this family are listed
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Figure 1.4 Heterodimerizations of the ATF/CREB family 
of bZIP factors
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in figure 1.4, together with their known dimerization partners within the bZIP 

family, and the consequences of the interaction. The best characterized 

dimerization partners of CREB - and the only two known at the time this project 
was started - are ATF-1 (Hurst et al., 1990; Rehfuss et al., 1991) and CREM  
(Foulkes et al., 1991). CREM is identical to CREB in its most commonly utilized 

bZIP while the ATF-1 zipper differs at two positions, neither of which should 

impact on dimerization according to the 'salt-bridge rule' (O'Shea et al., 1992). 
The efficacy of CREB dimerization with either of these partners is therefore 

probably similar to that of homodimerization.

The DNA-binding domain of ATF-1 has one conservative (I to V) 
change when compared to the CREB domain, and this may be responsible for 
the instability of DNA-binding by ATF-1 homodimers (Hurst et al., 1990) and 

ATF-1-CREB heterodimers (Masson et al., 1992). ATF-1 has been variously 

shown to behave as a weak mediator of PKA-induced transcription (Flint and 

Jones, 1991), as a more highly inducible activator than CREB itself (Rehfuss et 
al., 1991), and as an activator which responds weakly to cAMP but very strongly 

to Ca2+ (Liu et al., 1993). It has been observed that ATF-1 is present in various 

phosphoforms of mobility 30-40kD (Masson et al., 1993a). In addition, it has 

been shown that phosphorylation of ATF-1 at a site not conserved in CREB is 

responsible for a considerable change in mobility, indicative of conformational 
change (Masson et al., 1993b). The stability of DNA binding is found to be 

regulated by this phosphorylation/conformation change. Results from our 
laboratory discussed further in Chapter 3 suggest that, irrespective of its own 

potential for activation, when overexpressed together with CREB ATF-1 

behaves as an antagonist of CREB in cAMP-mediated transcription.
CREM (isoforms a, p, y) was originally identified as a negative 

regulator of the CRE in JEG3 (human choriocarcinoma) cells (Foulkes et al.,
1991), although several additional isoforms, both activators and repressors have 

now been identified (Brindle et al., 1993; Foulkes et al., 1992; Laoide et al., 
1993; Stehie et al., 1993). AH forms containing one of the two alternatively 

spliced DNA-binding domains (DBD I or II) are believed able to heterodimerize 

with CREB but it is not clear whether repression is due to the formation of 

inactive heterodimers, or to the occupancy of CREs by CREM homodimers, to 

the exclusion of CREB. It seems likely that heterodimerization of CREB with 

CREM does have important functional consequences, since the relative affinities 
for CRE of CREMp (containing DBDII) and CREM a (DBDI) homodimers is 

reversed by heterodimerization with CREB (Laoide et al., 1993). The most
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recent CREM product to be identified is generated from an alternative internal 
promoter and is a small (22kD) but highly potent repressor of the CRE, known 

as ICER (Inducible cAMP Early Regulator, (Stehie et al., 1993). ICER exhibits a 

strong circadian rhythm of expression in the pineal gland which is regulated by 

adrenergic signals (from the SupraChiasmatic Nucleus) and which ties in with 

fluctuations in the production of melatonin, itself a primary determinant of light- 
mediated circadian behaviour (Stehie et al., 1993). It is proposed that the 

primary fuction of ICER is to create diurnal rhythms in the behaviour of CREB  

(Stehie et al., 1993), but given that the expression of ICER (and the inferred 

down-regulation of CREB) coincides with activation of melatonin expression, the 

link between ICER and its possible biological consequences remains tenuous.
ATF-2 was cloned as a CRE-binding factor (CRE-BP1, (Maekawa et 

al., 1989)) and has been shown to mediate transactivation by E l a through an N- 
terminal Zn^+.finger region (Abdel et al., 1993; Flint and Jones, 1991; Liu and 

Green, 1990). Although the bZIP region of ATF-2 is insufficient to mediate 

dimerization with CREB (Benbrook and Jones, 1990), the presence of the Zn2+- 
finger in the full-length protein is able to stabilize a leucine zipper-dependent 
interaction with CREB, provided that El a is not bound (Abdel et al., 1993). Since 

ATF-2 cannot bind El a and CREB simultaneously, and is unable to mediate a 

cAMP response (Flint and Jones, 1991), it is possible to construct a model 
whereby CREB1 and ATF-2 negatively regulate each others' activity.

Leucine zippers are widespread, found in molecules as diverse as 

Topoisomerase II (reported to interact with CREB (Kroll et al., 1993)), vimentin 

(Capetanaki et al., 1990), Nuclear Pore Complex component Nup107 (Radu et 

al., 1994) and Heat Shock Factor (Rabindran et al., 1993). The possibilities for 
regulation via this interactive domain are vast. However, although these leucine 
zipper dimerizations suggest ways in which the activity of CREB might be 

regulated up or down in various situations, it is clear that CREB activity can also 

be directed: That there are mechanisms for tuning this activity to participate in 

selective patterns of gene expression.

1.5.iv Regulation of CREB by unrelated protein factors
The possibilities for generation of mixed dimers amongst transcription 

factors are not confined to bZIP interactions, since recent years have brought to 

light complexes between factors with very different interactive domains. 
Examples of this are interactions between MyoD and c-Jun (HLH - bZIP, 
(Bengal et al., 1992)), GAPBPa and Ets (ankyrin repeat - Ets family (Thompson
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et al., 1991)), NF-IL6 and p50 (bZIP - Bel Homology Domain, (LeClair et al.,
1992)), SRF and Phox (MADS box - homeodomain (Grueneberg et al., 1992)).

The only cross-family interaction of this type so far noted for CREB is 

an inhibitory interaction with the Glucocorticoid Receptor (GR, (Imai et al.,
1993)), although I show in Chapter 5 that CREB can interact with a member of 
the homeodomain family. GR is of the hormone receptor family which 

translocates to the nucleus on cytoplasmic binding of its agonist (for example 

dexamethasone) and positively regulates the expression of liver-specific genes 

via binding to a Glucocorticoid Response Unit (GRU). It has been known for 
some time that the GR is able to repress CREB-mediated transactivation 

(Chatterjee et al., 1991), as well as transactivation by Jun (Schule et al., 1990; 
Yang-Yen et al., 1990), Fos (Lucibello et al., 1990) and VP16 (Chatterjee et al.,
1991). These pleiotropic effects may involve direct interaction of the GR with 

target transcription factors in some cases at least, since recombinant GR and 

CREB can be coimmunoprecipitated (Imai et al., 1993) and c-Jun is also shown 

to interact directly with GR (Schule et al., 1990; Yang-Yen et al., 1990). The 

interaction of GR with c-Jun requires the DNA-binding domain of c-Jun but 
occurs in the absence of DNA-binding (Yang-Yen et al., 1990); the basis for the 

CREB interaction has not been characterized. It is curious that despite the 

repressive effects shown for the GR on factors binding synthetic promoters, both 

cAMP and glucocorticoids are required for full activation of the PEPCK gene in 

the liver (Imai et al., 1993). These conflicting observations may have a facile 

explanation (such as that CREB does not mediate the cAMP response in this 

system), or they may draw attention to the importance of context in assessing 

the properties of transcription factors - since cooperation of factors in the 

'correct' context might appear as repression in the absence of all of the 

components necessary for the cooperation.
The Human T-cell Leukaemia Virus (HTLV-1) factor Tax activates viral 

transcription through Tax Responsive Elements (TREs). The TRE is identical to 

the CRE, and in fact several CREB/ATF factors have been cloned as TRE- 

Binding proteins (TREBs, (Yoshimura et al., 1990)). Since Tax is itself unable to 

bind DNA it was predicted that its activity might be mediated by a TREB factor. It 
has indeed been found that Tax can activate CREB-mediated transcription 

(Franklin et al., 1993; Suzuki et al., 1993; Zhao and Giam, 1992), but the nature 

of the interaction involved remains obscure. It has been demonstrated both that 
CREB (and CREM, but not ATF-2) forms a complex with Tax stable enough to 

be detected by coimmunoprecipitation or EMSA (Suzuki et al., 1993; Zhao and
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Giam, 1992), and that the enhanced binding of CREB (and ATF-2) to the LTR in 

the presence of Tax does not involve formation of detectable complexes 

(Franklin et al., 1993). Tax is now recognized to be a transactivator through 

multiple assorted cellular factors, including c-Jun, GCN4, C/EBP1 (Wagner and 

Green, 1993) and ATF-1, S p l, GAL4, A P I, NFkB (Armstrong et al., 1993). 
Given the indiscriminate effects of Tax, it may not be surprising if it transpires to 

have modifying rather than interactive properties. Transactivation by Tax 

appears to utilize a mechanism of enhanced dimerization (and thus DNA 

binding) of mediating 'host' factors, but this is not achieved by either redox or 
phosphorylation reactions (Armstrong et al., 1993; Wagner and Green, 1993).

The activating factor of a further virus, the HBV X protein, also exploits 

the CREB/ATF family. Association of X with CREB or ATF-2 redirects the DNA- 

binding specificity of these cellular factors to viral-specific sequences (Maguire 

et al., 1991).

1.6 CREB and tissue-specific transcription

As previously mentioned in section 1.1.iv, chromatin can be packaged 

into forms inaccessible to transcription; méthylation of such untranscribed DNA 

renders it further inactive. Thus the process of differentiation involves to some 

extent the permanent inactivation of certain genes so that only the selection of 
genes pertinent to that cell-type are available for activation in response to 

external cues. This argument goes some way to explaining the involvement of 
ubiquitous factors in expression of tissue-specific genes, but probably 
represents only the most extreme point of regulation in differentiation.

Differentiation is also regulated in more flexible fashion and may 

require continuous regulation by expression of 'master regulatory genes' (Blau 

and Baltimore, 1991). Our understanding of this concept is based on the 

experimental observation that the identity of a cell is not fixed, for instance in the 

generation of somatic cell hybrids, where one of the participating cells can 

impose its identity on the other (for instance fibroblast on liver cells) (reviewed in 

(Boshart et al., 1993)). Few examples of master regulators have been 

characterized; the best known is the muscle-specific factor, MyoD, whose 

ectopic expression is sufficient to convert fibroblasts to myoblasts (Tapscott et 

al., 1988).
In conclusion, it seems that tissue-specific expression arises as a 

product of the promoters available for transcription and the complement of
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factors available to recognize them. The role of CREB in this complement of 
factors is outlined below, for some examples of tissue-specific transcription.

1.6.1 The Liver
The role of CREB in mediating liver-specific PKA activation of the 

Tyrosine Aminotransferase (TAT) promoter has already been mentioned. TAT is 

a gluconeogenic enzyme inducible by glucocorticoids and glucagon (via cAMP) 
and repressed by insulin. The TAT promoter (illustrated in figure 1.5) covers 

more than 11 kb of 5' flanking sequence and contains binding sites for both liver- 
specific factors and CREB. In a breakdown of effects contributing to extinction of 
liver-specific expression in liver-fibroblast fusions (reviewed in (Boshart et al.,
1993)), manifest as a 1000-fold repression of TAT gene expression, it is found 

that loss of PKA- (TSE-1-) induced binding of CREB to the CRE at -3.6kb of the 

TAT promoter accounts for a 20-fold repression, and that loss of expression of 
liver-specific factors (HNF4, HNF3) binding to other sites in the promoter (fig 1.5) 
also contributes largely to extinction (Nitsch et al., 1993). These data illustrate 

the combinatorial regulation of a tissue-specific promoter.
The promoter of the Phosphoenolpyruvate Carboxykinase (PEPCK, 

rate-limiting enzyme in gluconeogenesis) gene (fig1.5) also undergoes extinction 

in the same way as TAT (Nitsch et al., 1993). PEPCK is cAMP-regulated in 

HEPG2 cells (Liu et al., 1991) and CREB mediates both the activation of 
PEPCK and its repression in response to insulin (Quinn, 1994). The regulation 

of this promoter by CREB is both liver-specific and promoter-specific, since 

PEPCK TATA box sequences are absolutely required, even if CREB is replaced 
by a CREBGAL4 fusion, suggesting either that the TATA box can be bound by 

liver-specific factors, or that there is a mediator of CREB interactions with the 

transcriptional apparatus that is the target for liver-specific regulation. The study 

of regulation in systems where many of the factors involved have been identified 

is thus a good source of information on the mechanics of tissue specific identity.

1.6.Ü The Pancreas
The pancreas provides additional models for examination of the role 

of CREB in tissue-specific gene regulation. Four sub-types of pancreatic cell 
have been identified, each characterized by the production of a different 
hormone; CREB is involved in the production of somatostatin (SMS) from D cells 

(Leonard et al., 1993; Vallejo et al., 1992) and glucagon from A cells (Miller et 

al., 1993). The high level of constitutive expression of SMS in a pancreatic islet
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Figure 1.5 CREB involvement in combinatorial
control
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line (Tu6) requires CREB activity in conjunction with the pancreas-specific 

homeodomain factor lsl-1 (Leonard et a!., 1992). These bind to the SMS 
promoter (fig 1.5) as a complex with CCAAT-Binding Factor CBFa (Vallejo et al.,

1992). Figure 1.5 shows also that novel homeodomain factors Somatostatin 

Transactivating Factor (STF-1, (Leonard et al., 1993)) and islet/duodenum 

homeobox-1 (IDX-1, (Miller et al., 1994)) have been identified as pancreatic 

factors capable of binding to, and transactivating through, the same sites as lsl-1 

in the somatostatin promoter. However, a role for CREB in transactivation 

mediated by these factors has not been investigated.
CREB phosphorylation is not inducible by forskolin in Tu6 cells and 

this involvement of CREB in high constitutive activation of a promoter is 

unprecedented and unexplained. Further evidence for modulation of CREB  

activity in pancreatic islet cells comes from study of the glucagon promoter, 
which is activated by CREB in response to depolarization-induced changes in 

C a2+  flux (Schwaninger et al., 1993). Deletion analysis of the promoter 

demonstrates that sequences immediately adjacent to the CRE are required for 
normal regulation of glucagon expression and that these sequences are bound 

by unknown factors to form a high-order complex, together with CREB, detected 

by EMSA (Miller et al., 1993).

Pituitary Gland
Despite its widespread involvement in gene expression, only in the 

pituitary has CREB been demonstrated to serve a vital function. Mice bearing 

the transgene CREBM1 (in which Seri 33 is changed to Ala) under the control of 
a pituitary-specific promoter, are found to have severely atrophied pituitary 

glands and to exhibit dwarfism as a result (Struthers et al., 1991). Thus CREB is 

proposed to carry the mitogenic signal for these cells. However, the viability of 
cell lines stably transfected with CREBM1 shows that expression of CREBM1 is 

not toxic and suggests that there may exist some redundancy of CREB function 

(Struthers et al., 1991). Dwarfism in mammals is often due to deficiency of 
Growth Hormone (GH) synthesized in the anterior pituitary. Appropriately, two 

CREs and a binding site for the pituitary-specific homeodomain factor Pit-1 

(previously GHF-1) are all required for PKA-activation of the human GH gene in 

anterior pituitary GC cells (Shepard et al., 1994)(fig1.5). The absolute 

requirement of GH expression for cAMP again demonstrates a degree of 
functional cooperation between CREB and tissue-restricted factors.
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Another PKA-regulated and pituitary-specific product is that of the 

prolactin (PRL) gene (Keech et al., 1992; Liang et al., 1992). The PRL promoter 

is unusual in this respect, since it does not contain an identifiable CRE, nor can 

CREB bind to it in vitro (Keech et al., 1992). However the conclusion that CREB 
is not involved in PRL expression is strongly contradicted by the finding that a 

constitutively active form of CREB (CREB-VP16) is able to specifically activate 

the PRL promoter in non-pituitary cells (Yan et al., 1994). CREB-VP16 activation 

is mediated in the absence of a cis-acting binding site and synergizes with Pit-1; 
Pit-1 is not absolutely required for CREB-VP16 function (Yan et al., 1994). What 
do these observations mean? The clear suggestion is that CREB-association of 

factors can occur in the absence of DNA binding by CREB: That CREB can act 
as a transcriptional adaptor or co-factor for other transcription factors. A similar 
observation has recently been reported for the human gastrin promoter which is 

found to be inducible by cAMP in rat pituitary GH4 cells via a cis-acting element 
which does not resemble the CRE (Shiotani and Merchant, 1994).

1.6.iv Neural Tissues
There is much circumstantial evidence to point to specialized 

functions of CREB in the nervous system. Its regulated expression in glioma 

cells (Jungmann et al., 1992), non-uniform expression in different parts of the 
brain (although less marked than for CREM (Mellstrom et al., 1993)), sensitivity 

to Ca2+ (Sheng et al., 1990) and activation by NGF in P C I2 cells (Ginty et al.,
1994) are all properties consistent with mitogenic and signalling functions in 

neural tissues. Modulation of CREB properties by chronic opiate stimulation may 

be a factor contributing to the trauma of opiate withdrawal (Guitart et al., 1992). 
Use of an antibody specifically recognising the phospho-form of CREB reveals 

phosphorylation of CREB in the suprachiasmatic nucleus (SCN) occurring in a 

light-dependent circadian fashion (Ginty et al., 1993).

1.6.V Regulation of CREB in F9 cells
The mouse F9 cell line was derived from a teratocarcinoma created 

by testis implantation of an embryo and has characteristics of primitive 

endoderm, dividing rapidly and continuously unless encouraged to differentiate 

by retinoic acid. F9 cells are pluripotent: That is, their differentiation can give rise 

either to parietal endoderm-like cells (Strickland and Mahdavi, 1978), or in the 

added presence of cAMP, to cells of a lineage resembling visceral endoderm 

(Strickland et al., 1980), thereby mimicking the two alternative pathways of
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endoderm differentiation which occur in the mouse embryo shortly after 

implantation. The undifferentiated F9 (UF9) cell is not responsive to cAMP, as 

measured by a failure to activate transcription through the somatostatin CRE, or 
as seen in the activity of GALCREB fusion proteins on a heterologous promoter 
as described in Chapter 3. Accordingly, F9 cells have been extensively used for 
studying the behaviour of transfected CREB (see (Dwarki et al., 1990; Gonzalez 

and Montminy, 1989; Masson et al., 1992)). The cAMP responsiveness in UF9 

cells of the c-myc gene indicates that the lack of response of the somatostatin 

CRE is not due to a deficiency of the appropriate receptor (Masson et al., 1992). 

The inability of UF9s to support a cAMP response does not correlate with a lack 

of either PKA or CREB in these cells (Masson et al., 1992) and is determined, at 
least in part, by protein-protein interactions of CREB (Chapter 3, (Ellis et al.,
1994)). It is interesting that this property of F9 cells is reversed in the 

differentiated derivatives: cAMP responsiveness is acquired during the course of 
differentiation. The profound changes in the endogenous regulation of gene 

expression during differentiation of these cells suggest that F9s constitute an 

appropriate system for studying important events early in development.

1.7 Aims of the thesis

The aim of this thesis was to isolate a factor(s) interacting with CREB 

by means of newly developed techniques for observing protein-protein 

interactions, and to investigate the consequences of this interaction for the 

regulation of CREB activity. In particular we were interested in CREB-interacting 

factors which might be present in F9 cells and responsible for its lack of activity 

in these cells.
Chapter 3 describes experiments which were designed to elucidate 

the basis for CREB repression in F9 (and other non-cAMP-responsive) cells, 
and Chapter 4, technical procedures undertaken to study CREB interactions in 

these cells. Chapter 5 describes the cloning of CREB-interacting factors and 

Chapter 6 the characterization of a novel CREB-interacting factor and an 

investigation of the functional consequences of the interaction.
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Chapter 2 Materials and Methods
2.1 Cell Cultures

2.1.1 Bacterial strains and culture conditions
E. coli SOS-1 (p- endAI gyrA96 thi-1 hsdR17 [ri<-, mi<+] supE44 

recAl relAI X~) was used for DNA cloning manipulations, for contruction of an 

F9 expression library in the pUEXS vector (Chapter 5), and for the expression 

of foreign proteins from the pGEX vector series (Chapter 4). Bacterial 
expression of recombinant proteins from the pRK vector (Chapter 4) was 

optimally achieved in the E. coli BL21 strain (p- ompT rs'm g (Studier et ai.. 

i990))(hsdS gal(Xclts857 indl Sam7 nin5 lacUV5-T7gene1 (Sambrook et al., 
1989)). Screening of Xgtl 1 (XIacS AshndlllX2-3 sr\X3^ clts857 srl40 ninS sriS® 

Sam 100) libraries was carried out using E. co//Y1090 (AlacU169 proA+Alon 

araA 139 strA supP [trpC22::Tn10] pMC9) as the host strain, and Y 1089 

(AlacU169 proA+ Alon araA139 strA hflAISO [chr::Tn10] pMC9) for expression 

of X.gt11 recombinant lysogens.

Bacteria were plated out on L-Broth/ 1.5% agar plates. Ampicillin 
was added to lOOpg/ml and chloramphenicol to lOpg/ml when antibiotic 

selections were required. Bacterial cultures were grown in Brain Heart Infusion 

(Difco) at 3 7 0 c  (or at 30°C  if bearing pUEXS plasmids) with good aeration, 
antibiotics added as required at the concentrations described. Maltose was 

added to cultures of Y 1089 and Y 1090, to 0.2%.

2.1.Ü Bacterial cultures infected with bacteriophage ?igt11
To prepare cells competent for infection with A.gt11 ('plating 

bacteria') Y1090 were grown overnight at 37^C  in the presence of maltose, 
harvested by centrifugation in a Beckman J6 preparative centrifuge at lOOOg 

for 5 minutes, resuspended in lOOmM MgS0 4  and stored for up to week at 
4 OC. Infection of the plating bacteria for library screening was achieved by 

mixing 0.1ml aliquots with 0.1ml of SM (lOmM Tris-HCI pH7.5, lOmM MgCIa, 
0.1 mM EDTA) containing the required amount of bacteriophage, as 

ascertained by titration and measured in plaque forming units (pfu), and 

incubating for 20 minutes at 370C. Por plating of infected bacteria, they were 

mixed with 7.5 ml of molten top (0.7%) agarose at 45 °C  and poured onto 

150mm LB/agar plates. Plaque formation was typically seen after 4 hours 
incubation at 42^0.

Recovery of bacteriophage from plaques was achieved by elution 

from plugs taken with a pasteur pipette into 1ml of SM with one drop of
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chloroform added, for at least 2  hours at room temperature. 3 x1 0 6  pfu per plug 
was typically recovered by this method.

For preparation of Xgt11 stocks, 'megaplaques' were obtained by 

pipetting bacteriophage directly onto pre-prepared lawns of plating bacteria. 
Bacteriophage stocks were stored at 4 °C  in SM with a single drop of added 

chloroform.

2.1 .iii Mammalian cell lines and culture conditions
F9 ( mouse teratocarcinoma), COS-7 (monkey kidney) and human 

cell lines HeLa (cervical carcinoma), JEG-3 (choriocarcinoma), PC3, TSU, 
DU 145 and LNCaP (all prostate carcinoma) cells were cultured on 9cm plastic 

petri dishes (Nunc) in 1 0 ml Dulbecco's Modified Eagle's Medium (DMEM) 
supplemented with 1 0 % Foetal Calf Serum (FCS)(F9, COS-7, HeLa, JEG-3) or 

5%FCS (prostate lines). Dishes to be used for F9 cell culture were first coated 

with a solution of 0.1% porcine skin gelatin. To ensure that F9 cells remained 

undifferentiated, these cultures were passaged every two days. Differentiated 

F9 cells were obtained by plating cells at 1 x1 0 6  per 9cm dish and growing 
them in the presence of Ip M  all trans-retinoic acid (Sigma). These cultures 

were passaged once on the third day of retinoic acid treatment and the 

differentiated cells harvested for use after 6  days.

2.2 Recombinant DNA methodology

2.2.1 Reagents for standard DNA manipulations
Phenol extraction and ethanol precipitation of DNA were carried out 

as described (Sambrook et al., 1989); small amounts (less than Ipg ) of DNA 

were supplemented with lOpg glycogen (Boehringer) for efficient precipitation.

All restriction enzymes were obtained from Boehringer Mannheim 

and used according to the manufacturer's recommendations.

Exonuclease III (Stratagene) was used to delete large stretches of 
DNA as depicted in figure 6.2a.

Overhanging nucleotides were removed to create flush double
stranded ends using Mung Bean Nuclease (Pharmacia).

Klenow fragment of DNA Polymerase I (Boehringer) was used to 'fill
in' the 3' recessed ends of DNA fragments with protruding 5' nucleotides, in 

order to generate blunt ends, or for end-labelling of oligonucleotides for use in 

EMSA (section 2.4.ix).

Calf Intestinal Alkaline Phosphatase (Boehringer) was used to 

remove 5' phosphate groups from vector DNA fragments where it was 

necessary to prevent self-ligation and/or stimulate ligation of insert.
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DNA fragments prepared by the methods listed above were purified 

by agarose gel electrophoresis (section 2 .2 .Ü) and extraction into low melting 

temperature agarose (Sea Kem).
Ligation reactions typically contained 200ng of DNA in a molar ratio 

of vector: insert of 1:3, and used FPLC-pure T4 DNA ligase (Pharmacia).

2.2.Ü DNA gel electrophoresis
DNA fragments were routinely analyzed on 1% agarose (Sea Kem) 

gels electrophoresed in TAE buffer (40mM Tris-acetate, Im M  EDTA) at 10 

V/cm, and visualized by staining with ethidium bromide, as described 

(Sambrook et al., 1989).
Small (less than 200bp), radiolabelled DNA fragments were 

subjected to polyacrylamide gel electrophoresis (PAGE) in 1 x TBE buffer 
(89mM Tris-borate, 89mM boric acid, 2mM EDTA) as described (Sambrook et 
al., 1989), visualized by autoradiography and purified by elution into 1M 

NH4 OAC, 0.1% SDS, Im M  EDTA.
EMSA were assessed by PAGE in 0.5 x TBE buffer at 14V/cm  

(Sambrook et al., 1989).

Electrophoresis under denaturing conditions was achieved by use of 
gel mixtures containing 8 M urea and electrophoresed at 20V/cm.

2.2.111 Preparation of plasmid DNA
E. coli that were competent for transformation were prepared by the 

method of (Hanahan, 1985) and DNA was transformed according to this 

protocol. Electroporation of DNA into E. coli was carried out as described in 

Chapter 5.

Colonies were picked and used to innoculate 3mI of Brain Heart 
Infusion containing lOOpg/ml ampicillin. Cultures were incubated overnight at 

3 7 OC, the bacteria harvested and plasmid DNA prepared by alkaline lysis as 

described (Sambrook et al., 1989). Large-scale preparations were carried out 
using the alkaline lysis method for recovery of plasmid DNA from 100-400 ml of 
bacterial culture, followed by purification of closed circular DNA on CsCI 
gradients (Sambrook et al., 1989) or on Magic^M maxipreps DNA purification 

resin (Promega).

DNA was stored in TE (lOmM Tris-HCI pH8.0, Im M  EDTA) at -2 0 % . 
DNA concentrations were measured by absorbance of solutions at 260nm  

(Sambrook et al., 1989).
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2.2.ÎV Sequencing DNA
Sequencing of DNA products was carried out as follows: Double

stranded DNA (3pg of purified plasmid DNA or half of a plasmid miniprep) was 

treated with 200mM NaOH, 200pM EDTA for 5 minutes at room temperature to 

collapse the supercoils, then neutralized with Ammonium Acetate added to a 

final concentration of 275mM (pH 4.6) and precipitated. The template was then 

annealed to 5ng of the relevant primer and sequenced by the di- 
deoxynucleotide chain termination method, with a Sequenase Kit 2.0 (USB) or 

with a Sequenase 7-deaza-dGTP Sequencing Kit (USB) according to the 

manufacturer's instructions.[or de-aza). Sequences were visualized by 

electrophoresis of the terminated products under denaturing conditions 

(section 2.2 .ii).

2.2.V Preparation of DNA by Polymerase Chain Reaction 
(PCR)

PCR was routinely used to prepare DNA fragments for subcloning or 
to generate labelled DNA from small amounts of template. Taq DNA  
Polym erase (Boehringer) was used in the buffer supplied by the 

manufacturers. Fragments for subcloning were generated by 25 rounds of PCR 
from lOOng of plasmid template and 1mM dNTPs in 50pl reactions and the 

products purified by agarose gel electrophoresis. Labelled probes were 

generated by 15 rounds of PCR either from lOng of plasmid template, or from 

the selected pools of oligonucleotides described in Chapter 6, using 0.4mM  
dNTPs in a 10|il reaction; the products were purified by PAGE through 10% 

gels.
Unless otherwise specified, the conditions used for each round of 

PCR were 1 minute at 940C, 1 minute at (Tm-5)°C and 1.5 minute at 72°C .

2.2.vi Preparation of X DNA
Megaplaques of X clones were used to inoculate 1ml of plating 

bacteria diluted 1:100 in SM medium. Inoculation was allowed to proceed for 

30 minutes at 370C before the bacteria were added to 50ml of L-Broth 

containing 30mM Tris-HCI pH7.4, 3mM MgS0 4 . The culture was grown at 
3 7 OC for approximately 8 hours or until lysis occurred. 0.5ml CHCI3  was added 

to lyse any remaining intact cells and the debris was removed by centrifugation 
for 10 minutes at 5000g. The supernatant was taken and treated with 50pg 

each of DNase I and RNase A for 30 minutes at 3 7 % . To precipitate the phage 

particles, a 1/3 volume of 20% PEG8000, 2.5M NaCI was added and the 

mixture left for 30 minutes on ice before centrifugation at 2000g. The collected
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particles were suspended in TE, phenol extracted and CHCI3  extracted, and 

the DNA recovered precipitated with ethanol.

2.2.VÜ Preparation of oligonucleotides
All oligonucleotides were synthesized by Karina Hobbs (ICRF, Clare 

Hall Laboratories). Double-stranded oligonucleotides to be used as probes for 
gel retardation asays were end-labelled using Klenow fragment (Boehringer) 
in the presence of a 2-fold molar excess of labelled ap2p]-dATP (Amersham, 

370MBq/ml) and unlabelled dCTP, dGTP and T IP  at concentrations of 2 0 0 mM. 
All labelled oligonucleotides were purified by electrophoresis through 10% 

polyacrylamide gels and elution into 1M NH4 OAC, Im M  EDTA, 0.1% SDS.

2.3 Bacterial expression of recombinant proteins

2.3.i Harvesting bacteriai protein
Expression of genes cloned in pGEX-KG or pGEX-2 TK was induced 

by addition of IPTG to a final concentration of 0.1 mM, to E.Coli SCS-1 cultures 

with an ODeoo of 0 .6 . The cultures were allowed to grow for a further 3-4 hours 

before harvesting. Induction of foreign protein in the pRKGEX vector was 

carried out in the BL21.plysS strain, and achieved over 2 hours with 0.4mM  

IPTG. Induction of proteins expressed as LACZ fusions from the pUEXS vector 
was carried out by changing the incubation temperature of cultures from 30^0  

to 42°C , as detailed in Chapter 5.

2.3.Ü Purification of GST-fusion proteins
Cultures of E.coli SCS - 1  expressing GST- fusion proteins were 

harvested at 2000g and, following the protocol of (Harada et al., 1989), 
resuspended in 1/30 volume of (50mM Tris-HCI pHB.O, 0.5mM EDTA, 0.4M  

NaCI, 5mM MgCIa, 5%(v/v) glycerol, Im M  DTT and protease inhibitors as 

described in section 2.4 i) containing 1 mg/ml lysozyme, and incubated 1 hour 
on ice. Samples were freeze-thawed twice and then after addition of NP40 to 

0.5%(v/v) and EDTA to Im M, subjected to sonication for 3 bursts of 30 seconds 

each, or until clear. Lysates from E.coli BL21.p\ysS were more simply prepared 

by a single freeze-thaw step prior to sonication, but were subsequently treated 

in an identical fashion. The lysates obtained were spun at 10,000g to remove 
debris and then incubated with glutathione-agarose beads (400pl/litre starting 

culture) for 30 minutes at 4 0 C. The beads were collected by spinning at lOOOg 

and washed in at least 10 lysate volumes of MTPBS buffer (150mM NaCI, 
16mM Na2 H P 0 4 , 4mM NaH2 P0 4 _ pH7.3 (Smith and Johnson, 1988)). Elution of
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purified proteins by competion with reduced glutathione was attempted as 

described in Chapter 4 but was not routinely applied. Purified proteins were 

stored at -70°C  in the presence of glycerol added to 15%(v/v).

2.3.iii Thrombin cleavage of GST-CREB proteins
Following the washing step described in the previous section, 200|il 

of GSH-agarose beads (plus GST-protein) were resuspended in 200|il 150mM 

NaCI, 2.5mM CaCIa and human thrombin added (10|il of Sigma T3010). The 

beads were incubated at room temperature for 90 minutes and the 

supernatant, containing CREB cleaved from the GST moiety, was removed for 
labelling.

2.3.iv Labelling of CREB with 32p
Both thrombinized CREB fragments bearing the PKA-substrate tag 

from the '2 TK' polylinker and full-length CREB purified from baculovirally- 
infected cells were labelled with 32p follows: 1-20^ig of CREB was 

incubated for 60 minutes at 3?0C in the presence of 20mM Tris-HCI pH7.6, 
lOOmM NaCI, 12mM MgCl2 , lOOpCi 7[32p]-ATP (10mCi/ml, 5000Ci/mmol, 

Amersham), 20U catalytic subunit from bovine heart PKA (Sigma P2645, 
resuspended in 40mM DTT) and protease inhibitors, in a 50pJ reaction. 
Unincorporated y[32p]-ATP was removed by adding BSA to 1 mg/ml and 

spinning through a centricon-10 filter (Amicon Corp.) at 2500g and 4 °C  with 

the stepwise addition of 2mI of MTPBS buffer plus protease inhibitors. Labelled 

protein at a specific activity of at least 1 0  ̂ cpm/ml was collected in a volume of 
less than 300|il and used as a probe for Far Western blotting.

2.4 Analysis of proteins

2.4.1 Preparation of extracts from mammalian ceils
Crude nuclear extracts were prepared by a method based on 

(Schreiber et al., 1989). Each 9cm dish (1 0 ®- 5x10® cells) was washed twice with 
cold PBS, and then scraped off the plate into 400pl cold PBS with a rubber 

policeman and harvested by centrifugation in a benchtop microfuge for 15 

seconds. Following the removal of the PBS, cells were resuspended in 400pl 

cold Buffer A (Dignam et al., 1983). Cells were left to swell for 5 minutes and 

Nonidet NP40 was then added to 0.1% and the mixture immediately vortexed 
for 1 0  seconds. Nuclei were isolated by centrifugation in a microfuge at 40C for 
30 seconds, the resulting supernatant comprising a crude cytoplasmic fraction. 
Nuclei were extracted at 4 °C  with continual vortexing into 40|il of Buffer C
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(Dignam et al., 1983). The nuclei were then centrifuged for 10 minutes at 4^0  
in a microfuge, the resulting supernatant containing a crude nuclear extract.

Dignam Buffers A and C contained the following protease inhibitors: 
0.5mM PMSF, SOpg/ml leupeptin, 5p,g/ml pepstatin, 5pg/ml aprotinin and Im M  

benzamidine.
Protein concentrations were assessed using the Bio-Rad protein

assay kit.

2.4.Ü Preparation of proteins in vitro
Proteins were translated in vitro Uom m^GpppG (NEBL) -capped 

RNA synthesized from templates bearing the Sp6  or bacteriophage T7 

promoters, essentially as described in (Melton et al., 1984), but with 17  

polymerase (FPLC pure, Pharmacia) substituted for Sp6  polymerase 

(Boehringer) where appropriate. RNA synthesis was quantified by ^H-UTP 
(Amersham) incorporation and 0.1-0.5pg used per translation reaction in 

reticulocyte lysate or wheatgerm extract (Promega), carried out as per the 

manufacturer's instructions.
Translation from linearized or supercoiled plasmid templates was 

carried out in coupled transcription and translation kits (Promega, TNTTM) 

according to the manufacturer's instructions. L-p^Sj-Methionine (Amersham) 
incorporation allowed the products to be examined by SDS-PAGE (section 

2.4.iii) and was used as a method for labelling proteins for use as probes in Far 

Western analysis (section 2.4.vi). Labelled proteins were quantified by TCA  

precipitation of products as described in (Sambrook et al., 1989).

2.4.iii Protein electrophoresis
Proteins were resolved by SDS-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) using 'stacked' gels as described in (Sambrook et al., 1989) and 

Protogel mix (National Diagnostics) and in most cases using the Bio-Rad Mini- 

Protean II Cell. Resolving gels used varied between 8  and 12%, as indicated in 

figure legends. The loading buffer used was 0.001%  Bromophenol Blue 

(Sigma) in 10% glycerol, 2% SDS, lOOmM DTT, 60mM Tris-HCI pH6 .8 , 5%v/v 
(3-mercaptoethanol). Gels were either fixed in 10% Methanol, 10% Acetic Acid 

and dried (35s  autoradiography) or stained with 0.25%  Coomassie Brilliant 
Blue (Sigma) in 25% Methanol, 10% Acetic Acid to examine total protein 

content, or transferred to filters for further analysis. Protein mobilities were 

assessed by comparison to Rainbow Markers (Amersham).
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2.4.iv Protein gel transfers
Samples were separated by SDS-PAGE and then, except for the 

transfers shown in figures 4.1c, 4.2d and 5.3, transferred onto immobilon 

(Amicon corp) using the Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell. 

The buffer was 25mM Tris, 192mM glycine, 20%  methanol, pH8.3 used 

according to the manufacturer's instructions. The figures 4.1c, 4.2d and 5.3 
were prepared by transferring onto nitrocellulose (Schleicher and Schuell) 
using a BioRad Trans-Blot SD Semi-Dry Transfer Cell according to the 

manufacturer's instructions and using the buffer 48mM Tris, 39mM Glycine, 
1 0 % methanol.

Filters for Western analysis were blocked for 2  hours at room 

temperature in PBS supplemented with 5% Marvel dry milk (Premier 

Beverages) and 0.2% Tween-20 (Sigma). Filters for Far Western analysis were 

blocked overnight at 4 °C  in BLOTTO (50mM Tris pH7.5, 50mM NaCI, Im M  

EDTA, Im M  DTT, 5% Marvel).
The success of the transfer was gauged either Coomassie staining of 

the gel following transfer.

2.4.V Western analysis of gel transfers
After washing twice for 10 minutes in PBS with 0 .2 % Tween - 2 0  (T- 

PBS), filters were probed with the primary antibody in T-PBS, 5% Marvel for 1 

hour at room temperature or overnight at 40C. Filters were then washed in T- 
PBS for 20 minutes and probed with a peroxidase-conjugated swine anti
rabbit IgG (DAK) for 1 hour at room temperature. Following washing, filters 

were developed using enhanced chemiluminescence (ECL, Amersham) 
according to the manufacturer's instructions.

Primary antibodies against CREB, GSTHIC and the SV5 tag were 

used at the concentrations described in the appropriate figure legends.
Where filters were reprobed with a different antibody, they were first 

stripped by incubation with 2% SDS, lOOmM p-mercaptoethanol in PBS, for 20 

minutes at 500C.

2.4.vi Far Western analysis of gel transfers
Far Western protocols are based on (Hoeffler et al., 1991) and 

(Kaelin Jr. et al., 1992). Where dénaturation followed by renaturation of filters 

was required, blocked filters were immersed in 6 M Guanidine HCI (GdHCI) in 

HBB (25mM Hepes-KOH pH7.7, 25mM NaCI, 50mM MgCIa, lOmM DTT) and 

rocked for 15 minutes with one change of 6 M GdHCI. Serial dilutions of 6 M 

GdHCI in HBB were made and the filters rocked for 10 minutes in each 

successive dilution until the concentration of GdHCI was less than 0 .2 M. Filters
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were briefly washed in HBB and then reblocked in HBB with 5% Marvel and 

0.05% NP40.
All filters for Far Western analysis were then washed in Hyb-75 

(20mM Hepes-KOH pH7.7, 75mM KOI, 0.1 mM EDTA, 2.5mM MgCIa, Im M  DTT, 
1% Marvel, 0.05% NP40). Filters were hybridized overnight at 4^0  in Hyb-75 

solution with protein probes added as described in figure legends. Filters were 

washed briefly in 3 washes of Hyb-75 for 5 minutes each and either exposed 

under Saran Wrap (Dow) at -70^0 (32p and 125; autoradiography), or dried for 

more than 2  hours and exposed directly to film at room temperature (35g 

autoradiography).

2.4.VÜ Immunoprécipitation
Immunoprécipitations were carried out in RIPA buffer (50mM NaCI, 

25mM Tris pH8.2, 0.5% NP40, 0.5% deoxycholate (sodium salt), 0.1% SDS, 
0.1% NaNs), except in the case of the binding site selection protocol described 

in Chapter 6 . Additional details are as in (Harlow and Lane, 1988). For 
immunoprécipitation of proteins translated in vitro, 4pl of a reticulocyte lysate 

reaction was diluted into 400pl of RIPA buffer and pre-cleared by incubation 

with 5pl pre-immune serum and lOpI 50% v/v Protein A Sepharose 

(PAS)(Pharmacia) for 30 minutes at 40C. Pre-immune complexes were 

removed by centrifuging for 6  seconds in a benchtop microfuge and recovering 
the supernatant. 2 pl of specific antibody and a further lOpI of PAS was then 

added to the supernatant in a fresh tube and incubated for 60 minutes at 4 % .  
Immune complexes were collected as before and washed extensively in RIPA 
buffer, then resuspended in 30pl SDS loading buffer, heated at 85°C  for 10 

minutes and analyzed by SDS-PAGE. For immunoprécipitation of proteins 

from metabolically labelled cells, cells growing on 60mm dishes were labelled 
with lOOpCi 35s L-methionine (Amersham, in vivo labelling grade) for 3 hours 

in 1ml DMEM lacking L-methionine and extracts were prepared by addition of 
1ml RIPA buffer with added 1% BSA and 0.2% aprotinin. Immunoprécipitations 
were then carried out on 400pl aliquots of the extracts as described above.

2.4.viii Obtaining antibodies
In order to obtain an antibody against the C-terminal peptide of 

CREB, a synthetic peptide was conjugated with Keyhole Limpet Haemacyanin 

(KLH) to create a suitable immunogen: 20mg of peptide in 0.4M Na2 HP0 4  was 

cross-linked to 20mg KLH in the presence of gluteraldehyde, added to 0.25%  

final concentration, for 2  hours at room temperature. The pH of the reaction 

was then adjusted to pH8.0 with Tris-HCI and the products precipitated by 

addition of 4 volumes of acetone and overnight incubation at 40C. The
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conjugated product was recovered by centrifugation at 15,000g and 

resuspended at 1 mg/ml in 0.9% saline solution. This was used to immunize 

rabbits using a standard schedule.
Antibodies against GSTHIC were raised by immunizing rabbits 

directly with 20|ig aliquots of GSTHIC still attached to glutathione-agarose 

beads and resuspended in PBS.
All immunization procedures were carried out by Del Watling (Clare 

Hall Laboratories Animal Services).

2.4.ix Analysis of DNA binding
To analyze the ability of proteins to bind specific DNA sequences, 

nuclear extracts and reticulocyte lysate reactions were analyzed by the 

electromobility shift assay (EMSA). Double-stranded DNA probes were 

prepared for CRE or GAL LIAS EMSA by filling in oligonucleotides as 
described above (section 2.2.i) in the presence of ap^P]-dATP (Amersham). 

Probes for the experiments described in Chapter 6  were prepared by PCR in 
the presence of ap2p]-dATP (section 2.2.vii). In general, 10pg of extract or 0.1- 
1pl of reticulocyte lysate was incubated for 5 minutes at room temperature in 

20pl binding buffer (1 2 mM Tris pH7.9, 2mM MgCl2 , 60mM KCI, 120mM EDTA 

and 12%v/v glycerol) in the presence of 1-3pg non-specific competitor for 
DNA-binding. For CRE bandshifts, 3p,g poly(dl).poly(dC) (Pharmacia) was 

used. Poly(dl-dC).poly(dl-dC) and poly(dA-dT).poly(dA-dT) (Pharmacia) were 

also used as indicated in figure legends. Where antisera were to be included 

in the binding reaction, they were added at this point and a further incubation 
of 20 minutes on ice was included in the protocol. 2x10  ̂ c.p.m. of DNA probe 

was then added to each sample and binding allowed to proceed for 1 0  

minutes at 3 0 % . Reaction products were analyzed by electrophoresis (section
2.2.Ü).

2.5 Analysis of gene expression in mammalian cells

2.5.1 Isolation Of Cellular RNA
RNA was prepared by acid phenol extraction. Cells were washed 

twice with PBS, harvested into 0.5ml cold PBS and collected by brief 
centrifugation in a benchtop microfuge. The supernatant was removed and the 

cell pellet dispersed into 0.5ml of GUTC (Guanidinium Thiocyanate) 

(Sambrook et al., 1989). This suspension was passed through a 23 gauge 

needle six times to shear the chromosomal DNA. Sodium Acetate (pH4.0) was 

added to 0.2M and then an equal volume of water-saturated phenol was 
added. Following vigorous mixing lOOpI chloroform was added, and aqueous
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and organic layers separated by futher centrifugation. The aqueous layer was 
transferred to a fresh tube and RNA precipitated by the addition of an equal 

volume of iso-propyl alcohol. The pellet was washed with 4M LiCI to remove 
any polysaccharides present and resuspended in TE.

2.5.Ü Northern analysis
DNA probes for northern analysis were made by mixed primer 

labelling of linear DNA fragments. 25ng of template was heated to 95^0  before 
hybridization to 5|ig of random hexamer primer. The primed template was then 
copied with Klenow enzyme in the presence of a[32p]-dATP. Probes of a 

specific activity of at least 10®cpm/pg were hybridized to a multiple tissue 

northern blot (Clontech), according to the manufacturers' instructions.

2.5.111 Transfection of DNA into mammaiian ceiis
DNA was transfected into all cell lines by co-precipitation with 

calcium phosphate, essentially as described in (Sambrook et al., 1989). 
Typically, 20pg of DNA and 60pl of 2.5M CaCIa were mixed in a volume of 

0.5ml per 9cm dish to be transfected. An equal volume of 2 x MBS (15mM 
Na2HP0 4 .2H20, 280mM NaCI, lOmM KCI, 12mM dextrose, 50mM HEPES 
pH7.05) was added slowly with constant agitation in order to create a fine 
precipitate, which was then added to cells prepared at 60-70% confluence. 
The precipitates were left on the cells overnight, and cell extracts prepared at 
36-42 hours following transfection.

2.5.iv Quantification of expression from transfected genes
Plates of transfected cells were washed in PBS and cytoplasmic 

extracts prepared from them by addition of 150pl per 90mm dish of 0.65% 

NP40 in lOmM Tris-HCI pH8.0, Im M  EDTA, 150mM NaCI. Cell lysis was 
allowed to proceed for 2 minutes before the extracts were collected and spun 
for 1 minute in a benchtop microfuge to remove contaminating nuclei. The 
cytoplasmic extracts were then analyzed for expression of the transfected 
genes. The Chloramphenicol Acetyltransferase (CAT) gene was used as the 
reporter gene in all transfections, and its enzymatic activity was assayed 
according to the method of (Sleigh, 1986). A plasmid expressing the LacZ 
gene was used as the transfection control and p-galactosidase levels were 

measured as described in (Sambrook et al., 1989).
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Chapter 3 Investigations into the 
regulation of CREB in cAMP-responsive 
and non-responsive cell lines

As discussed in Chapter 1, undifferentiated F9 cells show typically 
low levels of transcriptional responses to signals which elicit responses in 
other cell lines. The somatostatin CRE cannot be activated in response to 
cAMP in these cells, despite the presence in these cells of all of the necessary 
components, unless CREB and/or the catalytic subunit of Protein Kinase A 
(cPKA) are overexpressed (Masson et al., 1992). These experiments suggest 
that at least one mechanism responsible for the inactivity of the CRE operates 
at the level of the CREB protein itself. Nuclear extracts made from 
undifferentiated F9 cells (UF9s) and assayed for CRE-binding activity show 
very low levels of homodimeric CREB compared to extracts from differentiated 
F9s (DF9s) (figS.la). Examination of further cell lines shows that there is 
indeed a correlation between the ability of a CRE controlling the expression of 
a reporter gene, transfected into those cells, to respond to cAMP (figS.lb) and 
the relative abundance of homodimeric CREB detectable in extracts from those 
cells (figS.lc): HeLa and C0S7 cells (like UF9s) are cAMP non-responsive and 
found to contain low levels of homodimeric CREB available to bind the CRE, 
whereas JEG3 cells, like DF9s, are cAMP-responsive and contain CREB in a 
homodimeric CRE-binding form. Thus it can be construed that the CREB 
homodimer may be the 'active' species of CREB responsible for transcriptional 
activation through the SMSCRE. Although the total CREB detected does not 

( appear to vary significantly between the cell lines tested (as seen in figure 
/  [ 4.6a), the proportion of CREB in the homodimeric form does vary considerably,

suggesting that it is the mechanism acting to prevent DNA-binding by CREB in 
its homodimeric form which is responsible for the lack of cAMP-responsiveness 
seen in some cell lines.

The experiments described in this chapter investigate the 
mechanism of the inhibition of CREB in UF9 cells and were based on a GAL- 
fusion assay initiated by Dr M.J.C.Ellis (Ellis, 1992). The expression of CREB 
as a fusion with a heterologous DNA binding domain, such as is provided by 
residues 1-147 of the yeast GAL4 protein, was intended to enable 
mutagenesis of the CREB leucine zipper whilst by-passing the critical 
dimerization requirement for CRE recognition. By retaining a GAL DNA binding 
function, the transcriptional activity of the mutant proteins can be assessed.
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F ig u re  3 .1 a  Th e level of hom odim eric C R E B  availab le  to 
bind the C R E  is developm entally regulated in F9  cells:

10|ig of undifferentiated (U) or differentiated (D) F9 nuclear extracts 
and 1ng baculovirally-expressed CREB (Cr) were tested for 
CRE-binding activities by EMSA. The probe is end-labelled 

fibronectin CRE. 1|il of pre-immune serum or anti-serum raised 
against CREB(329-341) (anti-CREB) was added as indicated. In 
order to achieve the required resolution, the 6% gel was 
electrophoresed at 1600V for 1 hour in a water-jacket containing 
continuously circulating iced water.
CREB, homodimeric CREB. CREB*, supershifted CREB complex.
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Figure 3.1b Cell line-specific differences in the cAMP- 
responsiveness of the somatostatin CRE
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The cell lines indicated were transfected as described in Chapter 2 
with 5pg pA(-71)SMSCAT, 5|ig pJATLACZ and 5pg of either pUC13 
(lanes 1,2,4,5,7,8,10,11) or pMtC (lanes 3,6,9,12). Cells tested in 
lanes 2,5,8,11 were treated with dibutyryl-cAMP (Sigma, added to 
ImM) 24 hours following transfection.
pA(-71)SMSCAT, CAT gene under the control of the -71 deletion of 
the somatostatin promoter (Montminy et al., 1986). 
pJATLACZ, p-galactosidase gene under the control of the p-actin 
promoter (Masson et al., 1992).
pMtC, catalytic subunit of PKA (cPKA) under the control of a 
metallothionein promoter (Mellon et al., 1989).
Results are displayed as the fold induction on cAMP/cPKA treatment 
relative to the untreated cells. CAT values are corrected with 
p-galactosidase values to account for transfection efficiency.



Figure 3.1c C R E-b inding activities in cell lines which vary  
in their response to cAMP:

Nuclear extracts (10|ig aliquots) from the cell lines indicated were 
tested for binding to the somatostatin CRE by EMSA. The 
CRE-binding activities of in wfrotranslated CREB, ATF-1 and [CREB 
plus ATF-1] are shown in the right-hand panel for comparison with the 
complexes detectable in cell extracts.
Complex A, ATF-1 homodimer. Complex C, CREB homodimer. 
Complex B, CREB-ATF-1 heterodimer.
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3.1 The inactivity of GALCREB in undifferentiated F9 
cells is mediated by its leucine zipper

GALCREB fusion proteins were used to investigate the apparent 

transcriptional inactivity of CREB in these cells more fully. Figure 3.2 shows a 

result typical of many such experiments, whereby undifferentiated F9 cells 

(UF9) are transfected with wild-type GALCREB, and leucine zipper mutants of 
GALCREB (made as described in (Ellis, 1992)). The activity of these proteins is 

measured with a reporter construct bearing five copies of the GAL Upstream 

Activating Sequence (UAS). It can be seen that the inactivity of the wild-type 

GALCREB in UF9 cells is reversed by either removing the leucine zipper, or by 

mutating it in such a way as is predicted to prevent its dimerization. By contrast, 

in DF9 cells there is a loss of GALCREB transcriptional activity seen upon 

mutation of the leucine zipper, suggesting that in these cells GALCREB  
interacts through its leucine zipper with positively-acting factors (data not 
shown). This 'recruitment' activity of the leucine zipper has been more 

conclusively shown by the demonstration that a GALCREB mutant in which 

Seri 33 has been substituted retains some transcriptional activity in DF9 cells 

(Ellis, 1992).

These experiments have been repeated in other cell lines (data not 
shown) and it has been found that the cAMP non-responsive cell lines (HeLa, 
C 0S 7) show a phenotype for activity of GALCREB mutants very similar to that 
seen for UF9s; the cAMP-responsive JEG3 line, gives results similar to those 
obtained with DF9 cells.

From these results we drew the tentative conclusion that, in cAMP 

non-responsive cell lines, CREB might be interacting in a leucine zipper- 
dependent manner with an inhibitory factor. The precise zipper-specificity of 
this interaction, as it appears in figure 3.2 (which shows that a single leucine to 

valine change is not sufficient to disrupt this interaction) encouraged us to 

speculate that the inhibitory factor did not correspond to any known 

dimerization partner for CREB, since CREB homodimerization has been shown 

elsewhere to be sensitive to this mutation (Dwarki et al., 1990). The leucine 

zippers of CREM and ATF-1 (the only dimerization partners for CREB known at 
that time) were not expected to show different dimerization properties, as 

explained in section 1.5.iii.
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Figure 3 .2  The behaviour of G A LC R E B  fusion proteins in 
undifferentiated F9 cells:

UF9 cells were transfected as described in Chapter 2 with 5|ig pJATLAC, 5pg 
pESGalCAT and 5pg of pAG147CREB effector plasmids. 
pAG147CREB plasmids contain full-length CREB, bearing the mutations of 
the leucine zipper indicated below, as fusions with GAL1-147 (Ellis, 1992). 
pE2GalCAT contains the CAT gene under the control of 5 copies of the Gal 
UAS.
pJATLACZ as described in figure 3.1b.
Expression levels are shown as CAT values corrected for transfection 
efficiency with p-galactosidase values.
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3.2 Wild-type GALCREB in cAMP non-responsive 
cells cannot bind the GAL UAS

In order to investigate whether the activity of GALCREB in transfected 

cells is determined - as is the case for endogenous CREB - by the availibility of 
the factor to bind DNA, C 0S 7 cells were transfected with the GALCREB mutant 

series (fig3.2) expressed on the replicating vector pC O TG I-147 (Ellis, 1992). 

Nuclear extracts from these cells were then tested for their ability to bind to the 
GAL UAS (fig3.3). Extracts from C 0S 7 cells are easier to analyze than those 

from UF9 cells since transfected constructs bearing an SV40 origin of 
replication are expressed to very high levels. Western analysis of similar 
extracts demonstrates that all constructs are expressed to equivalent levels 

(Ellis, 1992); furthermore their products are all able to bind a UAS probe in 

South Western assays (M.J.C.Ellis, personal communication). Comparison of 

figure 3.3 with figure 3.2a shows that the abilities of the various GALCREB 

proteins expressed in C 0S 7 cells to bind a GAL probe do indeed correlate 
with their activity in the UF9 transfection assay. Thus these differences in the 

activity of the GALCREB proteins would be consistent with the presence in UF9 
and C 0S 7  cells of an inhibitory factor which acts to prevent DNA binding of 
GALCREB.

3.3 GALCREB purified from wheatgerm extract is able 
to bind the GAL UAS

in order to demonstrate that the binding of GALCREB products to 
DNA is determined by cellular factors and not by intrinsic conformational 
properties of the proteins themselves, it was necessary to show that in the 

absence of cellular factors, all products could bind the UAS equally well in an 

EMS assay. To this end, the wild-type and mutant constructs in the pC O TG I- 

147 vector (Ellis, 1992) were transcribed in vitro and lOOng of each RNA used 

to program wheatgerm extracts for in vitro translation. The translation products 

(fig3.4a) were assayed for their UAS-binding activity (fig3.4b), but it was found 

that none of them gave a satisfactory mobility shift. The smearing of the probe 

seen in figure 3.4b was not seen if unprogrammed lysate was used and was 

presumed to arise from interactions between GALCREB and factors present in 

wheatgerm extract - although the lack of leucine zipper-dependence of these 

interactions is unexpected. The possibility that the smearing of probe could 

indicate an instability of the protein-probe complex is discounted by data 

shown below (see figure 3.5b). A strategy for purifying translation products
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GALCREB

GALDBD

Figure 3.3 Wild-type GALCREB in GOS7 cell extracts is 
unable to bind DNA:

Nuclear extracts were prepared from COST cells transfected with 

the GALCREB constructs shown in the legend to figure 3.2. 10pg of 
each extract was analyzed by EMSA using an end-labelled GAL 
UAS probe.
GALDBD is GAL1-147 (empty vector), wild-type through L23G, 

GALCREB constructs. A233 and A 198 are truncated in the 
activation domains of CREB before the bZIP region. All are in the 
pC O T G I-147  vector (Ellis, 1992). NS, non-specific UAS-binding 
activity in C 0 S 7  cell extracts.



Figure 3.4 Attempted binding of GALCREB made in vitro 
to a GAL UAS:

GALCREB and various GALCREB mutants were translated from 
their mRNAs synthesized as described in Chapter 2 , in wheatgerm 

extract (Promega). 2 |il of each 50pl reaction was analysed by 
SDS-PAGE as shown in figure 3.4a, in order to confirm that the 
majority of products were full-length GALCREB proteins.

In figure 3.4b, O.SpI of each reaction was subjected to standard 
EMSA in order to assess the binding of products to a GAL UAS 
end-labelled probe.

4p g  of poly(dl).poly(dC) per binding reaction was used as 
non-specific DNA carrier, but the binding seen was not found to vary 
significantly on altering the carrier.
L23V, L1234V, L23G, point mutants of the leucine zipper as 

described in figure 3.2. A 296-319, deletion of the basic 

(DNA-binding) domain. ASer133, mutation of the PKA site (Ellis 
1992). BMV, wheatgerm reaction primed with Brome Mosaic Virus 
RNA.



Figure 3.4a Expression of GALCREB in Wheatgerm Extract
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Figure 3.5 Purification and DNA binding of GALCREB in 
vitro translation products:

45^1 of 50|il wheatgerm translation reactions containing a wild-type and 
mutant form of GALCREB were subjected to SDS-PAGE through a 
1 2 % gel. Small slices in the expected size range were removed from 

the gel and eluted overnight at 4 0 C  into SOOpI of 50mM Tris-HCI 
pH7.9, 0.1%  SDS, 0.1 mg/m I BSA, Im M  DTT, 0 .2 mM EDTA, 2.5%  

glycerol, protease inhibitors. 20pl (1/25) of the eluate from each slice

was analysed by SDS-PAGE in figure 3.5a (lanes 1-4). 2pl of starting 
material was also loaded for reference ('total').
The protein in the desired eluate fractions was precipitated with 4

volumes of acetone in the presence of 15|ig globulin-free BSA 
(Sigma), for 2  hours at -20°C. The pellet was washed in cold methanol 

and allowed to air-dry, then dissolved into 2.5|il of saturated urea 

(6 -8 M). Finally, the denatured protein was diluted with 125|il of 2 0 mM

Tris-HCI pH7.6, lOmM KCI, 2 mM DTT, Ip M  ZnSQ^ and protease 
inhibitors, and allowed to renature for 18 hours at 40C. 
lOpI of each renatured protein was analyzed by standard EMSA using 
CRE or UAS probes as shown in figure 3.5b.

Figure 3.5a: wt is 'slice 2' from GALCREBwt, ALZ is 'slice 3' from 

GALCREBALZ.

Figure 3.5b: Lanes wt/2 and ALZ/3, GALCREB proteins. Lanes wt/3

and ALZ/4, protein eluted from the gel slices adjacent to those 
containing GALCREB.



Figure 3.5a Gel purification of in vitro translation products
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away from the extracts in which they are produced was devised in order to 

generate clearer EMS data. The procedure involves excising and eluting the in 

vitro translated product from a protein gel, followed by acetone precipitation 

and renaturation, and is described in detail in the legend to figure 3.5. This 

procedure is modified from (Baeuerle and Baltimore, 1988). It was found that a 
recovery of 20%  of translation products from SDS-PAGE gels was possible 

(fig3.5a), although the denaturation-renaturation of the recovered material 

seemed to cause loss of the greater part of its DNA-binding activity (fig3.5b). 
Figure 3.5b shows that purified wild-type GALCREB and the GALCREBALZ 

mutant are both able to bind to a UAS probe. Although binding of the purified 

GALCREB to GAL UAS in this assay is weak, it is not impaired relative to its 

binding of the somatostatin CRE, and loss of conformation during the final 
stages of purification is suspected. GALCREBALZ, as might be predicted, is 

unable to fulfil the dimerization requirement for CRE recognition, and CRE- 
binding of the wild-type GALCREB only is observed.

It had been anticipated that this assay could be developed as a test 
for CREB Inhibitor function, by testing the effect of extracts from cAMP- 

responsive and non-responsive cells on the DNA-binding activity of GALCREB. 
However, attempts to mix extracts with purified GALCREB led to loss of all 
detectable UAS-binding activity (data not shown), irrespective of the extract 
used.

3.4 ATF-1 and CREB can behave as inhibitors of 
GALCREB

Our inability to create an in vitro assay for inhibitors of CREB led us 

to re-examine possible contributions from CREB and ATF-1 to the behaviour of 
GALCREB in transfected cells, despite the apparent novel specificity for the 

interactions involved (as described in section 3.1).

3.4.1 GALCREB made in vitro dimerizes with CREB
Although GALCREB made in vitro is unable to give a clear EMS with 

a UAS probe unless first purified as described above, it can do so with a CRE. 

This property was used to examine complex formation of GALCREB when 

mixed with in v/frotranslated CREB. Figure 3.6a shows that the resulting 

complex is of a mobility intermediate to those of GALCREB and CREB and 

consistent with the formation of a heterodimer through the leucine zipper. This 

heterodimer is predicted not to bind the G AL  UAS since G AL1-147  

dimerization is required for this. For reasons previously discussed, ATF-1
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Figure 3.6a Heterodimerization 
of GALCREB with CREB:

0.5}il aliquots of in wYro-translated 
GALCREB (GC) and CREB (C) were 
heated to 5 5 %  for 5 minutes, both 
separate ly  and mixed together 
(C+GC), and then tested by EMSA  
for th e ir ab ility  to bind the  
somatostatin CRE.

GC C+
GC

F igure  3.6b Leucine zipper-specificity of CREB 
homodimerization and heterodimerization with ATF-1:

Full-length CREB or a C-terminal fragment of ATF-1 were co-translated 
in wheatgerm lysate with C-terminal fragments of CREB bearing the 
leucine zipper mutants described in figure 3.2. All were expressed from

the pT7p vector (described in Chapter 4). Ip l aliquots of the lysates 
were analyzed by EMSA for binding to the somatostatin CRE.
Lane 1, unprogrammed wheatgerm lysate.
Lanes 2, 4-9, full-length CREB wild-type.
Lanes 10-16, C-terminal ATF-1.
Lanes 3-9 and 11-16, C-terminal CREB: Lanes 3 4 and 11, wild-type; 
lanes 5 and 12, L2V; lanes 6  and 13, L23V; lanes 7 and 14, LI 234V;

lanes 8  and 15, L23G; lanes 9 and 16, ALZ.
A, CREB(full-length) homodimer. C, CREB(C-terminal) homodimer. B, 
CREB(full-lengthZC-terminal) heterodimer. E, ATF-1 (C -term inal) 
homodimer. D, CREB/ATF-1 (C-terminal fragments) heterodimer.
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would be predicted to heterodimerize with GALCREB in a similar fashion. The 

large difference in apparent affinity for the CRE between CREB and GALCREB 

may be explained by differences in the stability of the CRE-bound complexes 

formed due to the presence in a single molecule of two dimerization domains. 
The GAL1-147 domain may interfere directly with dimerization or DNA-binding 

by the bZIP domain, or may be involved in hetero-oligomerization to form 

higher-order complexes which are unable to bind DNA.

3.4.Ü The leucine zipper-specificity of CREB interactions in 
v itro  may not be different to that seen for GALCREB 
inhibition in UF9 cells

Since the result shown in figure 3.6a strongly suggests that 
GALCREB-CREB and GALCREB-ATF-1 heterodimers should be important 

components of any phenotype observed in transfected cells, we set out to 

redefine the specificities of the leucine zipper interactions involved. Mixing 

experiments using full length CREBwt + CREB(197-341) zipper mutants 

(fig3.6b) show that the single leucine to valine change which is sufficient to 

abolish homodimerization in a crosslinking assay (Dwarki et al., 1990) does 

not in fact significantly impair its interaction with the wild-type zipper in this 

assay. It is possible that the formation of a tertiary complex with the CRE 

stabilizes the dimerization interaction. There is some residual interaction of the 

two leucines to valine (L23V) mutant with the wildtype zipper; mutation of all 4 

leucines of the zipper (LI 2324V) or disruption of the helical structure of the 

zipper (L23G) is necessary to abolish the interaction completely. The pattern of 
heterodimerization of ATF-1 mutants with CREB (fig3.6b) is exactly as that 
seen for homodimerization (as might be predicted from the virtual identity of the 

two zippers) and these affinities correlate closely with the inactivity of 
GALCREB mutants observed in F9 and HeLa cells and described above.

The results presented in figures 3.5 and 3.6 signify that the 

behaviour of GALCREB fusions must be explained partly in terms of their 
interactions with CREB or ATF-1. Prevention of GALCREB DNA binding 

through heterodimerization may indeed occur, but it does not account for the 

observed behaviour of GALCREB in F9 cells, since the excess of CREB  

homodimer in DF9s does not create an inhibitory phenotype.

3.5 ATF-1 is an inhibitor of CREB activity in vivo

More recent work in analyzing the CRE-binding activities present in 

non-responsive cell lines has shown that CREB present in extracts made from 

these cells binds the CRE exclusively as a heterodimer with ATF-1. Co-
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transfected ATF-1 can specifically antagonize the activation of the SMSCRE  

brought about by overexpression of CREB and cPKA in F9 cells (Ellis et al., 

1994). Furthermore, the level of SMSCRE activity seen in this experiment 
(where ATF-1 and CREB are co-transfected) is lower than that seen if ATF-1 

alone is transfected into F9 cells. Thus although GALATF-1 is shown to behave 

as a transcriptional activator in F9 cells (Liu et al., 1993), our results strongly 

suggest that ATF-1 may be responsible for the inhibition of CREB activity seen 

in cAMP non-responsive cells.

3.6 Discussion

3.6.1 Properties of ATF-1
ATF-1 shares with CREB most of the apparent features involved in its 

role as a mediator of PKA-inducible transcription. As illustrated in figure 3.7, 
ATF - 1  and CREB are homologous in regions which include a glutamine-rich 
(Q-rich) activation domain (Q2) and the PKA phosphorylation site, as well as in 

the bZIP domain.
As might be expected from the structural properties of ATF-1, it has 

been demonstrated to mediate a transcriptional response through PKA (Liu et 
al., 1993; Rehfuss et al., 1991). Nevertheless, if the response mediated by ATF- 
1 were smaller than that mediated by CREB, then overexpression of ATF-1 

could indeed have the effect of antagonizing the CREB-mediated response. In 

view of this possibility, the presence in ATF-1 of a single Q-rich domain only is 

interesting. The presence or absence of a second Q-rich (Q2-homologous) 
domain constitutes the crucial difference between activator and repressor 

forms of CREM (Brindle et al., 1993). These observations are consistent with 

the proposition that the absence of a Q-rich domain is responsible for the 

differing properties of ATF-1 as compared to CREB, and that these differences 

should be as we observe (Ellis et al., 1994). However, it has also been shown 

that it is the Q2 domain which chiefly contributes to constitutive transcription 

supported by CREB (Quinn, 1993), and that ATF-1 (despite the presence of a 

Q 2 -homologous domain) behaves poorly as a mediator of constitutive 

transcription (Rehfuss et al., 1991)). Thus it is clear that additional 
considerations are also involved in creating the functional differences between 

CREB and ATF-1.
A further property of ATF-1 which may be relevant to its putative role 

as an inhibitor of CREB is its CRE affinity. Although our own EMS data reveal 

both ATF-1 homodimers and ATF-1-CREB heterodimers as CRE-binding 

complexes (data not shown, (Ellis et al., 1994)), it has been reported that the 

ATF-1-CRE complex has a very short half-life compared to the equivalent
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Figure 3.7 Comparison of the domain structures of
CREB and ATF-1:

ATF-1 and CREB show homology of 70% at the primary 
sequence level, in the region downstream of the PKA 
phosphorylation site, where the two proteins share an identical 
domain structure. ATF-1 has a truncated N-terminal Q-rich 
domain and lacks an equivalent of the a-peptide. The Q-domain 
nomenclature is as in Brindle et al., 1993.
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CREB complex (Hurst at a!., 1991). Thus, although this property of ATF - 1  is not 
accounted for in studies of GALATF-1 fusions (Liu et al., 1993) it may be of 
relevance when considering how the PKA response is attenuated under more 

natural conditions.
Although the reasons given above explain why CREB-ATF-1 dimers 

should be less active than CREB-CREB in mediating a PKA response, this fails 

to explain why the CRE should show no activity at all in UF9 cells. Either 
additional mechanisms operate to tighten the repression which is achieved by 

ATF-1, or indeed ATF-1 itself has unsuspected properties which manifest 
themselves uniquely in the heterodimeric form. In support of the latter 

possibility, transfection studies with ATF-1 and co-transfected CREB suggest 
that the heterodimer is less active than the ATF-1 homodimer (Ellis et al., 
1994).

3.6.ii GALCREB fusion proteins as a tool for studying 
properties of CREB

It seems that the study of CREB activity by means of GALCREB  

fusion proteins is less simple than might be expected from the observed 

similarity in the behaviour of these proteins in cAMP non-responsive cell lines.
The data shown in figure 3.2 are difficult to interpret given the 

information in figure 3.6, which indicates that GALCREB may heterodimerize 

extensively with cellular factors in a manner predicted to interfere with its 

binding to a GAL  UAS. It is likely that the data generated by expressing 

GALCREB in any cell line is in part a measure of the ratio of transfected and 

endogenous factors produced in the experiment. For instance, UF9 cells may 

display the 'inhibitory' phenotype in this experiment because this cell line has 

a poor transfection efficiency. The levels of GALCREB produced are 

consequently low and all of the GALCREB present may be in the form of 
heterodimers with endogenous CREB or ATF1 (expressed at high levels in 

these cells). Upon mutation of the leucine zipper, GALCREB can no longer 

heterodimerize in this way, and exists as a homodimer which is able to activate 

transcription of the reporter gene through a GAL UAS. DF9 cells, being 

transfected at higher efficiency, contain higher levels of the GALCREB  

homodimer such that a significant proportion of the wild-type fusion is able to 

homodimerize and to exhibit transcriptional activity, which is not increased by 

mutating the zipper.
However, this hypothetical interpretation of the results presented in 

section 3.1 does not consider the elevation of GALCREB wild-type activity over 

that of GALCREB mutants in DF9 cells, which clearly suggests that there is 

recruitment of positively acting cellular factors by wild-type GALCREB
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homodimers occurring in these cells. It is thus reasonable to expect that 
recruitment of negatively acting factors might be responsible for some of the 

inactivity of GALCREB seen in cell lines where such factors are known to 

occur. In addition, such explanations fail to account for the phenotype shown 

by C 0S 7  cells. The use of the replicating pCOTG vector to achieve very high 

levels of transfected GALCREB in these cells should give rise to a non- 
inhibitory phenotype, if titration of cellular factors by GALCREB were an 

important contributor to the overall phenotype, but the COS7 phenotype in this 

experiment is identical to that of UF9 cells.
There is no single explanation apparent to us which is 

comprehensive enough to cover all of the observed behaviour of GALCREB  

fusion proteins. Whilst it is certain that CREB does interact with several other 
factors in the cell lines used for these experiments (see Chapter 4), and 

possible that one or more of these could have a negative effect on DNA 
binding by CREB, the data described in this chapter were not able to provide 

conclusive evidence for the existence of such a factor.
The difficulties in interpretation of data gathered by use of GALCREB 

fusion proteins prompted us to find an alternative method for investigating the 

interactions of CREB with ATF-1 and other factors present in F9 cells: This work 

is described in Chapter 4.
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Chapter 4 Expression of recombinant 
CREB and its use in probing protein- 
protein interactions

CREB is ubiquitous and yet functionally distinct in different cell-types. 
The activity of CREB may be controlled to some extent at the level of 
expression and in a few tissues by the generation of alternative splice products 

(as discussed in Chapter 1). However most control of CREB behaviour is 

exerted at a post-translational level. Seri 33 phosphorylation by PKA is 

necessary and sufficient to achieve activated transcription through a CRE, and 

there are several other sites for phosphorylation which may support alternative 

states of activity by CREB or which may facilitate the critical phosphorylation 

event at Ser133. Additional types of post-translational control are postulated to 

explain both the inability of CREB to activate transcription at all in certain cell 
lines, and its ability to activate tissue-specific transcription in others.

The maintenance and regulation of differentiated states commonly 

relies on the presence (or absence) of negatively- and positively-acting factors 

to repress unwanted functions and promote those characteristic of that tissue, 
and on the use of combinatorial activation of transcription, where ubiquitous 

factors can be harnessed to act on certain promoters only in concert with 
tissue-specific factors. Both of these mechanisms would appear to operate as 

additional levels of control on CREB, which is constrained by both negative 

and combinatorial regulation. In light of the results discussed in Chapter 3, and 

of the emergence of protein-protein interaction as a common theme for 
modulation of transcription factor activity, we were interested in the possibility 

that CREB might be regulated in this way. At the time this project was started 

CREB was known to interact with homologous members of the ATF/CREB  
family, ATF-1 and CREM, through leucine zipper dimerization. We hoped to 

show that CREB could interact more extensively than had previously been 

shown. In particular we were interested in the significance of the interaction of 

CREB with ATF-1 in F9 cells, and the possibility that CREB might interact with a 

novel factor present in these cells.

Our chosen method for investigating these suggested interactions 

was the 'Far Western' blot, first described by (Hoeffler et al., 1991) and shortly 

thereafter used by (Blackwood and Eisenman, 1991) to clone Max as a Myc- 
interacting factor. This procedure involves expressing and labelling 

recombinant protein for use as a probe in Western-style hybridizations. This 

chapter will describe the strategies which were employed to generate CREB
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suitable for this purpose, together with some of the Far Western results 

obtained during the course of these studies, discussing the significance of the 

interactions shown. For ease of reference, the results are tabulated and 
presented at the end of the chapter (fig4.7).

4.1 Recombinant CREB expressed in bacteria

4.1.1 GSTCREB radiolabelled by iodination
A series of plasmid vectors directing the expression of cloned 

sequences as fusions to the C-terminus of a Glutathione-S-Transferase (GST) 

from Schistosoma japonicum (pGstEXpression, or pGEX vectors), (Smith and 

Johnson, 1988) have become widely used in recent years. The 26 kD GST 

moiety contains a glutathione binding pocket which shows high-affinity binding 

to glutathione (GSH) immobilized on an agarose matrix; purified fusion protein 

can subsequently be removed by competition-elution with excess reduced 

glutathione. This property is conveniently retained by the GST when expressed 

in E.ooli, thus giving rise to a ready system for single-step purification of 
bacterially expressed fusion proteins, under non-denaturing conditions.

pGEX-KGCREB(197-341) (fig4.1a) was made as described in the 
figure legend and codes for GST fused to Gly197-Asp341 of aCREB. These 

CREB sequences contain all of the information required for dimerization and 

DNA-binding of CREB (Yun et al., 1990). Since we were primarily interested in 

leucine zipper-mediated interactions, we chose this small fragment to provide 

the added benefits of higher yield and solubility of the resulting fusion protein. 

Expression of the coding sequences in pGEX-KG is under the control of the 

IPTG-inducible tac promoter, negative control of this promoter by the lad  

repressor allele being alleviated in the presence of an excess of IPTG. Figure 

4.1b shows a 4 hour time-course for induction of GSTCREB in a late log phase 

culture of E.ooli strain SCS-1. The higher yield of GSTCREB obtained with 

shorter time of induction indicates that expression of the induced protein is not 
well tolerated in SCS - 1  culture. Bacterial lysates were prepared as in Chapter 

2  and treated with glutathione-beads as described by (Smith and Johnson, 

1988). As can be seen from the left-hand panel, the recommended procedure 

for elution of purified GST-fusion protein from the beads (washing in 5mM 

reduced GSH, 50mM Tris-HCI pH8.0), which was effective in eluting 30-40%  of 
bead-bound GST, was not stringent enough to remove any GSTCREB. Boiling 

the beads directly into loading buffer allowed detection of the purified 

GSTCREB, in addition to a 30 kD band of unknown origin. Recovery of native 

GSTCREB from its bead bound state was not achieved by increasing the 

concentration of GSH in the elution buffer, nor by elution in 8 M urea followed
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Figure 4.1a CREB as a GST fusion in the pGEX-KG vector

Ptac GST
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pGEX-KGCREB(197-341)

5.50 Kb
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CREB(197-341)
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pG EX-KG CREB(197-341) was constructed by inserting the 
Kpn!-EcoR! fragment of CREB from pAG147r/haCR1 (Ellis, 1992) 
between the BamHI and EcoRI cloning sites of pGEX-KG, together 
with the BamHI-Kpnl linking oligonucleotide sequence: 
GATCCCCGGGAGGTAC.

GGGCCCTC
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Figure 4.1b Expression and purification of GSTCREB:

50ml cultures transformed with pG EX-KG CREB(197-341) were 
diluted 1:100 and allowed to attain log phase growth. At 
0 0 6 0 0 = 0 .2 5  one of the cultures was induced with 0.1 mM IPTG  
(sample 0). Further cultures were induced at 1, 2 and 3 hours after 
the first induction. All cultures were harvested at 4 hours. 1ml of 
each culture was boiled directly in loading buffer (whole lysate) and 
the rest processed as described (Smith and Johnson, 1988) 
(e lu tio n /5 m M G S H ). Follow ing the elu tion  step the  
glutathione-agarose beads were boiled in loading buffer (boiled 
beads). 0-3, time of growth of culture from 0 0 6 0 0 = 0 .2 5  to time of 
induction (in hours). G, culture transformed with pGEX-KG and 
induced at 1 hour.
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Figure 4.1c ^^5 |-g stCREB interacts with factors in F9 cells:

100|ig samples of nuclear and cytosolic extracts made from F9 cells as 
described in Chapter 2 were loaded per lane of an 8 % gel. Additional 
extracts were made by heating and shearing whole cells in sample 

' buffer (boiled) as described in (Harlow and Lane, 1988). Ipg unlabelled 
GSTCREB was loaded as control. Following transfer, the samples 

were probed with a total of 5x10® cpm of ^^®I-GSTCREB (about 20pg). 
U, undifferentiated cells. D, differentiated cells.
Sizes marked in kD.
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by renaturation, nor by treatment of the bead-bound GSTCREB with thrombin 

(data not shown). It was found that some protein (5-20pg per litre of culture, or 

a 1% yield) could be recovered if salt were added to the recommended elution 

buffer (20 mM GSH, 150mM NaCI, 1Q0mM Tris-HCI pHS.O (Kaelin Jr. et al., 

1992)).
A total of 200pg of GSTCREB prepared by salt elution was iodinated 

using Im Ci Na^^si (Amersham) and iodobeads (Pierce, according to the 

manufacturer's instructions). 125|.gstCREB was used to probe the blot shown 

in figure 4.1c. It was found that nuclear factors from F9 cells could indeed be 

detected as CREB-interacting factors in a Far Western blot, and that at least 
one of the interactions seen (at 97 kD) varied upon differentiation of the cells. 

An identical blot probed with 1 2 5 1 .GST confirmed that all of the interactions 

seen are CREB-specific (data not shown). This procedure was not sensitive 

enough to detect the 45 kD protein expected for CREB in F9 cells. The lower 
bands (30-35 kD) seen in figure 4.1c are of a similar mobility to ATF-1. 
However, Western analysis with an anti-ATF-1 antibody (Hurst et al., 1990) of 
extracts from F9 cells shows that ATF-1 is more abundant in undifferentiated 

(UF9) than in differentiated (DF9) cells (data not shown) and this is in 

agreement with (Masson et al., 1992)). ATF-1 in F9 cells appears to be 

unmodified and to have a mobility of 35 kD (data not shown), although it is 

frequently detected as multiply-phosphorylated forms with mobilities of 35-43 

kD (Masson et al., 1993b). Since the 30-35 kD doublet which we see 
consistently throughout this chapter is more prominent in DF9 extracts, we 

believe that it is not ATF-1, but a novel factor, or perhaps CREM, which is 

expressed at a higher level in DF9 cells (Ellis, 1992). The larger product seen 

(p97) was not previously described but has since been demonstrated by others 

(Masson et al., 1993a). The apparent absence of the p97 product in the 'whole 

cell extract' indicates that this factor was not solubilized by the method used to 

prepare the extract. No interactions were observed with factors present in 

cytoplasmic extracts.

Despite the successful identification of protein-protein interactions by 

this method, it was found that GSTCREB could not be labelled to a specific 

activity high enough to merit using ■*25i-g s t CREB as a probe for library 

screening. Thus alternative methods for labelling GSTCREB were sought.

4.1.ii GSTCREB detected with an anti-CREB antibody
In order to generate CREB proteins labelled to a higher specific 

activity and with a more readily detectable isotope, the CREB sequences from 

pGEX-KGCREB(197-341) were recloned into a related vector, pGEX-2TK 

(fig4.2a) which contains a sequence coding for a PKA phosphorylation site
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Figure 4.2a GSTCREB with a phosphorylatable tag in the 
pGEX-2TK vector

ThrombinPtac
site BamHI 

V  Smal 
/ —  Kpnl

PKA site CREB(197-341)

laclq
EcoR1

pGEX-2TKCREB(197-341)

5.5 Kb

AmpR

PvulpBR322 oh

pGEX-2TKCREB(197-341) was constructed by transferring the 
B a m H I - E c o R I  C R E B - c o n t a i n i n g  f r a g m e n t  f rom 
pGEX-KGCREB(197-341) (fig4.1a) into the BamHI-EcoRI sites of 
PGEX-2TK.
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Figure 4.2b Expression of GSTCREB 
wild-type and zipper mutants from the 
pGEX-2TK vector:

Cultures transformed with pGEX-2TKCREB  
vectors were induced with 0.1 mM IPTG for 3 
hours and the induced protein purified on 
glutathione-agarose beads as described in

Chapter 2. 30pl aliquots of beads were boiled in 
sample buffer to examine total yield prior to 
elution of GST fusions from the beads. The 
full-length products are indicated and run with a 
mobility of 47-50kD.

-^-GSTCREB

R-GSTCREB

46 kDa 

31 kDa

Figure 4.2c Instability of GSTCREB mutants:

GSTCREB proteins were treated with in the presence of cPKA and 
eluted from glutathione-agarose as described in Chapter 2. 2% of each 
reaction was run on the gel. 
wt, wild-type GSTCREB. mt, GSTCREBL1234V.



immediately 5' to the cloned sequences (Kaelin Jr. et al., 1992). It was 

expected that proteins expressed from this vector could be labelled to high 
specific activity with y p2p]-ATP in the presence of the catalytic subunit of PKA 

(as described in Chapter 2 ). In addition, mutant sequences containing changes 

described in the legend to figure 4.2a were subcloned into pGEX-2TKGREB in 

order to generate leucine zipper mutants (L2V and L I234V ) of GSTCREB. 
Expression of the wild-type fusion from this vector was, again, poor (estimated 
at 1 0 p,g/litre of culture), but the yields of mutant proteins were much higher 

(fig4.2b), possibly reflecting their inability to bind DNA and thereby interfere 

with the growth of the host cells. However, the mutant proteins proved upon 

further manipulation to be highly unstable compared to the wild-type protein. 
Figure 4.2c shows the purified 32p-GST fusions detected by autoradiography 

following PKA treatment. There appears to be a proteolytically sensitive site in 

GST-CREB which is exposed in the zipper-mutated proteins, but not in the wild 
type, presumably due to a loss of structure in the mutant proteins. This site is 

sensitive to a protease contaminant in the PKA preparation which cannot be 

blocked by use of protease inhibitors (Chapter 2 )(data not shown). Cleavage of 
GSTCREB during the labelling procedure gives rise to a truncated form which 

lacks the leucine zipper, since the truncated form cannot be detected by 

Western analysis with an antibody raised against the C-terminus of CREB  

(data not shown) but possesses an unimpaired G ST domain. The  
phosphorylated but truncated product elutes from the GSH-agarose matrix with 

greater efficiency than the full-length protein. These technical limitations mean 

that it is difficult to obtain preparations of full-length wild-type and mutant 
proteins with an equal specific activity.

In order to avoid the accumulation of mutant degradation/cleavage 

products, we investigated the possiblity of Far Western blotting with unlabelled 

protein probes, using an antibody against the probe for detection. This 

procedure we termed 'Wild Western' blotting; it is variously described also as 

'overlay' or 'sandwich' blotting. The procedure is a hybrid of the Far Western 

and Western protocols described in Chapter 2 and involves sequential 
incubation of the blot with protein probe and with antibodies, the latter at very 

low stringency to minimize disruption of probe interactions on the blot. Figure 

4.2d shows an example of Wild Western blots using both wild-type and zipper- 

mutant GSTCREB(197-341) to probe F9 nuclear extracts. Also shown, for 

comparison, are a Western blot and a Far Western using 32p-iabelled wild- 
type probe. Wild Western analysis most strongly detects the -3 5  kD doublet, 
seen previously in figure 4.1c, as a leucine zipper-dependent interaction. As 
before, it does not seem to be possible to detect ATF-1 or CREB; none of the 

bands seen in F9 extracts is of the same mobility as either the recombinant
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Figure 4.2d Wild Western analysis of F9 extracts using cold 
GSTCREB proteins:

100|ig samples of F9 nuclear extracts were run on a single gel, and 
following transfer the filter was cut into four panels. Two were 
hybridized overnight with wild-type and mutant GSTCREB (unlabelled) 
prepared from the pG EX-2 TK vector, using the Far W estern  
procedure, then subjected to Western analysis as described in Chapter 
2  but using only 0.05%  Tween-20 in PBS throughout (WWwt and 
WWmt). Another panel was probed with the wild-type 32P-GSTCREB  
shown in fig4.2c and the final panel underwent Western analysis in 
0.05%  Tween-20/PBS.
FW, Far Western. WW, Wild Western. W, Western, wt, wild-type 
GSTCREB. mt, G STCR EB L1234V. U, undifferentiated and D, 
differentiated F9 nuclear extracts. Cr, baculovirally expressed CREB.



CREB control detected by Wild Western or the 45 kD factor detected in F9 

extracts by Western analysis. The single 97 kD band observed in figure 4.1c 

appears in figure 4.2d to be replaced by two bands, one smaller and the other 

significantly larger than 97 kD, although precise mobilities are difficult to 

estimate in this size range. Overall, it seems that the Wild Western blot is 
potentially more sensitive than the Far Western, since background problems 

are reduced. In this particular case, however, the interpretation of results must 
be hindered by the limitations of our antibody, which appears to cross-react 
with some of the 'CREB-interacting factors' seen on the blot. Nevertheless, it is 

clear from figure 4.2d that many of the interactions observed are dependent on 

the intact leucine zipper; only those in the range 90-200+ kD may be leucine 

zipper-independent, since they are better detected in the Wild Western with 

mutant CREB than in the control Western. The cross-reaction of our antibody 

with the 30-35 kD doublet previously observed reinforces our speculation that 
this is CREM, since the C-termini of CREB and CREM (DBD I) are highly similar 
(10 consecutive residues in the 12 residue CREB peptide recognized by the 

antibody are identical).

Since the low yields of GSTCREB (either wild-type, or full-length 

mutant forms) continued to be a problem, an alternative method for expressing 

GST fusion proteins in bacteria was introduced, as described in the following 
section.

4.1.iii GSTCREB labelled by phosphorylation
The RNA polymerase from bacteriophage T7 is very active, showing 

an elongation rate five fold faster than that of the E.coli polymerase. It can also 

squelch the activity of the host polymerase by successful competition for 

limiting factors and thereby has the ability to direct virtually all transcriptional 

activity in host cells to T7-specific promoters (pET vector series, Novagen). 
Since the yield of GSTCREB - as of other DNA-binding factors - from E.coli\s 

diminished by its adverse effect on the health, or growth, of IPTG-induced 

cultures, one strategy for improving the yield of such proteins is to shorten the 

induction protocol and reduce the exposure of expressing cells to the foreign 

protein. T7-based expression systems, by directing rapid accumulation of 

products, allow induction times to be significantly shortened. An additional 
benefit of this system derives from the use of T7 lysozyme, which is introduced 

into some host strains (protease-deficient BL21) on a plasmid conferring 

chloramphenicol resistance. The lysozyme not only facilitates the preparation 

of bacterial lysates but also acts as an inhibitor of T7 polymerase. This 

increases the tolerance shown by the host strain for toxic target plasmids by
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providing repression of T7 polymerase prior to IPTG induction (Studier et al., 
1990); the inhibition effect is titrated out on IPTG-induction of the polymerase.

Sequences from pGEX-2TKCREB(197-341) coding for the GST- 
fusion protein were cloned as described in the legend to figure 4.3a into a 

pET3-derived vector (pRK172 (McLeod et al., 1987)) (pRKGEXCREB, fig4.3a) 

and expressed in BL27.plysS. Figure 4.3b shows GSTCREB (wild-type and 

mutant) and the GST fusion of homeobox protein HIC(91-243) (Chapter 6 ) both 

in whole bacterial lysates and following purification by GSH-affinity  
chromatography. The yields are approximately lOOpg per 200ml of culture, 10- 

fold greater than those achieved using the pGEX vectors. Figure 4.3b 

illustrates again that a much larger yield is obtained from the protein which 

does not bind DNA (zipper mutant of CREB) as opposed to the two which do; 
also that the mutant protein is more readily eluted from glutathione-agarose.

32p-iabelled C-terminal fragments of CREB wild-type, L2V and 
L I234V  were generated from the pRK vector, by thrombin treatment and PKA- 
phosphorylation of GST fusions as described in Chapter 2. These CREB(197- 

341) probes were hybridized to blotted extracts (fig4.3c). Figure 4.3c confirms 

observations made previously: That CREB interactions appear to occur with 
nuclear factors only, that there is one or more strongly interacting factor(s) of 
approximately 97 kD in size which appears to be less abundant in DF9 cells 

than in UF9 cells, and that an interacting factor at 70 kD is similarly down- 
regulated upon differentiation (possibly CREB2 or HSP70). A factor of the 

same mobility as CREB shows some increase in abundance in the 

differentiated extracts: These results are the first of this chapter to show that it is 

possible to detect endogenous CREB - and probably ATF-1 also - in extracts, 
by Far Western. Figure 4.3c (and later, figures 4.4c&d) also departs from the 

pattern previously observed in that the number and the relative strength of 
interactions seen with large factors (over 97 kD) is greatly increased, possibly 

due to the use of phosphorylated probes (see section 4.2.Ü). Figure 4.3c seeks 

to investigate the effect of mutations in the leucine zipper on the pattern of 
interactions seen with F9 extracts. Contrary to the published data available at 
that time, CREB bearing the leucine 2 to valine substitution (L2V) was shown to 

maintain all of the interactions undertaken by the wild-type protein, since this 

mutant was able to compete to some extent with the wild type probe for all of 
the interactions seen (centre panel). However, when labelled and used as a 

probe, the L2V protein appeared to interact less well (although all of the same 

interactions were detectable) than might be expected from the competition 

result. W e concluded that although care was taken to ensure that equal 
amounts of full-length probe was hybridized to each blot, the greater instability 

of the mutant probes as compared to the wild-type (fig4.2c) was giving rise to
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Figure 4.3a Phosphorylatable GSTCREB in a TT-directeci
expression vector
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pRKGEXTKCREB(197-341) was constructed by inserting an 
Ndel-Aatll fragment, containing the entire GST-CREB sequence, into 
the pRK172 vector (McLeod et a!., 1987) cut with Ndel/Aatll. The 
GSTCREB fragment was generated from pGEX-2TKCREB(197-341) 
by PCR using the following primers (written 5' to 3', restriction sites 
underlined):
5' - CTTGCATATGTCCCCTATACTAGG
3' - GCTCCAGGACGTCAGTCAGTCACGATGAA
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Figure 4,3b Expression of proteins from the pRKGEX vector:

GST fusion proteins were expressed and purified as described in 

Chapter 2. 40pl aliquots of harvested cultures were boiled in sample 
buffer (lysate). 2 % each of the fractions eluted from 
glutathione-agarose beads (eluted fraction) or remaining attached to 
the beads (boiled fraction) were compared.
wt, wild-type GSTCREB. mt, GSTCREBL1234V. HIC, Homeobox 
Interacting with CREB (see Chapter 6 )

wt probe
wt probe + 
L2V com pet L2V probe
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I
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Figure 4,3c Far Westerns using probes made from the 
pRKGEX vector:

Nuclear extracts and baculovirus CREB extract were used as 
described in the legend to figure 4.2d (U, D, Cr). Filters were probed 
with CREB(197-341) fragments, prepared by thrombin treatment of the 
GST fusion proteins expressed form the pRKGEX vector followed by 
labelling with all as described in Chapter 2. The central panel of 
was probed with 32 p-CREBwt in the presence of a 20-fold excess of 
unlabelled CREBL2V.



selective proteolysis of mutant probes during the hybridization step. Mutation of 
all four of the zipper leucines L1234V appeared to abolish all detectable 

interactions (data not shown), but this data is impossible to interpret for the 

same reason as that given for L2V.

Having established that there are differences in the relative amounts 

of various CREB-interacting factors between cell lines responsive (DF9) and 

not responsive (UF9) to cAMP, we were interested in the question of which of 

these interactions might be responsible for differences in cAMP  

responsiveness since these differences are due at least in part to a different 
pattern of CREB behaviour in these cell lines (Masson et al., 1992). In order to 

approach this question, we considered whether there might be any differences 

in the interactions made by transcriptionally active CREB (that is, CREB  

phosphorylated on Seri 33) which are consistent between cell lines displaying 

the responsive and non-responsive phenotypes.

4.2 Recombinant CREB purified from a baculovirus 
expression system

4.2 .i Preparation of full-length CREB labelled by 
phosphorylation on Ser133

Full length CREB was purified from 2.5x10® baculovirus-infected Sf9 

cells provided by Gunvanti Patel and Nic Jones (Patel et al., 1992). Whole cell 
extract was prepared from these cells as in (Manley et al., 1983) and CREB  

purified on the basis of its affinity for a fibronectin CRE. 5'-biotinylated CRE was 

linked to concatenated non-biotinylated CRE, prepared as described in the 

legend to figure 4.4a, and immobilized on streptavidin-dynabeads (Dynal). The 

immobilized oligonucleotide was used to purify CREB from the Sf9 cell extract, 
also as described in figure 4.4a, and the purified protein was eluted in 0.6 - 
1 .0 M KCI and dialyzed against 0.1M KCI. Purified baculovirus CREB was used 

as substrate for the catalytic subunit of PKA by the procedure described for 
bacterial CREB and thus labelled with ®2 p (fjg4 .4 b), presumably on S e r i33 

(although it is possible that there are other sites also phosphorylated under the 

conditions used).

4.2.ii Far Western analyses with Ser133[32p]-CREB
This labelled protein was used to probe extracts from a selection of 

cell lines chosen to include both cAMP-responsive and non-responsive 

examples, as shown in figure 4.4c. If figure 4.4c is compared to earlier figures, 
in particular figure 4.3c, it can be seen that there are no obvious differences in 

the interactions which can be detected (in F9 cells) with CREB phosphorylated 

either on Seri 33 or at the artificial PKA site derived from the pGEX-2TK vector.
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Figure 4.4a Purification of Baculovirally-expressed CREB:

CREB was purified from Manley extracts of baculovi rally-infected Sf9 
cells. Extracts were incubated with a biotinylated, concatenated CRE  
prebound to streptavidin beads, under the conditions described for 
binding in EMS assays. The concatenated CRE was prepared by 5' 

phosphorylation of 1pg CRE with T4 Polynucleotide Kinase (according 
to the manufacturer's instructions), followed by ligation with T4 DNA 
ligase in the presence of 50ng 5' biotinylated CRE. Following 
incubation with extract, the beads were washed extensively (fractions 
1-5) in 0.1 M KCI in Dignam Buffer D and the CRE-bound fraction 
eluted with successive washes of 0.6M and 1.0M KCI in Buffer D 
(0.6M El, 1MEI).
W E, whole extract. UN, extract cleared with CRE as described. This 
unbound material was kept for further purification. 1 / 1 0 0 0  of each 
fraction was analysed by EMSA as described in Chapter 2. Numbers 
(1-5) refer to the sequence of fractions tested.

WE UN
0.1M Wash 0.6M El
1 1 2  1 5 1 1 2

nvf
_BL

y  w 9
^ 6 9 kDa

^ 4 6 kDa

-^ 3 1 kDa

Figure 4.4b Labelling of 
purified baculovirus CREB:

50ng of purified CREB was 
labelled with 32p using cPKA 
as described in Chapter 2 and 
a small amount analysed by 
SDS-PAGE to check for the 
absence of contam inating  
fa c to rs  in th e  p rob e  
preparation.



Figure 4.4c
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Figures 4.4c and d Far Westerns on cell extracts using 
BVCREB phosphorylated with ^2p on Ser133:
Far Westerns were carried out as described in Chapter 2 using 

SOpg each of nuclear or cytoplasmic extract. Figure 4.4c contains 
only nuclear extracts. The CREB labelled on Seri 33 as shown in 
figure 4.4b was used as probe.
U, UF9 cells. D, DF9 cells, cyt, cytosolic extract, nuc, nuclear 
extract. Sizes shown in kDa.



This observation was disappointing in view of the discovery at about 
this time of CBP (CREB Binding Protein, see Chapter 1) (Chrivia et a!., 1993), a 

250 kD factor which the authors showed (by Far Western) to interact 

specifically with the Seri33-phosphorylated form of CREB and which has 

since been shown to behave as a transcriptional co-activator of CREB (Arias et 
al., 1994; Kwok et al., 1994). It is clear from figure 4.3c that a CREB-interacting 

band of a similar mobility to CBP can be detected with CREB phosphorylated 

on an artificial site. Is it possible that the PKA site in the pGEX-2TK vector can 

partially substitute for the endogenous CREB site when located upstream of 
the basic and leucine zipper regions? This seems unlikely, given the co
dependence of the KID (Kinase Inducible Domain) and glutamine-rich 

domains of CREB seen in transcriptional activation (Brindle et al., 1993; 
Gonzalez et al., 1991). However, should it transpire that the phosphorylation- 
dependent and KID-mediated interaction of CREB with CBP is in fact the 

principle mechanism involved in transcriptional activation by CREB then it 
would perhaps be less surprising if a KID-like domain were alone able to 

maintain a CBP-interaction. This has not been tested directly, but the recent 
reporting of an interaction between phosphorylated Jun protein and CBP 

(Arias et al., 1994) suggests that CBP may interact with a wide variety of 
phosporylated targets. No interacting factor larger than 100 kD was detected 

when GSTCREB(197-341) lacking the PKA site was used as probe in figure 

4.1c, however figure 4.2d shows that a factor in this size range can be detected 

with GST-2TK-CREB(197-341) that has not undergone phosphorylation at any 

site. In conclusion, the precise nature of the interaction of CREB with this -200  
kD factor is ambiguous.

Perhaps of greater interest in figure 4.4c are the differences in the 

interactions detected between the different cell types tested. UF9, C 0S 7  and 

HeLa cells show the cAMP non-responsive phenotype, whilst JEG3 cells share 

the DF9 responsive phenotype. The most pronounced difference is the 

apparent absence of the -200  kD product in HeLa nuclear extracts. Lack of this 

factor is not sufficient to account for the cAMP non-responsiveness of HeLa 

cells, however, since it is present in the other non-responsive cell extracts. The 

70 kD factor is detected in UF9 and C 0S 7 extracts but not in HeLa extract. A 

factor of the expected mobility for ATF-1  is detectable in HeLa and UF9 extracts 

as expected, but not in C 0S 7 extracts, and CREB appears to be detectable in 

all of the extracts. These results are interesting in that there are clear cell- 

specific differences between the interactions detected, however they also 

suggest that cAMP responsiveness cannot be correlated with any single 

change in the protein-protein interactions detected by Far Western analysis.
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Figure 4.4d confirms that all CREB interactions are nuclear and that the 

putative CREM product, which was not detected in figure 4.4c, does interact 
with Seri 33-phosphorylated CREB.

Given that no great differences were found between the interactions 

observed with bacterial or baculovirally-expressed CREB, the bacterial protein 

was selected as a probe for screening the F9 expression library described in 

Chapter 5, since this was available in larger quantities than the baculovirally- 
expressed CREB.

4.3 CREB expressed in vitro

The advent of in vitro translation systems supporting 17 or Sp6  RNA 

polymerase activities (Promega TNT systems) enables coupled transcription- 
translation from linearized DNA templates with strikingly uniform efficiency 

between related templates (that is, templates which share common control 
sequences and are of a similar length), since the stability of the RNA 

intermediates is internally controlled. We therefore investigated whether it 
might be possible to use CREB mutants synthesized in this way in order to 

study the leucine zipper-specificities of interactions seen by Far Western 
blotting. CREB(197-341) sequences were cloned into the pT7p vector (Norman 

et al., 1988), which includes a 50bp sequence from the human p-globin 5'UTR 

immediately upstream of the translational start site of the vector creating an 
optimal context for efficient translation from this start site. pT7pCREB constructs 

were linearized by digestion with Xbal and translation reactions in wheatgerm 

lysate carried out according to the manufacturer's instructions. Measurement of 
the incorporation of L-[35S]-methionine demonstrated a yield of 80ng of protein 
per 50|il reaction. It was found that the proteins generated in this way could 

indeed be used for Far Western blotting, since all of the factors detected in 

previous figures and discussed above are detectable with the wild-type 35g_ 

CREB probe (fig4.5). It was found, as in some previous experiments, that the 
strengths of interactions observed does decrease severely even for the single 

L2V mutation in the leucine zipper. However, the interactions with proteins 

over 100 kD are not leucine zipper-dependent (fig4.5) and are resistant even 

to the L23G mutation, which is predicted to destroy the amphipathic helix 

altogether. This is somewhat surprising since the CREB C-terminal fragments 

used lack all but a small portion of the 0 2  activation domain; leucine zipper- 

independent interactions, where they occur, might be predicted to occur 
through the activation domains, as is the case for the interaction with CBP.

94



Figure 4.5 Use of ^^S-labelled CREB made in vitro 
to probe F9 extracts in Far Western blots:

Plasmid templates encoding the CREB mutants indicated were

translated in wheatgerm lysate (50pl reactions) and 1pl of each 
reaction analysed by SD S-PA G E for 35g_m ethionine

incorporation. 5pl of each reaction was subsequently used to 
probe extract from undifferentiated F9 cells as described for Far 
Western blotting except that autoradiography was carried out at 
room temperature on dried filters.
U, D undifferentiated, differentiated F9 extracts. 0 , baculovi rally 
expressed CREB. M, rainbow markers.
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The discovery that proteins made in vitro with relatively little effort 
could be detected interacting with factors in extracts prompted us to attempt 
screening an expression library, where interacting factors would be available 

for detection at far higher concentrations, by this method (see Chapter 5).

4.4 A putative CREB-related product in F9 cells is 
probably not p97

Western analysis of F9 extracts using an antibody raised against a 

C-terminal peptide of CREB (CLKDLYSHKSD) appeared to show the 

existence of a product immunologically related to CREB and of approximate 

size 100 kD (see figure 4.2d). The appearance of the 100 kD band was specific 

to the immune serum, and could be competed for with C-terminal peptide at a 

concentration 10-fold that required to abolish recognition of (45 kD) CREB 

(data not shown). In order to investigate this observation further, we obtained a 

second anti-CREB antibody from Dr G. Schütz (Heidelberg) and used it to 

analyze extracts from various cell lines for the presence of this product (pi 0 0 ). 
W e probed a portion of the gel with our own antibody in order to compare 

directly the results obtained with the different antibodies, and the result is 

shown in figure 4.6a. The antibody provided by Dr Schütz is raised against a 
peptide in the KID domain of CREB (residues 136-149 of aCREB), far from the 

C-terminus, and thus the apparent detection of p i 0 0  by both antibodies 

strongly suggests that p i 0 0  may correspond to a bona fide CREB-related 

factor, p i 00 is observed only in F9 extracts and it undergoes a down- 
regulation upon differentiation. It did not escape our notice that this pattern of 
expression is reminiscent of that seen for the Far Western-detectable factor 
p97 described elsewhere in this chapter. However, comparison of extracts run 

on the same gel and probed by the two different methods suggests that the 

mobilities of p97 and pi 00 are not identical (see figure 4.2d, and data not 
shown). Moreover, whereas p97 is clearly detectable in all extracts studied, 
albeit at varying levels (fig4.4c), pi 00 could not be detected in JEG3 or HeLa 

extracts (fig4.6a).

The identity of p i 00 remains to be established. W e have 

demonstrated by altering the composition of reducing agents in the sample 

loading buffer that p i00 is not the result of a covalent dimerization of CREB, 
since there is no alteration in the products seen by Western (data not shown). 
The differing affinities for CREB and p97 of the anti-C-terminal antibody, and 

the observation that the two antibodies show different relative affinities for p45
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Figure 4.6a Western analysis of nuclear extracts with 
antibodies raised against two different CREB peptides:

30|ig of each extract was subjected to SDS-PAGE and transfer as 
described in Chapter 2 and the resulting filter divided for Western 
analysis using antibodies raised against the peptides indicated. 
Anti-CREB(136-149) was a gift from the laboratory of G. Schütz. 
Extracts are all nuclear. BVCr, baculovirally expressed CREB.
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Figure 4.6b Detection of CRE-binding activities In F9 cell 
extracts by South Western analysis:

Extracts were prepared as In figure 4.6a. The resulting filter was 
divided into two panels and one was probed with the 
anti-CREB(329-341) antiserum. The other was hybridised with 
2x10®cpm32p-iabelled fibronectin CRE, prepared as described in 
Chapter 2, for two hours at room temperature in 10mM Tris pH7.5, 
50mM NaCI, 1mM EDTA, 1mM DTT. Two exposures of this 
second panel are shown; the one on the far right is overexposed. 
All extracts are nuclear. U, D, Cr, as before.
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and p100 (fig4.6a), also argue against the two products being so closely 

related. Figure 4.6b shows the result of South Western analysis of F9 extracts, 
which suggests that p1 0 0  (at least, as a monomer or a homodimer) does not 
bind to a CRE - although there remains a possibility that pi 00 could bind the 

CRE as a complex with an unknown factor(s). The factor detectable as a CRE- 
binding activity in DF9 extracts is somewhat smaller than 100 kD and may be 

ATF-2. Given that CREB covers a very large area of the genome (1 Ikb), only a 

small portion of which has been sequenced, it seems likely that further exons 

in addition to the eleven already described will be identified. Therefore it is 

possible that p97 represents an isoform of CREB. PCR analysis of the F9 cDNA 

library described in Chapter 5, however, failed to reveal the existence of 
products related to CREB at primary sequence level. This may be due to a 
deficiency on the part of the library (as discussed in Chapter 5), or it may 

indicate that p97 is the product of a different, if related, gene.

The existence of a CREB-related pi 00 has also been mentioned by 

at least one other group (Weston and Greene, 1992). This group finds that 
Western analysis of tissue extracts from the developing mouse palate reveals 

both CREB and an immunologically related p i00, which in their report binds a 

CRE in a South Western blot.

4.5 Discussion

4.5.1 The limitations of Far Western biotting
The results of the Far Western assays discussed in this chapter are 

difficult to interpret. In some cases, interactions appear to vary between 

experiments more than might be expected through the use of probes differing 

only in the method used to label them. More of a problem is the difficulty 

experienced in picking out the CREB-CREB interaction by Far Western 
analyses, since the South Western and Western analyses shown in figures 

4.6a&b show that it is possible to detect CREB in F9 extracts, with great 

sensitivity. This being the case, it might be concluded that the Far Western is a 

non-sensitive assay, or that the interactions observed are much stronger than a 

CREB-CREB interaction, or that CREB interacts in the nucleus with 

components that are very abundant.

It seems probable that lack of sensitivity will remain a problem for 
users of the Far Western assay. However, the validity of the results seen 

cannot be dismissed. In particular, the leucine zipper-dependence of many of 
the observed interactions confirms their credibility. The variations seen 

between cell lines also argue against non-specific interactions with abundant 
proteins.
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4.5.Ü Information obtained by Far Western blotting
Despite the possible limitations described above, it has been 

possible to use Far Western blotting to establish the existence of a repertoire of 
factors with which CREB can interact in nuclear extracts (fig4.7). The precise 

complement of interacting factors present varies between extracts from 

different cell types, confirming that protein-protein interactions could represent 
a mechanism for cell type-specific variations in the behaviour of CREB. 
Several, but not all, of the observed interactions can be shown to depend on 
an intact leucine zipper. Chapter 5 describes the use of Far Western blotting to 

clone several CREB-interacting factors.

4.5.lii In vivo relevance of interactions observed by Far 
Western blotting

Although the precise identity of the CREB-interacting factors is 

speculative, they number amongst them factors with mobilities, expression 
patterns and leucine zipper-dependence similar to CREB, ATF-1, CREM and 

ATF-2. The recent identification of a family of large factors behaving as 
transcriptional co-activators, at least one of which (CBP) interacts with CREB 

(Arany et al., 1994), confirms that CREB can indeed interact with factors of low 

mobility (approximately 250 kD). However it is not clear whether CBP is one of 
the factors observed in this chapter, since it would not be predicted - based on 

its known properties - to interact with most of the probes used (see section 

4.2 .ii). A further candidate for a factor of low mobility making a leucine zipper- 
independent CREB-interaction, based on a recent report (Kroll et al., 1993), 
may be topoisomerase II. Topo II has a mobility of 170 kD, and although it 
contains a putative leucine zipper, this is reported not to be involved in the 

interaction with CREB.

Our experiences in purifying GSTCREB from bacteria have 

demonstrated that CREB behaves in vitro as a 'sticky' protein, and that this 

property resides in its leucine zipper. This is shown, for instance, by the far 
readier elution of GSTCREB(L1234V) from glutathione agarose as compared 

to the behaviour of the wild-type GST-fusion (fig4.3b). It is interesting to 

speculate on whether this property of 'stickiness' also characterizes CREB  

interactions in vivo, or whether in the protein-rich environment of the nucleus, 
CREB is as highly selective in its interactions as models for the behaviour of 
transcription factors currently suggest. The interaction of CREB with Topo II 

may be an example of the ability of CREB to make non-selective interactions 

within the nucleus. If CREB does behave in this manner in vivo, then the 

problems described in using the Far Western assay to study the behaviour of
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Figure 4.7 Summary of interactions observed between CREB and factors 
in cell extracts:

The interactions discussed in Chapter 4 are all listed, and the particular interactions 
observed in each figure are indicated. The CREB probe used to generate each figure 
is also described. The relative strengths of the interactions detected are indicated (+, 
++, +++), although it is not known in all cases whether this is a measure of variations in 
the affinity of factors for the CREB probes, or of variations in the abundance of the 
interacting factors. Abbreviations used in the table are explained below.

interacting
factor figure 4.1c figure 4.2d figure 4.3c

figures
4.4c&d figure 4.5

LZ-
dep

possible
identity

p30 & p35 ++ ++ + + yes 7CREM
p40 + + + yes ATF-1
p45 + + + yes CREB

p70-80 + + + + yes 7CREB
2

p97 + + ++ +++ + no 7
plOO-
2 0 0 +

+ + + + + + + + no 7Topo II 
7CBP

CREB
probe
used

GSTCREB- 
C, labelled 

by
iodination.

GSTCREB-
C

containing 
PKA tag, 

unlabelled.

CREB-C 
from 

thrombin 
treatment of 
GSTCREB- 
C, labelled 
on PKA tag.

full-length 
CREB (BV), 
phospho- 

labelled on 
Seri 33.

CREB-C 
synthesized 
in vitro (WG) 

with 
incorporation 
of labelled M.

method of 
detection 125|

anti-CREB
antibody,

ECL.
32p 32 p 3 5 s

LZ-dep, leucine zipper dependent 
CREB-C, CREB(197-341)
BV, baculovirally expressed 
WG, expressed in Wheatgerm lysate 
M, methionine



CREB may not be inherent to the assay, but may be a genuine reflection on the 

properties of CREB.

4.5.iv Methods for examining interactions occurring in vivo
In an attempt to investigate CREB interactions under conditions more 

comparable to those existing in vivo, epitope-tagged versions of CREB (wild- 
type and mutant) were transfected into C 0S 7 cells. The cells were in vivo- 
labelled with L-[35S]-methionine and immunoprécipitations were carried out on 

the resultant extracts using an antibody directed against the epitope tag. 
However, the transfected DMA was not expressed to a high enough level for 

detection by immunoprécipitation (data not shown). Given that it was not 
possible to identify interactions occuring in whole cells, an attempt was made 

to identify CREB interactions occurring in native cell extracts, by incubation of 
in V/VO-labelled extracts with immobilized GSTCREB(197-341), but it was 

found impossible to identify any specific interacting factors in F9 extracts by this 

method (data not shown). Thus neither of the assays attempted was able to 

confirm that interactions made by CREB with immobilized factors can also 

occur in solution.

An alternative assay for in vivo protein-protein interactions which has 

enabled the cloning of many factors through their interactive properties is the 

yeast two hybrid assay (reviewed recently in (Fields and Sternglanz, 1994)).
This commonly relies on use of the 'bait' (in this case CREB) hybridized to a 

heterologous DNA-binding domain in order to 'capture' interacting factors from 

a library expressed in tagged form. The tag is an activation domain (frequently 

GAL4 or VP 16) and thus interaction is detected as activation of transcription of 
a LacZ reporter gene. However, the presence of CREB-like factors in yeast 

suggests that a CREB hybrid might show activity in the absence of 
contributions from the second hybrid, and no successful interaction screening 

for CREB by this method has been published to date.

Information regarding the interactions made by CREB in vivo 

remains elusive and we propose that this is due to those properties of CREB 

which make such interactions difficult to monitor.
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Chapter 5 Cloning of factors that interact 
with CREB

Data shown in the previous chapter demonstrated that the Far 

Western assay can be used to identify interactions between CREB and factors 

present in cell extracts. This chapter will show that the same assay could be 

used to clone factors interacting with CREB. Some interactions known to occur 
within the cell (such as CREB with CREB) were only poorly detected in extracts 

(see figs4.1c, 4.2d, 4.3c, 4.4c), presumably because endogenous levels of the 

target proteins are too low. This suggests that screening of an expression 

library, in which high densities of protein are generated from individual clones, 
should reveal not only those interactions poorly observed in Chapter 4 but 
might also reveal some not previously characterized at all. This chapter will 
describe both an attempt to clone interacting factors present in F9 cells and the 

successful cloning of such factors from a human cDNA library.

5.1 .Construction of an F9 cDNA expression library

5.1 .i Choice of vector
The vector chosen for this purpose was derived from the pUEX1 

vector ((Stanley and Luzio, 1984), Amersham) and modified to include BstXI 
cloning sites (pUEXS, gift from S. Whiteside, figS.la). The pUEX series of 
vectors express cloned sequences in E .C oli as p-galactosidase fusion 

proteins, under the control of the bacteriophage lambda P r promoter and in a 

temperature-sensitive manner. At 30°C, transcription from Pr is repressed, as 

in the lysogenic bacteriophage, by the presence of cl857, a temperature 

sensitive mutant of the repressor which is expressed from the adjacent Prm 

promoter. Thus at this temperature there is no expression of potentially toxic 

products and no selective disadvantage to host cells. Expression of cloned 

sequences is achieved by shifting the incubation temperature to 42^0 , a 

temperature at which the mutant repressor is no longer functional. There are 

various advantages to using a plasmid expression vector in place of the more 
common X phage vectors. These include ease of manipulation - in particular 

the ease with which sequences can be recovered from the vector - and the 

screening of bacterial colonies at higher density than is possible with phage 

plaques.
The use of single cloning sites, such as those present in the pUEXI 

vector, can give rise to high background levels of religated, empty vector. 
pUEXS was designed to give an improved yield of insert-bearing clones in the
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Figure 5.1a pUEXS expression vector

Pvul
P(RM)

CI857AmpR
P(R)

cropUEXS

6.70 Kb
Lad

LacZ
STOPS

Ncol
Sali

PstLSall.BstXI.BamHI.BstXI.Smal

pUEXS was derived from pUEX1 (Amersham) by the insertion of two 
BstXI sites (Whiteside, 1992) into the cloning polylinker and the mutation 
of the unique BamHI site of pUEXI into a Sail site. 
pUEXSCREB(132-341) was constructed by cloning a Stul/fi - PstI
fragment from a partial digest of pJBQCREB (gift from D. Benbrook and 
N. Jones) into BamHI/fi - PstI of pUEXS.
pUEXSATF-1 (57-271) was constructed by cloning BamHI - PstI from 
pJ6QATF-1 (gift from D. Benbrook and N. Jones) into BamHI-PstI of 
pUEXS.
/fi = site filled in with Klenow enzyme.

F ig u re  5 .1 b  Cloning into paired BstXI sites

CCANTGTG^NTGG - 'staffer fragment' - CAANCACA^NTGG 
GGTN^ACACNACC - 'staffer fragment' - GTTN^GTGTNACC

vector

CCANTGTG
GGTN

BstXI

NTGG
GTGTNACC

t
These ends are;
1 ) incompatible for religation 
and 2 ) require only one type 
of linker sequence for 
cloning into them.

CTCTAAAG pnMA CTTTAGAGCACA 
ACACGAGATTTC ' ' GAAATCTC

linkered cDNAs



final library preparation. The properties of restriction enzyme BstXI, which can 

recognize half-sites separated by non-palindromic sequences to give a 

variable 3' overhang (CCANNNNN'NTGG), means that if two identical, non- 

palindromic sites are placed in inverse orientation then the ends produced 

after digestion are incompatible (figS.lb). This reduces the proportion of 
religated vector in the library ligation reaction described below. Fragments 

bearing identical BstXI adaptor linkers at each end will be ligated into the 

vector with high efficiency. Furthermore the additional BamHI site located 

between the two BstXI sites in pUEXS enables elimination (by BamHI 
digestion) of background non-recombinant clones which would arise from 

cleavage at one of the BstXI sites only.

5.1 .ii cDNA synthesis
Total RNA was prepared from a 10cm dish of confluent F9 cells as 

described in Chapter 2. Im g of F9 total RNA was selected on oligo-dT 
cellulose, as described in figure 5.2, to yield 5pg of poly-A+ RNA which served 

as template for the synthesis of cDNA using the cDNA Synthesis Plus Kit 
(Amersham, according to manufacturers instructions). A small amount of 
(x[32p]_dATP was incorporated into the first strand synthesis and this made it 

possible to size-fractionate the final product following synthesis of the second 

strand and prior to ligation with the BstXI adaptors. This step is an important 
precaution against preferential reaction of the adaptors with short cDNAs (i.e 

those less than 1 0 0  base pairs in length) and was carried out as follows:

5.1.iii Preparation of cDNA for cloning
A 5% -20%  continual potassium acetate gradient containing 2mM 

EDTA and 1|ig/ml ethidium bromide was set up in a 5ml polyallomer 

ultracentrifuge tube (Beckman) using a gradient maker. The gradient was 
overlaid with the double-stranded cDNA in a volume of lOOpI TE and the tube 

spun at 50000 rpm on a Beckman SW55 rotor in a Beckman L8-80 Preparative 

Ultracentrifuge. After 3 hours of centrifugation, 0.25ml gradient fractions were 

collected from the bottom of the tube by puncturing it with a 23g needle. 
Fractions were ethanol precipitated in the presence of lOpg glycogen 

(Boehringer), resuspended in TE, and 1/10 of each fraction run on a 1% 

agarose gel (fig5.2). Fractions showing a fragment size of less than 500bp 

were discarded. The remainder were pooled to give one pool of cDNAs greater 

than Ikb  in length ('BIG' pool) and another comprising the cDNAs smaller than 
Ikb but larger than 500bp ('SMALL' pool).

Phosphorylated BstXI adaptors were ligated to the cDNA pools and 

then the reaction mixture was phenol extracted, ethanol precipitated and
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Figure 5.2 Size selection of F9 cell cDNA;

cDNA was synthesized from F9 polyA+-selected RNA as 
described in the text. PolyA+ -selection was carried out as 
follows: Img of total RNA was heated in water to 680C then 
made up to 10ml in SOOmM NaCI, 20mM Tris-HCI pH7.6, ImM  
EDTA, 0.1% SDS. 1ml dry volume of oligo-dT cellulose type 
VII (Pharmacia) was hydrated and washed in the same buffer 
before adding to the RNA. Following an hour-long incubation 
during which the supernatant was removed and reheated to 
680C before cooling and adding back to the oligo-dT cellulose, 
the slurry was poured into a plugged pasteur pipette and 
washed extensively in buffer. PolyA^-RNA was eluted using 
lOmM Tris-HCI pH7.5, ImM EDTA, 0.05% SDS, in fractions 
recognizable by their OD2 6 0  •
The cDNA synthesized from the purified polyA+ -RNA was 
spun through a KOAc gradient as described in the text. 
Successive 0.5ml fractions were pulled from the bottom of the 
gradient and following precipitation of the products, 1/10 of 
each fraction was analysed by electrophoresis through 
agarose, and autoradiography. Labelled markers were made 
by treating kb ladder (Gibco) with Klenow enzyme in the 

presence of a[32 P]-dATP.



purified on a MACS (BRL) ion exchange column (according to the 

manufacturers' instructions) in order to remove all excess unligated adaptor.

5.1.iv Preparation of vector and iigation to cDNAs
200 pg of plasmid pUEXS was digested overnight with 100 units 

BstXI (New England Biolabs) and overlaid on a potassium acetate gradient as 

described above. Following centrifugation, the gradient was examined under 
long wave (SOOnm) UV illumination. The linearized plasmid was seen to have 

migrated approximately 2/3 the length of the tube and was removed with a 1ml 
syringe and 21 g needle and precipitated with ethanol.

Aliquots (200ng) of the prepared vector and cDNA pools were 

ligated in varying ratios until an efficiency of 90% ligation of insert into vector 
was achieved. The ligation mixture was then phenol extracted and precipitated 

and extensively washed in 70% ethanol to remove all traces of salt in 

preparation for electroporation. Electroporation using a Bio-Rad Gene Puiser 
was the method chosen for high efficiency transformation of E. coli with the 

library ligation, and was carried out according to the following protocol:

5.1 .V Library transformation
To prepare electrocompetent E. coli, a single colony of the SCS-1 

strain was streaked out onto an LB-agar plate and incubated overnight at 
3 7 OC. The plate was eluted into 100ml of L-Broth, which was incubated at 

3 7 OC with vigorous aeration until the ODeoo of the culture reached 0.4. The 

culture was chilled in an iced water bath for 20 minutes and harvested by 

centrifugation at lOOOg. The pellet obtained was washed in successive 

volumes of Im M  Hepes-KOH pH7.0 corresponding to 1x, 1/4x, and 1/1 Ox the 

starting culture volume and finally resuspended in 1/25x volume of sterile 

water and stored on ice. Electrocompetent bacteria were prepared fresh for 
each transformation since the freeze/thaw process results in a ten-fold 

decrease in transformation efficiency (Whiteside, 1992). Electroporation was 
carried out exactly as described in the manufacturer's instructions for the DH5a  

strain of E. coll.. Transformation efficiencies of more than lO^o colonies per îg 

of plasmid DMA were routinely achieved using these conditions.

5.1 .vi Library storage
For the purposes of electroporation, and to minimize losses due to 

arcing should any traces of salt be present in the samples, the ligation mixtures 

were split into 10 aliquots. Each transformed aliquot was then spread onto 5 x 

10cm LB/1.5% agar ampicillin plates and incubated overnight at 37°C . From 

the numbers of colonies obtained it was possible to estimate that the library

107



consisted of a total of 2  million clones; 0.5x10® clones from the BIG cDNA 

ligation (average insert size 1.4kb) and 1.5x10® clones from the SMALL cDNA 

ligation (average insert size 0.9kb). Colonies were eluted from the plates into 

pools of 1 0 ml LB-ampicillin (10 pools for BIG library and 5 for SMALL). Plasmid 

DNA was prepared from 1ml of each pool and stored at -20OC, the remainder 

of each pool was stored as several aliquots at -7 0 % .

5.2 Expression screening with CREB made in bacteria

In order to carry out a test screen by the Far Western method, both 

CREB and ATF-1 were subcloned into the pUEXS vector, as described in 

figure 5.1a. Figure 5.3 shows that the LACZ fusion protein inducible at 42°C  in 

a culture transformed with pUEXSATF-1 , but not with pUEXS, is able to interact 
with CREB in a Far Western assay. However, it was also necessary to show 

that this interaction could be reproduced under the conditions of a screening 

protocol, where the fusion proteins are induced on filters rather than in culture.

5.2.1 CREB interacts with itself and with ATF-1 in a test 
screen

Filters for a test screen were prepared from bacterial cultures 

transformed with pUEXS, pUEXSATF- 1  and pUEXSCREB: The cultures were 

grown to stationary phase at 3 0 %  and then used to generate serial dilutions of 
the pUEXSATF-1- and pUEXSCREB- containing cultures in that containing the 

vector only, to give final dilutions of 1:10, 1:100 and 1:1000. These cultures 

were then plated out at a density of 200cfu per plate and left to grow at 30°C  

until colonies were just visible to the naked eye (16 hours). Colony lifts were 

taken using Hybond-C Extra filters (Amersham) and these incubated on fresh 

agar plates at 4 2 °C  for 2  hours to induce expression. The filters were 

processed for screening by the chloroform-lysozyme method described in 

(Sambrook et al., 1989) and then probed with ®2p.|abelled C R EB (197-341) 
expressed from the pRKGEX vector (fig4.3a) and prepared as described in 

Chapter 2. Hybridization and wash conditions may also be found in Chapter 2.

Positive colonies were observed at the frequencies expected by 

serial dilution (fig5.4a): That is, approximately 10-fold more apparent positive 

colonies from the 1 : 1 0  dilutions than from the 1 : 1 0 0  dilutions and less than one 

per plate from the 1:1000 dilutions. To further confirm that these positives were 

genuine, 1 colony was picked from the CREB 1:10 plate for a further round of 
screening, and was subjected to both Far Western and South Western analysis 

(fig5.4b). The three positive colonies indicated in figure 5.4b were picked and 

sequenced and found to contain pUEXSCREB. The background seen on the
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Figure 5.3 CREB can interact with a LACZATF-1 fusion 
protein expressed in bacteria:

Bacterial cultures transformed with pUEXS or pUEXSATF-1 and 
grown at 30^C  were induced by shifting the growth temperature to 
4 2 OC (at 0 hours). 1ml aliquots of each culture were removed at 0,1 
and 2  hours, and the bacteria in each aliquot harvested and boiled 
in sample buffer. Following SD S-PA G E, the extracts were 
transferred to nitrocellulose as described in Chapter 2 and probed 
with the 32p_iabelled bacterial CREB fragment prepared from the 
pRKGEX vector (fig4.3).
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Figure 5.4a A test screen for CREB-interacting factors:

Plates were prepared with various numbers of LACZ-CREB or 
-ATF-1  -expressing colonies as described in the text, and filters 
prepared from these plates were probed as in figure 5.3.
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Figure 5.4b Secondary screening of positive test 
clones by South- and Far-Western analysis:

The positive colony marked in figure 5.4a was picked from the 
plate and re-plated, and a filter lift taken as in the primary 
screen. One half of the filter was re-subjected to Far Western 
hybridisation with^^P-CREB as in the primary screen, and the 
other was hybridised with end-labelled fibronectin CRE as 
described in the legend to figure 4.6b. The three positive 
colonies are indicated.



side of the filter probed by Far Western is due to non-specific interaction with 

every colony, but did not prevent correct identification of the positive colony.

5.2.ii CREB did not interact with any oDNA product 
expressed in the F9 library

Despite the tests described above, showing that the proposed 

screening method was technically feasible, we were unable to clone any 

CREB-interacting factors from the F9 cDNA libraries constructed for the 

purpose. One million clones from the BIG library and 1.5 million from the 

SMALL were screened but none of the putative positive clones selected after 
one round of screening survived a second round. It seems most likely that this 

failure was due to the nature of the library used. More recent work from another 

laboratory ((Ruppert et al., 1992), (Cole et al., 1992)) has demonstrated that the 

CREB mRNA in UF9 cells is almost exclusively 7kb in length (whereas shorter 

forms predominate in other cell lines), with a 3'UTR greater than 3.5kb. Thus it 
might be predicted that an F9 cell cDNA would need to be larger than 4kb in 

order for its product to interact with recombinant CREB. It is possible that the 

coding region of CREB (and any novel isoforms) is simply not represented in 

an oligodT-primed library made from F9 cells and with an average insert size 

of 1.4kb. PCR analysis of the F9 cDNA library confirmed that CREB clones 

present in the library extended 5' only as far as the sequence between 

leucines 2 and 3 of the leucine zipper (data not shown).

5.3 Cloning of CREB-interacting factors using CREB 
made in vitro

Since the use of libraries made from randomly primed poly-A+ RNA 

can facilitate the cloning of cDNAs with extensive 3' non-coding sequences, a 

[random+oligodI]-primed Xgtl 1 library was obtained from Clontech. No such 

F9 cDNA libraries are currently available; the human library (Clontech 

HL1034b) selected in its place was made from normal tissues surrounding the 

colon cancer of a male patient and consists of 1.3x10® independent clones, 
95% of which are recombinant and bear inserts of average size l.ikb . Routine 
manipulations of Xgtll were carried out as described in Chapter 2.

5.3.1 The vector
Lambda phage is favoured as a vector for the transmission of foreign 

DNA into host strains of E. coli. 40% of the lambda genome is redundant and 

up to 105% of the wild-type length of lambda DNA (48kb) can be packaged 

into infective particles, which in the case of replacement vectors means that
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Figure 5.5 The lambda gt11 cloning vector:

Figure details taken from Huynh et a!., 1985.
The human colon library is cloned into the EcoRI site.

EcoRI
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insert sizes of 25kb are possible. Lambda gt11, like the pUEXS vector 

described above, bears the E. coli LacZ gene; but in contrast to the plasmid 

vector its expression is under the control of its native Lac operon promoter. 
cDNAs of up to 7.2kb in length, inserted into the unique EcoRI cloning site 

found 53bp upstream of the LacZ termination codon, are expressed as highly 
stable fusion proteins with p-galactosidase (fig5.5). A host strain (Y 1090) 

expressing high levels of the Lad repressor is protected against the possible 

expression of toxic fusion products until expression from the LacP promoter is 
initiated by inactivation of the repressor with IPTG. Additional features of Xgt11 

are a deficiency in the Ion protease (ninS) which serves to further stabilize the 

fusion proteins and the temperature sensitive cl857 repressor (inactivated at 
420C to bring about the lytic cycle).

5.3.Ü The primary screen
The library supplied was titred by plating onto a lawn of E. co//Y1090  

as described in Chapter 2. Twenty 150mm plates were then prepared, at a 

calculated plaque density of 5x104 per plate, to enable the screening of at 
least 9x10® independent clones. The plates were inverted and incubated at 
42°C  and Hybond-C Extra (Amersham) membranes/filters were impregnated 

in lOmM IPTG and allowed to dry at room temperature. After 3-4 hours at 420C  

plaques were just visible, and each plate was overlaid with one of the 

prepared filters for further incubation, at 370C. Four hours later the filters were 

removed and replaced with a second set, and the 37°C  incubation repeated 

for 6 hours to generate a duplicate set of filters.
The first set of filters was washed and blocked for 2 hours in 10% 

Foetal Calf Serum, essentially as described in (Sambrook et al., 1989), and 

are referred to as 'UNtreated'. The second set was blocked overnight in HBB 

(see 2.3.vi) with 5% milk, Im M  DTT, 0.05% NP40 and then subjected to the 

guanidinium hydrochloride denaturation-renaturation protocol also described 

in Chapter 2; these are referred to as REnatured. All 40 filters were hybridized 

overnight at 4^C with a CREB probe made in Wheatgerm TNT^M (Promega) as 

used to generate figure 4.5; L-p^Sj-methionine was incorporated into a 400pl 

TN T reaction containing 50% Wheatgerm extract as described in the 

manufacturer's instructions and dispersed into Hyb-75 (section 2.3.vi) to give a 

final probe activity of 2.5x10^ cpm/ml. The filters were washed, air dried for 2 

hours and exposed directly onto film for 10 days at room temperature. Twenty- 
three putative positive clones were counted, and the ten clones giving rise to 

the strongest interactions were selected for a second round of screening.

Of these ten strongest positives recovered in the primary screen, six 

had been identified on both filters of a duplicate set, three on a REnatured filter
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Figure 5.6a The behaviour of clones selected for a second round
of screening

lOscreen 20screen
clone untreated renatured untreated renatured LZ-

dependent?
5-1 yes yes + ++++ yes
8-1 yes yes ++ ++ yes
12-2 yes yes + ++ yes
14-2 yes yes + +++ yes
18-1 yes yes +++ +++ yes
19-1 yes yes - - n/a
14-1 no yes - + n/d
16-3 no yes - + n/d
20-1 no yes - - n/a
16-1 yes no ++++ +++ yes

untreated and renatured filters prepared as described in the text 
LZ, leucine zipper
+(1-4) indicate strength of interaction observed 
n/d, not determined 
n/a, not applicable
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Figure 5.6b Secondary screening of clone 16-1 :

Filters prepared from positive ^gtl 1 clones replated at a plaque 
density of 500 pfu/150mM plate were divided into three sections 
and these were treated as described in the text and indicated next 
to the figure. The result obtained for the 16-1 clone only is shown; 
results from other clones are summarized in figure 5.6a. Positive 
plaques are all indicated with arrows. Other spots were created in 
order to align the filter on the plate. The plaque marked with the 
largest arrow was that selected for further work, 

wt, ALZ, in wfrotranslated CREB probes.



only and one on its UNtreated filter only (see figure 5.6a). Thus not only does 

the preparation of duplicate filters aid the identification of positive clones, but 
treating them differently in preparation can allow identification of additional 

clones and also give some information about the interaction of probe with the 

fusion protein expressed from any particular clone. For instance, distinct and 

stable domains such as the leucine zipper seem to be capable of folding and 

refolding correctly in most sequence contexts and following most dénaturation 
prodedures (as demonstrated in Chapter 3), and by this reasoning, clones 

encoding leucine zipper proteins should be visible on both sets of filters. This 

is indeed found to be the case, since clones 8-1, 12-2 and 18-1 all possess 

leucine zippers (as described in 5.4.i and ii). Where a clone is detectable either 
on untreated or renatured filter alone, a variety of interpretations is possible. An 

interactive motif which is masked in the native LACZ fusion might be relocated 

to the surface when the protein is permitted by renaturation to adopt an 

alternative conformation. Alternatively, the fusion of target protein with LACZ 

might create an artificial interactive surface which is lost upon renaturation. The 

observation that many more clones were seen on renatured than untreated 

(native) filters might suggest that masking of interactions in the LACZ fusion 

does occur on untreated filters; however it was found that some of the clones 

identified in this particular category did not interact with CREB in Far Westerns 

when expressed (no longer as a fusion) in vitro. By contrast, the single clone 

(16-1) initially identified on the untreated filter only, preserved its interaction 

with CREB when expressed outside of the context of a LACZ fusion (fig 6.3).

5.3.iii The secondary screen
Phage were recovered as described in Chapter 2 from agar plugs 

corresponding to the clones chosen for further screening, titred and diluted to 

enable re-plating at a density of 300pfu/plate. These plates were treated in the 

same way as those of the primary screen except that a single set only of filters 

were prepared and their incubation time on the plates increased to 10 hours 

since the density of plaques screened was much reduced. Each filter was cut 
in half and one half was UNtreated. The other half was REnatured and then cut 
in half again. One of these quarters was probed with the wild-type CREB probe 

described above and the other quarter was probed with leucine zipper deletion 
mutant of CREB (ALZ). A typical result from this secondary screen is illustrated 

in figure 5.6b and the results for all ten clones tested are summarized in figure 

5.6a. Positive plaques were picked from each plate and were used both to 

make DNA preparations, as described in Chapter 2, and to make lysogenized 

phage.
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5.3.iv Making lysogens
The construction of bacteriophage lysogens, where the phage 

genome is integrated into the host genome and lysis is suppressed, permit the 
accumulation of large amounts of fusion protein from Xgt11 clones, suitable for 

further analysis. The method used was as outlined in (Sambrook et al., 1989), 
where the purified phage stocks are used to infect E. coli strain Y 1089 (high 

efficiency of lysogeny), and lysogenic clones are identified by their ability to 

grow at 30^0 but not at 42^0 (at which temperature c!857 repressor becomes 

inactivated, lysogeny can no longer be maintained and cell lysis occurs). 10- 

30%  of colonies obtained were found to be lysogenic clones. Individual 
lysogens were used to innoculate cultures incubated at 30^0  with vigorous 
shaking until they reached the mid-log phase of growth. Expression of p- 

galactosidase fusion proteins was then induced, by shocking the cultures at 
4 4 0 c  to inactivate the phage X repressor and adding IPTG to lOmM to

inactivate the host Lad repressor. After incubation of induced cultures for 1 
hour at 37°C , the cells were harvested and lysed into extraction buffer (50mM 
Tris-HCI pH7.5, Im M  EDTA, 5mM DTT, 50|ig/ml PMSF) by freeze-thawing in 

liquid nitrogen, followed by incubation with lysozyme (2mg/ml) for 15 minutes 

on ice. Lysates were made up to 3M NaCI, incubated and centrifuged at 
12000g (both steps for 30 minutes at 4®C) to remove insoluble proteins, and 
then dialysed against extraction buffer before being frozen in the presence of 
15%(v/v) glycerol. Technical details for this procedure were taken from 

(Sambrook et al., 1989).
Proteins made from lysogenized X clones were re-tested for their 

ability to interact with CREB in the Far Western assay. Figure 5.7 shows that, of 

the lysogens tested, only two gave rise to fusion proteins testing positive in this 

assay. However, upon examination of an SDS-PAGE gel run in parallel to that 
used for the Far Western assay and stained with Coomassie Blue for total 
protein content, it appears that the two lysogens testing positive correspond to 

the only two samples in which an inducible protein band of the right size is 

clearly visible. That is, most of the lysogens do not seem to be giving rise to an 

inducible fusion protein.
For ease of sequencing, and to enable further manipulations of the 

clones, lambda DNA was prepared from megaplaques of purified phage by the 

method in Chapter 2. The DNA was cut with EcoRI and the inserts purified and 

subcloned into the pT7link vector (T7plink, (Dalton and Treism an,
1992))(fig6.2a). Since the EcoRI sites of Xgtl 1 and T7plink are in the same 

frame, it was expected that all correctly orientated inserts would be expressible 

from the T7 promoter. This was found not to be the case: Manipulation of the 

reading frames for most of the clones in T7plink was required in order to
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Figure 5.7 Protein from lysogenised clones tested for 
CREB interactions:

Total protein extracts from bacteria expressing lysogenised clones

were prepared as described in the text. 30pg samples of each extract 
were loaded onto two gels in parallel for SDS-PAGE. One gel was 
transferred and subjected to a Far Western using 35 S-methionine 
labelled CREB probe as used in the library screen, and is shown in 
the upper panel. The other gel was Coom assie-stained for 
visualisation of total protein and is shown in the lower panel. The 
positions of the clone-specific Coomassie-stained bands presumed to 
give rise to the interactions seen in the Far Western are indicated. 
Specific bands could not be discerned in any other lanes of the 
Coomassie-stained gel.
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express them, indicating that the original clones may have been out of frame in 
A,gt1 1 , and suggesting an explanation for the apparent lack of fusion protein 

expressed from these clones when lysogenized. Upon sequencing, only 

clones 18-1 and 16-1, those giving rise to the LACZ fusion proteins seen in 
figure 5.7, were found to be in the expected frame; for other clones where the 

sequence is already known the frame can be guessed at; in some other cases 

it has remained impossible to definitively assign reading frames to unknown 

clones.
We conclude that those positive clones found not to have been in 

frame with LACZ in Xgtl 1 were cloned by virtue of their expression from an 

internal in-frame ATG. This internal initiation presumably occurs at far lower 
levels than those possible from the LacP promoter and indicates that the 

screening procedure is highly sensitive. Pronounced differences in the levels 

of expression of fusion- and non-fusion- clones may also explain why, for 
instance, the 16-1 clone behaves as a stronger positive in the secondary 

screen than the CREB clone 12.2.

5.4 Identification of CREB-interacting clones

For all of the clones tested as described in section 5.3.iv, the growth 
of infected Y 1090 at 30°C  but not at 42°C  indicated that X was correctly 

integrated (ie lysogenized) and that induction of LACZ fusion proteins should 

be possible. However only 16-1 and 18-1 products could be detected as LACZ 

fusion proteins. In the case of clone 5-1, induction of the lysogen caused 

immediate lysis of the infected culture, suggesting that the product is toxic. For 

the remaining clones, the likely alternative explanations were that LACZ 

fusions are expressed at levels too low to be detected even by Far Western 

analysis, or that LACZ is indeed expressed but that the cloned sequences are 

out of frame and so not expressed as fusions. Therefore all of the clones 

recovered from the secondary screen were investigated, including those which 

proved to be out of frame upon further subcloning, and it was indeed found that 

some of these 'out of frame' clones were genuine positives.

5.4.1 CREB and ATF-1
CREB and ATF-1 are the two most extensively characterized 

dimerization partners for CREB. Partial cDNAs for these factors were found to 

be encoded in clones 12-2 and 8-1, respectively. The cloned sequences are 

displayed schematically in figure 5.8. All sequences required for partner 

recognition and dimerization by CREB are known to reside in its C-terminal 6 6  

residues (Gonzalez et al., 1991; Yun et al., 1990) and ATF-1 is highly
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Figure 5.8 Clones 8-1 and 12-2 are ATF-1 and CREB

8 - 1 ,1.2kb
Séries

bZIP
(271)TAA

ATF-1

?700bp
3'UTR

1 2 -2, 0.8kb
Gin 105 Sérias

bZIP
(341)TAA 137bp

3'UTR

CREB1

ATF-1 and CREB are not drawn to scale.
Residues of CREB are numbered as for aCREB (CREB1-341), although 
the isoform origin of both cDNAs is unknown due to their partial nature, 
and the numbering should be regarded as arbitrary. Either cDNA could 
be derived from unknown isoforms.
Heavy arrows mark the regions of each clone sequenced.



homologous to CREB in its modular structure and presumed to have 

analogous sequence requirements for dimerization. Both of these sequences 

were cloned out of frame; following adjustment of their reading frames in the 

T7plink vector it was found that the partial cDNAs gave rise to translation 

products of the predicted size and that these interacted with CREB in the Far 
Western assay (data not shown).

5.4.Ü A human form of CREM
CREM is also predicted to dimerize readily with CREB, based on the 

identity the two factors share within the leucine zipper domain. Indeed, there 

was initial speculation that CREM and CREB might turn out to be alternative 

products of the same gene, but in fact it has been demonstrated that their 

genes are distinct (Meyer and Habener, 1992), and it seems likely that the 

CREM gene has arisen relatively recently as the result of a gene duplication 

event. CREM was initially identified in the mouse (Foulkes et al., 1991), where 
isoforms containing one or other version of the two DNA-binding domains 

(DBD I or II) were found to be expressed. Subsequently, cDNAs for human 

forms of CREM have been isolated and are present in sequence databases 

(Genetics Computer Group, 1991), but in all of these the DBD I is spliced out, 
as illustrated in figure 5.9b, so that DBDII only is expressed.

The cDNA encoded by clone 18-1 is presented in figure 5.9a and 

represents novel sequences for the human version of CREM Exon C. The 

novel sequences include those encoding the 3' portion of DBDI, and the non
coding region between the two DBD sequences, which is spliced out in the 

isoforms expressing DBDII. Comparison with the mouse sequences (fig5.9a) 
shows that sequence conservation in this non-coding region is high, 
suggesting that there is a functional dependence - presumably for correct 
splicing of DBDII - on much of this sequence, and not just on the splice 

acceptor site. Overall, primary sequence conservation between the mouse and 

human sequences is 75% in the non-coding region and 92%  in the 

(homologous) coding regions. Only two of the primary sequence differences 

translate into differences at the amino acid level (fig5.9c). These differences 

are the conservative Alanine (A) to Valine (V) change in the penultimate 

residue of the human DBDI sequence, and the addition of a Tyrosine (Y) 
residue to the end of the human DBDII sequence. However, it seems unlikely 

that any significance can be attached to these sequence differences, which 

occur where they probably do not impinge on the function of the DBD domains.
Figure 5.10a illustrates the known exon structure of the CREM gene. 

The 5' boundary of the CREM-coding sequences in 18-1 corresponds exactly 

with the 5' boundary of the Exon G, and the short sequence upstream of that
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Figure 5.9a Complete sequence of clone 18-1, aligned 
with corresponding sequence from mouse CREM cDNA:

Mouse CREM sequences are from MUSCREM complete cDNA, 
Genbank accession no. M60285. 18-1 (human) CREM sequence in 
lowercase, mouse sequence in uppercase. The coding regions of 
the mouse sequence are marked in bold.

 1......................ccgggcggcgccgctgctgagcggcggtcgggc
I I  I I I I I

3 01 TCAGAGGAAGAAGGGACACCACCTAACATTGCTACCATGGCAGTACCAAC
34 tcgcggtctccacctcctcgcgtccgtaatcagtgacgaggtccgctacg 

I I I  I I  I I I  I I I I I I I I I I I
3 51 TAGCATATATCAGACTAGCACGGGGCAATACAATGAGGAGACTGACCTTG
84 taaatccctttgcggcggctgccactggtgacatgccaacttaccagatc

I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
4 01 CCCCAAGTCACATGGCTGCTGCCACAGGTGACATGCCAACTTACCAGATC
134 cgagctcctactgctgctttgccacagggagtggtgatggctgcatcgcc 

I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I  I I
451 CGAGCTCCTACTACTGCTTTGCCACAAGGTGTGGTGATGGCTGCCTCACC
184 aggaagtttgcacagtccccagcagctggcagaagaagcaacacgcaaac 

I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I 
501 AGGAAGCCTGCACAGTCCCCAGCAACTAGCAGAAGAAGCAACTCGCAAGC
234 gagagctgaggctaatgaaaaacagggaagctgcccgggagtgtcgcagg 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
551 GGGAGCTGAGGCTGATGAAAAACAGGGAAGCTGCCCGGGAGTGTCGCAGG
2 84 aagaagaaagaatatgtcaaatgtcttgaaaatcgtgtggctgtgcttga

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
601 AAGAAGAAAGAATATGTCAAATGTCTTGAAAATCGTGTGGCTGTGCTTGA
334 aaaccaaaacaagactctcattgaggaactcaaggccctcaaagatcttt 

I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
651 AAATCAAAACAAGACCCTCATTGAGGAACTCAAGGCCCTCAAAGACCTTT
384 attgccataaagtagagtaactgtctttgacttggaccttgtt.......

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
7 01 ATTGCCATAAAGCAGAGTAACTGTGTTTGATTTGGACCTTGTTGACTGTG
427 tactctaatcaaggcaggagatgcagcagtcctacttattgccatgtgga 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I 
7 51 AAG TC TAATCGGGGCAGGCGATGCAGCA.TCCTCATAATGGCCATGTGGA
477 cttgtgggaaggacacgtgtgac..ccttaagaatccagtttggattagt 

I I I I I I I I  I I I I I I I I I I I I I I I I I I I  I I I  
80 0 CTTGTAGATGGGTCTCTTAACCCTTGCTTAAGAATACAGTCTGCTGTAGA



Figure 5.9a continued

52 5 gtttgaaattgaattgggaatgttgttccaggatgtggaatgcagccgtg
I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

850 G T ......GTGAATTGGGAATACTGTTCCATGGGTTGGAATGCAGCTCCC
57 5 atcacacttaccgagcttactttgatctgtttgtcaatagcatgcaaaaa 

I I I I I I I I I I I I I I I I I  I I I I  I I I I I I I I I I I I I I
894 CTCACA. TTACCAAGCTTGCTCT......ATTGCCAATAGCATGCAACAT
62 5 atgctttgtttgccctttgcttctgctttttttcagggaagctgccaaag

I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
937 ATGTTTTGTTTGCCCTTCTGCTTCTACTTTTTTCA^GAAGCTGCTAAAG
67 5 aatgtcgacgtcgaaagaaagaatatgtaaaatgtctggagagccgagtt 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I 
987 AATGTCGACGTCGAAAGAAAGAGTATGTGAAGTGTCTTGAGAGTCGAGTC
725 gcagtgctggaagtccagaacaagaagcttatagaggaacttgaaacctt 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  
1037 GCAGTGCTGGAAGTTCAGAACAAGAAGCTTATAGAGGAGCTTGAAACTTT
77 5 gaaagacatttgttctcccaaaacagattactagaaatatttaactatga 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
1087 GAAAGACATTTGCTCTCCCAAAACAGATTAGTAGAAATATTTAACTATGA
825 actgaaggcagcatgtatagttgcttttgaagg..aatacaatatatagc 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
1137 ACTGATTAC AGC ATGTAC AGTTGCTTTTGAATGC AATAC AAATATATAGC
873 c g ....................................................

I I
1187CGGCAAGAATTATGGCTTTTTCCTTTGTATCATTCATCTAACTTTCTAAA

Figure 5.9b CREM has two alternative bZIP domains:

TAA TAA

DBD I
ZIP

CREMa, 18-1

TAA
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ZIPCREMp, Y, X, x1, x2



Figure 5.9c Peptide sequence comparison of human and mouse 
CREM DNA-binding domains:

The predicted translation product of the 18-1 clone is presented 
(Hcremdbdl), together with that derived from translation of the downstream 
DNA-binding domain (Hcremdbd2). These are aligned with the 
corresponding mouse sequences (Muscremdbdl, Muscremdbd2). Positions 
at which the human and mouse peptide sequences diverge are marked in 
bold in the human sequence. The 5' boundary of Exon G sequences is 
marked and the DNA-binding domain in Hcremdbdl is underlined. 
Sequences upstream of Exon G in Muscremdbdl are from Exon H.

Exon G
Hcremdbdl r a a p l l s g g r  a r g l h l l a s v  i s d e v r y v n p  fa/aaatgdmp 
Muscremdbdl ppniatmavp tsiyqtstgq yneetdlaps hm/aaatgdmp
Hcremdbdl t y q i r a p t a a  l p q g w m a a s  p g s l h s p q q l a e e a t r k r e l  
Muscremdbdl t y q i r a p t t a  l p q g w m a a s  p g s l h s p q q l a e e a t r k r e l
Hcremdbdl r l m k n r e a a r  e c r r k k k e y v k c l e n r v a v l  e n o n k t l i e e 
Muscremdbdl r l m k n r e a a r  e c r r k k k e y v k c l e n r v a v l  e n q n k t l i e e  
Hcremdbd2 e a a k e c r r r k k e y v k c l e s r v a v l e v q n k k l i e e
Muscremdbd2 e a a k e c r r r k k e y v k c l e s r v a v l e v q n k k l i e e

Hcremdbdl l k a l k d l y c h k v e *
Muscremdbdl l k a l k d l y c h k a e *
Hcremdbd2 l e t l k d i c s p k t d y *
Muscremdbd2 l e t l k d i c s p k t d **



Figure 5.10a PCR analysis of CREM isoforms

Ail known exons of CREM are shown. The insertion of exon X between H and G 
satisfies the requirement that it should be located upstream from G but is 
otherwise arbitrary.
Primers specific for the exons shown were designed and used for PCR analysis 
of cDNA from testis, colon and undifferentiated F9 cells, and genomic DNA from 
HeLa cells. The results are illustrated in figure 5.10b.

^TG
D ZZi 1 = 1  □

D E B

P-box
□
H

?
□
X

[ = ■
G

bZIPs
mmm

18-1 cDNA

Figure 5.10b CREM isoforms in various tissues may contain the X 
exon:

Various combinations of 5' primers (specific for exons D, E, A, F) and 3' primers 
(specific for exons H and X) were used as indicated in the figure for 30 rounds

of PCR on Ijig  of template DNA. The templates used were testis cDNA library 
(Clontech), F9 and colon cDNA libraries described in this chapter and HeLa cell 
naked DNA ('genomic').

kb
2.01
1.01

0.51

M colon F9 testis

I

gen
omic

m
3' X H X H H X X X X X H
5' D D A A D F A E D A A



point (97 bp) is novel. It is possible that this sequence represents a novel exon, 
or that this is a splicing artefact existing in the cDNA library - albeit an artefact 
possessing the correct in-frame fusion of the CREM downstream sequences, 

since these are expressed as a LACZ fusion (fig5.7). In order to investigate the 

existence of this potentially novel CREM exon outside of the library from which 

it was cloned, primers specifying exons A-F, as well as the novel exon (X) and 

exon H adjacent to it, were obtained. These were used to probe by PCR for the 

existence of CREM cDNAs containing the novel exon, in a testis cDNA library 

(Clontech), in the F9 cDNA library made as described in section 5.1, and in 

genomic DNA from HeLa cells. This scheme is illustrated in figure 5.10a, and 

the fragments generated in figure 5.10b. The size of the CREM gene is not 
known at the present time, but Northern analyses of mouse liver and brain 

tissues has shown that the largest of multiple isoforms seen in these tissues is 

approximately 2.4kb (Foulkes et al., 1991). The set of fragments generated in 
this PCR analysis is not complete enough to unamiguously assign a position 

for the novel exon X within the gene, although examination of the fragments 

generated from the genomic DNA suggests that the primer X-specific fragment 
is probably not larger than that seen with primer H (indicated on the figure): In 

other words, exon X is likely to be located upstream of the H exon. Since a 

fragment is generated using the X-F combination of primers, exon X is located 

downstream of exon F. These results do confirm that X is expressed in CREM  

isoforms detectable both in testis, and in a large isoform detectable in the colon 
library. The absence of detectable isoforms in F9 cDNA could be due to 

insufficient sequence conservation between primers and mouse sequences, 
but may be a reflection of the low levels of CREM in these cells (Ellis, 1992).

5.4.iii A novel homeodomain factor
The sequence of clone 16-1 identifies it as a member of the 

homeodomain family of factors, and is displayed in figure 5.11a together with 

its (most probable) translation product. Database searches (BLAST network 

service, 1993) reveal this sequence to be novel and to show no extensive 

homologies with previously characterized factors. Alignment of the putative 

homeodomain with some other examples of this motif (fig5.11b) illustrates the 

difficulty of assigning 16-1 to any existing class, since although conforming to 

the general consensus for a homeodomain, it shows no consistent similarities 

with the members of any other of the major classes. The most closely related 

homeodomains are those of the CnoxS product from Chlorohydra viridissima, 
the Drosophila proteins BarH2 and NK-1, EgHbxl from tapeworm and Hox3 
from chicken (ChkHox3). According to the analysis of (Kappen et al., 1993), 
groups of homeodomains showing fewer than 25/60 differences (more than
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Figure 5.11a Sequence of clone 16-1 with its predicted translation 
product: The homeodomain sequence is undefined.

1 cgagtgccggctcaccatgcactgccacgccgagctgaggctgagctcgcccggccagctc 
1 MetHisCysHisAlaGluLeuArgLeuSerSerProGlyGlnLeu

62 aaagcagccaggcggcgctacaagactttcatgatcgacgagatcctctccaaggagacc 
16 LysAlaAlaArgArgArgTyrLysThrPheMetlleAspGluIleLeuSerLysGluThr

122 tgcgattactttgagaaactttccctctactccgtgtgcccgtcgctggtcgtgcgaccc 
3 6 CysAspTyrPheGluLysLeuSerLeulVrSerValCysProSerLeuValValArgPro

182 aagcccctgcattcctgtacgggctccccttccctgcgggcatatccgctcctctcggtg 
56 LysProLeuHisSerCysThrGlySerProSerLeuArgAlaTyrProLeuLeuSerVal

242 atcacccgccagcccactgtcatctcccacctggtccctgccaccccgggaatcgcccag 
7 6 IleThrArgGlnProThrVallleSerHisLeuValProAlaThrProGlylleAlaGln

302 gcactgtcctgccaccaggtcaccgaggcggtctctgctgaggccccagggggcgaggcc 
9 6 AlaLeuSerCysHisGlnValThrGluAlaValSerAlaGluAlaProGlyGlyGluAla

3 62 ctagccagcagcgagtcagagacggaacagcccacgccccgacagaagaagccccgccgg 
116 LeuAlaSerSerGluSerGluThrGluGlnProThrProAraGlnLvsLvsProAraAra

422 agtcgcaccatcttcaccgagctgcagctcatgggcctggagaagaaattccagaagcag 
13 6 SerArgThrllePheThrGluLeuGlnLeuMetGlvLeuGluLvsLvsPheGlnLvsGln
482 aagtatttgtcaaccccagacaggttggacttggctcagtctctgggactcactcagctg 
156 LvsTvrLeuSerThrProAsDAraLeuAsDLeuAlaGlnSerLeuGlvLeuThrGlnLeu
542 caggtgaagacctggtatcagaatcgcaggatgaaatggaagaaaatggttcttaaaggt 
17 6 GlnValLvsThrTrDTvrGlnAsnAraAraMetLvsTrDLvsLvsMetValLeuLvsGlv
602 ggacaggaagcacccacaaaacccaaaggtcgccccaagaagaactccatccccacatca 
196 GlyGlnGluAlaProThrLysProLysGlyArgProLysLysAsnSerlleProThrSer
662 gaagagattgaagctgaagagaagatgaacagccaggcccagggtcaggagcagctggag 
216 GluGluIleGluAlaGluGluLysMetAsnSerGlnAlaGlnGlyGlnGluGlnLeuGlu
722 ccctctcaggggcaggaggagctctgtgaagcacaggaaccgaaagcacgtgatgtcccc 
2 36 ProSerGlnGlyGlnGluGluLeuCysGluAlaGlnGluProLysAlaArgAspValPro
7 82 ttagagatggcagagccaccagacccgccccaggagttgccaataccctcttcggaaccc 
2 56 LeuGluMetAlaGluProProAspProProGlnGluLeuProIleProSerSerGluPro
842 ccaccattaagctaaagtaaaacccttttgagggaagagggagactggggagaagggaaa 
27 6 ProProLeuSer 279
9 02 agagagaaggcagggagagtagggagagaaaaccttccagcagcccagtaaactgcgggc 
9 62 gaagagatctacccgtctccctccctcccacagttaccattggccttgtcatcgcaagca 
1022 tttgacaaagacttgcttgtcttgggcctgtcacctcctgaaaggctgctttagctgtgg 
1082 atgcccttgattaagggagagagcgcctaggagctgcctgccccagctggggtgacggct 
1142 gtagggctgggtctatgttgcaagccctatatcctagcatgcagtggaaagtgcttagct 
12 02 ctctccctcctgacctctgggcagccagtcatcaaagcagagagacgtggcggcatgtgg 
12 62 gcagcatgcccaggttccttgctgactcagcacttatttctgtagttttaaaaaagaatt 
1322 taatgtttttggttgtatttttttgggggggtgagggtgggcaaaaacatggg 1374



Figure 5.11b Alignment of homeodomain sequences:

The sixty amino acid homeodomain sequences from various 
proteins are compared to that of the 16-1 clone. Those sequences 
found to be most closely related to 16-1, as well as three 
representatives of large homeodomain families (see Chapter 6 ) - 
Antennapedia (Antp), Engrailed (En) and Paired (Prd) - are 
included in the comparison. Identical conserved residues are 
marked in bold, and the % conservation of identity is indicated at 
the end of each sequence.

16-1
10

PRRSRTIFTE
20

LQLMGLEKKF
30

QKQKYLSTPD
Cnox3 CRKPRTVFSD LQLMVLEREF NNRKYLSTPQ
BarH2 QRKARTAFTD HQLQTLEKSF ERQKYLSVQD
NK-1 PRRARTAFTY EQLVSLENKF KTTRYLSVCE

ChkHox3 PRRARTAFTY EQLVALENKF RATRYLSVCE
EgHbxl RRRARTAFTY EQLVTLENKF QSTRYLSVYE

Antp RKRGRQTYTR YQTLELEKEF HFNRYLTRRR
En EKRPRTAFSS EQLARLKREF NENRYLTERR

Prd QRRCRTTFSA SQLDELERAF ERTQYPDIYT

16-1
40

RLDLAQSLGL
50

TQLQVKTWYQ
60

NRRMKWKKMV 100%
Cnox3 RTNLADRLGL NQTQVKTWYQ NRRMKWKKET 65%
BarH2 RMELANKLEL SDCQVKTWYQ NRRTKWKRQT 58%
NK-1 RLNLALSLSL TETQVKIWFQ NRRTKWKKQN 60%

ChkHox3 RLNLALSLSL TETQVKIWFQ NRRTKWKKQH 60%
EgHbxl RLNLALSLNL TETQVKIWFQ NRRTKWKKQN 60%

Antp RIEIAHALCL TERQIKIWFQ NRRMKWKKEN 45%
En RQQLSSELGL NEAQIKIWFQ NKRAKIKKST 40%

Prd REELAQRTNL TEARIQVWFS NRRARLRKQH 37%



60% identity) can be considered in the same class. Although the 16-1 

sequence does show the required relationship to the homeodomains listed, of 
these homeodomains only NK-1, ChkHox3 and EgHbxl show a consistent 
relationship with each other, and no single grouping can be made to include 

the 16-1 homeodomain. Only the BarH2 product, involved in Drosophila eye 

development (for lens and pigment cell formation and for ommatidial 
differentiation, (Higashijima et al., 1992)), shows any homology at all with the 

16-1 product outside of the homeodomain. This homology consists of 2 co- 
linear segments upstream of the homeodomain, which retain 33% identity over 
27 residues and 25% identity over 35 residues, and additional primary 

sequence homology in the 3' non-coding region.
The close similarities seen between a very large number of 

homeodomains is in part a reflection on the fact that a great number of these 

have been cloned by homology screening - albeit using degenerate  

sequences - so that the current repertoire of homeodomains has to some 
extent been pre-selected for its homogeneity of sequences. However, a 

growing number of 'orphan' homeodomains have been cloned by other 

means, such as by sequence- specific DNA binding (for instance STF-1 

(Leonard et al., 1993)) or by genetic means (for instance BarHI and BarH2 

(Higashijima et al., 1992)). It seems likely that many of these 'orphan' factors 

will in fact turn out to be the founding members of new families of related 

factors.
An unusual feature of the 16-1 homeodomain is the substitution of 

the phenylalanine (F8 ) residue in the recognition helix for a tyrosine (Y8 ). 
Although a conserved substitution, this is unique amongst mammalian 

homeodomains; for this reason rather than for the overall - and rather poor - 
homology shared between them, I suggest that 16-1 could be classified 

together with the Cnox3 and 4 products from Chlorohydra viridissima, which 

also code for Y 8  in helix III, and to the Drosophila BarHI and 2 proteins, for the 

same reason. These homeodomains also share the substitution of a threonine 

residue at position 6  of helix III (T6 ) for the more usual isoleucine (16) although 
this position is not as strongly conserved as position 8 . A further unusual 
feature of the 16-1 homeodomain may be the proline (P) residue in position 1 . 
This position is not heavily conserved between homeodomains, but a proline 

here is highly unusual (amongst all of the published homeodomain 

sequences) and conserved in related homeodomains NK-1 and ChkHox3. 

Since N-terminal residues of the homeodomain are implicated in DNA minor 

groove contacts (see figure 6 .1 ) the proline in this position may be of some 

significance.
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Is 16-1 a full-length clone? The first ATG (methionine) codon of the 

cloned sequence falls within a perfect Kozak consensus sequence (Kozak, 
1986) and gives rise to an open reading frame which includes the 

homeodomain, strongly suggesting that this methionine corresponds to the 

correct start site for translation. Although there is insufficient cloned sequence 

5' to this ATG to identify it beyond doubt as the genuine 5' end of the coding 

region, the complete message size for 16-1 seen by Northern blotting (2kb, see 

figure 6.5a) implies that our clone must be at least very close to containing the 

complete coding sequence. This can be concluded since of the apparent 400- 

500 bp discrepancy between clone and message size, a large part should 

consist of 3'UTR and polyadenylated sequences (the clone does not read 3' far 
enough to include the AATAAA polyadenylation signal).

Clone 16-1 was selected for further investigation, the results of which 

are presented in Chapter 6 . It will be referred to as HIC (for Hom eodom ain  

protein interacting with CREB).

5.4.iv Clones not further characterized
Several of the clones isolated from the screen remain 

uncharacterized. All of the clones listed in figure 5.6a were subcloned into the 

TTplink vector and partially sequenced. Several of them were found to be 

unique sequences with no known homologies. These gave rise to in vitro 

translation products not able to interact with CREB in the type of Far Western 

assay described for the 16-1 clone in the following section, and were not 
investigated further. However, since it was found that neither the correct frame 

nor orientation of these sequences in TTplink could be guaranteed, it cannot 

be concluded that they do not merit further investigation. One such clone (5-1) 
gives rise to a putative highly charged peptide in the only open reading frame 

to include the complete clone, but this product cannot be detected in Far 

Westerns and does not appear to affect CREB-mediated transcription in co
transfection assays (data not shown). The sequence of 5-1 and its putative 

translation product are presented in figure 5.12a.
Clone 14-2 was found, based on sequence comparison, to be the 

human homologue to the rat cDNA for nuclear pore protein gp210 (fig5.12b). 

Recent sequence database analyses have revealed possible identities for two 

more of the clones. Clone 14-1 is the human homologue to the recently cloned 

rat PKC-regulated chloride channel CIC3 (Kawasaki et al., 1994)(fig5.12c) and 

clone 16-3 appears to correspond (allowing for sequencing errors) with the 

recently cloned Human Papillomavirus E 6 -associated protein E6 -AP 

(Huibregtse et al., 1993a)(fig5.12d). As already mentioned, these clones were 

not investigated further because of our inability to reproduce their interaction
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Figure 5.12a Complete sequence of clone 5-1 and 
predicted translation product of the longest open 
reading frame

1 atggccggatccgaattccggggtgccgaggagcagctccggagc 
I M A G S E F R G A E E Q L R S

46 taccagagtgagctggaggccctcaggaggcgaggcccccaggtg 
1 6 Y Q S E L E A L R R R G P Q V
91 gaagtcaaagaggtgactaaggaagtcattaagtacaagactgac 
3 1 E V K E V T K E V I K Y K T D

13 6 cctgagatggagaaggagcttcagcggctcagggaggagatcgtg 
4 6 P E M E K E L Q R L R E E I V

181 gacaagaccagactgatcgaaaggtgtgatttagagatctaccag 
6 1 D K T R L I E R C D L E I Y Q

22 6 ctgaaaaaggaaatccaggccctgaaagacaccaaaccccaggtc 
7 6 L K K E I Q A L K D T K P Q V

271 c



Figure 5.12b Partial sequences of clone 14-2:

14-2 sequences are in bold, and are aligned with homologous sequences 
from the rat cDNA for integral membrane glycoprotein gp210 (Wozniak et 
al., 1989)(Genbank accession no. Y00826).

............... gagcacgtccacatactacaggtgcctg tg tggaaccagcagg
I M i l l  I I I  I I I I I I I I I I I I I I I I I I I I I I I

132 0 CCAGGATGGTGGAGTCCATGTGCTTCAGGTACCTGTGTGGAACCAGCAAG
a g g tg g a a a ttc a c a tc c c g a tc a c c c tg ta ttc c a g c a tc ttg a c a tt
I I I  I I  I I I I I I I  I I  I I I I I I I  I I I  I I I I I I I I I I I I I I

137 0 AAGTAGACATTCATATACCCATCACACTCTATCCCAGCATCCTGACGTTT

. . . ccagggaggctgccgccaggctctgagcactgcagcggcgtccgggt
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I  I I  

1810 TTGCCAGGGAGGCTGCCACCAGGGCCTGAGCACTGCAGTGGAGTCAAAGT
aaaggccgaggacccagggctctaccacgcttc ttg tgagctacagacac

I I I  I I  I I I I I I I I I I  I I  I I  I I  I I I I I I I I I I I I I I I  
1860 GAGAGCTGATG. CCCAGGGGTCCACTACCCTCCTTGTCAGCTACACACAT

g g c ca cg tccacc tg a g tg ccaag a tca cca ttg c tg cc tacc tg c ccc t
I I I I I I I  I I I  I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

19 09 GGCCATGTGCACTTGGGTGCAAAGATCACTCTTGCTGCCTACCTGCCCCT
caagg ctg t
I I I I I I I I I 

1959 CAAGGCTGTGGATCCCTCTTCT

............... g g tg g ttg g tg a tg ccg g tg aca tag a tg g g ca tc tg g g txcc
I I I  I I I I I I  I I I I I I I I  1 1 : 1  

3550 GCCCCGATCACACGAATGAGGACCGGGACCCAGATGCCTGTCTATGTCAC
c g tc c tc a tc c g c a tg a t............................
I I  I I I  I I I I  

3 600 CGGGATCACCAGCAACCAGAGCCCTTTCTCC



Figure 5.12c Partial sequences of clone 14-1:

Clone 14-1 is the human homologue to the rat cDNA for the PKC- 
regulated chloride channel CIC3 (Kawasaki et al., 1994)(Genbank 
accession no. D17521). 14-1 sequences are in bold.

..................g g t a c c t t t t tg a a c tg t t t c c t t t t a t t c t t c t a g g g g t a t
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

147 0 TAG ACC ATGGTACCTTTTTGAACTGTTTCCTTTTATTCTCCTAGGGGTAT
ttx g a g g g c ttx x g g g a g c c tttttc a tta g g g c a a a ta tx x c c tg g tg t
I I : I I I I I I I I : : I I I I I I I I I  I I  I I I I I I I I I I I I I I : : I I I I I I I I 

152 0 TTGGAGGGCTTTGGGGAGCTTTTTTTATTAGGGCAAATATTGCCTGGTGT
eg
I I

157 0 CGCCGACGCAA

. . .g c t tg g a x a ta ttg ttc c .c t ta tg g c tg c a g tc a tg a c c a g ta a a t
I I 1 : 1 1 1 1 1 1 1 1 1 1  I I I I I I I I I I I I I I I I I I I I I I I I I I I

2130 AGGCTTGGAATATATTGTTCCTCTTATGGCTGCAGTAATGACCAGTAAAT
g g g ttg g a g a tg cc tttg g cag g xaag g xa ttta tg a ag caca ca tccg a
I I I I I I I I I I I I I I I I I I I I I : I I I I : I I I I I I I I I I I I I I I I I I I I I 

2180 GGGTTGGTGATGCCTTTGGTAGGGAAGGTATTTATGAAGCACACATCCGA
tta a a tg g a ta c c c tttc ttg g a tg c a a a a g a a

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
223 0 CTAAATGGGTACCCTTTCTTGGATGCAAAAGAAGAATTCAC

Figure 5.12d Partial sequence of clone 16-3:

Clone 16-3 is probably identical to the human cDNA for E6 -AP, a HPV 
E6  oncoprotein-associated protein (Huibregtse et al., 1993) which shows 
a ubiquitin ligase activity (Scheffner et al., 1993)(Genbank accession no. 
L07557). 16-3 sequences are in bold.

 g t a t a c t t t t . . . . aagtagaaacagaga. .a a a t t c t c t t t t a
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

1380 TAAAGATTATACTTTTTTCAAAGTAGAAACAGAGAACAAATTCTCTTTTA
tg a c a tg tc c c . t ta ta t tg a a tg c tg tc a c a a a g a a tt tg g g . c t a t . t
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I 

143 0 TGACATGTCCCTTTATATTGAATGCTGTCACAAAGAATTTGGGATTATAT
ta tg a c a . t a .......................
I I I I I I I I I  

1480 TATGACAATAGAATTCGCATG 1500



with CREB using in vitro translation products. It may be reasonable to 

speculate that clones 14-2 and 14-1, which both correspond to integral 
membrane proteins (and the clones themselves both encode several putative 

transmembrane domains), were cloned by virtue of a non-specific interaction of 

CREB with hydrophobic surfaces exposed in LACZ fusions. Nevertheless, the 

recent discovery of a nuclear pore protein bearing a leucine zipper (Radu et 
al., 1994), and the fact that the homology of 14-2 with gp210 appears to fall off 
towards the 3' end of the clone (fig5.12b), suggests that sequencing of the 

entire clone might reveal novel sequences capable of mediating the apparent 
leucine zipper-dependent interaction with CREB. The cloning of E6 -AP as a 

CREB-interacting protein is also somewhat surprising. E6 -AP is required for 

the interaction of E6  with p53 (Huibregtse et al., 1993a) which brings about 
rapid degradation of p53 by a ubiquitin-mediated pathway (reviewed recently 

in (Ciechanover and Schwartz, 1994)). The 16-3 clone encodes a region of 
E6 -AP just upstream of the motif shown to be critical for the interaction with E6 , 
but falls within that region required for the interaction of E6 -E 6 -AP with p53 

(Huibregtse et al., 1993b). The E6 -E 6 -AP complex behaves as a ubiquitin 

ligase activity (Scheffner et al., 1993). There is no evidence to date for CREB  

as a target for ubiquitination, and indeed targets for this activity are 

characterized by rapid degradation, which is not known to be a characteristic of 
CREB. It is possible that the ubiquitin ligase in this case has recognized a 

particular conformation of CREB protein as presented under the conditions of 
the library screen: That is, the enzyme may target non-native protein 

conformations for destruction.

5.4 Discussion

Despite the difficulties encountered during the work undertaken in 

Chapter 4, in detecting the expected interactions of CREB with itself or with 

ATF-1, I have shown in this chapter that the Far Western method is sufficiently 

sensitive to enable cloning of both of these factors by expression screening.
Several non-leucine zipper factors were additionally cloned, and 

although only one of these has been characterized further (clone 16-1 is 

investigated in Chapter 6 ), the successful cloning of CREB, ATF - 1  and CREM  

permits speculation that all of the factors cloned may participate in genuine 

interactions with CREB in vivo. It would be interesting to attempt identification 

of these clones with the CREB-interacting activities catalogued in Chapter 4. 
Since none of the clones described were isolated more than once it can be 
concluded that the screen was not exhaustive, and that additional CREB- 
interacting factors may be represented in the library.
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Chapter 6 Properties of HIC and of the 
CREB-HIC interaction

The identification of clone 16-1 as a novel homeodomain factor, HIC 

(Homeodomain protein Interacting with £REB), was described in Chapter 5. 
Chapter 6  contains an introduction to some homeodomain properties relevant to 

these studies, and describes experiments which were designed to explore the 
significance of the CREB-HIC interaction.

6.1 Introduction to homeodomain properties

6.1.1 Homeodomain proteins as universai DNA binding factors
The study of development in Drosophila led to the identification of 

genes controlling pattern formation in the early embryo and specifying the adult 
body plan. These genes were identified from mutant flies in which segments of 
the body plan are lost, or transformed into other segments, and are called 

homeotic genes after the homeotic transformations which they mediate. Many of 
the homeotic genes were found to share a conserved sequence known as the 

homeobox, which encodes the BOaa homeodomain.

Homeodomain factors have been found to exist in all species studied 

and have been assigned a central role in providing positional information during 

development in organisms as diverse as worms and mammals (HOX genes), as 

well as in plants and in hydra (Chlorohydra viridissima) - one of most ancient 
animals with an antero-posterior axis. In addition, homeodomain factors are 

frequently found to be expressed in a restricted manner in differentiated tissues 

and in many cases may be a chief determinant of tissue identity through their 

involvement in tissue-specific transcriptional regulation.
The homeodomain was identified as a motif common to the products 

of several developmental genes and highly similar to the MAT locus factors 

involved in specifying yeast mating types. The motif is, in addition, structurally 

related to the helix-turn-helix (HTH) DNA-binding motif common to prokaryotic 

repressors (Qian et al., 1989). The structure of the homeodomain has been 

extensively studied and is illustrated in figure 6 .1 a, which is taken from 

(Kissinger et al., 1990). The HTH motif corresponds to helices II and III, which 

are separated in virtually all known homeodomains by a tripeptide 'turn'. An 

additional helical region, helix IV, seen in studies of the solution structure of 

some homeodomains becomes a rigid extension of helix III upon DNA binding
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Figure 6.1a Structure of a homeodomain-DNA complex:

Representations of the crystal structure of a homeodomain-DNA 
complex as seen for the Engrailed homeodomain (from Kissinger et al.,
1990). Helices 1-3 are marked, and the extent of each helix indicated 
by the residue numbers (1-60) marked at each end. In addition, the 
view in which helix III is seen end-on shows residues involved in 
interactions with the major groove (Ile47, GInSO, AsnSI) and minor 
groove (ArgS, Arg5) of the DNA.



Figure 6.1b T h e p ro te in -D N A  contacts  invo lved in 
recognition by a homeodom ain of its binding site:

This sketch illustrates all of the contacts known to occur in 
binding of the Engrailed homeodomain; other homeodomains 
can be predicted to make equivalent contacts through (different) 
residues in identical positions. The DNA is represented as a 
cylindrical projection, the TA AT motif common to many 
homeodomain binding sites is shaded. Phosphates are 
represented as circles, and hatched circles show phosphates 
contacted by the homeodomain. (From Kissinger et al., 1990).

B a s e  P a irs Arg 31

Arg 53

ITyr 25

Lys 57 r Major
Groove

Gin 50 

Me 47 

Asn 51

y  Thr 6
Minor
Groove

Arg 3

-!- Arg 5

Trp 48



as seen in crystal structures. Helix ill (/IV) lies in the major groove and is 

responsible for making specific DNA contacts. Additional DNA contacts, in the 

minor groove, are made by the N-terminal arm of the homeodomain as shown.

The conservation of this DNA-binding domain between Drosophila 
developmental factors and MAT a2 provided the initial clue that homeodomain- 

containing factors might be universal sequence-specific transcription factors 
(Laughon and Scott, 1984), and this was first shown for Engrailed (Desplan et 
al., 1985). The precise contacts involved in DNA binding of the Antennapedia 

and Engrailed homeodomains are well understood, both from mutagenesis and 

crystallography studies, and those of Engrailed are shown schematically in 

figure 6 .1 b.

6.1.ii Interactions of homeodomain proteins with DNA-binding 
partners

Homeodomain factors have been shown to operate in vivo as highly 

selective regulators of gene expression. This selectivity arises both from 

restricted distribution of the factors themselves and from a specificity of DNA 

binding. It has been surprising, therefore, to find that the DNA-binding specificity 

for homeodomains in vitro is low compared to other transcription factors; that is, 
homeodomains have a general affinity for A/T-rich DNA sequences, in particular 
for the core sequence TA AT, to which they bind with a low affinity. 
Homeodomain factors known to activate transcription through different sites in 

vivo have been found to show identical binding preferences in vitro (see for 
instance (Desplan et al., 1988)). The specificity of DNA-homeodomain 

interactions in vivo has been shown in many cases to depend on additional 

interactions. Many of these interactions have the effect of increasing the 

complexity of the DNA sequences required for homeodomain recognition, and 

some of them are described in this section:
Binding of homeodomains to DNA as dimers is restricted to certain 

classes of homeodomain only, and relies in some cases on the presence of 
additional domains to mediate dimerization, although in other cases - such as in 

the paired (Prd) class - the SOaa homeodomain appears to contain all of the 

information necessary for dimer formation. The Prd class of homeodomains bind 

highly cooperatively to palindromic sequences (Wilson et al., 1993). The POU 

protein class, of which the universal factor Oct- 1  and the pituitary-specific factor 

Pit-1 (G HF-1 ) are both members, is characterized by an additional domain 

located a short distance upstream of the homeodomain. Although Oct-1 binds 

DNA as a monomer, it can bind cooperatively to a promoter bearing a dimeric 

site and both the POU-specific and homeo- domains are required for this
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interaction (Verrijzer et al., 1992). Target promoters for the Pit-1 factor are 

commonly found to contain dimeric binding sites. Moreover, the POU-specific 

domain is able to mediate interactions between different POU factors to create 

heteromeric DNA-binding complexes (Verrijzer et al., 1992), thereby further 
increasing the binding specificity achieved.

The HNF-1a homeoprotein is a factor involved in hepatocyte-specific 

transcription which homodimerizes independently of DNA binding through an N- 
terminal dimerization domain. Curiously, HNF-1a also has a POU-like domain, 

not directly involved in dimerization, whose function appears to be to dictate the 
precise DNA binding-specificity of the HNFa dimer (Tomei et al., 1992). The 

purification of what appears to be a dimerization cofactor for HNF-1a (DCoH) 
from liver cells may explain the tissue-specificity of HNF-1a activation, since it is 

able to enhance H N F -la  activation if co-transfected in OHO cells (Mendel et al.,

1991); although the identification of this cofactor as an enzyme involved in 

phenylalanine metabolism (to tyrosine) (Citron et al., 1992) is curious.
A recently identified family of factors in Arabidopsis (Athb- factors) is 

characterized by the presence of a leucine zipper motif closely linked to the 

homeodomain (HD-Zip). These HD-Zip domains bind DNA as dimers which are 

critically dependent on the spacing between the two domains (Sessa et al., 
1993)..

The dimerization properties of the yeast mating-type locus (MAT)  
products have been extensively characterized. MAT o2 dimers in haploid a  cells 

act as repressors of a-specific genes. However in diploid a/a cells, repression of 
haploid-specific genes is mediated by a heterodimer of a2  with a1 (Dranginis, 

1990). This dimer is highly unusual in that it binds to its half-sites in tandem, 
despite the dyad symmetry of the site (Goutte and Johnson, 1994).

To date, there are few interactions identified between homeoproteins 
and factors belonging to unrelated families. Of these, the MAT a 2  factor 

provides perhaps the most interesting example, since it shows a functional 
interaction with a second sequence-specific DNA-binding factor. As has already 
been mentioned, a 2  dimers behave as repressors of a-specific expression in a  

cells. However, in vitro these dimers are found to show poor recognition of a- 

gene operators, binding half-sites with any spacing and orientation. A second 
protein, MCM1, raises the specificity of a2  operator recognition through 

formation of a complex which binds precisely to the required operator 

sequences (Smith and Johnson, 1992). The repressor complex consists of two 
dimers, the M CM 1 dimer flanked by a2. There is a direct physical interaction 

between a2 and MCM1 which is mediated by a short and unstructured region N- 
terminally adjacent to the homeodomain of a2 (Vershon and Johnson, 1993). It
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is interesting to note that the MCM1 dimer is present in all yeast cells and is 

itself an activator of transcription, so that this interaction profoundly alters the 

properties of both participants. Similar interactions are found between the 

mammalian homologues of these yeast factors, although these interactions do 

not appear to be functionally analogous: The human Serum Response Factor 
(SRF) is 70% identical to MCM1, and a human homeodomain protein, Phoxi, 
isolated as an MCM1-interacting factor, has been found to enhance DNA  
binding by SRF (Grueneberg et al., 1992).

As a further example of a cooperative interaction between a 

homeodomain and another type of DNA-binding factor, a factor able to stimulate 

binding to its cognate promoter of the yeast Swi5 zinc-finger protein was 

recently identified as the homeoprotein GrflO (Pho2) (Brazas and Stillman,

1993). It is interesting that Grf- (General Regulatory Factor-) 10 regulatesseveral 
promoters, none of which bear any similarity outside of the TA AT core, in 

combination with a variety of yeast factors (although not in a cooperative 
fashion).

6.1.iii Non-DNA-binding partners in homeodomain protein 
interactions

The homeoprotein interactions described in the previous section 

illustrate a diversity of schemes whereby homeoproteins achieve sequence- 
specific DNA binding. Some further interactions, which appear to be involved in 

modulating homeoprotein function in the absence of a requirement for DNA- 
binding by the second factor, are mentioned here:

A recent paper demonstrates that the antagonism of H 0X D 9 activity 

by the H 0X D 8 factor (H 0XD 8 is encoded immediately S' to H 0X D 9 in the 

HOXD cluster and thus their expression patterns overlap) occurs independently 

of helices II or III of H0XD8, and is probably therefore mediated by a protein- 
protein interaction (Zappavigna et al., 1994). This interaction appears to be 

dependent on the amino-terminal portion of helix I, together with an N-terminal 
domain. The functional specificity of other homeodomains has been shown to be 

mediated by their N-terminal sequences (Zeng et al., 1993) and it may be that 
helix I is frequently involved in protein-protein interactions.

Functional interactions between homeoproteins may also be mediated 

independently of the homeodomain. For instance, the N-terminus of Drosophila 

Ftz is sufficient for synergistic activation with Prd of target promoters, that is, in 

the absence of DNA binding by Ftz (Anathan et al., 1993).
Finally, the best known example of a protein-protein interaction 

regulating the activity of a homeodomain factor is that between Oct- 1  and the
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herpes virus transactivator VP16. The association is chiefly mediated by a single 

residue (E22) in helix I of the homeodomain (Lai et al., 1992) and results in a 

complex which positively regulates transcription through an Oct-1 binding site of 
altered specificity, distinct from the octamer motif (Stern et al., 1989).

In conclusion, the homeodomain - as an ancient, widespread and 

highly conserved DNA-binding structure - appears to have evolved to fit a large 

number of different functions, many of which require interactions with additional 

factors in order to create the necessary functional diversity from a single 

structure. Thus an interaction between a homeodomain factor and the universal 

transcription factor CREB may represent a further diversification of 
homeodomain function.

6.2 Further investigation of the HIC-CREB interaction

6.2.1 A deletion series of cione 16-1
In order to sequence the 1. 6  kb clone, nested sets of deletions of 16-1 

in the T7plink vector were made as outlined in figure 6.2a. It was intended that 

these N- and C-terminal deletions should be used to investigate more closely 
the interaction between CREB and 16-1. However, sequencing of the deletion 

constructs revealed that the orientation of the cDNA (R1-R1 fragment) in the 

parent pT716-1 plasmid was incorrect with respect to the T7 promoter and the 

other sequences present to ensure efficient T7-driven expression. Thus in order 
to enable expression of these deletion products, an ATG codon and Kozak 

sequences (Kozak, 1986) were inserted into all of the pT716-1 deletion series, 
to allow expression from the Sp6  promoter (present but redundant in T7plink) 
instead (fig6.2b). These new constructs were renamed pSpK(l-lll)16-1AC\N; l-lll 

refers to the choice of sequence inserted in order to create an in-frame fusion of 
any particular deletion (see fig6.2b legend) and AC/AN to C-terminal and N- 

terminal deletions, respectively.

The pSpK series of 16-1 deletions was used to generate the 

corresponding truncated protein products (fig6 .2 c)/n vitro using wheatgerm or 

reticulocyte lysate TNT as described in Chapter 2. These products were 

subjected to Far Western and Wild Western blotting, as described below (fig6.3), 

and since the interaction of the product of the cloned sequences with CREB was 

confirmed, the gene product of 16-1 was renamed HIC, for IHomeodomain 
protein interacting with CREB.
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Figure 6.2a Constructing a deletion series of clone 16-1
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Figure 6.2b The pSpKII16-1 vector for in vitro 
expression of 16-1 (HIC)

Hindlll
Ncol.(BamHI).(EcoRI)

16-1(HIC)

T7 promoter

pSpKII16-1AC/N

(EcoRI)
(Xhol)

Sp6 p ro m o te ^

TCTAGATAGCTAGCCACCATGGdGATCG 11 
Xbal - 7 — T -----------r Clalkozak I

consensus |ATCG

bCATCG

pSpKII16-1AC/N constructs were made by inserting the sequences 
indicated (1/ 11/ III) as required into the T7p16-1 deletion series 
described in figure 6 .2 a.
C-terminal deletion constructs (AC) are lacking the C-terminal BamHI 
and EcoRI sites.
N-terminal deletion constructs (AN) are lacking the N-terminal Xhol 
and EcoRI sites.



Interactions of HIC deletion products with CREB: '
The results presented in figure 6.3 are summarized 
here for greater ease of reference.
'Untreated' and 'renatured' filters were prepared as 
indicated in the legend to figure 6.3.

+ ,  interaction detected. - ,  no interaction detectable.

untreated/ 
Far Western

renatured/ 
Far Western

renatured/ 
Wild Western

A5C + + +

A6 C + +

A7C - + ( + )

A8 C - - -

A2N - + +

A3N - - -

A4N - - -



Figure 6.2c Truncated derivatives of HIC:

The translation products predicted from the deletion series of 16-1 made in 
the pSpK vector (fig6.2b) are shown. The MW of each product as measured 
by SDS-PAG E is also indicated. Numbering of residues is from the 
Methionine codon of pSpK. The position of the homeodomain is marked by a
darker rectangle. A2N5C and A2N6C were constructed for use in section
6.3.Ü and are also shown here. The A2N5C clone has lost 3'UTR compared to
the A2N clone.
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6.2.Ü Mapping the HIC-CREB interaction
Far Western blotting of uniabelled, in wYro-synthesized products of the 

HIC deletion series reveals that there is a region of HIC including the 

homeodomain, and sequences 5' to the homeodomain, which is required for its 

interaction with CREB (fig6.3a,b,c). Figure 6.3a shows a Far Western carried out 

on filters not subjected to the GdHCI method for renaturation (Chapter 2 ), and 

this analysis indicates that loss of only the final residue of the homeodomain (in 
deletion A7C) is sufficient to lose most of the interaction, as seen by Far 

Western. Figures 6.3b, which shows Far Western analysis of a filter undergoing 
denaturation-renaturation, shows the C-terminal deletion A7C interacting with 

CREB as competently as does A6 C or the full-length product, although figure 

6.3c, a Wild Western analysis carried out on a similarly-treated filter, does not. 
The N-terminal deletions give results which are also sensitive to denaturation- 
renaturation. The interaction of CREB with A2N on an untreated filter is poor 

(fig6.3a), but much improved following renaturation (fig6.3b,c). From these 

results we drew the conclusion that CREB interacts by Far Western analysis 
with a region of HIC that lies between 82-191 and that this interaction is at least 
sensitive to the conformation of the homeodomain, suggesting that it may be 

directly involved in the interaction.
The inverse analysis, of CREB immobilized on filters with HIC  

produced in vitro as the probe, is shown in figure 6.4. It has already been shown 

in the secondary screening that the CREB interaction is leucine zipper 

dependent, although this observation does not necessarily imply that the 

interaction maps directly to the leucine zipper region. The leucine zipper- 
dependence could also be construed to mean that the CREB homodimer is the 

only interacting species, such that any mutation affecting dimerization also 

prevents interaction with HIC. The filter used in figure 6.4 has undergone 

denaturation-renaturation, and under these conditions the interaction of CREB 

with HIC is sensitive to the single leucine to valine zipper mutation L2 V. The 

specificity of the interaction was not examined on untreated filters. However, this 

result suggests that since the interaction of CREB with HIC is sensitive to a 

mutation shown not to effect dimerization of CREB significantly, then the 

interacting CREB species is possibly the monomer.
Also observed in figure 6.4 is an apparent ready interaction of HIC 

with itself. This observation is investigated more fully in section 6.3.Ü.
Since the Far Western interaction assays described above could be 

induced to give varying results by varying treatment of the immobilized proteins 

on the filters, it seemed that a more satisfactory approach to mapping this
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Figure 6.3 Mapping the CREB-interacting domain of HIC:

The products arising from the deletions described in figure 6.2 were 
made in vitro. Those used in figures 6.3a and 6.3b were expressed 
from plasmid templates in wheatgerm TNT; for figure 6.3c the 
C-terminally truncated products were made in wheatgerm TNT but the 
N-terminally truncated products were translated from mRNA in 
reticulocyte lysate (because HIC clones which include the 3' 
untranslated sequences translate poorly compared to the C-terminally
deleted clones which have lost these sequences). 3^1 aliquots of the 
translations were used to prepare filters for Far Western analysis. 
One of the filters was transferred from blocking solution straight to 
hybridization with a 1:1000 dilution of the^^s-CREB probe made in 
wheatgerm as used in the library screen (fig6.3a). Two filters were 
subjected to Guanidinium-HCI denaturation-renaturation before an 
identical hybridisation with CREB probe. Of these, one was dried for 
35 S- autoradiography (fig6.3b) and the other was probed further with 
the anti-CREB(329-341) antibody and visualised by ECL (fig6.3c). In 
addition, figure 6.3c shows two lanes from a filter probed with the 
LI 234V form of CREB in Wild Western analysis, to confirm that 
interactions observed are mediated by CREB and are not due to 
non-specific recognition by the antibody. The 'non-specific' band at 
45 kDa seen in reticulocyte lysate but not in wheatgerm may 
represent endogenous CREB.
WG, wheatgerm lysate. RL, reticulocyte lysate. -C and -N terminal 
deletions as shown in figure 6.2c. CREBmt, CREBL1234V. ns, 
non-specific band.



Figure 6.3a-c Mapping the CREB-interaction domain of HIC
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Figure 6.4 Mapping the leucine zipper specificity 
of the CREB interaction with HIC:

Far Western analysis was carried out as described for 
figure 6.3b. Wild-type C REB (197-341) and the zipper 
mutants indicated were immobilized on filters, as well as

the products of the 8-1 clone (ATF-1) and the HIC A5C  
construct.
The filter was probed using a 1:500 dilution of HIC  
translated in wheatgerm and labelled by 35S-methionine 
incorporation.



interaction might be to examine interactions between native proteins in solution, 

by immunoprécipitation of co-translations of HIC with CREB using the anti- 
CREB(329-341) antiserum. However, it was found that the interaction of HIC 

with CREB is not robust enough to resist the harsh conditions of an 

immunoprécipitation reaction (data not shown). Given that the interaction of 
CREB with ATF-1 is also very poorly detected in this immunoprécipitation assay 

(data not shown), the result may suggest that the concentrations of the relevant 
factors in the volumes necessary for immunoprécipitation are too low for 

dimerization to occur efficiently. As far as the interaction of CREB with HIC 

goes, it is also possible that an interaction which is forced by the high local 
concentrations of factors immobilized on filters actually requires additional 
factors (for instance, specific DMA sequences) in order to occur in solution.

6.3 Properties of the HIC homeodomain protein

6.3.1 Tissue distribution
Figure 6.5a shows Northern analysis of HIC expression in multiple 

tissues (blot obtained from Clontech). It is curious that there is no expression 

apparent in colon tissue, since HIC was cloned from a library made from colon 
tissue (also by Clontech). It is possible that the clone was derived from a 

neighbouring contaminant tissue. Expression seems to be highest in prostate 
tissue, although the testis sample is relatively underloaded if the p-actin control 

is considered and it is possible that expression of HIC here is equal to that in the 

prostate. Expression is also seen in ovary and small intestine and not in thymus, 
spleen, (colon) or peripheral blood leucocytes. The message appears to be 2.0-

2 . 1  kb in size, except for in the small intestine where there is an additional 
message of slightly smaller size.

A GSTHIC(91-271) fusion was made in the pRKGEX vector previously 

described in section 4.1.iii by replacing the CREB-coding region of 

pRKGEXCREB(197-341) with a HIC Smal-EcoRI fragment. This was expressed 

as illustrated in figure 4.3b. The protein was purified on GSH-agarose and the 

protein-agarose complex used to immunize rabbits. The antiserum obtained is 

able to recognize in vitro translated HIC (fig6.5b), although it also reacts strongly 

with a component factor in wheatgerm, and was used to investigate the 

distribution of HIC in various cell lines by Western analysis (fig6.5c). The results 

of this analysis cannot easily be interpreted due to the existence of the cross
reacting band seen in figure 6.5b which probably corresponds to the single band 

(p35) seen in extracts from human cell lines (fig6.5c). Although the wheatgerm- 
specific band appears to be some 5 kD smaller than that seen in mammalian
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Figure 6.5a Northern analysis of 16-1 expression:

A multiple tissue Northern blot was obtained from Clontech and 
hybridized to a single-stranded DMA probe synthesized from the 
16-1 EcoRI-EcoRI fragment as described in Chapter 2 . The filter

was re-hybridized with a probe made from a p-actin fragment 
supplied by the manufacturers. Since the actin and HIC messages 
lie in the same 2 kb size-range, the figure is composed from two 
panels showing the results of the two separate hybridizations.
PBL, peripheral blood leukocytes.
Sm. int., small intestine.
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F igu re  6 .5b  Recognition of i n  
wfro-translated HIC by an antibody raised 
against GSTHIC:

3^1 each of wheatgerm lysate programmed with 
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(unprog) were subjected to SDS-PAGE followed 
by Western analysis with the anti-G STH IC  
antibody used at 1:200 in 0 .1 % Tween-PBS.

Figure 6.5c Western analysis of cell extracts using anti-GSTHIC 
antibody:

Nuclear extracts (30^g each) from the cell lines indicated, and 3\i\ of 

HICA5G-programmed wheatgerm lysate, were analyzed by Western using the 
anti-GSTHIC antibody demonstrated in figure 6.5b (data not shown). The blot 
was stripped and reprobed three times, the first time using anti-GSTHIC  

antibody pre-cleared for 30 minutes at 4 %  with lOpg of GSTCREB attached 
to glutathione-agarose (upper panel), the second time using anti-GSTHIC  

antibody pre-cleared using 10|xg GSTHIC attached to glutathione-agarose 
(lower panel) and the third time with untreated antibody, to confirm that there 
was no loss of signal due to stripping of the blot (data not shown).
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cells (35 kD), there is an equivalent cross-reacting band seen in rabbit 
reticulocyte lysate (data not shown) which is also of 35 kD, and it seems likely 

that the difference in mobility of the wheatgerm factor represents a species- 
specific difference. Is p35 related to HIC? The competition experiment shown in 

figure 6.5c demonstrates that the antibody is not cross-reacting with GST - and 

probably not with any component of glutathione-agarose, since removing 

antibodies able to bind GSTCREB-glutathione-agarose does not affect detection 

of p35. However, because the GSTCREB-glutathione-agarose and the GSTHIC- 
glutathione-agarose constitute separate preparations which may contain 

differing low levels of contaminating proteins, it is possible that the antiserum 

has been raised against one of these. The Western band corresponding to in 

wYro-translated HIC is completely abolished by pre-clearing the antiserum with 

GSTHIC, but the p35 band is also partially sensitive to this treatment as 

compared to the equivalent treatment with GSTCREB. Thus p35 appears to be 

related to HIC. Its cell type-specific distribution is interesting. It is absent in one 

of the prostate lines, LNCaP, which is the only human cell line tested of 
endodermal derived origin, and also in F9 cells. This is presumably not due to 
species-specific variation in p35, since the rabbit form is detectable, but, again, 
may be related to the endodermal origin of the F9 cell line.

Information on the tissue distribution of expression of a factor can act 
as a possible guide to its function. In the case of the HIC homeodomain, this 

information implies a function specific to the lower abdominal body region, 
although the differing embryonic origins of the tissues involved (as determined 

by Northern analysis) suggests that HIC is probably not a primary determinant of 
the identity of these tissues. The prostate, testis and ovary share such functions 
as the expression of androgen receptor, but the transcriptional mechanisms 

involved remain largely unresolved, and this function is not shared by intestinal 
tissues. A function which is shared by these tissues is the expression of 
prostacyclin synthase (PGIS). A recent report of the cloning and expression of 

the cDNA for this enzyme (Miyata et al., 1994) reveals an expression pattern for 

PGIS which is strikingly similar to that of HIC in the tissues examined by 

Northern analysis for HIC expression. However, PGIS expression is also shown 

in kidney, liver and muscle - tissues which in preliminary Western analysis have 

tested negatively for HIC (data not shown). Since no genomic sequences are 

available, it is not possible to assess the 5' region for possible binding of HIC; in 

general there is little information available on tissue-specific transcription in 

those tissues expressing HIC. Similarly, the tissue-specific roles for CREB in 

these tissues are not known - excepting some information regarding the testis

153



(as discussed in Chapter 1) - so there is at present no opportunity for linking the 

functions of HIC and CREB in HIC-expressing tissues.

6.3.Ü Dimerization
In figure 6.4 it was observed that HIC appeared to interact with itself in 

a Far Western analysis, more readily than it did with CREB. This phenomenon 
was investigated further by use of a co-immunoprecipitation assay. The deletion 
products A5C and A8 C (fig6.2c) were N-terminally tagged with sequences 

coding for a virus-specific epitope (14 amino acid peptide of simian virus 5 

proteins P and V (Hanke et al., 1992), as described in the legend to figure 6 .6 ). 
These tagged sequences were co-expressed in reticulocyte lysate with the 

untagged deletion series shown in figure 6.2c, and in the presence of L-p^S]- 

methionine, and the resulting products immunoprecipitated by use of a mouse 

monoclonal antibody raised against the SV5 epitope (anti-SV5, kind gift of R. 
Randall). The results are seen in figure 6 .6 . Where the ratio of precipitated 

products was comparable to the ratio of products before precipitation, 
dimerization of the products was assumed to take place. Since dimerization of 
the full-length products was difficult to observe due to limitation in the resolution 

possible by SDS-PAGE between the tagged and untagged sequence, and to 

confirm that the ability of C-terminal but not N-terminal truncations to dimerize 

was not due to an inhibitory effect of the C-terminus upon dimerization, the 

deletions illustrated at the bottom of figure 6 .2 c and bearing truncations at both 
ends (A2N5C, A2N6C) were additionally constructed. Deletion of the N-terminus 

was found to abolish all dimerization. However, the N-terminus alone was 
unable to mediate dimerization, as judged both by the combination of A5C-Tag 

with A8 C and A8 C-Tag with A5C.

There are two conclusions possible from this data: Either that at least 

two regions of the HIC protein are required for dimerization, or that a single 

dimerization domain spans an extensive region whose minimal extent must be 
defined by the sequences shared between the A2N and A8 C products. However, 

we prefer the first interpretation, for the following reasons: The Helix I of the 

homeodomain has been shown in several cases (discussed in section 6 .1 ) to be 
important in dimerization. The boundary of the A2N deletion lies over 50 

residues away from Helix I, and although this region is predicted by protein 

structure analysis (Genetics Computer Group, 1991) to contain a-helical motifs 

(92 to 110, 113 to 125) which could mediate such interactions, these lie well 
within the boundary of the A2N product. More extensive a-helical regions (-5 

toi 1 , 13 to 2 1 , 23 to 44) are found in the N-terminus, in addition to a cluster of 
histidine and cysteine residues immediately following the initiator methionine
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Figure 6.6 HIC dimerization assay:

Tagged and untagged proteins were co-translated in reticulocyte lysate 
TN T from equal amounts of template, C-terminal deletions and 
N/C-terminal deletions from O.S îg plasmid templates, N-terminal 
deletions from 0.2|ig mRNA synthesized in vitro. Immunoprécipitations
of 5p,l aliquots of products were carried out according to the protocol in 
Chapter 2 . Immunoprecipitated products ('anti-SV5 IP') were compared 
against 1|il of total products ('whole RL').
5NT, 8 NT: SV5-tagged versions of A5C and A8 C. The tag sequence is 
EG K PIPNPLLG LD SE and was created by inserting the oligo 
TCGAGGGAAAGCCGATCCCAAACCCTTTGCTGGGATTGGACTCCG  
and its complementary strand between the Xhol-EcoRI sites of 
pSpK II16-1A 5C  and pSpKII16-1A8C. Thus the tag begins after 5 
codons (MAIDL) of vector sequence and immediately upstream of the 
parent HIC sequences. Charged residues were added towards each 
end of what is essentially a hydrophobic peptide in order to maximize 
the probability of its exposure on the surface of the protein.
5C, 2N etc: A5C, A2N etc untagged products.



Figure 6.6 HIC dimerization assay
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(MHCH). Two cysteines in the N-terminal region of the yeast MAT cx2 protein are 

thought to stabilize dimerization through formation of a sulphur bridge with the 

equivalent residues in its dimerization partner (Sauer et al., 1988). In conclusion, 
we believe that dimerization of HIC requires separate domains within regions 1- 
82 and 122-191 of HIC.

Our finding that the domain requirements for interaction of HIC with 

itself are more extensive than those for the interaction of HIC with CREB (which 
can be mediated by the A2N product) implies that there is not a dimerization- 

dependence of HIC for this interaction and that the interacting species is thus 

likely to be the HIC monomer.

6.3.iii DNA binding specificity
A binding-site selection procedure (BBS) was carried out essentially 

as described by (Pollock and Treisman, 1990) but using as starting material the 

pool of random oligonucleotides (BSSN50) described in (Wotton et al., 1994). 
BSSN50 contains 50 randomized nucleotides, flanked by primers for PCR 

amplification and cloning, and it was thought that the length of these sequences 

might favour the selection of complex sites. However, there is a limit to the size 

of oligonucleotide suitable for this procedure, since the 'complexity' (that is, 
number of different sequences) of the pool decreases with increasing oligo size, 
unless the amount of starting material is increased to impractical levels. As a 
compromise, lOOng of double-stranded BSSN50 in 2.5|ig of poly(dl).poly(dC) 

was chosen as starting material.
The scheme for selection of binding sites is illustrated in figure 6.7a; 

each round of selection involves a DNA-binding step, followed by 
immunoprécipitation of the products, a PCR amplification step (incorporating a- 

p2p]-dATP) for enrichment of the bound sequences and finally a gel purification 

of the PCR products for the next round of selection. Purification of all PCR 

products was found to be necessary since in its absence there was an 

accumulation of larger products with successive rounds of selection. The results 

of four rounds of selection using proteins expressed in reticulocyte lysate with 

the appropriate antibody - CREB with anti-CREB(329-341) and SV5-tagged HIC 

with anti-SV5 - are shown in figure 6.7b:
Lanes 1-6 show that four rounds of selection with CREB(197-341) 

have produced a pool of oligos which form a specific complex with CREB- 
programmed wheatgerm lysate (lanes 2,6) which is not seen with HIC- 
programmed lysate (lane 1 0 ), or using non-selected oligos (lane 1 ) or the HIC- 
selected pool (lane 5). The complex is entirely abolished and partially
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Figure 6.7a Schematic representation of a binding 
site selection procedure

Pool of random oligonucleotides

round 1

Binding reaction using in wYro-transiated 
SV5-tagged HIC, or CREB

t
Immunoprécipitation of binding reaction 
products with anti-SV5 or anti-CREB  
antibodies ^

rounds 1-4
E lu tion  of o lig o n u c le tid es  from  
antibody-bound protein, phenol extraction 
and precipitation

t
PCR amplification (15 rounds) of the 
reco vere d  o lig o n u c leo tid es , with 
incorporation of labelled nucleotide

round 5I
PAGE and purification of the amplified 
oligonucleotide pool

t
EMSA of oligonucleotide pool with in  
wfro-translated SV5-HIC or CREB

t
Removal of protein-oligonucletide complex 
from the gel, elution and precipitation of 
the bound oligonucleotide fraction

t
PCR amplification (15 rounds) and gel 
purification of the selected oligonucleotide 
pool.

t
Subcloning and sequencing of 
individual oligonucleotides from the 
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Figure 6.7b Selection of binding sites from a random pool
of oligonucleotides

CREB-specific
complex

5 6  7 8  9 10 11 12

f 4

j 1

HIC-specific 
#- complex

A binding site selection procedure was taken through 4 rounds for 
both CREB(197-341) and HIC (SV5-tagged) as illustrated in figure 
6.7a. Following PCR and gel purification (as after every round of 
selection), the selected pools of oligos were analysed by EMSA for 
their ability to bind specifically to their selecting protein. The lanes 
are as follows:

Lanes 1-6, O.SpI CREB in reticulocyte lysate. Lanes 7-12, O.S îl 
SV5-HIC in reticulocyte lysate.
Lanes 1-7, unselected oligo pool (BSSN50). Lanes 2 ,3 ,4 ,6 ,10 , 
CREB-selected pool 4. Lanes 5,8,9,11,12, HIC-selected pool 4.
Lane 3, anti-C R EB (329-431) antibody. Lanes 4 ,9 , anti-S V 5

antibody. Lanes 1-5, 2 îg poly(dl).poly(dC). Lane 6 , 2 pg poly

(dl-dC).poly(dl-dC). Lanes 7-10, no carrier. Lane 1 1 , 0 .5pg

poly(dl-dC).poly(dl-dC). Lane 1 2 , 0.5|iig poly(dA-dT).poly(dA-dT).



supershifted with the anti-CREB antibody (lane 3) but not with the anti-SV5 

antibody (lane 4), and we thus conclude that it contains both CREB and specific 

DNA sequences. The equivalent complexes seen following four rounds of 
selection with SV5-HIC are somewhat harder to interpret, as was expected from 

the low affinity binding shown by many homeodomains in vitro. Previous 

experiments had shown that HIC binding is highly sensitive to the presence of 
non-specific carrier DNA, so lanes 7-10 do not contain any. As a result, non

specific binding of HIC-programmed lysate both to BSSN50 (lane 7) and to the 

CREB-selected pool (lane 1 0 ) can be seen, all of which is abolished by the anti- 
SV5 antibody (lane 9). However, the presence of the lower complex indicated 
can be seen to be specific for the HIC-selected oligo pool. Moreover, this 

complex is resistant to the addition of poly(dl-dC).poly(dl-dC) where the other 

complexes are not (lane 11) and is not resistant to poly(dA-dI).poly(dA-dT)(lane 

1 2 ), as might be expected for a typical homeodomain binding site containing 

A/T-rich sequences.
One further round of site selection (five in total) was carried out for 

HIC and then the specific complex seen by EMSA was cut and eluted from a 5%  
native gel. The DNA component of the complex was subjected to a final PCR 

amplification, digested with the appropriate restriction enzymes and subcloned 

into pSp65 for sequencing. The twenty-seven sites sequenced are displayed in 

figure 6 .8 . Arrangement of these 27 sequences to align the TA AT cores reveals 

a surprisingly strong conserved consensus 3' to the core. The following rules 

were allowed in order to optimize the alignment: 1) Only one TA AT core per 
oligo was chosen 2) All positions were considered equally - that is, deviation 

within TAAT was allowed if this suited the remaining consensus. However, it 
should be noted that all of the sites which were treated in this way (four of them) 
did possess TAAT motifs elsewhere in the sequence 3) Some 'wobble' of the 

outermost nucleotides was permitted, although the most preferred sequence 

probably has T in all of these positions. The consensus derived by these rules is 

(C/T)TAATGATT(T/A)(T/A). This sequence does not correspond to any known 

transcription factor binding site and a search of a eukaryotic promoter database 

(EPD, (BLAST network service, 1993)) failed to reveal any candidate gene for 
regulation through this site.

It was noted that this sequence is loosely palindromic - that is, the 

'wobble' allowed at position 10 creates a TAAT core in the opposite orientation. 
However, there was clearly not a strong preference for this second core, and its 

presence amongst the selected sites may be due to an increased non-specific 

affinity of HIC for anything with a TAAT core (indeed, many of the selected 

oligos have more than one TAAT motif). Binding to palindromic sites by the Prd
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Figure 6.8 Binding sites selected by HIC

1 0 -1 1 / 1 1  agreement to (c /t ) t a a t g a t t (t /a ) (t /a )
TTC GAC C GC C GC GTTAATCATTATC ATGTTGGTCCAT 
C GG TATAC TGTTC TTAATGATTTTC TAGTC TTC GTGC 
AGCCATTTCACCACTAATGATTTATTGGGGCTCCATG 
GAATTCGACTAGCGTAATGATTATGCTTCTGCGTCGG 
CGGTATACTGTTCTTAATGATTTTCTAGTCTTCGTGC 
ATGCTTTGATGCGTTAATTATTTA

CC TGCTAATGATTATTC 
GACCACAGGAAGGTTAATGGTTATTCAGATTAAGGAT 
CGGGATTTCACACGTAATGATTTACGACTGGAAGAAC 
CCGAGTGCCCACATTAATGATTTTCCGCTGCCGACAG 
GATGGCTTAAGGGTTAATGATTTTTGGAATAAAGATA 
GGCCATGCTGACGTTAATGAATTTCTGAG

19/11 agreement to (c /t ) t a a t g a t t (t /a ) (t /a )|

CCTACGCTACGGTCTAATGGTTTAAATAGGAAAGCAC
GCGCCAGGGGCGGCTAATTATTTCTAGTTTTGTAGGG
CAACACTCCTAAACTAAGTATTTTACTTCTCCGCAGG

CGTTAATGATTC
TGCCACTTAATCATTACC

CAGTTAGTCATTATCTAGCACGTGAGA



Figure 6.8 continued

18/11 agreement to (c / t ) t a a t g a t t (t / a ) (t / a i |

ATTCTGGGAATATTTAATTGTTTCAGTAGC
CCCGGACGGAGTATTATGGAATTAGTGGTTCGACCAT

TAGGTAATTGTTGAATTAGAGGGATGG
7/11 agreement to (c /t ) t a a t g a t t (t /a ) (T /A )

C C T ATAATC C C GGGTTTATATTC CGCCAGGGAG TTTAATAAGGT
TAAT cores

TCGATATGTAATAGTGGAGTAATCTGCTGTACATGCTAAGC
CAGTGCTCAATGTAGCCAAGTGGGATGAAGCACTAATGGGGGA

Unrelated sites

CAATGCAGGGGTTACCTGGATCAGCTTCAAG
CCCTGGTTAGTACGACACTGTCTTGCAGCCGGCCAGA

ACACGCACGCCTAAATGGTGCTAAATCTG

Although the consensus was originally derived by considering the 

sequences surrounding the TAAT cores, sequences have been 

arranged by treating all positions in the consensus as if they are of 
equal importance. Thus it is possible that for instance the TAAT core 

should be inviolable, and rearranging the sequences to fulfil this 

condition would involve placing two of the sequences from the 8 / 1 1  

match category in the opposite orientation and fewer matches, but with 
intact TAAT sequences. In some cases, the individual binding sites 

can fit the consensus in either orientation; only the orientation giving 

the highest score is displayed. The sequences have been 'trimmed' in 
order to facilitate the display. In all cases where available, 13nt of 
random sequences have been left either side of the consensus.______



class of dimerizing homeodomains has been intensively studied, wherein it is 

found that the number and identity of the residues separating the half-sites 

(each with a TAAT core) varies between members of the family and is specified 

by the residue in position 9 of the homeodomain recognition helix (Helix III) 

(Wilson et al., 1993). For instance, S9 (as in Paired) selects (C/T)G, whereas a 

mutant S9Q form of Paired prefers a 3 nucleotide spacing of (C/T)N(G/A). S9K 

preferred CCG; no examples of single nucleotide spacings are given.
Helix III of HIC is as follows: (l)Q LQVKTW YQ NRRM KW KK. In 

general, position 9 of Helix III seems to specify a preference for the two residues 

immediately downstream of TAAT (reviewed in (Treisman et al., 1992)), 0 9  (as 

in Antp) commonly specifying (TAAT)TG, but this does not appear to apply in 

the case of HIC. Additional major groove contacts are made by the residues in 

positions 6 , 10 and 13. NIG and M l3, in addition to 09 , are shared between HIC 

and Antp. It is not known if the difference between T6  of HIC and 16 of Antp is 

sufficient to specify the difference in preferred flanking residues for their binding 

sites, but there is increasing evidence that for some homeodomains, residues 

outside of the homeodomain are able to bind to sequences surrounding the core 

binding site (Gross and Gruus, 1994). The significance of the unusual F8 Y 

substitution in HIC is not entirely clear. The residue in this position lies in the 

major groove (see figure 6.1a) but does not make DNA contacts. Its function is 

to stabilize the overall homeodomain structure, and to control the packing of 
helix III against helix I, through an interaction with helix I. The Y 8  of HIC could 

thus determine a spacing between the N-terminal arm (minor groove binding) 
and helix III different to that determined by the usual F8  of homeodomains, thus 

altering the DNA-recognition properties of HIC.

6.3.iv DNA binding properties
Individual sites present in the selected pool were tested for specific 

binding by HIC (SV5-tagged) as shown in figure 6.9a. It is found that there is no 

binding of HIC to a non-selected (random) site, or to one bearing the TAAT 

core motif only. HIC was found to bind to sites containing TTAATG A I I I I, 
CTAATGATTTT or TAATTATTTT motifs, and binding can be competed with 

excess unlabelled oligonucletides containing selected but not random sites. 
Finally, binding could be abolished by the anti-SV5 antibody, and a supershifted 

complex was visible with the anti-HIC antibody and not with an anti-CREB  

antibody.
It can also be observed in figure 6.9 that binding of tagged, full-length 

HIC is poor compared to that seen with the N-terminally truncated A2N5C  

product.
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Figure 6.9a HIC binds specifically to sequences containing 
the consensus binding site:

DNA probes were prepared by PCR amplification, in the presence of 

(x-[32p].(jATP, of oligonucleotides selected from those presented in 
figure 6 .8 . The vector-specific PCR primers used were: 5', Sp6  

promoter primer (Boehringer); 3', T GC AGGT CG ACT CT AG A.
B9 probe contains tgttcTTAATGATTTTctagt
B25 probe contains aagggTTAATGAI 11 Itggaa
B27 probe contains ggcggCTAATTATTTCtagtt
Probes were tested for their ability to bind in wYrotranslated HIC by
standard EMSA on 4% acrylamide gels. Components of reactions
were as follows:
Lane 1, unprogrammed reticulocyte lysate; Lanes 2-11, SV5-tagged 

HIC; Lanes 12-14, HIC A2N5C.
Lanes 1,2, 9-14, B9 probe; Lane 3, B25 probe; Lane 4, B27 probe; 
Lane 5, random sequence; Lane 6 , B9 probe + 20-fold excess 
random sequence; Lane 7, B9 probe + 20-fold excess cold B9; Lane 
8 , B9 probe + 20-fold excess cold B25.
Lane 9, anti-SV5 antibody; Lanes 10, 13, anti-CREB antibody; Lanes 
11, 14, anti-HIC antibody.
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Figure 6.9b HIC dimers do not recognize the 
selected binding site:

Full-length HIC (A5C) was co-translated in reticulocyte lysate 

with shorter forms of HIC, both dimerizing (A6 C) and 

non-dimerizing (A2N5C, A2N6C) as determined in figure 6 .6 . 

1|il of each reaction was analysed by EMSA for its ability to 
bind the B9 probe described in figure 6.9a (left-hand panel). 

3pl of each reaction was also analysed by SDS PAGE to 

confirm that HIC A5C was present in each reaction 
(right-hand panel).



In order to establish whether HIC is present as a dimer in the DNA- 
bound complex, untagged full-length HIC (A5C) and a shorter dimerizing form 

(A6 C) were cotranslated and the resulting DNA binding activity tested for the 

presence of complexes of an intermediate mobility by EMSA. Unexpectedly, it 
was found that neither A5C nor A6 C showed any DNA binding at all (data not 

shown). Further investigation reveals that, by contrast, N-terminally truncated 

products exhibit strong binding to the HIC site. Figure 6.9b shows that the DNA 
binding activity of cotranslated mixtures of A5C with A2N5C or A2N6C is due 

exclusively to the N-terminally truncated product. That is, only the forms of HIC 

shown in figure 6.3 to be incapable of dimerization are able to bind DNA, and it 
must be concluded that the binding activity seen represents monomeric HIC.

It can also be surmised that the tagged, full-length HIC (that used for 
the site selection) shows DNA binding activity only because the N-terminal tag 

disrupts dimerization. This conclusion supports our previous conclusion that 
dimerization requires two distinguishable domains, one of which lies in the N- 
terminus.

The observation that dimerization and DNA binding of HIC are 

inversely correlated suggests that DNA binding might be regulated in vivo by a 

mechanism which acts to regulate HIC dimerization. A homeodomain protein 

shown recently to possess similar properties is TTF-1 (Thyroid Transcription 

Factor, (Guazzi et al., 1990)). TTF-1 dimerizes through an N-terminal region in a 

redox-sensitive manner, and dimerization is inhibitory to DNA binding (M. 
Arnone, personal communication). We were unable, however, to detect any 
sequence similarities between the dimerizing regions of TTF - 1  and HIC, and 
attempts to restore DNA binding of in v/Yro-translated HICA5C under reducing 

conditions were not successful (up to lOOmM DTT conditions which did not 
disrupt binding of HICA2N5C)(data not shown). It was concluded that 

dimerization of HIC is probably not regulated by a redox-dependent mechanism.

6.4 Properties of the CREB-HIC complex

In addition to determining the properties of the HIC protein presented 

in section 6.3, we attempted to determine properties of the CREB-HIC complex 

as a possible guide to the functional consequences of the interaction between 

CREB and HIC.
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6.4.1 DNA binding studies
Initial experiments to ascertain if it was possible to detect the HIC- 

CREB complex as a CRE-binding activity involved mixing LACZ-HIC (from the 

lysogenized clone, see section 5.3.iv) or in v/Yro-translated HIC with in vitro- 
translated CREB and pre-heating the mixture to 5 5 %  prior to EMSA (as was 

carried out for the dimerization assay described in figure 3.6a). We were unable 

by these experiments to detect the formation of a tertiary complex on the 

fibronectin CRE, although under the conditions used it was possible to detect 

such a complex with the products of the 18-1 (CREM) and 12-2 (CREB) clones 

(data not shown). This suggests that either the CREB-HIC complex does not 

bind to DNA, or the CREB-HIC complex binds only to a specific DNA sequence 

that is not the CRE.
If the first possibility is correct, and the CREB-HIC complex is not a 

DNA-binding complex, then the function of HIC might be to modify CREB  

binding to the CRE in some way. The kinetics of the CREB-CRE interaction are 

investigated in figure 6.10a. The experiment described measures the off-rate of 
the interaction, and this can be seen to be extremely slow, with no loss of 
detectable binding after 40 minutes, and to be apparently unchanged in the 

presence of co-translated HIC. The on-rate for the reaction was not investigated, 
but since - as discussed in Chapter 1 - high affinity CREB binding sites are likely 

to be occupied in vivo, this is probably not a significant measurement.
If, as it would appear, the function of the CREB-HIC complex does not 

involve the CRE-binding function of CREB, then the CRE/DNA and HIC present 
in an EMSA are effectively competing for interaction with CREB, and it might be 

predicted that CRE-binding by CREB should be inhibited in the presence of 
excess HIC. In order to test this prediction, a small amount (20ng) of CREB RNA 

was co-translated with increasing amounts of HIC RNA templates (20ng-400ng) 
and the resulting translation reactions were analyzed in detail using a 
PhosphorimagerTM (Molecular Analysis) for both CREBiHIC content, and CRE- 

binding activity. The results are shown in figure 6.10b. The graphical 
presentation confirms that the decline in CRE-binding by CREB seen with 

increasing concentration of HIC cannot be accounted for entirely by the 

concentration of CREB present in the binding reaction, although this effect is far 

less dramatic than would appear from examination of the autoradiographs. In 

conclusion, HIC can inhibit CRE-binding by CREB to a small extent, and this is 

consistent with the hypothesis that HIC is not an active repressor of CREB 
function but that the CREB-HIC complex has a function not compatible with 

binding of CREB to the CRE.
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Figure 6.10a HIC does not appear to affect the kinetics 
of CREB binding to the CRE:

Standard EMSA reactions for binding to the fibronectin CRE, 

containing 0.5|il of in wfrotranslated CREB or CREB co-translated 

with the HIC A7C product (C REB+HIC) were prepared as 

described in Chapter 2 and incubated at 3 0 ° C. A 4pl aliquot was

removed from each 2 0 pl reaction and loaded onto a 6 % 
polyacrylamide gel (lane 0). A 100- fold excess of unlabelled CRE 

was immediately added to the remaining EMSA reactions, and 4pl 
aliquots removed and loaded onto the gel at 5, 20 and 40 minutes 
following addition of competitor CRE (lanes 5, 20, 40). 
Electrophoresis was continued for 1 hour following loading of the 
final samples.



Figure 6.10b continued:

Values for the relative concentrations of HIC and CREB present in 
each reaction, and for the amount of CRE-binding observed, were 
obtained by Phosphorimaging of the autoradiographs. Horizontal 
values are the HICiCREB ratio and vertical values, the CRE-binding 
activity corrected for CREB concentration by setting the activity seen 
in the absence of HIC (second lane of the figure) to a value of 1.
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Figure 6.10b HIC is not an inhibitor of CREB binding to
the CRE:

mRNA was synthesized as described in Chapter 2 from the 

pT7pCREB(197-341) and the pSpKHIC series of plasmids, and the 
mRNAs ('CREB template', 'HIC template') used to prime wheatgerm

lysate in the ratios shown, where Ip l template is equivalent to 2 0 0 ng 
of mRNA. SDS-PAGE analysis of the co-translation products is 
shown in the top panel, and the lower panels show the CRE-binding 
activity of these same products. EMSA analysis was carried out with

a 0.5|il aliquot of each of the reactions shown in the top panel, and 
the fibronectin CRE.
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Following determination of the HIC binding motif (6.3.iii), this was also tested by 
EMSA for formation of higher-order complexes on co-translating CREB with 

HIC. No such tertiary complex could be detected and it was concluded that the 

HIC-selected motif does not correspond to that recognized by the CREB-HIC  

complex, should such a motif exist.

6.4.Ü Co-transfection studies
Further investigations of the CREB-HIC interaction were undertaken 

by co-transfection of these factors into mammalian cells, together with reporter 
genes. The various combinations tested are represented in figure 6 .11a, and the 

results are shown in figure 6 .1 1 b:
HIC was found to have no transcriptional activation function when 

expressed as a fusion with the DNA-binding domain of GAL (pAG147HIC, 
described in the legend to figure 6.11a) and tested on a GAL UAS-driven 

reporter gene (Panel 1). This was found to be the case not only in HeLa cells but 
also in JEG 3 cells, and a prostate line, TSU (Panel 1). HIC actually appears to 
suppress the residual activity of GAL(1-147), although this could be due to 

chance masking of the GAL domain involved in the fusion (Panel 2 , lanes 1&4). 
Co-expression of GALHIC and GALCREB fusions (to test for possible synergy of 
function at the multiple GAL binding sites of the reporter construct) revealed a 

modest but reproducible inhibition in activity of the GALCREB protein (Panel 1). 
This effect is probably due to competition for binding sites in the GALÜAS 

between GALCREB and GALHIC, the reduction in GALCREB activity being 

small since the occupancy of only two of the five available sites is thought to be 

needed for full transcriptional activation. Additionally, it was found that co
expression of CREB did not enhance the activity of the GALHIC protein (Panel 
2, lanes 4&5), indeed when overexpressed, CREB appeared to downregulate 

GALHIC slightly. This latter observation may be explained by the formation of 

GALHIC-CREB heterodimers unable to bind to GAL sites (as discussed for 

GALCREB in Chapter 3). Co-expression of HIC (or GALHIC, data not shown) 
with CREB had no effect on the expression of a CRE-driven reporter gene 

(Panel 3, lanes 2&4, 6&7). None of these results could be altered by the 

presence of the PKA catalytic subunit (Panel 2, lanes 5&6 and Panel 3, lanes 

3&5) indicating that phosphorylation of CREB is not necessarily required for its 

function as a HIC-interacting factor, and that phosphorylation of the consensus 

PKA phosphorylation site (KKNS) found C-terminal to the homeodomain in the 

HIC sequence is not required to convert HIC into a transcriptional activator.
These results suggest that the function of HIC is not to be found by 

examining transcriptional activation functions, and that it may involve more
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Figure 6.11a Schematic outline of 
co-transfection experiments to 
study HIC and CREB-HIC function:

illustrations of the combinations of HIC 
and CREB proteins tested for their ability 
to transactivate a reporter gene.
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Figure 6.11b Investigating the behaviour of GALHIC and HIC 
with CREB in transfection experiments
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5^ig of each construct indicated, all in the pAG147 vector, was 

transfected into HeLa, JEG 3 and TSU (prostate) cells together with 5pg 

pMtc, 5pg pGALE2CAT and 5|ig pJATLACZ. All plasmids are as 
described in figure 3.2, except for pAG147HIC. pAG147HIC was 
constructed by replacing CREB from pAG147CREB (Sall/fi- BamHI 
backbone) with the Nco/fi-Bglll fragment from pSpKII16-1. All CAT

readings were.corrected with p-galactosidase readings for transfection 
efficiency. The results are expressed as activités relative to the activity 
of GAL(1-147) in each cell line (which is set to a value of 1 and should 
not be compared between cell lines).



Figure 6.11b continued
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HeLa cells were transfected with 5|ig pJATLACZ, 5pg pGALE2CAT 
and the following effector plasmids, in the combinations indicated in 
the figure:

5|ig pAG147 (GAL), 5pg pAG147HIC (GALHIC), 5pg pAG 1475-1 

(GAL5-1), 5pg pAG 14718-1 (GAL18-1), 5pg pJGACREB (CREB), 

2 pg pMtC (cPKA).
pAG 1475-1 and 18-1 were made by removing an Ncol/fi-EcoRI 
fragment from the 5-1 and 18-1 clones in T7plink and inserting into 
the Sall/fi-EcoRI backbone vector fragment of pAG147.
CAT activities corrected for transfection efficiency as before.



Figure 6.11b continued
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HeLa and JEG 3 cells were transfected with 5|xg pJATLACZ, 
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subtle modifications of CREB function, as discussed below. The testing of HIC 

activity as a GAL fusion was necessary because the HIC binding site had not yet 
been ascertained when these experiments were carried out, but the activity of 
HIC on this site should also be investigated (see section 6.5.iii).

6.5 Discussion

6.5.1 Possible functional consequences of the CREB-HIC 
Interaction

Interactions between transcription factors can be approximately 

classified into those which alter the magnitude of the activity of one or both 

factors, and those which have an effect on the nature of that activity. Thus for 
instance, the CREB-ATF-1 interaction is observed as an antagonistic effect of 
ATF - 1  on CREB activity, whereas the interaction of the MATa2 protein with 

MATa1 converts a1 into a DMA binding protein of high specificity for a subset of 
its binding sites. It seems clear from the experiments described in section 6.4 

that the CREB-HIC interaction does not fall into the first of these two classes, 
since they fail to show that HIC can behave as either activator or repressor of 
CREB function through the CRE, or that CREB can impart any activity to a 

GALHIC fusion protein in transfection experiments. The latter result suggests 

that the recent novel observations of CREB activity on promoters to which it 
does not bind - as discussed in Chapter 1 - are not relevant here.

We propose instead that CREB and HIC might act in a combinatorial 
fashion to activate transcription from binding sites which are neither CRE, nor 
the HIC binding site determined in section 6 .3 .iii, and which remain to be 

characterized. Based on the examples of homeodomain interactions presented 

in the introduction to this chapter, it is tempting to hypothesize that the 

function of the interaction between HIC and CREB is to impart an added 

specificity in sequence recognition, either by HIC or by CREB or by both factors, 
in creating a tertiary complex of novel specificity.

In view of our observation that HIC dimerizes and that the dimer does 

not bind DMA, it is possible that dimerization of HIC with CREB (rather than with 

itself) is a mechanism for generating a DNA-binding form of HIC. In addition to 

positively regulating HIC function in this way, the dimerization would act to 

increase the functional diversity of CREB.
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6.5.Ü A prostate factor recognizes the HIC consensus binding 
site

Extracts from prostate cell lines were tested for the presence of 
factors able to bind the optimal HIC binding site (probe B27), since prostate 

tissue, of those tissues tested, has been found to express the highest levels of 
HIC. It was found that a complex detected in extracts from prostate lines PC3, 
TSU and DU 145 was not present in extracts from HeLa cells or another prostate 

line, LNCaP. This prostate-specific complex can be specifically competed with 

excess cold HIC binding site, and a super-shifted complex is generated by 

incubation with the anti-HIC antibody (data not shown). However, since it is not 

possible to see abolition of the lower complex with this antibody, it is not 

possible to assert definitively that this complex is, or contains, HIC.
The mobility of the prostate-specific complex indicates that it is 

somewhat larger than that generated by binding of the HIC monomer derived 

from the 16-1 clone. Thus it is possible that this complex does not represent 
HIC, but some unrelated factor binding to the same site, and that the HIC 

present in these cells exists exclusively in a non-DNA-binding homodimeric 

form. Alternatively, this observation may indicate that the HIC derived from our 
clone is shorter than the full-length protein observed in prostate cells; however 
the size of the HIC-specific message (figS.Sa) would probably not allow for 
expression of a product large enough to account for the size of the complex 
seen. Could HIC be binding as a dimer? Our evidence strongly suggests that 
HIC is not able to bind as a dimer, although the possibility exists that in vivo 

modifications of the protein could significantly alter its properties.
A final possibility - and an attractive one from the point of view of our 

model for the functional consequences of the CREB-HIC interaction - is that the 

complex contains HIC (monomeric) together with one or more additional factors. 

We have so far failed to identify any of these putative additional factors; 
incubation with the anti-CREB(327-341) antibody does not significantly reduce 
the amount of complex seen (data not shown). However, the participation of HIC 

in higher-order complexes may help to explain why it has proved so difficult to 

create a stable interaction between the isolated HIC and CREB proteins.

6.5.iii Further investigations
Investigation of the function of novel factors in the absence of known 

biological targets for their activity is a difficult and highly inefficient process. In 

the case of the HIC factor, the experiments carried out in the latter part of this 

chapter have shown that even the known property of HIC, its interaction with
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CREB, is not sufficiently informative to allow the discovery of its biological 
properties. Nevertheless, the identification of some of the biochemical properties 
of HIC will prove useful in elucidating its function.

In particular, the identification of a consensus DNA-binding site for 
H iC  , and of a factor in prostate cells which recognizes this site, will prove 

useful. An immediate aim of further investigations should be to establish the 

identity of the prostate-specific complex, to confirm that endogenous HIC binds 

to the selected site, and if possible to identify other components present in the 

complex. Confirmation that endogenous HIC in prostate cells recognizes the 

selected binding site could also be obtained by transfection experiments using 
the selected site driving a reporter gene together with HIC (or HIC fused to a 

heterologous activation domain if it does not repress or transactivate through the 

selected site). Alternatively, the identification of a promoter either containing the 

HIC binding site, or able to bind HIC (and technical procedures for isolating 

target promoters now exist), should allow more rapid progress in understanding 

the function of HIC, and of the role played by CREB in its activity.
In the absence of such biological data, the elucidation of a preferred 

binding site for the CREB-HIC complex should be attempted. Selection of a 

binding site from a lysate containing HIC and CREB co-translated together was 

indeed attempted, in parallel with the HIC-specific and CREB-specific 
procedures described in section 6 .3 .iii. However, the procedure attempted 

involved the use of the anti-CREB and anti-SV5 antibodies alternately in 

successive rounds of selection (that is, anti-SV5 for the first round, anti-CREB 

for the second round, and so on). No tertiary complex formation at all could be 

detected (by EMSA) after 5 rounds of selection: The procedure was undoubtedly 

too stringent, in that it probably selected too heavily in favour of either CREB- 
only or HIC-only binding preferences in any particular round, thus eliminating the 

necessary complexity of the pool for the following round. A procedure whereby 

both antibodies are used to isolate bound complexes in any particular round 

should be considered as a means of establishing the preferred binding site for a 

CREB-HIC complex.
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