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ABSTRACT

ATF2 (CRE-BP1, CREB2) is a member of the bzip family of transcription factors which
are characterized by their ability to bind to a CRE/ATF site. At least ten different mammalian
cDNAs of this family have been cloned and the transcriptional and regulatory properties of
some members determined by transient transfection assays. Such studies have implicated
ATF2 in transcriptional activation by the adenovirus E1a protein.

Previous mutational analysis of ATF2 revealed the importance of an N-terminal region
for activation by E1a. In this thesis | have carried out a more detailed investigation of this
region and found that a segment consisting of amino acid residues 19-96 can act as a very
potent transactivation domain when fused to a heterologous DNA binding moiety. This strong
activation is seen in the absence of E1a and is not greatly enhanced by E1a. Since this
domain does not activate transcription in the context of the full length protein, it appears to be
"masked" in some, as yet, unknown way.

The activation domain contains a zinc finger and three potential MAPK sites at
positions 69, 71 and 90. Mutating any of these motifs reduces the activity of the domain, with
the threonine residues at positions 69 and 71 being the most critical for its function. The use
of serum/UV stimulation experiments and MAPK site mutants has shown that phosphorylation
of this domain is important for regulating its activity in vivo and therefore suggest that ATF2
plays a role in signal transduction.

The features required for activation by the N-terminus of ATF2 (zinc finger and
phosphorylation sites) are also important for E1a activation of transcription via full length
ATF2. The implications of these results with regard to a model for E1a transactivation are

presented in this thesis.
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CHAPTER 1:
INTRODUCTION



INTRODUCTION

Cell growth, development, differentiation and senescence are highly organized
processes controlled by the pattern of gene expression within the cell. In eukaryotes, such
regulation of gene expression occurs predominantly at the level of transcription as is
evidenced by the estimate that up to 10% of human genes may encode transcription factors
(Kingston and Green, 1994). The importance of correct gene expression to a cell becomes
apparent in cases when such regulation breaks down or is altered e.g. in the disease cancer
or during a viral infection. Thus the mechanism of gene transcription has been widely studied
in order to try and understand the process and so develop strategies to protect against or
correct faulty gene expression.

In this introduction | shall present the current model of eukaryotic transcription initiation
and discuss the way in which this process is thought to be controlled. | shall also discuss the
two proteins studied in this thesis, namely the transcription factor ATF2 and the viral protein
E1a, and their roles in transcription. Finally, | shall briefly describe how transcription can be
regulated by extracellular signals and also outline the reasons for embarking on this project

and the information hoped to be gained from it.

1.1 Eukaryotic Transcription and Its Complexity

Cells synthesize three types of RNA,; (i) ribosomal (ii) messenger and several small
nuclear RNAs (iii) transfer, 5S and various other small cellular RNAs. These are synthesized
from class |, Il and Ill genes respectively (reviewed in Hernandez, 1993) by mechanisms
which differ in prokaryotes and eukaryotes, the latter utilizing more complex processes. The
first difference between the two types of cells is in the nature of the RNA polymerase used. In
prokaryotes all three classes of genes are transcribed by a single enzyme, RNA polymerase
(RNAP) holoenzyme. However, in eukaryotes three distinct RNA polymerases, RNAP |, Il and
Ill, are required for the synthesis of the three classes of RNA. The second level of complexity
in eukaryotic transcription is seen in the process of initiation; bacterial RNAP holoenzyme is
able to recognize specific promoter sequences and synthesize RNA from transcriptional start
sites on its own whereas the eukaryotic RNA polymerases require a set of general
transcription factors in order to achieve such sequence specific transcription.

During the past few years much progress has been made in understanding the
complex nature of eukaryotic transcription and many of the general transcription factors
involved have been identified, purified and the genes encoding the proteins cloned. This has
enabled in vitro transcription systems to be reconstituted using either recombinant or purified
factors and so allowed the role of the individual proteins to be studied. The results from such
studies are presented below with most of the data discussed concerning RNAP Il

transcription since this is the process investigated in this thesis.



1.1.1 Structure of Class Il Promoters

The promoters of class Il genes contain sequences which position the start site of
transcription (core promoter elements) as well as binding sites for regulatory proteins which
control the level of transcription. Of the core promoter elements there are two types, the
TATA box and the initiator (Inr) element, and one or both of these elements are present in all
class [l promoters (reviewed in Gill, 1994). The TATA box has the consensus sequence
TATAA and is found approximately 30 base pairs upstream of the transcription start site in
higher eukaryotes. It functions to bind the TATA-binding protein (TBP), the first step in the
formation of the transcription initiation complex (see section 1.1.2). The initiator element is a
sequence motif encompassing the transcription start site which directs transcription to a
single start site in the absence of a TATA box. lts role is not well understood and although a
consensus sequence has been derived (PyPyANT/APyPy where A is +1) (Javahery et al.,
1994) it is not clear if there is a single initiator binding protein or whether several different
proteins are able to bind depending on the exact sequence of the initiator as well as the
promoter context e.g. TBP may bind via an intermediary protein(s) to the Inr element from the
terminal deoxynucleotidyl transferase (TdT) gene (Zhou et al., 1992) whereas the
transcription factor YY1 seems to bind to the Inr from the adeno-associated virus (AAV) P5
promoter (Usheva and Shenk, 1994). The interplay between the TATA box and the Inrin
promoters containing both elements is not understood although it has been determined for
the combination of TATA box and TdT Inr that the TATA box is dominant for determining the
start site of transcription and the Inr functions to increase the level of transcription (O'Shea-
Greenfield and Smale, 1992).

The regulatory regions of promoters are generally classified according to their position
relative to the core elements (Dynan, 1989). Promoter proximal elements consist of one or
more binding sites for regulatory (activator/repressor) proteins and are found at positions
relatively close to the core promoter. Enhancers, on the other hand, are located many
hundreds of base pairs up or downstream of the gene but again contain distinct sets of
binding sites for transcription factors (transcriptional activators). Variations in the arrangement
and numbers of these sites provides the potential for regulating the amount of activation. In
addition, negative regulatory elements which contain binding sites for transcriptional
repressors may also be present in the upstream gene sequences (Cowell, 1994). Thus the
balance between the number of activators and repressors will determine the level of

transcription from a given promoter.

1.1.2 Basal Transcription by RNA Polymerase I

Basal transcription occurs in the absence of regulatory elements, both positive and
negative, and is supported by the core promoter (TATA box and/or Inr) which binds the
general transcription factors (TBP, RNAP IlI, TFII-A, B, E, F, H, J) so forming an initiation
complex. The assembly of the RNAP Il initiation complex on TATA containing promoters is



now fairly well defined and is shown schematically in figure 1.1 (reviewed in Zawel and
Reinberg, 1992; Zawel and Reinberg, 1993; Buratowski, 1994). The first step is binding of
TFIID (TBP and TBP associated factors, TAFs, see section 1.1.3 (i)) to the TATA box to form
an initial committed complex. Binding occurs via the TBP subunit which is the only general
transcription factor with sequence specific DNA-binding activity. This complex is stabilized by
binding of TFIIA; TFIIA's three subunits bind co-operatively to TBP and so enhance its
binding to DNA. TFIIA is required for the stimulation of transcription via TFIID, at high
concentrations TFIIA enhances basal transcription and at lower concentrations it enhances
activated transcription. TFIIA is thought to achieve this stimulation by three mechanisms.
Firstly, by stimulating TFIID binding. Secondly, by removing repressors from the TFIID
complex and thirdly by actively stimulating transcription initiation via an unknown mechanism
involving the TAFs (Ozer et al., 1994; Sun et al., 1994; Yokomori et al., 1994).

The next component to bind to the complex is TFIIB, binding to either TBP-DNA or
TFIIA-TBP-DNA and recruiting RNAP Il associated with TFIIF to give rise to the minimal
initiation complex. The order in which the TBP-TFIIB-RNAP ! interactions occurs is unclear; it
may be that TFIIB is associated with RNAP Il before it enters into the initiation complex or
that TFIIB binds to TBP before recruiting RNAP Il. However, either way a stable complex is
assembled which under certain conditions is able to initiate transcription. Although this
minimal initiation complex can initiate transcription, the factors TFIIE and TFIIH seem to be
required for the synthesis of longer RNA transcripts (Goodrich and Tjian, 1994). Thus binding
of TFIIE to the minimal complex and the subsequent binding of TFIIH, followed by TFIlJ
binding, results in the formation of a complete initiation complex. Activation of this complex
involves the hydrolysis of ATP or dATP distinct from that involved in the RNA polymerization
process and is assumed to be carried out by TFIIH since this factor possesses a DNA-
dependent ATPase activity. TFIIH also possesses a DNA helicase activity and so can
contribute to the partial unwinding of the DNA template necessary to create the open
elongation-competent complex. It also possesses a kinase activity which is capable of
phosphorylating the repetitive C-terminal domain (CTD) of the largest subunit of RNAP Il (for
review on TFIIH see Drapkin and Reinberg, 1994). This seems to be important for modulating
the association of the polymerase with the complex since the non-phosphorylated form of
RNAP Il is associated with TBP whereas phosphorylated RNAP 1l is found in the elongation
stage of the reaction. Thus, it is proposed that phosphorylation of the CTD is a critical step in
uncoupling RNAP Il from the initiation complex so allowing the onset of transcription and
elongation (Peterson and Tjian, 1992).

The above model applies to formation of the initiation complex at a TATA box and a
similar model is thought to apply to TATA-less promoters. However, in this situation the Inr
binding protein(s) are proposed to interact with one of the general transcription factors so
enabling the remaining components of the complex to be brought to the promoter by a series

of protein-protein interactions (Gill, 1994; Goodrich, 1994).
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Figure 1.1 Schematic Diagram of the Assembly of the RNAPII Initiation Complex on
a TATA Containing Promoter (Adapted From Buratowski, 1994)

Components of the initiation complex assemble onto the promoter as shown in the diagram.
Basal transcription factors are represented by their letter designations;

D: TFIID

A: TFIIA

B: TFIIB

F: TFIIF

E: TFIIE

H: TFIIH

RNAPII: RNA polymerase

Double-headed arrows indicate protein-protein interactions.
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1.1.3 The Many Roles of TBP

TBP is a 38kD protein which in vivo is complexed with a variety of other subunits or
TBP-associated factors (TAFs). The association of TBP with different groups of TAFs
produces four distinct units; TFIID, SL1, TFIIIB and SNAPc and each plays a unique role in
eukaryotic transcription which TBP is unable to carry out alone (reviewed in Hernandez,
1993; Goodrich, 1994). TFIID is responsible for regulated, as opposed to basal, class |l gene
transcription; SL1 is essential for transcription of class | genes; TFIIIB is required for
transcription of TATA-less class Ill genes; and SNAPc plays a role in transcription of both
class Il and Il genes since it is involved in the synthesis of the small nuclear RNAs: U6
snRNA, a class Il gene and U1 and U2 snRNA, class Il genes. Since TBP is common to all
these processes, it must be the TAF proteins which provide the specificity of function to these
complexes presumably by interacting with proteins and DNA elements unique to the various
different promoters. Specific TAFs must also interact differentially with the components of the
RNAP [, Il and lll transcription machinery and modulate the activity of TBP e.g. TBP
complexes which bind to class | and lll TATA-less promoters (SL1 and TFIIIB respectively)
must reduce the affinity of TBP in the complex for TATA boxes in order to prevent their
binding to class Il TATA-containing promoters. The recent cloning of many of the TAF
proteins enables such roles for the TAFs to be determined and the various TBP-TAF

complexes are discussed below:

(i) TFIID

Recombinant TBP is not able to support regulated i.e. activated or repressed RNAP I
transcription in in vitro assays. However, TBP isolated from cells by immunoprecipitation with
an anti-TBP antibody is complexed with at least 8 TAF proteins, the TFIID complex , and is
capable of supporting such regulation (Dynlacht et al., 1991; Zhou et al., 1992). This shows
the importance of the TAFs for TFIID function. So far, all of the 8 (dTAF)-250, 150, 110, 80,
60, 40, 30a and 30B) Drosophila TFIID TAFs (Dynlacht et al., 1993; Goodrich et al., 1993;
Hoey et al., 1993; Kokubo et al., 1993; Kokubo et al., 1993a; Kokubo et al., 1993b; Weinzierl
et al., 1993a; Weinzierl et al., 1993b; Yokomori et al., 1993; Zhou et al., 1993; Kokubo et al.,
1994; Verrijzer et al., 1994) and 3 (hTAF|-250, 70 and 30) of the human homologs (Hisatake
et al., 1993; Ruppert et al., 1993; Weinzierl et al., 1993b; Jacq et al., 1994) have been cloned
and the human homologs (hTAF}-130 and 100) have been partly characterized (Chen et al.,
1994). Splice variants of some of these proteins have been identified and it is thought that cell
type specific TAFs may also exist. These variations may increase the number of regulatory
signals to which TFIID can respond.

TFIID is remarkably stable due to the numerous TAF-TAF and TAF-TBP interactions
which occur in the complex. A model showing some of these interactions is shown in figure
1.2. Not all the TAFs interact with TBP directly but are held in the complex via interaction with
other TAFs. As well as interacting with the general transcription machinery, TAFs have also



Figure 1.2 Schematic Diagram of the Drosophila TFIID Complex (Adapted from Chen
et al., 1994)

Drosophila TFIID consists of dTBP and at least eight TAFs (dTAF|}-250, 150, 110, 80, 60, 40,
300 and 30PB) associated with each other to form a multiprotein complex. The diagram indicates
the TBP-TAF and TAF-TAF interactions identified so far and gives a picture of the structure of
TFIID based on this data.
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been shown to interact with regulatory proteins. Interactions with transcriptional activators are
the best documented and suggest that TAFs act as co-activators transmitting information
from the upstream regulatory sites to the basal transcription machinery (Chen et al., 1994).

This will be discussed in section 1.1.5.

(i) SL1

SL1 contains TBP and three TAFs of 110, 63 and 48kD (Comai et al., 1992) which
appear to be different to those in present in TFIID. These TAFs are specific for RNAP |
transcription and may function to recruit TBP to the TATA-less class | promoters. An
additional factor, upstream binding factor (UBF), is also required for RNAP | transcription and
since this and the TAFs are cloned investigations into the mechanism of RNAP 1 transcription

are feasible.

(iii) TFillB

TFIIIB is involved in transcription from TATA-less class Ill promoters containing 'A' and
'‘B' box elements downstream of the transcriptional start site e.g. transcription of tRNA
promoters. It consists of TBP associated with 2-4 TAFs (Lobo et al., 1992; Taggart et al.,
1992; White and Jackson, 1992) and it interacts with TFIIIC bound to the A/B boxes. Its role
is presumed to be to recruit RNAP lil to the promoter. Yeast homologs (BRF1 and a 90kD
protein) of the mammalian TFIIIB TAFs have been identified (Kassavetis et al., 1992).

(iv) SNAPc

SNAPc is required for transcription of class Ill promoters containing a proximal
sequence element (PSE) and a TATA box upstream of the transcriptional start site e.g. in the
U6 promoter (Sadowski et al., 1993). SNAPc binds to the PSE not the TATA box where a
second molecule of TBP is required to bind before transcription by RNAP |1l can occur.
SNAPc is also involved in transcription from U1 and U2 class Il promoters by RNAP I but in

this case the second TBP molecule is not required.

1.1.4 Activators of RNA Polymerase Il Transcription

Basal transcription can be greatly stimulated by promoter specific transcription factors
(activators). These activators are generally modular in structure consisting of a DNA binding
domain that recognizes a specific sequence of DNA and an activation domain that is
responsible for stimulating transcription (Ptashne, 1988). Domain swap experiments have
shown that the two functions are readily separable (Brent and Ptashne, 1985; Keegan et al.,
1986) and the next two sections will describe the properties of such domains.

(i) DNA Binding domains
These domains are generally relatively small consisting of 40-100 amino acids and

several distinct types have been determined (reviewed in Pabo and Sauer, 1992). The first



domain identified was the helix-turn-helix (HTH) motif in the prokaryotic proteins A Cro
(Anderson et al., 1981), A repressor (Pabo and Lewis, 1982) and E. Coli CAP (McKay and
Steitz, 1981). It consists of an a-helix, a turn often containing a glycine residue and a second
a-helix which binds to the major groove of DNA and is referred to as the recognition helix
(Steitz et al., 1982; Ohlendorf et al., 1983). Such a structure is not stable by itself but always
occurs as part of a larger DNA-binding domain e.g. the DNA-binding domain of A Cro
contains B-sheet as well as the HTH.

The HTH motif also occurs in eukaryotic proteins forming part of the 60-residue
homeodomain which was first identified in Drosophila developmental regulatory proteins. The
structure of the Drosophila engrailed (Kissinger et al., 1990) and yeast Mat a2 (Wolberger et
al., 1991) homeodomains have been determined and found to consist of an extended N-
terminal arm followed by 3 o helices. The last 2 helices form the HTH unit and helix 3 is the
recognition helix contacting the major groove of DNA. Even though the HTH structures of
prokaryotes and eukaryotes are very similar, differences exist in the nature of contacts made
by the recognition helices e.g. in prokaryotes the N-terminal portion of the recognition helix is
closest to the bases whereas in eukaryotes the centre of the recognition helix is closest
(Kissinger et al., 1990).

The POU domain defines a subgroup of homeodomain-containing transcription factors
and was originally defined in the transcription factors Oct-1, Oct-2 and Pit-1. It is a 150-160
amino acid region consisting of an N-terminal 75-82 amino acid POU-specific domain
(POUg), a short variable linker region and a C-terminal 60 amino acid POU homeodomain
(POUHD) (Herr et al., 1988). The 2 domains fold independently, however, the POUg domain
is always found in association with the POUH{p domain and both domains are required for
high affinity DNA recognition (Aurora and Herr, 1992). The POUg domain, like the POUHD,
contains a HTH motif and its structure is very similar to that of the DNA binding domain of A
repressor (4 a-helices connected by short loops with helices 2 and 3 forming the HTH motif)
(Assa-Munt et al., 1993; Dekker et al., 1993). This means that the complete POU structure
consists of two HTH domains.

The second type of DNA binding motif is the zinc containing domain and three
structural classes of this domain are now known; the zinc finger, the zinc twist and the zinc
cluster and these are found in the transcription factor TFIIIA, the glucocorticoid receptor (GR)
and the yeast GAL4 protein respectively (Vallee et al.,, 1991). The zinc finger contains a
single Zn2+ molecule co-ordinated by 2 cysteines and 2 histidines separated by 12 amino
acids which loop out to form the finger structure (Miller et al., 1985). The zinc twist contains 2
Zn2+ molecules each co-ordinated by 4 cysteines and it is the intervening region (the twist)
which binds to DNA. Finally, the zinc cluster comprises 2 Zn2+ molecules co-ordinated by 6
cysteines such that the metals share 2 of the ligands (Vallee et al., 1991). In all three
structures coordination of zinc exposes an a helix which binds to the major groove of DNA.

Zinc binding occurs at either the amino or carboxy termini of these recognition helices.
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A third type of DNA binding motif is the bzip motif which contains 2 subdomains; the
zipper region which mediates dimerization and a basic region which contacts the DNA
(Landschulz et al., 1988). Both regions are essential for DNA binding. Proteins containing
such domains include the Jun, Fos and ATF/CREB families. The zipper monomer consists of
an amphipathic o helix with a leucine at every seventh position. Dimerization occurs by
interdigitation of the leucines so forming a coiled coil structure (O'Shea et al., 1991) which is
stabilized by additional hydrophobic residues located between the leucines. The basic region
is rich in arginines and lysines and when bound to DNA forms an o helical structure (Weiss et
al., 1990). In the dimer, these helices splay away from each other and bind to the major
groove on either side of the DNA (Ellenberger et al., 1992). Leucine zippers can form
heterodimers and this is important for the regulation of activity since heterodimers may have
different activities and DNA binding specificities compared to the homodimers. This will be
discussed in section 1.2.5.

A fourth type of DNA binding domain is the helix-loop-helix (HLH) motif which like the
leucine zipper motif has a basic region which contacts DNA and a neighbouring region which
mediates dimer formation (Voronova and Baltimore, 1990). The dimerization region consists
of a short amphipathic a helix containing hydrophobic residues at every third or fourth
position, a loop region often containing one or more helix-breaking residues and a second
amphipathic helix (Murre et al., 1989). HLH proteins include E12, MyoD and myogenin and as
with the zipper proteins their activity is modulated by heterodimerization.

Further types of DNA binding domain exist e.g. the prokaryotic regulatory proteins MetJ
and Arc repressors use an antiparallel B sheet for DNA binding (Breg et al., 1990). There are
also DNA binding proteins which bear no obvious structural homology to the DNA binding
domains described above e.g. SRF. Characterization of such DNA binding domains will lead

to a further understanding of DNA sequence recognition by transcription factors.

(ii) Activation Domains

Several types of activators exist and these have generally been classified according to
their amino acid composition. Thus acidic, glutamine rich, proline rich and more recently
isoleucine rich activation domains have been identified. Examples of these different activators
include the yeast activator GAL4 (Ma and Ptashne, 1987) and the herpes simplex virion
protein VP16 (Triezenberg et al., 1988) whose activation domains are rich in aspartate and
glutamate residues whereas Sp1 (Courey and Tjian, 1988), CTF (Mermod et al., 1989) and
NTF-1 (Attardi and Tjian, 1993) are rich in glutamine, proline and isoleucine residues
respectively. However, activation domains which do not fit into such a classification are also
known e.g. the HOB activation domains of Fos, Jun and C/EBP were identified on the basis
of sequence identity and predicted secondary structure rather than the nature of amino acids
within the region (Sutherland et al., 1992).
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The structural relationships and mechanisms of specificity of these different types of
activation domains is unclear and recently it has been shown that not all activation domains
of a given class interact with the same target (Hoey et al., 1993; Gill et al., 1994). This
suggests that functional sub-classes within groups of activators may exist. Furthermore,
mutagenesis studies suggest that the nature of the amino acids in the activation domain is
not necessarily the key feature of the domain since mutation of up to 4 acidic residues at
once in VP16 caused only modest reductions in activity (Cress and Triezenberg, 1991).
Instead it seems that bulky hydrophobic residues interspersed between these predominant
residues may, at least in some cases, be more important (Regier et al., 1993). On this basis,
it has been proposed that the hydrophobicity provides the force for association between
activator and target and that the nature of the residues within the domain provides the
specificity. The structure of the activator is thought to be fairly flexible as shown by NMR and
CD studies which do not detect any specific secondary structures in isolated activators. Upon
interaction with its target, the activator is assumed to alter its conformation to fit the target so
forming a specific, productive interaction (Hahn, 1993; Tjian and Maniatis, 1994).

1.1.5 Mechanism and Targets of Transcriptional Activators

The mechanism of transcriptional activation is unclear although activators are believed
to function by interacting with and influencing one or more components of the transcription
machinery (e.g. Choy and Green, 1993). Affinity chromatography together with co-
immunoprecipitation studies have been used to identify the targets of activators and thus
deduce the steps of transcription initiation they affect. Such studies have identified three

distinct groups of activator targets; general transcription factors, TAFs and co-activators.

(i) General Transcription Factor-Activator Interactions

Many activators such as the acidic activation domain of VP16 (Stringer et al., 1990),
CR3 of Ela (Lee et al.,, 1991), EBV Zta (Lieberman and Berk, 1991) and CMV IE2
(Hagemeier et al., 1992) protein have been shown to interact with TBP. This is expected
given that TBP binding to DNA is the first step in the assembly of the initiation complex. The
relevance of such interactions with regard to activation has been demonstrated for some
activators; in the case of VP16, mutations in its activation domain which reduce its activation
potential also decrease its ability to bind TBP (Ingles et al., 1991), EBV Zta has been shown
to increase the binding of TBP to a non-consensus TATA box (Lieberman and Berk, 1991)
although this is not true for all activators and finally, E1a has been shown to interact with
holoTFIID, the form of TBP present in cells (Boyer and Berk, 1993).

TFIIB is also a target for the activator VP16 (Lin et al., 1991) and binding of TFIIB to
the initiation complex has been shown to be enhanced by both acidic and non-acidic
activators (Choy and Green, 1993). Mutations in TFIIB which prevent activated but not basal
transcription also prevent an interaction with VP16 so qualifying the importance of the TFIIB
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interaction for activation of transcription (Roberts et al., 1993). Finally, Zta has been shown to
bind via its activation domain to TFIIA. Furthermore, Zta has been shown to enhance and
stabilize the formation of a Zta-TFIID-TFIIA-promoter DNA complex, one of the first
complexes to be formed during Zta-activated transcription initiation. This infers the relevance
of the Zta-TBP/TFIIA interactions (Ozer et al., 1994).

(ii) TAF-Activator Interactions

Activators also interact with TAFs which is not surprising given that TAFs are essential
for activated transcription in in vitro transcription assays (Pugh and Tjian, 1990). Thus, Sp1
has been shown to bind to dTAF|j110 (Hoey et al., 1993; Gill et al., 1994), VP16 to dTAF|j40
(Goodrich et al., 1993) CTF-1 to hTAF|}55 (Ge and Roeder, 1994) and NTF-1 to dTAF|;150
and dTAF;60 (Chen et al., 1994). Furthermore functional TBP-TAF complexes have been
assembled and purified in vitro and used to demonstrate that the TAFs involved in certain of
these specific TAF-activator interactions are also required for transcriptional activation e.g.
GAL4-NTF-1 activates transcription via the partial TFIID complexes TBP-dTAF||250-
dTAF[j150 and TBP-dTAF|1250-dTAF |60 whereas Sp1 acts via a TBP-dTAF}|250-
dTAF)|150-dTAF|j110 complex (Chen et al., 1994). The same studies also found that different
classes of activator target different TAFs although it should be noted that not all activators of
a given class will necessarily interact with this target e.g. a number of glutamine-rich
transcription factors failed to bind dTAF|j110 (Hoey et al 1993). Thus the basis for the

specificity of activator-TAF interactions remains unclear.

(iii) Coactivator-Activator Interactions

Coactivators are essential to obtain significant levels of activated transcription in vitro
using purified TFIID and transcriptional activators. These factors are distinct from the TAF
proteins and include the positive cofactors PC1 (Meisterernst et al., 1991), PC2 (Kretzschmar
et al., 1994), PC3 (Dr2, human topoisomerase 1) (Kretzschmar et al., 1993; Merino et al.,
1993), PC4 (Ge and Roeder, 1994; Kretzschmar et al., 1994) and CBP (Chrivia et al., 1993).
PC2 acts as a cofactor for the synthetic acidic activator AH and seems to be specific for
certain types of activator domains; PC4 is a general cofactor functioning with several types of
activation domain including AH, VP16, CTF, Sp1, E1a and IE; and CBP is the cofactor for
CREB and cJun (Arias et al., 1994; Kwok et al., 1994). Direct interactions between activator-
coactivator have been demonstrated: PC4 with the activation domains of AH, CTF, IE and
VP16 (Ge and Roeder, 1994); and CBP with phosphorylated CREB (Chrivia et al., 1993) and
phosphorylated cJun (Arias et al., 1994). Coactivators also interact with the basal machinery;
PC4 with TFIIA (Ge and Roeder, 1994) and CBP with TFIIB (Kwok et al., 1994). Thus, as is
the case for at least some of the TAFs, coactivators may act as a link between upstream

activators and the basal transcription machinery.
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(iv) Mechanism of Activation

From the above sections it can be seen that activators are able to interact with many
components of the transcription machinery although not all such interactions are necessarily
significant in vivo. These numerous possible interactions are proposed to enable activators to
influence many aspects of transcription initiation and in doing so increase the efficiency of
assembly of transcription competent initiation complexes (reviewed in Hahn, 1993; Kingston
and Green, 1994). This is evidenced by in vitro studies which have shown that activators
stimulate transcription by increasing the number of functional initiation complexes present at
promoters (e.g. Lin and Green, 1991). The ways in which an activator could influence
initiation complex formation and function include recruitment of basal factors to the promoter
(Choy and Green, 1993), stabilization of factor binding at the promoter (Ozer et al., 1994) and
formation of productive interactions subsequent to binding possibly as a result of
conformational changes induced in the target protein by the activator. This latter proposal is
suggested by the detection of a two step process in TBP DNA binding, one stage is thought
to involve conformational changes (Hoopes et al., 1992). In such schemes, activators may
influence the basal factors directly or via the TAFs and coactivators. It is also possible that
the TAFs and coactivators may act upon the activators so converting them into a form
capable of influencing the basal machinery. However, no such case has so far been
demonstrated. An additional method of activation has been described: structural activation
(Tjian and Maniatis, 1994). This involves the formation of a highly specific three dimensional
protein complex capable of activating transcription. Assembly of this complex is nucleated by
architectural proteins such as LEF-1 and HMG I(Y) which bind to enhancers and facilitate
subsequent transcription factor binding. These structural proteins also facilitate protein-
protein interactions between the transcription factors once they are bound to the enhancer by
bending the DNA and bringing the factors into close contact. This results in the formation of a
stereospecific complex which is proposed to interact efficiently with the transcription

machinery and so activate transcription.

1.1.6 Repression of Transcription

Basal transcription as well as being activated can also be repressed. This is brought
about in two main ways by: (i) the effect of chromatin structure (ii) the action of repressor
molecules. Both methods prevent the formation of functional initiation complexes at the
promoter and must be overcome in order for basal transcription to proceed, a process known
as antirepression. It is achieved by the action of transcription factors which are then able to
stimulate transcription (true activation) by methods described above (section 1.1.5). A further
form of repression exists. However, this does not interfere directly with the formation of
initiation complexes but instead targets the activators. Such passive repression can be
brought about by a variety of mechanisms such as titration of the activator away from its

binding site at the promoter, competition with the activator for its binding site or formation of a
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complex with the activator so masking its activation domain whilst leaving its DNA binding
domain unaffected (for review see Cowell, 1994). This latter form of repression will not be
discussed further.

In vivo DNA is packaged with histones to form chromatin. The basic unit of chromatin is
the nucleosome which consists of a tetramer of two copies each of histones H3 and H4, two
dimers of H2A and H2B, and 146 bp of DNA wrapped around this octamer core. Histone H1
binds to DNA in the linker sequences between the nucleosomes (Wolffe, 1994a). Such
packaging at a promoter renders the DNA inaccessible to the basal transcription machinery
so resulting in repression of gene expression (Perimann and Wrange, 1991). Nucleosomes
may also block upstream factor binding sites although in this case the regulatory factors are
able directly or indirectly to reposition the nucleosomes and so bind to DNA. Certain factors
e.g. the glucocorticoid receptor (GR) are able to bind to their respective sites even in the
presence of nucleosomes since the nucleosomes are positioned within the promoter such
that the GR binding sites are exposed towards solution (Pina et al., 1990; Archer et al., 1991).
The binding affinity for such sites is decreased compared to naked DNA (Li and Wrange,
1993). Once upstream factors are bound, they can then recruit the SWI/SNF general activator
complex (Yoshinaga et al., 1992). This complex is thought to act by destabilizing the
chromatin structure via mechanisms including the release of histone H1 from linker DNA
(Bresnick et al., 1992) or the weakening of the histone-DNA interactions within the
nucleosome by either competing protein-protein or protein-DNA interactions (reviewed in
Wolffe, 1994b). The SWI2/SNF2 subunit of the complex possesses a DNA-dependent
ATPase activity (Laurent et al., 1993) which may enable the complex to track along the DNA
to destabilize several nucleosomes including those at the core promoter. This then facilitates
access of the basal machinery to this region and permits initiation of transcription to take
place.

Once the promoter is accessible to the basal machinery active repression by negative
regulators may occur. Several such regulators have been discovered; NC1 (one component
of which is thought to be the high mobility group protein I, HMG1) (Ge and Roeder, 1994),
NC2 (Meisterernst et al., 1991), Dr1 (Inostroza et al., 1992), Dr2 (PC3) (Merino et al., 1993)
and ADI (Auble and Hahn, 1993). The first four regulators function by binding to TBP and
preventing it from interacting with the other basal factors necessary to form an initiation
complex. Such repression is proposed to be overcome by activators enhancing the action of
TFIIA, presumably by directly interacting with this transcription factor. TFIIA binds to TBP and
in doing so is thought to displace any inhibitors associated with it, therefore allowing initiation
complex formation to proceed (Yokomori et al., 1994). ADI functions in a different way.
Instead of blocking complex formation, it is thought to displace TBP from DNA in an ATP-
dependent process (Auble and Hahn, 1993). However, as with the other repressors its action
can be overcome by TFIIA since TFIIA is able to stabilize the TBP-DNA complex (Ozer et al.,
1994). Thus in both types of repression TFIIA acts as an anti-repressor. However, TFIIA can
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also patrticipate in true activation and directly stimulate transcription. The mechanism of such
activation is not understood but is known to involve the TAFs (Sun et al., 1994). It should be
noted that PC3/Dr2 can act both as a positive cofactor enhancing activated transcription and
as a negative regulator repressing basal transcription (Merino et al., 1993). This

demonstrates the complex nature of the regulation of RNAPII transcription.

1.2 The ATF/CREB Family

Many of the factors that bind to the regulatory elements in promoters have been cloned
and this led to the discovery that each site is capable of binding several related proteins
which gave rise to the concept of transcription factor families. These groups of proteins not
only bind to the same sequence but also share a common DNA binding domain. One such
family is the activating transcription factor (ATF) family which binds to the consensus
sequence TGACGTCA. This sequence is also found in the promoters of cAMP inducible
genes and therefore the family is alternatively known as the cAMP response element binding
(CREB) family (Ziff, 1990).

The ATF/CREB family is large and all members are bzip containing proteins (Hai et al.,
1989). The sequence of this DNA binding domain is highly conserved throughout the family
and outside of this region there is very little overall homology. However, recently certain
family members have been identified which possess other limited regions of homology. These
include CREB (Hoeffler et al., 1988; Gonzalez et al., 1989) which is related to both ATF-1
(Hai et al., 1989) and CREM (Foulkes et al., 1991), and ATF2 (also known as CRE-BP1 or
CREB2) (Maekawa et al., 1989) which is related to both the ATFa (Chatton et al., 1993) and
CRE-BPa (Zu et al., 1993) families. The number of ATF/CREB family members is larger than
predicted from the number of genes isolated since many of these genes encode more than
one protein by alternative splicing e.g. CREB encodes 8 products (Waeber et al., 1991;
Ruppert et al., 1992) and CRE-BPa encodes 4 (Zu et al., 1993). The CREM gene is further
complicated since it has two promoters each of which gives rise to several products by
differential splicing; the P1 promoter encodes 9 products (Laoide et al., 1993) and the P2
promoter 4 products (Molina et al., 1993). Such an extensive transcription factor family
enables transcription dependent upon the ATF/CRE site to be regulated by a variety of
signals and to respond to the signals in a variety of ways. The roles of some of the family
members in this regulation is beginning to be understood and it is found that the regulation
occurs at many different levels including phosphorylation, viral stimulation, cooperation with
other cellular factors and interaction with other bzip proteins. Such regulation is described in

the following sections.

1.2.1 Regulation By Binding Site Specificity
The consensus sequence for ATF/CREB binding is TGACGTCA. However, in the

promoters of genes ATF/CRE sites often diverge from this consensus. These altered sites

15



have varying affinities for the different family members as shown by gel shift analysis and so
determine the type of ATF/CREB complex bound to the promoter. Sequences flanking the
core binding site are also important for determining specificity which means that promoter
context also influences binding specificity (Benbrook and Jones, 1994). The flanking

sequences are also important for cooperation effects discussed in section 1.2.4.

1.2.2 Regulation By Phosphorylation

The best example of ATF/CREB regulation by phosphorylation is the stimulation of
CREB activity by cAMP-dependent protein kinase A (PKA). The signalling pathway that leads
to this stimulation is relatively well understood (reviewed in Lalli and Sassone-Corsi, 1994);
peptide hormones bind to guanine nucleotide binding protein-coupled receptors and so
stimulate the production of the second messenger cAMP. The resultant increase in cAMP
concentration causes the catalytic subunit of PKA to dissociate from its regulatory subunit
and so migrate into the nucleus (Hagiwara et al., 1993) where it phosphorylates CREB at
serine 133 (Gonzalez and Montminy, 1989) in the kinase inducible domain (KID). This has
two effects. Firstly, it is thought to cause a conformational change exposing the glutamine rich
activation domain Q2 (Gonzalez et al., 1991) which then interacts with transcription
machinery via a TAF (Q2 has been shown to bind dTAF11110) (Ferreri et al., 1994).
Secondly, it enables CREB to bind to the coactivator CBP (Chrivia et al., 1993) thus bringing
CBP to the promoter where it can interact with the transcription machinery by contacting
TFIIB (Kwok et al., 1994). These two effects increase the transactivation function of CREB
and both seem to be required for the process. The activation of CREB is only transient and is
reversed by phosphatases. The identity of the phosphatase responsible for
dephosphorylating CREB is controversial. Both protein phosphatase | (Alberts et al., 1994)
and lIA (Wheat et al., 1994) have been reported to be the primary phosphatase responsible
for de-activating CREB.

Phosphorylation can also regulate ATF/CREB activity by altering the DNA binding
properties of some of the family members. In the case of CREB, phosphorylation by PKA has
been shown to increase its binding to low affinity CREs (Nichols et al., 1992) although this
effect is minor compared to the effect it has on activation. ATF2 binding to a CRE is also
stimulated by phosphorylation and the enzyme implicated is a mitogen-activated protein
kinase (p42 or p54 MAPK) not PKA. Conformational changes induced by phosphorylation are
suggested to account for the increases in DNA binding. In the case of ATF2, the
unphosphorylated state is believed to be in a configuration which prevents dimerization and
hence DNA binding. Phosphorylation is proposed to relieve the inhibition of dimerization
(Abdel-Hafiz et al., 1992).
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1.2.3 Regulation By Viral Proteins

The viral transactivator proteins, adenovirus E1a, hepatitis B virus (HBV) pX and
human T-cell leukaemia virus type 1 (HTLV-1) Tax regulate transcription of a variety of viral
and cellular genes via mechanisms not fully defined. However, one mechanism seems to
involve the stimulation of transcription via ATF/CRE sites. Evidence for this comes from
mutagenesis studies on certain E1a/pX/Tax sensitive promoters and the detection of in vitro
associations between the viral activators and ATF/CREB proteins. The interaction with pX
alters the DNA binding specificity of CREB and ATF2 so enabling them to bind to the CRE-
like site (TGACGCAA) in the HBV promoter and thus recruit pX to the promoter where it can
activate transcription (Maguire et al., 1991). However, no in vivo data to support this model
has been produced. The interaction with Tax stimulates the formation of dimeric ATF/CREB
proteins (DNA binding species) and so stimulates their DNA binding capacity (Wagner and
Green, 1993). This will also stimulate Tax recruitment to the promoter. Tax has also been
shown to alter the DNA specificity of CREB (Adya et al., 1994). The interaction with E1a does
not alter the binding specificity of the ATF/CREB proteins but does again bring the viral
activator to the promoter (Liu and Green, 1990; Liu and Green, 1994). Thus the viral
activators appear to function in similar ways. The mechanism of E1a activation via ATF/CREB

proteins is described further in section 1.3.2.

1.2.4 Regulation by Cooperation With Cellular Factors

ATF/CREB activity can also be influenced by cooperation with non bzip proteins and
such cooperation has been shown to be important for gene regulation. One example of this is
interleukin-1 (IL-1) induction of the E-selectin gene. By mapping regulatory elements in the
promoter of the E-selectin gene the transcription factor NF-xB was found to be required but
not sufficient for IL-1 induction (Whelan et al., 1991). An additional complex, NF-ELAM1,
which contains ATF/CREB proteins e.g. ATFa, was also required. Since ATFa was shown to
bind NF-xB in vitro, it suggests that cooperation results from protein-protein interactions
formed when NF-xB is stimulated to bind to the promoter by IL-1 (NF-ELAM1 is constitutively
bound) (Kaszubska et al., 1993).

A second example of ATF/CREB regulatory cooperation is virus induction of the human
B-interferon (hu B-IFN) gene via the positive regulatory domain IV (PRDIV). This domain is a
composite regulatory element containing binding sites for both ATF2 and the high mobility
group protein HMG I(Y) and both sites are required for virus induction. HMG [(Y) does not
function as a transcriptional activator but instead stimulates binding of ATF2 to PRDIV. It can
achieve this by either stabilizing protein-DNA interactions, by inducing conformational
changes in DNA or by increasing the affinity of ATF2 for its site as a result of protein-protein
interactions between itself and ATF2. HMG [(Y) may also directly influence the transcriptional
activity of ATF2. There is a second level of regulation at this promoter which again involves
ATF2. HMG I(Y) is proposed to facilitate DNA looping so bringing the promoter regulatory
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elements PRDIV and PRDII close to each other. This enables ATF2 bound to PRDIV to
interact with NF-xB bound to PRDII and so cooperate functionally with it (Du et al., 1993).
Further examples of ATF/CREB cooperation include occupancy of the CCAAT site in
the fibronectin (FN) promoter. In liver cells, binding to this site is stimulated by binding of
ATF/CREB proteins to the adjacent CRE. Such cooperative binding is correlated with the
stimulation of FN transcription in in vitro studies and may partly explain tissue specific
regulation of this housekeeping gene since such cooperative binding is not seen in other cell
types e.g. brain cells (Srebrow et al., 1993). ATF/CREB proteins also associate with nuclear
matrix proteins which may regulate their activity (van Wijnen et al., 1993) and a specific family
member, ATF2, has been shown to be activated by the retinoblastoma (Rb) protein.
However, little is known about the mechanism of Rb activation and it may occur in an indirect
way because although an in vitro association between ATF2 and Rb has been demonstrated

the in vivo relevance of such an interaction has not been demonstrated (Kim et al., 1992).

1.2.5 Regulation By Heterodimerization

ATF/CREB proteins bind to DNA only as dimers with both homodimers and certain
heterodimers being formed between the various family members e.g. CREB heterodimerizes
with ATF1 (Hoeffler et al., 1991) and CREM (Foulkes et al., 1991), and ATF2 heterodimerizes
with ATF3 (Hai et al., 1989). The formation of heterodimers depends on the interaction of
specific residues in the leucine zipper region which either stabilize or destabilize the
interaction of particular dimer partners. ATF/CREB proteins can also heterodimerize with
members of other bzip families e.g. ATF2 can heterodimerize with cJun (Benbrook and
Jones, 1990). Thus a diverse number of ATF/CREB compiexes can be formed. This
heterodimerization provides for complex regulation of the ATF/CREB family since interaction
with a different partner can alter the properties of the individual members. Such influences
are described in this section.

Firstly, heterodimerization could influence all the methods of regulation discussed
above. Examples where this has been shown to be the case are:
(i) Binding Site Specificity

Heterodimerization of ATF2 with cdun still permits ATF2 binding to the consensus CRE
(TGACGTCA) but now also enables ATF2 to bind to the non-consensus AP1 site
(TTACCTCA) present in the cJun promoter (van Dam et al., 1993).
(i) Phosphorylation

By engineering complementary CREB proteins that could only heterodimerize and
combining these with phosphorylation mutants (serine 133 mutation), it was shown that a
single phosphorylated CREB molecule in a dimer was sufficient to obtain a response to PKA.
The response was decreased compared to fully phosphorylated dimers but shows that the
introduction of CREB into a dimer has the potential to confer PKA responsiveness via

phosphorylation upon the dimer (Loriaux et al., 1993).
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(iii) Viral Proteins and Cellular Factors

As with phosphorylation, it can be imagined that one partner of the heterodimer can
confer upon the other partner the ability to be influenced by certain viral or cellular proteins.
This has not been demonstrated as elegantly as the phosphorylation study of CREB but
examples do exist e.g. E1a represses the collagenase gene via Jun-Jun homodimers and
Jun-Fos heterodimers whereas it stimulates the cdun gene via ATF2-cJun heterodimers (van
Dam et al., 1993). This does not merely reflect the altered DNA binding specificity of cdun but
is also thought to involve a change in its transactivation potential brought about by E1a
induced phosphorylation (Hagmeyer et al., 1993).

Heterodimerization can have a more direct effect on regulation by producing a complex
with altered transcriptional properties. This involves repressing or stimulating the activity of
the individual components involved. This is best exemplified by heterodimerization of CREB
and CREM. CREB and CREM are highly homologous proteins both composed of modular
domains encoded by separate exons. The CREB gene consists of at least 11 exons of which
10 are coding (Ruppert et al., 1992). These include exons coding for the 2 glutamine rich
activation domains, the kinase inducible activation domain (KID) and the bzip DNA binding
domain (Brindle et al., 1993; Quinn, 1993). The CREM exon structure is virtually identical to
that of CREB (Laoide et al., 1993), the main difference being the presence of two alternative
DNA binding domains in CREM whereas only one is present in the CREB gene. There are
also other short exons unique to either CREB or CREM although the function of these
domains is not clear. Differential splicing of the exons produces a large number of gene
products (8 for CREB and 9 for CREM) although not all isoforms have been detected in cells
at the protein level. Additional CREM products arise by use of a second promoter, P2, located
within the 3' portion of the gene. These isoforms are known as inducible cAMP early
repressors (ICER) (Molina et al., 1993).

The role of the various CREB/CREM isoforms in transcription has been investigated by
transient transfection analysis and it is found that the CREB proteins are all transcriptional
activators whose activity can be stimulated by PKA. CREM, on the other hand, encodes both
activators and repressors of transcription in the presence of PKA (Foulkes et al., 1992). The
CREM repressors, CREMa, p and y contain the KID and bzip region but lack the glutamine
rich activation domains (Foulkes et al., 1991).The CREM repressor, S-CREM, lacks the KID
(Delmas et al., 1992). These proteins can therefore bind to CREs but are not able to activate
transcription. In fact they can repress transcription by competing with CREB or CREM1
activators for binding to CREs or by complexing with the activators to produce non-functional
heterodimers. The latter mechanism is thought to be the predominant mechanism which
means that the repressor is the dominant partner of the heterodimer (Laoide et al., 1993).
This contrasts to the engineered heterodimers of CREB described above in which the
activator was the dominant effector. The CREM isoforms, ICER, are also repressors. These
proteins contain a DNA binding domain but lack both the KID and the glutamine rich
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activation domains and so are powerful repressors functioning in the same way as the other
CREM repressors.

Thus it is clear that both partners in a heterodimer play a role in determining the
functional properties of the complex. This means that the level of transcription will be
controlled by the relative concentration of the different partners within a cell. This is important
for tissue specific gene expression since levels of activator/repressor proteins can vary from
tissue to tissue e.g. CREM is expressed to differing degrees in different cell types whereas
CREB expression is fairly constant (Foulkes et al., 1992). It is also important for inducible
gene expression since the levels of the activators/repressors within a cell may be altered by
signalling pathways e.g. ICER gene expression is stimulated by corticotroph-releasing factor

" (Molina et al., 1993). ' ' o . '

Thus regulation of the ATF/CREB family is extremely complicated which makes
deciphering the roles of the individual family members very difficult especially since all
mammalian cells contain endogenous ATF/CREB proteins. The use of heterologous DNA
binding domains has enabled certain roles to be established e.g. CREB was shown to be
PKA responsive by this method and ATF2 was similarly shown to be E1a responsive (Flint
and Jones, 1991). However, the interplay between factors and the signalling pathways which
lead to gene regulation via CREs is very poorly understood with the exception of the PKA
pathway. Thus this thesis concentrates on one family member ATF2 in order to gain further

insight into gene regulation by the ATF/CREB family.

1.3 Adenovirus E1a

The goal of the DNA tumour viruses e.g. adenovirus, simian virus 40 (SV40) and
human papilloma virus is to replicate and produce new virus via infection. To achieve this,
these viruses reprogram the host cell by altering gene expression and so creating an
environment that is favourable for DNA synthesis. If a productive infection does not ensue,
oncogenic transformation results. Since these viruses affect key regulatory events in gene
expression and cell cycle control, studying such viral regulation should lead to an
understanding of the cellular processes involved and this has indeed been found to be true.
This thesis looks at one aspect of such viral regulation namely transactivation by the
adenovirus early region 1a (E1a) protein. In this introduction | shall present a summary of E1a
and describe what is currently known about some of its regulatory properties.

E1a is the first gene to be expressed upon adenovirus infection and is capable of
regulating gene expression and immortalizing primary rodent cells by itself (Nevins, 1987).
Thus it is a key protein in adenovirus regulation. It encodes 5 mRNAs by differential splicing
(sizes 13s, 12s, 11s, 10s and 9s) (Stephens and Harlow, 1987) with the major products being
the 13s and 12s forms. These encode proteins of 289 and 243 amino acids respectively and
both are phosphoproteins although phosphorylation does not appear to be required for E1a
function (Tremblay et al., 1989). There are three regions in the 13s protein that are highly
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conserved between the various adenovirus serotypes; amino acids 40-80, 121-139 and 140-
188 (Kimelman et al., 1985). These are referred to as conserved regions 1, 2 and 3 (CR1, 2
and 3) respectively and they represent distinct functional domains in E1a; CR1 and 2 are
required for transformation, transcriptional activation and repression whereas CR3 is solely

involved in transcriptional activation (reviewed in Moran and Mathews, 1987).

1.3.1 Transactivation by E1a

E1a can activate several viral genes including E1b, E2a, E3 and E4 (Berk, 1986). It can
also activate two cellular genes, the human heat shock gene and B-tubulin, as well as a
variety of cellular promoters introduced into cells by transfection. Therefore, it is often
regarded as a promiscuous transactivator. It. does not bind to DNA in a sequence specific
manner (Chatterjee et al., 1988) which means that it cannot activate transcription by binding
to upstream elements in the promoters of E1a sensitive genes and behaving as a
transcription factor. Instead it is thought to act by altering the activity of cellular transcription
factors. Evidence for this has come from mutational analysis of Et1a sensitive promoters
which showed that certain transcription factor binding sites were required for E1a activation.
These include the ATF/CRE site (Lee and Green, 1987), the E2F site (Manohar et al., 1990)
and the TATA box (Wu et al., 1987). Furthermore, ATF/CRE sites and also E2F sites were
found to confer E1a inducibility upon a heterologous promoter thus proving the involvement of
these sites in E1a activation. With the cloning of the E2F family of transcription factors,
however, it has become apparent that E1a activation via the two types of binding sites occurs

by very different mechanisms.

1.3.2 Activation via the ATF/CREB Family

Once ATF/CRE sites were found to be important for E1a activation, evidence for a
direct involvement of the ATF/CREB family was provided by showing that certain family
members were capable of supporting an Eta response. This was achieved by transient
transfection assays with GAL-ATF/CREB fusions. The use of GAL fusions enabled specific
members of the family to be analyzed individually since the altered DNA binding specificity
circumvents the problem of endogenous ATF/CREB proteins present in mammalian cells.
Transcription stimulated by the fusions was measured from a GAL reporter and Ela
activation was investigated by performing the assay either in the presence or absence of E1a.
Eta was found to stimulate transcription through a specific family member namely ATF2
(CRE-BP1, CREB2). The other members examined e.g. CREB and ATF1 were unresponsive
(Flint and Jones, 1991). More recently the ATF2 related proteins, ATFa1, ATFa2 and ATFa3,
have also been shown to be E1a responsive (Chatton et al., 1993). This ability to stimulate
transcription via ATF2 and ATFa1l is a property associated with 13s but not 12s E1a. These
two proteins differ only by 46 amino acids comprising CR3 which is present in 13s E1a but
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almost entirely missing in the 12s form. Thus, E1a activation of ATF2 and ATFa is mediated
by CR3.

Many studies have been carried out on this unique region of 13s E1a to determine its
functional properties. It has been shown to be necessary and, in some cases, sufficient to
activate transcription e.g. a synthetic peptide comprised of CR3 residues can activate several
early promoters in vitro and in vivo (Lillie et al., 1987) following its microinjection into cells.
Furthermore, CR3 in the form of a GAL fusion is able to activate a construct containing only
GAL binding sites upstream of a TATA box and reporter gene (Lillie and Green, 1989). Since
this activation is dependent on both CR3 and the GAL sites in the reporter, it suggests that
CR3 functions by binding to and acting at the promoter.

This is further suggested by deletion and mutagenesis studies which identified a
promoter targeting region at the C-terminus of CR3, amino acids 183-188 (Martin et al., 1990;
Webster and Ricciardi, 1991). Since E1a does not bind DNA in a sequence specific manner,
this region is proposed to target promoters by interacting with specific promoter bound
transcription factors rather than specific promoter sequences. The data discussed above
suggests that ATF2 may be one such transcription factor and this has been shown to be the
case. Mutating the glycine residue at position 180 to aspartic acid in 13s E1a not only
destroys promoter targeting by CR3 but also destroys E1a activation via GAL-ATF2 (Liu and
Green, 1990). Thus CR3 seems to function by interacting with promoter bound ATF2. This
has been confirmed recently by the detection in vitro of a direct physical interaction between
E1a and ATF2. The site of interaction on E1a was mapped to the promoter targeting region of
CRS3 which agrees with the in vivo functional data (Liu and Green, 1994). E1a has also been
shown to interact with ATFa1, another E1a responsive member of the ATF/CREB family
(Chatton et al., 1993). However, E1a has also been found to bind to unresponsive members
of this family e.g. ATF1 (Liu and Green, 1994). This discrepancy will be discussed in section
6.4.

There is an additional reason for proposing the above mechanism of targeting based
on studies of the herpes simplex virus (HSV) VP16 protein. Like E1a, VP16 is a strong
transcriptional activator which cannot bind directly to specific sequences of DNA with high
affinity. Instead VP16 forms a complex with the transcription factor Oct1 and the accessory
family of polypeptides collectively known as host cell factor (HCF) (Stern and Herr, 1991).
This complex is then able to bind to "tat-garat" sequences present in the enhancers of the
HSV immediate early genes so bringing VP16 to the promoter where it can activate
transcription. Thus, E1a and VP16 may function by analogous mechanisms.

Once E1a has been brought to the promoter, it then stimulates transcription and the
region responsible for this has been delineated to the N-terminal portion of CR3, amino acids
147-177. This region contains a zinc finger and mutation of any one of the four cysteine
residues forming this structure abolishes transactivation. Therefore, the zinc finger is

essential for E1a activation. As well as being essential for activation, this region has also
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been found to be essential for the trans dominant negative phenotype of E1a mutants which
lack the promoter targeting region of CR3. This suggests that this region binds to and
sequesters a limiting cellular transcription factor required for E1a activation and by doing so
prevents wild type E1a from stimulating transcription (Webster and Ricciardi, 1991).

Several lines of evidence indicated that the limiting factor was the basal transcription
factor TBP. Firstly, the transcriptional activity of a partially purified TFIID fraction from HelLa
cells was increased by adenovirus infection (Leong et al., 1988). Secondly, a subset of E1a
responsive promoters appear to only require the TATA box for transactivation (Wu et al.,
1987; Simon et al.,, 1988). Thirdly, it was demonstrated that E1a CR3 binds in vitro
specifically and stably to TBP and that the region of CR3 involved in the binding was the N-
terminal zinc finger region (Horikoshi et al., 1991; Lee et al., 1991). '

The E1a-TBP interaction was demonstrated to be functionally relevant in several ways.
Firstly, the E1a-TBP interaction was shown to occur even when TBP was present as part of
the TFIID complex (Boyer and Berk, 1993). This means that the surface of TBP which
interacts with E1a must be accessible for such an interaction in vivo. Secondly, by making
conservative substitutions at each of the 49 amino acids in CR3, it was shown that mutants
which were defective in TBP binding were also defective in transactivation. These TBP
binding mutations were all found to occur in the finger region of CR3. There were no
examples of mutants that reduced TBP binding but did not reduce transactivation (Geisberg
et al., 1994). The third method utilized an in vitro transcription system which was sensitive to
E1a CR3. In this system, increasing the amount of CR3 from 0.06-0.6pmole resulted in an
increase in the level of transcription. However, increasing the concentration of CR3 beyond
0.6pmole resulted in the inhibition of transcription, a phenomenon known as squelching and
is thought to result from titration by an excess of CR3 of its own cellular target. Both activation
and inhibition by CR3 were found to be sensitive to the same point mutations within CR3
suggesting that these processes utilize an identical region in CR3 for interacting with a
common target. Since inhibition was only overcome by the addition of purified TFIID and not
any other general transcription factor fraction, it appears that CR3 stimulates transcription
through a direct physical association with TFIID (Boyer and Berk, 1993).

Thus from the above evidence TBP appears to be a physiological target of the zinc
finger region of CR3. However, it is now apparent that it is not the only target of this region
and also that it is not the limiting cellular factor suggested by the phenotype of the
transdominant negative mutants of CR3. This arises from several observations. Firstly, when
the series of conservative mutations throughout CR3 were tested for their ability to bind TBP
and transactivate an E1a responsive promoter in vivo (the adenovirus E3 promoter), five
mutants were found in the zinc finger region which were defective in transactivation but which
were still capable of binding TBP. Therefore, it seems that TBP binding, although necessary,
is not sufficient for activation. These five zinc finger mutants did not exhibit a transdominant

negative phenotype even in the context of a mutant promoter targeting region which means
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that TBP binding is not sufficient for negative transdominance as was originally suggested by
the promoter targeting mutants i.e. TBP does not seem to be the limiting cellular factor
sequestered by the negative transdominant mutants (Geisberg et al., 1994). Finally, evidence
for an additional factor is also provided by studies using the E1a sensitive in vitro transcription
assay. In this system, squelching caused by high concentrations of CR3 was not able to be
overcome by increasing the concentration of TBP in the assay which again demonstrates that
TBP by itself is not sufficient for activation by CR3 (Boyer and Berk, 1993).

All the above data suggests that the N-terminal activation domain of CR3 binds two
factors; the general transcription factor TBP and an additional unknown factor referred to as
limiting factor 1 (LF1). Both factors seem to be required for CR3 activation of transcription. At
present the nature of LF1 is unclear although one possibility is that it may be a TAF. This is
suggested by the observations that squelching by CR3 is overcome by TFIID rather than TBP
in vitro (Boyer and Berk, 1993) and similarly that only TFIID, not TBP, is able to support E1a
stimulated transcription in vitro (Zhou et al., 1992). Thus it is clear that TAFs are essential for
CR8 transactivation but how they contribute to this process is not known and whether LF1
corresponds to a known TAF remains to be determined. Alternatively, LF1 may be a
coactivator. This is suggested by the requirement of PC4 for E1a activation in vitro (see
section 1.1.5 (jii)).

A general model for E1a CR3 activation via ATF/CRE sites has been suggested based
on all the above data and is shown schematically in figure 1.3. E1a is brought to the promoter
via an interaction of its CR3 carboxyl targeting region with promoter bound ATF2. This then
enables the N-terminal activation region of CR3 to interact with the basal machinery by
contacting TBP and to stimulate transcription by the mechanisms described in section 1.1.5
(iv). Interaction of CR3 with the additional factor LF1 is presumably required to either transmit
further stimulatory signals from E1a to the transcription machinery or to allow E1a to function
at a later stage during transcription initiation than TBP binding. In this model, ATF2 is viewed
as a passive player in the process being merely required to tether E1a. This aspect will be
discussed further in section 6.4.

This model offers the scope for regulation of a variety of promoters by E1a providing
that the promoters contain sites for transcription factors which are capable of interacting with
E1a especially if these transcription factors are not members of the ATF/CREB family. This
has been found to be the case e.g. a direct interaction between E1a and CBF has been
demonstrated (Lum et al., 1992; Agoff, 1994). This partly explains the promiscuous nature of

E1a activation.

1.3.3 Activation via the E2F Family

The E2F binding site was originally identified in the adenovirus E2a promoter in two
copies by mutational analysis. Such analysis determined the importance of these sites for
both basal and E1a induced transcription of the E2 gene (Manohar et al., 1990). The amount
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Figure 1.3 Model of E1a activation via ATF/CRE sites

E1a is brought to the promoter via its interaction with ATF2. Its activation region then contacts
TBP as well as a limiting cellular factor (LF1) in order to stimulate transcription. ATF2 plays a

structural role in this model merely acting as an anchor for E1a.





























































































































































































































































































































































































































































































