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ABSTRACT
The CREB/ATF family of 'bZiP' transcription factors bind to promoter
elements containing the sequence motif CGTCA and mediate a variety of
transcriptional responses. One of the best characterised members is the
cAMP-response-element-binding protein, CREB, which plays a critical role in
cAMP-inducible transcription. In differentiated cells, PKA directly activates
CREB by phosphorylation and CREB in turn can activate several functionally
diverse downstream genes. Two other bZIP proteins, ATF-1 and CREM, are
highly homologous to CREB, and can heterodimerise with CREB. The role of
these CREB homologues, and in particular the role of ATF-1, is poorly
understood.
Undifferentiated F9 (UF9) cells are refractory to cAMP, but become
cAMP-responsive following retinoic acid-induced differentiation. The UF9 cell
phenotype is due in part to the presence of a titratable inhibitor of CREB
which is lost or inactivated following differentiation. Interestingly, the level of
ATF-1 protein (i.e. ATF-1 homodimer and CREB/ATF-1 heterodimer) is
dramatically reduced following differentiation. Thus it is possible that ATF-1
may correspond to this inhibitor of CREB, and regulate the cAMP-response
during differentiation of F9 cells.
In addition, ATF-1 is of particular interest because its conformation is
affected by phosphorylation in a cell type-specific manner. By mutational
analysis, three serine residues have been identified which in cooperation with
the NH2 -terminal region are involved in ATF-1 phosphorylation. Interestingly,
these serines map to a region that is homologous to a transcriptional
activation domain in CREB, suggesting that phosphorylation of ATF-1 may
regulate its transcriptional activity. Moreover it appears that ATF-1
phosphorylation is affected by dimérisation and by DNA-binding. This
suggests that ATF-1 transcriptional activity may be regulated by
phosphorylation in vivo in a highly complex manner.

LIST OF CONTENTS

A b s tra c t......................................................................................................2
List of Contents..........................................................................................3
List of Diagrams.........................................................................................7
List of Tables..............................................................................................8
List of F igures............................................................................................9
A bbreviations..........................................................................................11

SECTION 1 : GENERAL INTRODUCTION
1.1
1.2
1.3

Inducible gene expression.............................................................12
Structure of RNA polymerase ll-dependent
mRNA promoters.......................................................................... 12
Factors required for the transcription of all RNA

a)
b)
1.4
1.5
1.6
1.7
1.8

polymerase ll-dependent genes
RNA polymerase I I .........................................................................14
General transcription factors..........................................................14
Assembly of the transcription-initiation complex........................... 15
Activator structure.......................................................................... 17
Mechanisms of transcriptional activation...................................... 22
Activator families............................................................................24
Regulation of activator activity...................................................... 25

a)

Ligand-induced conformational change........................................ 25

b)

Protein-protein interaction..............................................................26

c)
d)
1.9
1.10

Proteolysis.....................................................................................27
Phosphorylation.............................................................................27
Transcriptional induction by cAMP................................................ 28
cAMP-dependent protein kinase A (PKA)..................................... 29

1.11
1.12
1.13
1.14
1.15
a)

Protein kinase A and CREB are directly coupled........................... 31
cAMP-response-elements (CPE's)................................................ 32
F9 embryonal carcinoma cells........................................................35
Characterisation and cloning of CREB........................................... 38
CREB structure and transcriptional activity.................................... 39
CREB bZIP domain.........................................................................40

b)
c)

Glutamine-rich activation domain................................................... 41
The a-peptide..................................................................................41

d)

The kinase-inducible-domain (KID)................................................ 42

e)

The effects of phosphorylation on CREB
transcriptional activity.....................................................................42
Attenuation of CREB activity by dephosphorylation....................... 43
CREB is a member of a multigene fam ily...................................... 44

1.16
1.17

SECTION 2 : MATERIALS AND METHODS
2.1
2.2
2.3
2.4
2.5
2.6
2.7

Bacterial strains...............................................................................49
Generation of competent cells and their transformation................49
Isolation of plasmid DMA from bacteria.......................................... 50
Plasmids.........................................................................................51
Manipulation of cloned D N A .......................................................... 54
DNA sequence analysis..................................................................54
Cell culture, in vivo labelling with
transfections
and CAT assays............................................................................. 54

2.8

Small-scale nuclear extracts.......................................................... 55

2.9

In vitro labelling with protein kinase A ............................................ 56

2.10
2.11

Immunoprécipitations......................................................................56
Small-scale, sequence-specific DNA affinity purification
57

2.12
2.13
2.14
2.15

SDS-PAGE and two-dimensional gel electrophoresis...................57
Antibodies.......................................................................................57
Western blotting..............................................................................58
In vitro transcription and translation............................................... 58

2.16

Bacterial overexpression and protein purification..........................59

2.17

Preparation of 32p.|abelled probes for Far Western blotting

2.18

Far Western blotting........................................................................61

2.19

DNA competitors............................................................................ 61

59

2.20
2.21
2.22

DNA affinity resins......................................................................... 62
Peptides..........................................................................................62
Phosphatase treatment.................................................................. 62

SECTION 3 : RESULTS
3.1

CREB and ATF-1 are present as heterodimers in cell extracts... 63

3.2

CREB and ATF-1 exhibit different requirements
for stable DNA-binding...................................................................67
Differential phosphorylation can produce alternative
forms of ATF-1...............................................................................67
Assays to study phosphorylation-induced changes
in ATF-1 conformation...................................................................70

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

The phosphorylation-induced conformational change
in ATF-1 requires the NH2 -terminal region (NTR)......................... 73
Mapping of serine residues important for phosphorylationinduced conformational changes in ATF-1.................................... 73
The same serine residues are important for ATF-1
conformation in vivo and in vitro................................................... 78
Transcriptional assays to analyse effects of
ATF-1 phosphorylation...................................................................80
Phosphorylation of ATF-1 is stimulated by dimérisation
but is independent of the dimérisation domain.............................. 82
Phosphorylation of ATF-1 is inhibited by DNA-binding.................. 84

SECTION 4 : DISCUSSION
4.1
4.2

CREB, ATF-1 and CREM define a subfamily of related
proteins.......................................................................................... 86
Differential interaction of ATF-1 and CREB with DNA

4.3
4.4

may be functionally important........................................................86
Determinants for ATF-1 phosphorylation........................................87
Effect of ATF-1 phosphorylation on transcriptional activity
89

4.5

Effect of DNA-binding on ATF-1 phosphorylation.......................... 91

SECTION 5 : RESULTS
5.1

5.4

Exogenous CREB and cPKA are required to activate
the somatostatin promoter in undifferentiated F9 cells.................92
UF9 cells contain functional PKA................................................... 94
CREB levels in UF9 cells are comparable with those
in cAMP-responsive cell types and do not increase
during differentiation..................................................................... 97
Detection of CREB-binding proteins in extracts from F9 cells
99

5.5
5.6

102
Effect of differentiation on ATF-1 protein levels.................
Identification of a novel CREB binding protein.............................102

5.2
5.3

SECTION 6 : DISCUSSION
6.1
6.2
6.3

UF9 cells contain one or more negative regulators of CREB
106
ATF-1 as a candidate for ICR....................................................... 109
CBP100 as a candidate for ICR.................................................... 110

SECTION 7 : GENERAL DISCUSSION
7.1
7.2
7.3
7.4

Regulation of cAMP-signallingin F9 cells......................................112
Family issues................................................................................116
Structure and function of ATF-1................................................... 121
Mechanisms of activation............................................................. 125

PUBLISHED WORK................................................................................129
REFERENCES......................................................................................... 130

LIST OF DIAGRAMS

SECTION 1
Diagram 1.

Diagram 4.

Assembly of a preinitiation complex on a TATA
box-containing promoter....................................................16
DNA-binding by the bZIP domain....................................... 19
The classes of transcription factor involved in
activation of a typical RNA-polymerase II promoter
23
The cAMP-signalling pathway through CREB...................30

Diagram 5.

Comparative activities of CREB binding sites

Diagram 2.
Diagram 3.

Diagram 6.
Diagram 7.
Diagram 8.

present in selected promoters.......................................... 34
The relationship between the normal mouse embryo,
embryonal carcinoma cells and embryonic stem cells
36
Functional domains of CREB..............................................40
Multiple spliced variants of CREB and CREM...................48

SECTION 2
Diagram 9.

Purification of Hg-ATF-I

.60

SECTION 3
Diagram 10.

Comparison of ATF-1 and CREB proteins........................ 65

SECTION 4
Diagram 11.

Comparison of the kinase-inducible-domain
sequences of CREB and ATF-1 .................

91

SECTION 6
Diagram 12.

Model of the negative regulatory factors which repress
cAMP-signalling through CREB in UF9 cells.................. 108

SECTION 7
Diagram 13.

The modular structure of CREB, CREM
and ATF-1 proteins..........................................................118

LIST OF TABLES
SECTION 1
Table 1.

CRE-containing promoters..................................................33

Table 2.

Members of the ATF/CREB multigene family.................... 45

LIST OF FIGURES

SECTION 3
Figure 1.
Figure 2.
Figure
Figure
Figure
Figure

3.
4.
5.
6.

Figure 7.
A)
B)
C)
D)
Figure 8.
Figure 9.
Figure 10.

Figure 11.

Detection of cell type-specific forms of ATF-43
that form complexes with CREB....................................... 64
Anti-CREB antibody does not directly recognise
ATF-1.................................................................................66
Stability of DNA binding by CREB and ATF-1................... 68
Effect of phosphatase treatment on ATF-1.........................69
Assays to analyse phosphorylation of ATF-1.................... 71
Mutational analysis of the ATF-1 N-terminal
region (NTR)......................................................................74
Mutation of the ATF-1 PKA site.......................................... 75
Gross mutational analysis of the ATF-1 PDE-1
homology region................................................................77
Specific mutational analysis of the ATF-1 PDE-1
homology region................................................................77
Mutational analysis of serine residues denoted 4,
5 and 6 ..............................................................................77
Serine residues 4, 5 and 6 are important for
ATF-1 phosphorylation in vivo.......................................... 79
Analysis of the functional effects of ATF-1
mutations...........................................................................81
Phosphorylation of ATF-1 in rabbit reticulocyte
lysate is specifically inhibited by addition of
CREB leucine zipper peptide.............................................83
Phosphorylation of ATF-1 in rabbit reticulocyte
lysate is affected by sequence-specific DNA-binding

85

Transactivation of the somatostatin promoter in
UF9 and DF9 cells by CREBa and cPKA..........

93

SECTION 5
Figure 12.

Figure 13.
Figure 14.
Figure 15.
Figure 16.

Effect of differentiation on cPKA protein levels.................. 95
Analysis of 32p-iabelled phosphoproteins by
two-dimensional gel electrophoresis................................. 96
Effect of differentiation on CREB protein levels................. 98
CREB and ATF-1 are the major bZIP proteins to
interact with CREB in nuclear extracts from
UF9 cells..........................................................................100

Figure 17.
Figure 18.

Effect of differentiation on ATF-1 protein levels............... 103
Characterisation of CBP100........................................... 105

10

ABBREVIATIONS
Common abbreviations used throughout are as follows:
ATF-1
BSA
BCIP
cAMP
CK2

activating transcription factor 1
bovine serum albumin
bromochloroindolyl phosphate
cyclic adenosine 3'-5' monophosphate
casein kinase 2

cPKA
CREB

catalytic subunit of protein kinase A
cAMP-response-element-binding protein

CREM
DAB
DTT
EDTA
PCS
HEPES
IPTG

cAMP-response-element-modulator protein
diaminobenzidine
dithiothreitol
diaminotetra-acetic acid
foetal calf serum
N-2-hydroxyethylpiperazine-N'-2-ethane sulphonic acid
isopropyl p-D-thiogalactopyranoside

LZ
NBT
NTR

leucine zipper
nitro blue tétrazolium
N-terminal region
polyethylene glycol
cAMP-dependent protein kinase A
phenylmethylsulphonylfluoride
revolutions per minute
rabbit reticulocyte lysate
sodium dodecyl sulphate polyacrylamide gel electrophoresis

PEG
PKA
PMSF
rpm
RRL
SDS-PAGE
TPA
Tris
cpm

12-0-tetradecanoyl-phorbol-13-acetate
hydroxymethyl methyl-amine
counts per minute

11

SECTION 1:

GENERAL INTRODUCTION

1.1 INDUCIBLE GENE EXPRESSION.
In any mammalian cell type there are three general classes of gene:
those which are constitutively expressed; those which are not expressed; and
those whose expression can be induced. The existence of inducible genes
enable organisms to respond appropriately to signals from other cells and
from the environment. The work presented in this thesis provides insight into
how inducible gene expression may be regulated. Most commonly this is
achieved at the level of transcription.
Eukaryotic transcription occurs via three RNA polymerases, each with
a distinct biological function: RNA polymerase I synthesises ribosomal RNA,
RNA polymerase II synthesises messenger RNA and several small nuclear
RNA's, and RNA polymerase III synthesises transfer RNA, 5S rRNA, and
various other small cellular and viral RNAs (for review see, Sentenac, 1985).
Much of the understanding of inducible gene expression has been achieved
through studies of RNA polymerase ll-dependent messenger RNA (mRNA)
genes. Inducibility is conferred on these genes by c/s-acting sequence
elements called upstream promoter elements/enhancers. These elements
serve as the recognition sites for sequence-specific DNA-binding proteins
called activators, which facilitate the assembly of transcription complexes and
thereby recruit RNA polymerase II to the gene. Thus the activity of a gene is
dependent upon the activity of its complement of activator proteins. The
components involved in transcriptional activation and the mechanisms
responsible for regulation of activator activity are discussed in detail below.

1.2 STRUCTURE OF RNA POLYMERASE ll-DEPENDENT mRNA
PROMOTERS.
C/s-acting sequences necessary for accurate and efficient transcription
of mRNA-encoding genes have been relatively well characterised. A region of
approximately 100 bp immediately upstream of the transcription initiation site
is termed the promoter.C/s-acting sequences within the promoter can be
subdivided into core promoter elements and upstream promoter elements.
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Core promoter elements are defined as being required for the assembly of
transcription-initiation complexes and sufficient to give a low unregulated
(basal) level of transcription in vitro (for reviews see, Ham et a i, 1992;
Weinmann, 1992). Core promoter elements include the TATA box, with a
consensus sequence 'TATAAA', located 25-30 base pairs (bp) upstream of
the transcription initiation site (Breathnach and Chambon, 1981). Distinct
classes of TATA box exist, distinguished by their ability to functionally interact
with other promoter elements (Wefald et a i, 1990). Although it was initially
believed that most protein-encoding genes contained a TATA motif, many
promoters transcribed by RNA polymerase II, especially those of
'housekeeping' genes, lack a TATA element (for review see, Dynan, 1983).
Studies of these TATA-less promoters led to the identification of the initiator
sequence (Inr) located at the start site itself (Smale and Baltimore, 1989;
Smale et al, 1990; for review see Weis and Reinberg, 1992). The Inr contains
all the information necessary for determining specific initiation of transcription
both in vivo and in vitro (Smale and Baltimore, 1989) and can be found both
as an alternative or in addition to the TATA box. The consensus sequence of
the Inr is 'YAYTCYYY', where Y corresponds to a pyrimidine. The assembly of
transcription-initiation complexes directed by these core promoter elements is
discussed later (see 1.4).
Upstream promoter elements are small (generally 5-10 bp) elements
located at varying distances upstream of the TATA box. These elements
serve as the target for sequence-specific DNA-binding proteins which act to
promote (in the case of activators) or inhibit (in the case of repressors) gene
transcription (Dynan, 1989; Latch man, 1991; Sharp, 1992). Some upstream
elements, such as the 'CCAAT' or 'GGGCGG' sequences are common to
many genes transcribed by RNA polymerase II, whereas a large number of
less common elements have been implicated in specialised types of signaldependent transcriptional regulation, such as response to heat shock,
hormones and growth factors (Latchman, 1991).
Other promoter elements termed enhancers or silencers (depending
upon whether their occupation increase or decreases expression of the target
gene) also serve as targets for activators (Serfling et a i, 1985). These
elements were originally distinguished from upstream promoter elements by
virtue of their ability to act at great distances (up to several kb) and to function
downstream from the transcription initiation site (Serfling et al., 1985).
Although it is presently unclear exactly how enhancers function, there are a
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number of models. For example, it is apparent that looping out of intervening
DNA could allow an activator to exert its effect over any distance (Ptashne,
1986). Hence the mechanisms by which enhancers and upstream promoter
elements facilitate transcription may be indistinguishable.

1.3 FACTORS REQUIRED FOR THE TRANSCRIPTION OF ALL RNA
POLYMERASE ll-DEPENDENT GENES.
a) RNA polymerase II.
RNA polymerase II is a large enzyme consisting of at least 10 subunits
(Young, 1991). Most subunits of the yeast enzyme have been cloned
(Sawadogo and Sentenac, 1990; Kolodziej etal, 1990; Young, 1991) as have
some of the human (Saltzman and Weinmann, 1989; Rati and Weissman
1990). The functions of the various subunits have been deduced mainly by
comparison with the well studied prokaryotic enzyme (Young, 1991). The two
largest subunits comprise the bulk of the catalytic core, whilst the other
subunits are involved in assembly of the transcription initiation complex (see
later), or thought to have regulatory roles (Young, 1991; Corden, 1993). One
unique feature of RNA polymerase II is the presence of a repeated
heptapeptide sequence (with the consensus Tyr-Ser-Pro-Thr-Ser-Pro-Ser) at
the carboxyl-terminal domain (CTD) of the largest subunit (Corden etal, 1985;
Corden, 1990). This allows the CTD to be phosphorylated at multiple sites
giving rise to multiple forms of RNA polymerase II in vivo (Cadena and
Dahmus, 1987). It appears that phosphorylation of the CTD may be important
for the initiation of transcription (see 1.5).
b) General transcription factors.
RNA polymerase II by itself is unable to specifically recognise
promoters. Instead it is recruited to the promoter by a number of accessory
proteins known as the general transcription factors.The general transcription
factors were originally defined as factors necessary for the in vitro
transcription of core promoter elements by RNA polymerase II, and were
thought to be required by all promoters. General transcription factors were
identified by chromatographically fractionating extracts prepared from cell
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lines or tissues and testing the importance of particular fractions for
transcription in vitro (for reviews see, White and Jackson, 1992; Weinmann,
1992). Most of the general transcription factors have now been purified to
homogeneity and cDNAs isolated (Sawadogo and Sentenac, 1990; Roeder,
1991; Weinmann, 1992).
General transcription factors identified include TFIIB, TFIID, TFIIE,
TFIIF, TFIIH, TFIII and TFIIJ, which are required for transcription and TFIIA
which contains a stimulatory activity (Weinmann, 1992). Amongst these, only
the TATA box-binding factor, TFIID and Inr-binding protein, TFIII (Roy etal.,
1991) have an intrinsic capacity for site-specific DNA-binding. TFIID is in fact
a large complex consisting of the TATA box binding protein, TBP (for review
see, Hernandez, 1993), together with several TBP-associated factors (TAFs)
(Inostroza at a i, 1991; Dynlacht at ai, 1991). Isolated TBP can function with
other general transcription factors in basal level in vitro transcription from a
TATA box-containing promoter, but the TAFs are required for transcriptional
activation by activators (Dynlacht at a i, 1991; Tanese at a!., 1991;
Hernandez, 1993; Zhou at ai, 1993). The TAFs are therefore examples of
coactivators; a class of transciption factors proposed to mediate interactions
between activators and the general transcription factors.

1.4 ASSEMBLY OF THE TRANSCRIPTION-INITIATION COMPLEX.
The general transcription factors, together with RNA polymerase II
assemble in a temporally ordered fashion to form the transcription initiation
complex (for review see, Weinmann, 1992). The steps involved in assembly
of the preinitiation complex (Van Dyke at ai, 1988; Buratowski at ai, 1989;
Maldonado at a i, 1990; Weinmann, 1992) on a TATA box containing
promoter, are illustrated in Diagram 1. In a promoter containing an Inr
element, TFIII is able to substitute for TFIIA, whereas in a TATA-less
promoter, TFIII is necessary for TFIID binding (for reviews see, Roeder, 1991;
Weis and Reinberg, 1992).
To pass from the preinitiation to the initiation complex requires
phosphorylation of the CTD of RNA polymerase II (Zhang and Corden, 1991;
Arias at a i, 1991), and the action of TFIIE, TFIIH and TFIIJ. Several kinases
have been implicated at this step (Zandomeni at ai, 1986; Cisek and Corden,
1989), but it is not yet clear which one(s) are involved. Interestingly though
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CORE PROMOTER

TATA

start site

^ TFIID, TFIIA

TFIIA XTB
TATA
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t

TFIIB

t

RNA pol ll/TFIIF

PREINITIATION COMPLEX
TFIID 1RNA Pol
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TFIIA
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TFIIF
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Diagram 1. Assembly of a preinitiation complex on a TATA box-containing
promoter. The first event is the binding of TBP, which is part of TFIID, to the
TATA box sequence.The binding of TFIID is facilitated by TFIIA which is
unable to bind the promoter on its own. TFIIB is then recruited downstream of
the TATA box, over the transcription start site. This complex is then
recognised by RNA polymerase II in association with TFIIF, to form the
preinitiation complex. (For review see, Weinmann, 1992).
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CTD kinase activity has recently been associated with TFIIH (Lu etal., 1992),
and TFIIE seems to stimulate this (Lu et a!., 1992). Thus it is proposed that
phosphorylation of RNA polymerase II occurs within the transcription complex
and that the phosphorylated form is capable of initiating transcription.
Subsequent steps resulting in RNA elongation are less well defined
(Weinmann, 1992), but involve interactions between the polymerase and
elongation factor Sll orTFIIS (Rappaport etal., 1987).
For multiple rounds of transcription it appears that some of the general
transcription factors, such as TFIID and TFIIA may be reutilised directly
because they remain bound to the promoter. Others like the polymerase have
to be dephosphorylated before it can re-enter the transcription process, while
the fate of factors such as TFIIE, TFIIG and TFIIH is unknown (Weinmann,
1992).

1.5 ACTIVATOR STRUCTURE.
A typical activator will consist of a domain required for recognition of a
specific DNA site (the DNA-binding domain), another that mediates gene
activation (the activation domain) and (often) other regions that confer
regulatory properties. This flexible modular structure has been demonstrated
mainly by domain-swapping experiments where functionally autonomous
domains can be exchanged between proteins without loss of function
(Latchman, 1991). However, while the DNA-binding and activation domains of
many activators have been defined, in most cases to date, clear distinction
between activation domains and regulatory regions is lacking.
a) DNA-binding domains.
A number of distinct classes of DNA-binding domain have been
identified and are generally used as a means by which to classify activators
into families (for reviews see, Latchman, 1991; Harrison, 1991). Evolution of
such families is presumably a reflection of the need to transcribe complex
genomes with constraints imposed by the availability of DNA-binding
structures. In most of these cases, detailed structural studies have led to
models for DNA interaction Examples include:
1). Zinc finger motifs. Zinc finger motifs were originally identified as DNAbinding structures in the RNA polymerase III transcription factor TFIIIA (Miller
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et al., 1985). Since then at least two types of zinc finger DNA-binding domain
have been characterised in RNA polymerase ll-dependent activators. Three
TFIIIA-like zinc fingers are present in the mammalian activator Spl
(Kadonaga etal., 1987). This particular motif forms a loop of 12 amino acids,
stabilised at its base by two cysteine and two histidine residues that
coordinate a Zn^+ ion. The loop region is thought to make direct contact with
the DNA and is characterised by several conserved hydrophobic and
scattered basic residues. The second class of zinc finger DNA-binding motif is
found in steroid hormone receptors (for review see, Berg, 1989). This motif
uses two pairs of cysteines rather than the cysteine-histidine arrangement
found in Spl. Structural studies of the glucocorticoid (Hard et ai, 1990) and
oestrogen (Schwabe et al., 1990) receptors have indicated that two such
fingers form one single structural motif consisting of two a-helices
perpendicular to one another. Following receptor dimérisation, these DNAbinding helices are proposed to make sequence-specific contacts in adjacent
major grooves of the DNA (Schwabe et al., 1990). It should be noted
however, that unlike examples discussed later, this dimérisation is not
specified exclusively by the DNA-binding domain and nor is it an a priori
requirement for DNA recognition (Forman and Samuels, 1990).
2). Homeodomain. The homeodomain, which encompasses -60 amino acids,
was first identified as a conserved protein segment in several regulators of D.
melanogasterembryogenesls (for review see, Scott etal., 1989) and forms a
helix-turn-helix DNA-binding structure with the second a-helix located in the
major groove of the DNA (Scott et al., 1989; Latchman, 1991). Examples of
mammalian activators containing homeodomains include Oct 1 (Sturm et al.,
1988), and the pituitary-specific activator Pit-1 (Ingraham et al., 1988). The
DNA-binding domains of Oct 1 and Pit-1 actually constitute a subclass of the
homeodomain-containing proteins, as they consist of a homeodomain and a
second region, termed the POD box (for review see Rosenfeld, 1991).
Significantly, some DNA-binding domains are bipartite, consisting of
motifs required for dimérisation and adjacent motifs (generally basic in nature)
which directly contact the DNA. The dimérisation motifs serve an indirect
structural role in DNA-binding; by facilitating dimérisation they allow correct
positioning of the two basic DNA-binding domains in the dimeric molecule.
This essential role of dimérisation in mediating DNA-binding introduces
additional levels of control i.e. in addition to the formation of homodimers.
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these proteins may also form heterodimers with distinct DNA-binding and
transcriptional properties. Examples of this type of DNA-binding domain
include:
3). Basic-leucine zipper (bZIP) domain. The structure of the bZIP domain has
been established mainly through studies of the yeast bZIP activator GCN4
(Pu and Struhl, 1991; O'Shea etal., 1989a; Ellenberger etal., 1992; Alber,
1993). The leucine zipper (LZ) is formed by a heptad repeat of at least 4
leucines and additional hydrophobic residues in a 4/3 repeat producing an ahelix. Two interacting a-helices then dimerise in parallel, forming a coiled coil
structure (O'Shea et al., 1989a; Hu etal., 1990). Many studies involving
deletion of amino acids (Yun et al., 1990), mutation of amino acids (Dwarki et
al., 1990), experiments with synthetic peptides (O'Shea et al., 1989b), and
domain swapping in which the leucine zipper sequences of different proteins,
e.g. Jun, Fos, C/EBP, GCN4, are interchanged (O'Shea et al., 1989b;
Kouzarides and Ziff, 1988; Sellers and Struhl, 1989), have established several
rules: 1). the leucine zipper region is responsible for dimérisation ; 2).
dimérisation is required for binding to DNA ; 3). there is dimérisation
specificity, such that only certain combinations of zippers will form stable
dimers.

Diagram 2. DNA-binding by the bZIP domain. Dimérisation is stabilised by
hydrophobic interactions which occur in parallel between the a-helical leucine
zipper regions of the two subunits. This allows correct positioning of the
basic regions (rectangles) along the major groove of the DNA helix.
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The basic region consists of 50% positively charged amino acids
(lysine and arginine). Studies on GCN4 have demonstrated that the basic
region is largely unstructured in the absence of DNA, but acquires substantial
a-helical structure upon DNA-binding (Weiss et al., 1990). Following
dimérisation, the two positively charged a-helices lie in the major groove of
the DNA helix, positioned so that the positive charges are in contact with the
negative charges of the phosphate backbone (Vinson of al., 1989). A
"scissors grip" model was proposed which suggested that these DNA-contact
helices formed a bend to "grip" around the DNA (Vinson et al., 1989).
However, recent studies on GCN4 indicate that contrary to this model the
basic region helix is not in fact kinked (Alber, 1993). A representation of a
bZIP domain bound to DNA is given in Diagram 2.
4). Basic-helix-loop-helix (bHLH) domain. The helix-loop-helix dimérisation
motif forms two amphipathic helices, separated by a non-helical loop (Murre
et al., 1989). The bHLH DNA-binding domain is found in the muscle
determining protein MyoD and the immunoglobulin enhancer-binding proteins,
E12 and E47 (Murre etal., 1989). Interestingly, the Myc oncoprotein contains
both a helix-loop-helix motif and a leucine zipper region adjacent to a basic
DNA-binding region (Penn etal., 1990). Proteins containing the basic DNAbinding region may therefore form an evolutionarily related family comprising
three subfamilies having either a leucine zipper, a helix-loop-helix motif or
both (Prendergast and Ziff, 1989).
b) Activation domains.
Several distinct activation domains have also been identified and are
classified either according to their amino acid composition (Latchman, 1991),
or to a lesser extent, amino acid sequence. Activators often contain more than
one type of activation domain and these include:
1) Acidic domains. As discussed later (see 1.7), much of what is known about
the mechanisms of transcriptional activation has come from studies of acidic
domains. Acidic domains identified in different activators (such as the yeast
activators, GAL4 and GCN4, the herpes simplex virus transactivator VP16,
and the glucocorticoid receptor, Mitchell and Tjian, 1989) do not show any
strong sequence homology. In many cases they have been proposed to form
amphipathic a-helices, with the negatively charged amino acids arranged
along one side (Latchman, 1991). However, the consequences of amino acid
substitution mutations designed to test this possibility in VP16 were
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inconsistent with a requirement for a-helicity (Cress and Triezenberg, 1991).
Thus whether acidic domains are obligatorily a-helical remains an open
question. One possibility is that the acidic domain exists predominantly as a
random coil, achieving an ordered structure only when it is associated with its
target protein (Johnson etal., 1993).
2) Proline-rich domains. A proline-rich (20 to 30 %) activation domain was
originally defined in the CCAAT box binding factor, CTF (Mermod et a!.,
1989), a factor which is constitutive and has been implicated in both
transcription and DNA replication. Similar proline-rich domains have now
been identified in several other activators including Jun, Oct 2 and SRF
(Mitchell and Tjian, 1989). In addition, the hepatocyte nuclear factor 1 (HNF1)
and the plant activator GT-2 contain regions rich in both proline and
glutamine, that are likely to function as activator sequences (Raney et a/.,
1991; Dehesh et a!., 1992). Whether these proline/glutamine-rich elements
are distinct from the proline-rich and glutamine-rich activator domains is not
yet clear.
3) Glutamine-rich domains. The constitutive activator, S pl was first
demonstrated to contain two glutamine-rich activation domains (-25 %
glutamine) (Courey and Tjian, 1988). Significantly, the glutamine-rich domains
of Spl can be functionally substituted with glutamine-rich domains from other
activators (bearing no obvious homology to the Spl sequence) (Mitchell and
Tjian, 1989). Thus, as with acidic activation domains, the activating ability of
the glutamine-rich domain is not defined by its primary sequence, but rather
by its overall nature.
4) Serine/threonine-rich domains. A serine/threonine rich activation domain
(30 % serine/threonine) was first identified in the pituitary specific activator. Pit
1 and may also be functional in several other activators including Oct 2 and
MyoD (Theill et al., 1989). In addition to hydroxylated amino acids, these
regions contain several prolines, indicating that they do not form a-helices.
5) H0B1/H0B2 domains. Two adjacent sequences, designated homology box
1 and 2, or H0B1 and H0B2, were recently identified within the A l activation
domain of Jun and also found to be present in Fos (Sutherland etal., 1992).
All binary combinations of H0B1 and H0B2, including H0B1 :H0B1 and
HOB2:HOB2, function co-operatively to activate transcription, whilst single
copies are essentially inactive. H0B1 and H0B2 are however unrelated at
the primary sequence level and appear to be distinct activation modules. A
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functional H0B2 domain was also identified in the CCAAT/enhancer binding
protein, C/EBP (Sutherland etal., 1992).

1.6 MECHANISMS OF TRANSCRIPTIONAL ACTIVATION.
The different activation domains so far identified are likely to represent
regions that function by contacting other proteins i.e. either RNA polymerase
II itself, or general transcription factors which in turn interact with the
polymerase. By performing 'squelching' experiments in which there is
competition for a common, limiting target molecule (Gill and Ptashne, 1988),
evidence has been obtained that the targets for activation domains can differ.
For example, the acidic activation domain of VP16 was not capable of
squelching gene activation by the non-acidic activation domain of the
oestrogen receptor (Tasset at a!., 1990). In contrast, the oestrogen receptor
activation domain was capable of squelching gene activation mediated by its
own activation domain and by the acidic domain of VP16 (Tasset etal., 1990).
These data are consistent with a model in which the acidic activation domain
of VP16 contacts a factor located at an earlier step in the activation process
than that contacted by the non-acidic oestrogen receptor. Thus activators may
act at several points to stimulate either the rate of formation,or the activity of
the transcription initiation complex (Ham et a!., 1992). To date, no evidence
has been obtained for any direct interactions between activators and RNA
polymerase II, but several interactions between activators and the general
transcription factors have been described. Interestingly in some cases this
may occur through the action of non-DNA-binding adaptor (Martin et al.,
1990), or coactivator proteins (Dynlacht et al., 1991; Tanese et al., 1991;
Hernandez, 1993; Zhou etal., 1993). See diagram 3.
TFIID has been demonstrated to exhibit altered DNA-binding
properties in response to a number of activators, including the yeast activator
GAL4 (Horikoshi etal., 1988a) and a mammalian CREB/ATF factor (Horikoshi
et al., 1988b). In the absence of these activators, TFIID was bound only at the
TATA box, whilst in the presence, the binding of TFIID was altered such that it
now covered both the TATA box and the transcriptional start site (Horikoshi et
al., 1988a; Horikoshi et al., 1988b). In the particular case of CREB/ATF, this
observed change in TFIID binding has been shown to promote assembly of
the transcription initiation complex (Hal etal., 1988a). Once the complex has
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Diagram 3. The classes of transcription factor involved in activation of a
typical RNA polymerase II promoter. One or more activators bind to upstream
promoter or enhancer elements and stimulate transcription either directly or
indirectly via adaptor/coactivator proteins. (For reviews see, Ham etal., 1992;
Carey, 1991; Roeder, 1991).

formed, CREB/ATF can be removed without affecting transcription (Mai et a!.,
1988a). Thus CREB/ATF appears to activate transcription by functioning as
an assembly factor.
The ability of TFIID to respond to activators is in fact dependent upon
the TBP-associated factors, or TAFs (see 1.4, Dynlacht et a!., 1991 ; Tanese
etal., 1991; Hernandez, 1993; Zhou et al., 1993). It is not yet clear how many
of the TAFs are required for this or how they function. One possibility is that
some TAF proteins are always associated with TBP while others transiently
interact with the TFIID complex to regulate its activity. The recent cloning of
two D. melanogaster TAP proteins (called dTAF250 and dTAFIIO) has
provided some evidence for this. It is found that dTAF250 can interact directly
with dTBP (Ruppert etal., 1993). In contrast, dTAFIIO cannot bind to dTBP,
but is tightly associated with dTAF250 and is also capable of interacting with
the Spl activator (Hoey etal., 1993).
Other direct protein-protein interactions between activators and general
transcription factors have also been described. Studies of the VP16 acidic
activation domain have demonstrated that it can interact with both TFIIB (Lin
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etal., 1991; Roberts etal., 1993) and TBP (Stringer etal., 1990; Ingles etal.,
1991). These results are made more compelling by the finding that mutations
in the acidic domain which weaken or eliminate transcription, also reduce the
extent of the protein-protein interaction (Lin etal., 1991; Ingles etal., 1991).
If VP16 does contact both TFIID and TFIIB, this may provide an
explanation for transcriptional synergy among activators (i.e. where the
observed activation in the presence of multiple activators is greater than the
additive effect of each). It has already been demonstrated that synergy is not
a reflection of cooperative binding of activators to DNA (Lin et al., 1990; Carey
et al., 1990; Petteresson and Schaffner, 1990). An alternative model is that
multiple molecules of activator simultaneously contact a common target
protein; the transcriptional synergy would be a reflection of the cooperative
effects on the affinity of a target molecule for multiple versus a single
activator. A variation on this model is that activators simultaneously contact
two different proteins, such as TFIID and TFIIB, which themselves interact.
In addition to the proposed targetting of general transcription factors
discussed above, activation may also occur by other routes. For example, a
recent study has proposed that activation from 'remote' enhancer sites occurs
via a fundamentally different mechanism (Seipel et al, 1992). Other data
suggests that activators may function to alter chromatin structure, thereby
making the promoter more accessible to RNA polymerase II and the
associated general transcription factors (for review see, Felsenfeld, 1992).

1.7 ACTIVATOR FAMILIES.
The existence of families, classified according to their recognition of
identical DNA motifs is now an established feature of activators. Because they
use fewer numbers of DNA-binding sites, families probably provide a more
economical means for regulating the transcription of complex genomes.
Amongst bZIP activators several families can be distinguished. In mammalian
cells these include the CCAAT/enhancer-binding-protein (C/EBP) family
which are involved in liver-specific transcription and IL6 signal transduction
(Akira et al., 1990; Landschulz etal., 1989; Poli et al., 1990; Williams et al.,
1991). The Fos/Jun family which respond to serum growth factors (Curran
and Franza, 1988), redox potential (Abate et al., 1990) and photic stimuli
(Kornhauser etal., 1992), and the CREB/ATF family discussed in detail later.

24

Within any one family, the existence of multiple members is likely to be
required for activation of transcription in different contexts i.e. either in a
promoter-dependent, or signal-dependent manner. However it is presently
unclear how this may occur i.e. when several family members are present in
the same cell, how can they be functionally distinguished ?

1.8 REGULATION OF ACTIVATOR ACTIVITY.
A common way to regulate inducible gene expression is to modulate
the activity of activators. There are several mechanisms by which the activity
of a pre-existing activator may be regulated e.g. ligand-induced
conformational change, regulation by protein-protein interaction, or by posttranslational modifications such as proteolysis or phosphorylation. These
events may regulate activator activity either by altering the subcellular
localisation of the activator (e.g. from cytoplasm to nucleus), or by directly
affecting its DNA-binding or activation properties. Although these mechanisms
for activator regulation may not necessarily be mutually exclusive, they are
discussed separately below.
a) Ligand-induced conformationai change.
The simplest way for an inducing agent to regulate an activator is by a
direct interaction. An example of this is seen in the case of the ACE1 protein
of S. cerevisiae, which is responsible for induction of the yeast metallothionein
gene CUP1, in the presence of Cu (Thiele, 1988) and Ag (Furst et al., 1988)
ions. Analysis of the ACE1 DNA-binding domain demonstrated that it could
only bind to DMA in the presence of Cu(l) or Ag(l). This is because these
metals cause a major conformational change resulting in formation of an
active DNA-binding domain (Furst et ai, 1988).
The activation of steroid receptors by their specific hormones provides
another example. In the case of the glucocorticoid receptor, steroid treatment
causes a conformational change which releases the receptor from
cytoplasmic association with hsp90 (Housley et ai, 1985; Denis et ai, 1988).
The released receptor is then free to dimerise and move into the nucleus,
where it can affect transcription of target promoters (Latchman, 1991). In
addition, the steroid-induced conformational change also appears to unmask
a steroid-dependent activation domain in the receptor (Webster et ai, 1988).
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b) Protein-protein Interaction.
One of the first examples of regulation by protein-protein interaction
concerned the yeast activator GAL4 which mediates transcription of
galactose-inducibie genes (Ma and Ptashne, 1987). Under repressed
conditions (i.e. no galactose), GAL4 can bind to DNA but is prevented from
activating transcription by a second protein, GAL80, which binds to the
carboxyl-terminal region of GAL4, masking the activation domain (Ma and
Ptashne, 1987). Gene expression occurs only after the galactose-induced
dissociation of the GAL80 factor (Johnston etal., 1987).
Many other protein-protein interactions described to date are examples
of dominant repression mechanisms which suppress activator function to
result in tissue-specific or developmentally-regulated gene expression. For
example, investigation of POU domain proteins in the developing D.
melanogaster nervous system has revealed a protein-protein interaction
between two POU domain proteins with an important regulatory consequence
(Treacy etal., 1991). I-POU, lacks two basic amino acid residues in the highly
conserved basic cluster at the NH2 -terminal portion of the POU
homeodomain, rendering it incapable of binding to DNA. I-POU exhibits an
overlapping pattern of expression with a second DNA-binding POU domain
protein, Cfl-a, which binds to specific elements in the dopa decarboxylase
(Dde) gene, activating its transcription (Johnson and Hirsh, 1990; Treacy et
a/., 1991). I-POU forms heterodimers with C fl-a in solution (Treacy et a/.,
1991), preventing C fl-a from binding to DNA and activating the Dde gene
(Treacy et a!., 1991). Thus the interaction of I-POU with C fl-a is likely to play
a key part in the developmental pathway.
Similar modes of regulation are found amongst dimeric bHLH and bZIP
activators. For example, protein-protein are important in sensory organ
development in D. melanogaster. A negative regulator of this pathway, emc,
is a bHLH protein (see 1.7 c), with a mutation in the basic domain, implying
that it can block the binding to DNA of positively-acting bHLH proteins (Ellis et
al., 1990; Garrell and Modolell, 1990). In mammalian cells, the bHLH protein
Id acts as a negative regulator inhibiting bHLH proteins specifically required
for developmental programs such as MyoD, involved in muscle differentiation
(Benezra et al., 1990) and E2-5, involved in B lymphoid-cell development
(Wilson etal., 1991). Id is missing the basic region adjacent to the HLH region
that is essential for DNA-binding and thus negatively regulates other HLH
proteins through the formation of nonfunctional heterodimeric complexes.
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Similarly, the mammalian activators C/EBP and LAP (members of the bZIP
class of transcriptional activators, see 1.7d), are negatively regulated via
heterodimerisation with CHOP (Ron and Habener, 1992). CHOP contains two
prolines substituting for two residues in the basic region, critical for DNAbinding (Ron and Habener, 1992). Thus heterodimers of CHOP and C/EBP or
LAP are unable to bind to their cognate DNA sequence.
c). Proteolysis.
NFkB (nuclear factor kB) was originally thought to be a B cell-specific
activator that bound to an enhancer element of the immunoglobulin k-light
chain gene. However its binding activity was found to be inducible in most cell
types by a variety of cellular signals including phorbol esters, UV irradiation,
virus infection and double-stranded RNA (for review see, Lenardo and
Baltimore, 1989). In non-stimulated cells, NFkB is negatively regulated as a
result of being sequestered in the cytoplasm by interaction with an inhibitor
protein, IkB (Baeuerle and Baltimore, 1988). Phosphorylation of IkB can
disrupt the complex in vitro (Ghosh and Baltimore, 1990), but more recent
investigations suggest that in vivo, complex disruption may actually result
from inducible proteolysis of IkB (Henkel et al., 1993). Thus, the model for
NFkB regulation indicates that extracellular signals induce its activity by
inducible degradation of IkB, leading to dissociation of the cytoplasmic IkBNFkB complex. Free NFkB can then translocate to the nucleus where it binds
to its target sequence in downstream genes leading to their activation.
d). Phosphorylation.
The cell surface receptor-mediated generation of second messengers
such as cAMP and Ca^+ and the subsequent activation of protein kinases and
phosphatases, is a widespread mechanism of signal transduction in
mammalian cells. Evidence is accumulating that the activity of several
mammalian activators can be regulated directly by changes in their state of
phosphorylation. These include c-Jun, and CREB (fiAMP response element
binding protein).
c-Jun is a member of the bZIP class of activators (see 1.7 d), and a
component of the AP-1 (activator protein-1) complex which consists of
homodimeric and heterodimeric complexes composed of the jun and fos gene
products. These proteins interact with the TPA response element (TRE) and
activate transcription in response to activators of protein kinase C, growth
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factors and transforming oncogenes (Karin, 1990). Expression of activated HRas has a complex effect on c-Jun phosphorylation. It results in
dephosphorylation of inhibitory sites located next to the DNA-binding domain,
and increased phosphorylation of two other sites located within the c-Jun
activation domain (Binetruy etal., 1991). In non-stimulated cells, c-Jun is
phosphorylated on three sites located next to the DNA-binding domain (Boyle
at a!., 1991), and is unable to bind to DNA. TPA treatment (TPA activates
protein kinase C), results in dephosphorylation of one or more of these sites,
leading to increased DNA-binding activity. The kinase responsible for
phosphorylation of these sites in vivo may be casein kinase 2 (Lin at ai.,
1992), but they can also be phosphorylated/n vitro by glycogen synthase
kinase 3 (Boyle at ai., 1991). The TPA-induced dephosphorylation of c-Jun is
mediated by a yet to be identified, protein kinase C-activated, phosphatase.
Phosphorylation within the c-Jun activation domain potentiates the
ability of c-Jun to activate transcription. The kinase responsible has yet to be
identified, but may be a MAP2-related kinase (Pulverer at ai., 1991).This dual
effect of H-Ras on both DNA-binding and transactivation of c-Jun is consistent
with the ability of H-Ras to activate at least two signal transduction pathways,
only one of which involves protein kinase C (Cantley at ai., 1990).
Perhaps one of the best characterised examples of regulation by
phosphorylation involves the mammalian activator CREB. CREB activates a
number of downstream genes in response to increases in the intracellular
concentration of cAMP. The pathway of inducible gene expression through
CREB is discussed in detail below.

1.9 TRANSCRIPTIONAL INDUCTION BY cAMP.
Many hormones, neurotransmitters and growth factors exert their
effects on target cells by raising intracellular levels of cAMP. The intracellular
levels of cAMP directly control the activity of the cAMP-dependent protein
kinase A (PKA), which phosphorylates an array of cellular targets. Since
many genes are induced in response to elevated levels of cAMP, some of
these targets must function in the nucleus to alter gene transcription. More
than one class of activator has been implicated in mediating a transcriptional
response to cAMP (Imagawa at ai., 1987; McKnight, 1991; Zanger, 1991; Lin
at ai., 1993). However, much of the understanding of cAMP-signalling has
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been achieved through studies of the gAIVIP-response-@lement-binding
protein, CREB. CREB is a substrate for PKA in vivo (Gonzalez and Montminy,
1989) and phosphorylation is required for transcriptional activation. CREB
may also respond to other signals (Kramer et al., 1991; Dash at al., 1991b;
Sheng et al., 1991), but its role in cAMP-signalling is best understood. The
pathway for cAMP-signalling through CREB is illustrated in Diagram 4, and is
discussed below. Our studies are primarily concerned with regulation of
CREB activity as a result of events downstream of PKA.

1.10 cAMP-DEPENDENT PROTEIN KINASE A (PKA).
Increases in intracellular concentrations of cAMP result in activation of
PKA. In the absence of cAMP, PKA is a tetramer consisting of two catalytic
subunits (C subunits) and two regulatory subunits (R subunits). Co-operative
binding of two cAMP molecules to each R subunit causes dissociation of the
holoenzyme, liberating active C subunits. Several studies have indicated that
the C subunit can enter the nucleus but that the holoenzyme is excluded
(Meinkoth etal., 1990; Adams etal., 1991). Multiple isoforms of both R and C
subunits have been identified, namely, R ia , R ip, Rlla, Ca, Cp, and Cy
(Borelli et a!., 1992). The functional significance of these isoforms seems to
be related both to differences in subcellular localisation, and substrate
specificity. For example, it appears that individual R subunits can participate
in specific responses. The somatostatin gene was found not to be inducible
by cAMP in A126 cells (which lack Rll, but exhibit normal levels of type 1
holoenzyme) (Tortora and Cho-Chung, 1990). The cAMP-response could
however be restored by overexpression of Rll subunit (either Rlla or Rllp) and
not R ia ) thus indicating a specific requirement for Rll in this particular
activation pathway. R subunits are also found to exhibit different subcellular
localisations (McKnight, 1991; Scott etal., 1990). It is possible that this may in
part define the substrates which can be targeted by the holoenzyme. However
since the activation of PKA involves dissociation of 0 subunits, a mechanism
to allow substrate targetting by R subunits is presently unclear.
The basal promoter activity of cAMP-responsive genes can also be
dependent upon PKA. Expression of the heat-stable inhibitor peptide, PKI
(Day etal., 1989) has been successfully used to inhibit basal PKA activity in
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Diagram 4. The cAMP-signalling pathway through CREB. Symbols not
defined in the text are as follows: R (cell surface receptor), Gs (stimulatory G
protein), AC (adenylyl cyclase). For a detailed review of these components of
the pathway see (Borelli etal., 1992).
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cells. This results both in loss of cAMP-mediated gene induction and basal
expression of the prolactin gene (Day etal., 1989). Interestingly, basal kinase
activity may be regulated by the levels of R ia . Analyses of microcell hybrids
have defined an extinguisher locus (denoted TSE-1) that influences many or
possibly all cAMP-regulated liver functions, including expression of the
tyrosine aminotransferase (TAT) gene (Boshart etal., 1990;Boshart et al.,
1991; Jones et al., 1991). TSE-1-mediated repression is reversible by cAMP
and the promoter elements required for repression and activation were found
to be co-localised (Boshart et al., 1990). Thus TSE-1 encodes an antagonist
to cAMP, which has now been shown to correspond to R ia (Boshart et al.,
1991). Control of R ia levels therefore allows a graded response to cAMP.
Low R ia levels in the liver enables a high basal level of TAT expression to be
established while other R subunits (presumably Rll) ensure that a portion of
the PKA activity remains cAMP-inducible. In addition, it appears that rapid
turnover of R1 occurs unless it is associated with 0, resulting in the
maintenance of a slight excess of total R over 0 subunits (McKnight et al.,
1988). Thus adjustment of R subunit levels controls the balance between R
and 0 subunits and allows PKA to be controlled by cAMP.

1.11 PROTEIN KINASE A AND CREB ARE DIRECTLY COUPLED.
Because CREB bound to cAMP-inducible promoters and could be
phosphorylated by protein kinase A (PKA) in vitro (Montminy and Bilezikjian,
1987), it was postulated that direct phosphorylation of CREB by PKA in vivo
may stimulate CREB transcriptional activity. CREB was subsequently
demonstrated to be a substrate for PKA in vivo (Gonzalez and Montminy,
1989), and the PKA phosphoacceptor site of CREB found to be required for
transcriptional activation (Gonzalez and Montminy, 1989; Lee et al., 1990).
Evidence from cell-staining and in vivo footprinting have established that
CREB is in the nucleus prior to phosphorylation by PKA (Gonzalez and
Montminy, 1989; Nichols et al., 1992). Use of fluorescence imaging
techniques (Hagiwara etal., 1993), and micro-injection experiments have
shown that the C subunit of PKA migrates to the nucleus to phosphorylate
CREB (Riabowol etal., 1988; Meinkoth etal., 1990; Adams etal., 1991). The
finding that PKA and CREB are directly coupled provided a major
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breakthrough in understanding cAMP-signalling in the nucleus. (The structure
cf CREB and its regulation is discussed in detail later, 1.15).

1.12 cAMP-RESPONSE-ELEMENTS (CREs)
The analysis cf promoter sequences of many genes has allowed the
identification of promoter elements that could mediate the transcriptional
response to increased levels of intracellular cAMP. A number of sequences
have been identified of which the best characterised is the ORE (cAMPresponse-element). The CREs of different genes are related by the presence
of at least one CGTCA motif (CREB-binding site, CBS). The consensus CBS
is (GTGACGTc/aA) (Yamamoto etal., 1988). The core motif CGTCA
represents a half site for CREB binding and in many cases binding sites
consist of a palindromic sequence TGACGTCA that binds a CREB dimer
symmetrically. Despite being linked by the presence of at least one CBS,
CRE's differ functionally as a result of contributions from other promoter
elements. This makes sense since CBS-containing CREs control the
expression of functionally diverse genes that are not coordinately regulated.
Some examples are shown in Table 1.

PROMOTER
REFERENCE
Somatostatin............................................. (Montminy etal., 1986a)
V IP ..................................................................(Fink etal., 1988)
Tyrosine hydroxylase
(Lewis etal., 1987)
PEPCK
(Liu etal., 1991)
c-fos........................................................... (Berkowitz etal., 1989)
GHF1........................................................ (McCormick etal., 1990a)
Tyrosine aminotransferase
(Boshart etal., 1990)
a-gonadotropin.......................................... (Delegeane etal., 1987)
adenovirus early promoters
(Lee etal., 1989)
P2 adrenergic receptor
(Collins etal., 1990)
RB susceptibility gene
MHC classll D R a

(Sakai etal., 1991)
(Cox and Coding, 1992)

DNA polymerase p

(Kedar et al., 1991)

Insulin................................................... (Philippe and Missotten, 1990)
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Cytochrome c ....................................... (Evans and Scarpulla, 1989)
Ornithine Decarboxylase......................... (Abrahamsen etal., 1992)

Table 1. CRE-containing promoters. The promoters listed above have been
demonstrated to contain at least one CBS essential for cAMP-inducibility (the
list is not complete).

The simplistic idea that CREs consist solely of high affinity CBSs was
dispelled by some early experiments. A single high affinity CBS was shown to
be insufficient for activity of the somatostatin CRE (Montminy et a!., 1986a),
and the adenovirus E4 promoter exhibits only a minimal cAMP-response
despite the presence of five CBSs (Lee and Green, 1987; Lee etal., 1989). In
addition, although the CBS frequently co-operates with tissue-specific
enhancers to restrict expression (Boshart et al., 1990; Leonard et al., 1992;
Vallejo et al., 1992), insertion of a CBS into the tightly restricted human
cardiac a-actin promoter overrides the restriction (Webster and Kedes,
1990).Thus it is apparent that additional promoter elements interact with
CBSs and play pivotal roles in specifying cell- or promoter-specific
transcriptional activation. The CBS may functionally interact with elements
such as cell and tissue-specific enhancers, binding sites for ubiquitiously
expressed factors, sites for other inducible factors, as well as other less
defined elements (see Diagram 5). The mechanisms behind these functional
interactions are unknown. In some circumstances it is possible that direct
protein-protein interactions may mediate the effect (Imai et al., 1993).
Alternatively, binding of other transcription factors to the promoter may alter
the conformation of the DNA and thus affect CBS function.
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The CRE appears to have a simple structure
consisting only of 17 bp of DNA containing
two CREB binding sites.

VIP

Five CREB binding sites in the E4 promoter
confer only a minimal response to cAMP
under conditions in which the viral E2A
promoter containing only a single CREB
site is activated 30-fold.

SMS

Activity of the CREB site is influenced by at
least three additional cis-acting elements as
follows (1) flanking sequences are important
for constitutive pancreatic expression and
cAMP-responsiveness in PC12 cells (2) a
pancreas specific enhancer that binds the
transcription factors aCBF and ISL1 and (3)
negative regulatory sequences upstream of the
enhancer.
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In addition to conferring response to
cAMP (through an interaction with the
CAATT box) the CREB binding site
interacts with the GRU to mediate
activation by glucocorticoids.
The CREB binding site and an additional
hepatocyte-specific element ( B i l l )
constitute an enhancer that is repressed
by a tissue specifc extinguisher (TSE1 )

The CREB site is only one of multiple
independent promoter elements capable
of conferring a cAMP response.

“ NFIL6 AP1

Diagram 5. Comparative activities of CREB binding sites present in selected
promoters. VIP is the vasoactive intestinal polypeptide promoter (Tsukada et
al., 1987; Fink etal., 1988). E4 is the adenovirus early region 4 promoter (Lee
and Green, 1987; Lee et al., 1989). SMS is the somatostatin promoter
(Montminy etal., 1986; Powers etal., 1989; Leonard etal., 1992; Vallejo et
al., 1992a; Vallejo et al., 1992b). PEPCK is the phosphoenolpyruvate
carboxykinase promoter (Quinn et al, 1988; Liu et al., 1991). TAT is the
tyrosine aminotransferase promoter (Boshart et al., 1990; Boshart et al.,
1991) and c-fos (Sassone-Corsi etal., 1988; Berkowitz et al., 1989; Fisch et
al., 1989; Metz and Ziff, 1991 ; Hartig et al., 1991 ; Boutillier et al., 1992).
GHF1 is the growth hormone factor 1 promoter (McCormick etal., 1990).
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1.13 F9 EMBRYONAL CARCINOMA CELLS.
CREB is predicted to activate an array of functionally diverse
downstream genes (Table 1), and to control a diverse group of biological
functions including excitation of nerve cells (Comb et al., 1987), setting of
circadian rhythms (Ginty et a!., 1993), pituitary proliferation (Struthers et a!.,
1991), gluconeogenesis (Boshart etal., 1990), and opiate tolerance (Guitart
etal., 1992). Because CREB is predicted to be involved in such a wide range
of differentiated functions, the control of CREB activity during differentiation is
likely to be tightly regulated.
F9 embryonal carcinoma (EC) cells provide a system for studying
induction of the cAMP response during differentiation. Undifferentiated F9
(UF9) cells appear to be refractory to cAMP. However exposure of UF9 cells
to all trans -retinoic acid induces their differentiation in vitro into a cAMPresponsive cell type (Strickland et al, 1978). Retinoic acid binds to specific
nuclear receptors (RA receptors), with strong homology to the steroid
hormone/thyroid hormone/vitamin D receptor family (Giguere et al., 1987).
The retinoic acid-RA receptor complex is postulated to initiate the
differentiation process by altering the transcription of as yet unidentified target
genes. This occurs through binding of the retinoic acid-RA receptor complex
to specific DNA sequences (retinoic acid response elements) in the promoters
of target genes (Evans, 1988; Langston and Gudas, 1992; Orchard et al.,
1993). The effects of retinoic acid may be influenced by the existence of
cellular retinoic acid binding proteins such as CRABP (Boyland and Gudas,
1991; for review see Ross, 1993).

UF9 cells
cAMP unresponsive

retinoic acid
—► —► —► —► —►

DF9 cells
cAMP responsive

Since cAMP-inducibility can only be observed after retinoic acid treatment
(Strickland et al, 1978), this indicates that retinoic acid induces changes in F9
cells which permit them to respond to cAMP. F9 cells therefore provide an
attractive system to assess the involvement of factors in mediating cAMPinducible transcription.
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Although it is the potential for study of cAMP-inducible transcription
which is most relevant to this thesis, F9 cells are in general a useful in vitro
system to study gene regulatory events which occur during mammalian
embryogenesis (Strickland, 1981; Alonso etal., 1991). Multipotential cell lines
can be derived from early mammalian embryos by two methods (Diagram 6).

Differentiation
in vivo

Differentiation
Tumour

\
ES

in vivo

^ /
EC

\
Differentiation

Differentiation

in vitro

in vitro

Blastocyst

NORMAL MOUSE

Diagram 6. The relationship between the normal mouse embryo, embryonal
carcinoma (EC) cells and embryonic stem (ES) cells. (Adapted from; Heath
and Smith, 1988)

The first involves the derivation of stem cell lines directly from the embryo.
These embryonic stem (ES) cell lines can contribute to all tissues of the adult
animal and therefore represent genuine stem cells with pluripotential
properties (Heath and Smith, 1988). In contrast, EC cells (of which F9 is a
particular cell line) are the stem cells of teratocarcinomas. Perhaps because
of this tumour origin, EC cells are found to be defective in their ability to
differentiate correctly in vivo , and are therefore a less reliable guide to the
possible responses of their normal embryonic counterparts (Heath and Smith,
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1988). Despite this however, these cells do provide useful in vitro systems for
study of particular differentiation events. For example, the retinoic acidinduced differentiation of UF9 cells produces a tissue type that resembles
primitive endoderm (Strickland et ai, 1978). Like authentic primitive
endoderm, retinoic acid-differentiated F9 cells are bipotential: treatment with
cAMP produces parietal endoderm (Strickland at ai., 1980); whereas
aggregation leads to the formation of visceral endoderm (Hogan at ai., 1981).
Therefore regulatory events which occur during in vitro differentiation of F9
cells are likely to be analagous to events which occur during normal
embryonic development.
Much of what is known about F9 cell gene regulation has resulted from
examining the effects of differentiation on viral gene expression. Many viral
genomes are poorly transcribed in UF9 cells, whilst efficient transcription can
occur in DF9 cells (Silver at ai., 1983) e.g. polyoma virus (Wasylyk at al.,
1988), simian virus 40 (Sleigh and Lockett, 1985), Moloney leukemia viruses
(Tsukiyama at ai., 1991), and the intracisternal A-particle retrovirus (Lamb at
al., 1992). This differentiation-specific expression has been attributed to
negative regulation of viral enhancers and more specifically the factors which
interact with the enhancers (Gorman at ai., 1985; Tsukiyama at ai., 1991;
Lamb at al., 1992). Differentiation presumably results in the appearance of
activators, or loss of negative acting repressors. In some cases the trans
acting factors involved have actually been identified. For example, the
polyomavirus enhancer is regulated by multiple stage-specific transcription
factors, including PEA1, PEA2 and PEAS (Piette and Yaniv, 1987; Wasylyk at
al., 1988; Martin at ai, 1992; Xin at ai, 1992). PEA1, a transcriptional activator
is induced upon F9 cell differentiation, while PEA2 and PEAS are repressors
lost upon differentiation. In the case of the intracisternal A-particle (lAP), three
proteins of 40, 60 and 68 kDa bind to the element that directs differentiationspecific expression (Lamb at ai., 1992). Interestingly, the DNA-binding activity
of the 60 kDa protein is greater in DF9 versus UF9 cells, suggesting a role for
this protein in regulating differentiation-specific expression (Lamb at ai.,
1992).
Regulation of viral transcription during F9 cell differentiation is a model
for the control of several cellular genes. For example, tissue plasminogen
activator (t-PA) (Rickies at ai., 1989; Darrow at al., 1990), c-jun (de G root at
al., 1990; Yang-Yen at al., 1990) and collagen type IV (Tanaka at ai., 199S)
are genes whose transcription (and susequent expression) is induced by
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retinoic acid-induced differentiation. Interestingly, the t-PA gene also becomes
cAMP-responsive following retinoic acid-induced differentiation (Rickies etal.,
1989; Darrow et a!., 1990). Studies so far have however failed to identify the
transcription factors responsible for this regulation of cAMP-inducibility of the
t-PA gene promoter (Rickies et al., 1989; Darrow et al., 1990). In contrast,
there is evidence that CREB may play a pivotal role in determining cAMPinducibility of other promoters in F9 cells. Expression of exogenous CREB
allows UF9 cells to activate the somatostatin promoter in response to PKA
(Gonzalez and Montminy, 1989; Yamamoto et al., 1990). This activation in
UF9 cells requires the somatostatin CBS, exogenous CREB and the PKA
phosphoacceptor site of CREB (Yamamoto etal., 1990). Because addition of
exogenous CREB can reconstitute a cAMP-signalling pathway in UF9 cells,
this implied that CREB may somehow be regulated during differentiation.
Retinoic acid treatment has been found to cause changes in both the
cellular distribution and activity of PKA (Piet et al., 1982). This raises the
possibility that lack of PKA (or PKA activity) may also be responsible for the
apparent inability of UF9 cells to respond to cAMP. PKA may be unable to
phosphorylate any substrates in UF9 cells, or only a subset. With regard to
this latter possibility, it is of interest that a specific regulatory subunit (Rll) is
found to be required for activation of the somatostatin promoter in P C I2 cells
(Tortora and Cho-Chung, 1990), and the levels of Rll apparently increase
during differentiation of F9 cells (Piet et al., 1982). Thus changes in Rll
subunit expression during differentiation would clearly provide a mechanism
for regulating PKA activity in a substrate-specific manner.

1.14 CHARACTERISATION AND CLONING OF CREB.
CREB was originally purified from PC12 cells as a 43 KDa nuclear
phosphoprotein which bound with high affinity to the CBS from the rat
somatostatin gene (Montminy and Bilezikjian, 1987). The purified protein
could be phosphorylated in vitro by protein kinase A (Montminy and
Bilezikjian, 1987), and was capable of stimulating somatostatin gene
transcription in an in vitro assay in a CBS-dependent manner (Yamamoto et
al., 1988). Using amino-acid sequence information obtained from this purified
protein, the cDNA clone for rat CREB was then isolated from a P C I2 cell
library (Gonzalez et al., 1989). The rat cDNA potentially encodes a 37 KDa
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protein which migrates as though it were 43 KDa, and is homologous with a
human CREB cDNA obtained independently by probing a human placental
expression library for CBS-binding activities (Hoeffler et al., 1988a). The two
cDNAs did however differ by a 14 amino acid region found only in the rat
clone. Inclusion of this 14 amino acid region, termed the a-peptide, is now
known to result from differential splicing (Berkowitz and Gilman, 1990;
Yamamoto etal., 1990; Ruppert et al., 1992). CREB has subsequently been
shown to exist as a number of different splice variants and to be a member of
a multigene family (see later, section 1.17).

1.15 CREB STRUCTURE AND TRANSCRIPTIONAL ACTIVITY.
CREB structure and transcriptional activity has been studied by a
number of approaches. DNA-binding assays initially established that CREB
bound to DNA as a dimer (Yamamoto et al., 1988), and in vitro transcription
assays were used to demonstrate that purified CREB protein could activate
(Wada et al., 1991) and function as a PKA-inducible transcription factor
(Yamamoto etal., 1988; Gonzalez et al., 1991). However, much of the
detailed analysis of the CREB protein has come from studies in vivo
(Gonzalez and Montminy, 1989; Lee etal., 1990; Hurst etal., 1991; Berkowitz
and Gilman, 1990; Yamamoto et al., 1990). For in vivo assays, the effects of
endogenous CREB (which is ubiquitously expressed) have to be
circumvented. This has been achieved by fusing CREB to the DNA-binding
domain of the yeast activator GAL4 and testing a reporter driven by GAL4
binding sites (Lee et al., 1990; Hurst et al., 1991; Berkowitz and Gilman,
1990). Another strategy has involved the introduction of exogenous CREB
into F9 embryonal carcinoma cells (see earlier) which lack a functional cAMPsignalling pathway (Gonzalez and Montminy, 1989; Yamamoto et al., 1990).
The above assays have enabled identification of several functional regions of
CREB that play a direct role in transcriptional activation and repression
(Diagram 7).
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Diagram 7. Functional domains of CREB. Q1 and Q2 correspond to the
glutamine-rich domains, basic (basic region), and LZ (leucine zipper). The
kinase inducible domain (KID) is shown in detail. In addition to the PKA site,
this region contains potential phosphorylation sites for protein kinase C,
Glycogen synthase kinase 3, casein kinase I, casein kinase II, and the DNAdependent protein kinase. Regions within the KID required for activity have
been identified by deletional and mutational analysis. PDE-1, and PDE-2
were identified by Lee et al (Lee et al., 1990), and a 2, the PKC site and the
DLSSD motif, by Gonzalez et al (Gonzalez et a!., 1991).

a) CREB bZIP domain.
The structure of the bZIP domain and its interaction with DNA has
already been discussed in detail (see 1.6). In addition to DNA-binding
however, the basic region of CREB is also essential for nuclear translocation
(Waeber and Habener, 1991). A nine amino acid sequence in the basic region
has been demonstrated to contain the nuclear translocation signal (Waeber
and Habener, 1991), thus indicating that dimérisation of CREB is not required
for nuclear translocation.
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b) Glutamine-rich activation domain.
The amino-terminal glutamine-rich domain (01) is required for full
activity of the intact CREB protein (Gonzalez etal., 1991), but is dispensable
when CREB is fused to the DNA-binding domain of GAL4 (Lee of a!., 1990).
The conflicting results may be due to differences in the assay conditions used
in the two studies e.g. different cell types, different DNA-binding domains, and
different numbers of binding sites in the reporter plasmid. Any of these factors
could account for the contrasting results obtained. A second glutamine-rich
domain (02) has also been demonstrated to be critical for CREB activity, as
removal of 0 2 from CREB abrogates both constitutive and PKA-inducible
activity (Brindle etal., 1993). The glutamine-rich domains in CREB are similar
to activation regions of other transcription factors including Spl (Pascal and
Tjian, 1991) and Octi and 0ct2 (Tanaka and Herr, 1990; Tanaka et al.,
1992), but to date the mechanism of action of glutamine rich domains per se
is unclear. Their role as inducible activating elements of factors such as
CREB is even less well characterised.
c) The a-peptide.
The a-peptide is a 14 amino acid region encoded by an alternatively
spliced exon. Similar to the glutamine-rich domain the a-peptide has different
effects in different assays. It has a significant effect in the context of the
normal CREB protein in F9 cells (Yamamoto et al., 1990), but appears to be
dispensable when fused to GAL4 and assayed in 3T3 cells (Berkowitz and
Gilman, 1990) or JEG3 cells (Lee et al., 1990). As discussed above, these
effects could be explained by cell type, test promoter or fusion of CREB to
GAL4. Because only certain forms of CREB contain the a-peptide region
(Ruppert etal., 1992), it may serve a highly specialised function. Whatever its
role, stringent positioning within the CREB molecule is not required, as the apeptide can be placed in different regions of CREB without dramatic loss of
activity (Yamamoto et al., 1990). Thus the a-peptide acts as an autonomous
domain and is therefore likely to have a discrete function e.g it may act as an
interface for protein-protein interactions.
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d) The kinase-inducible domain (KID).
The PKA site appears to form part of a complex region of CREB. This
region of -5 0 amino acids has been termed the KID (kinase-inducibledomain) (Gonzalez et ai, 1991), or the P-box (phosphorylation-box)(Lee at
al., 1990) in light of the fact that it is serine-rich and contains
phosphoacceptor sites for a variety of protein kinases. Within the KID, two
elements have been identified which cooperate with the PKA site in
transcriptional activation. One element, PDE-2 (Lee at a!., 1990) (or p,
(Gonzalez at a!., 1991)) lies carboxy-terminal to the PKA site and contains a 5
amino acid DLSSD motif. PDE-2 is stringently required and appears to closely
interact with the PKA site since function is dependent upon close apposition
of these two elements (Gonzalez at a!., 1991). The other element PDE-1 (Lee
at a!., 1990) (or an a-helical region, o2, plus the PKC site, (Gonzalez at a!.,
1991)), lies upstream of the PKA site, and has a moderate effect on activity
(~3 fold). This N-terminal region of the KID contains multiple phosphoacceptor
sites for protein kinase C, glycogen-synthase-kinase 3, and casein kinases I
and II, and appears to be highly phosphorylated in vivo (Lee at ai., 1990).
e) The effects of phosphorylation on CREB transcriptional activity.
The favoured model to explain CREB activation domain function is
based on allosteric conformational changes mediated by phosphorylation.
However there is very little direct evidence for this. Activation of CREB by
PKA is thought to involve at least two events. The first event directly involves
the KID, which itself is able to mediate transcriptional activation when linked
to the DNA-binding domain of GAL4 (Lee at ai., 1990). Phosphorylation at
the PKA site is thought to induce a conformational change in the KID (Lee at
ai., 1990; Gonzalez at ai., 1991). Interestingly, this may involve additional
phosphorylation events dependent upon PKA phosphorylation (Lee at ai.,
1990). For example it appears that CREB can be phosphorylated by GSK-3 in
a PKA-dependent manner (O.M. Andrisani, personal communication). The
second event is proposed to be a conformational change which allows other
regions of CREB (notably the a-peptide and glutamine-rich regions) to
functionally interact with the transcriptional machinery (Gonzalez at ai., 1991).
However, in addition to the direct regulation of CREB activation
domains described above, it appears that phosphorylation may also indirectly
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regulate CREB transcriptional activity by affecting DNA-binding. Most earlier
findings had suggested that phosphorylation of CREB by PKA had no effect
on DNA binding activity. Specifically, the treatment of purified (Gonzalez and
Montminy, 1989), or bacterially produced (Yamamoto et al., 1988) CREB
protein with PKA in vitro produced no detectable change in DNA-binding
activity. However, more recent in vivo footprinting experiments have led to a
reexamination of this issue. Analysis of the PEPCK CRE revealed no change
in factor binding before and after induction by PKA, whereas inducible binding
is observed for the TAT CRE (Nichols at ai., 1992). These experiments
implied that the DNA-binding activity of CREB is increased by phosphorylation
but in a CRE-dependent manner. Although it is possible that the factor
detected in vivo is not CREB, subsequent in vitro experiments have supported
a model for inducible binding (Nichols at ai., 1992). It has been suggested that
there are two classes of CREB binding site (Nichols at ai., 1992): symmetric
sites have high affinity for CREB and DNA-binding activity is not strongly
stimulated by PKA; whereas asymmetric sites have low affinity for
unphosphorylated CREB and high affinity for phosphorylated CREB. Such a
model is consistent with the observation that basal transcription (i.e. in the
presence of unphosphorylated CREB) directed by symmetric sites can be
higher than for asymmetric sites (Muchardt at ai., 1990), but that the induced
level (when CREB is phosphorylated) is similar for both types of site. These
differences in binding site affinity provide a means by which the inducibility of
promoters by cAMP can be varied.

1.16 ATTENUATION OF CREB ACTIVITY BY DEPHOSPHORYLATION.
A number of studies suggest that CREB transcriptional activity is likely
to be attenuated by dephosphorylation. Such a mechanism for switching-off
CREB activity may even be utilised during viral infection (Kliewer at ai., 1990).
It appears that okadaic acid, an inhibitor of both protein phosphatase 1 (PP1)
and 2A (PP2A), can enhance PKA-stimulated transcription and prevent
dephosphorylation of PKA-phosphorylated CREB. Paradoxically both PP1
and PP2A have been implicated in regulation of CREB activity (Hagiwara at
ai., 1992; Alberts at ai., 1993; Wadzinski at ai., 1993). Specific evidence for
PP1 involvement is based upon the ability of purified cytosolic PP1 to
efficiently dephosphorylate CREB in vitro and upon the finding that increased
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PP1 expression in vivo by either transfection (Hagiwara et al., 1992), or by
microinjection (Alberts et ai., 1993), decreased CREB activity. Furthermore,
microinjection of the naturally occurring specific PP1 inhibitor (1-1) resulted in
the induction of CRE activity (Hagiwara etal., 1992).
PP2A has been implicated by it's direct purification from nuclear
extracts as the activity responsible for dephosphorylation of CREB (Wadzinski
et al., 1993). This purified nuclear PP2A is capable of dephosphorylating
CREB 30x fold more efficiently than nuclear PP1, and seems to inhibit CREBmediated transcription in vitro in a highly specific manner. It has been
suggested that these contrasting results may partly reflect the different protein
phosphatase preparations used in each study (Wadzinski etal., 1993). In any
case, regardless of which particular phosphatase is actually involved, these
studies are concordant with a major role for dephosphorylation in regulation of
CREB activity.
Interestingly, protein tyrosine phosphatases have also been implicated
in repression of CRE-mediated transcription (Championarnaud et al., 1991).
This result is surprising because cAMP activates the serine kinase, PKA
(which of course can phosphorylate CREB). Blocking the effect of PKA by a
protein tyrosine phosphatase indicates that a tyrosine-phosphorylated protein
is also a critical component of the activation pathway.

1.17 CREB IS A MEMBER OF A MULTIGENE FAMILY.
In addition to its role in cAMP-signalling, the CBS is also important for
the activity of several promoters that respond to different signals. For
example, the CBS is implicated in positive control by the adenovirus E l A
protein (Berk, 1986; Gilardi and Perricaudet, 1986; Hurst and Jones, 1987;
Lee et al., 1987; Lee and Green, 1987; Zajchowski et al., 1987) and
intracellular Ca2+ (Sheng et al., 1991; Dash et al., 1991a). The CBS also
appears to be involved in the function of enhancer elements that respond to
the human T-cell leukemia virus type 1 (HTLV-1) transactivator p4 0 *ax (Brady
et al., 1987; Fujisawa et al., 1989; Jeang et al., 1988), and the bovine
leukemia virus transactivator p38^®x (Katoh et al., 1989). Finally the p-DNA
polymerase promoter contains a CBS which is required for negative control by
p4 Qtax (Jeang et al., 1990), and positive control by the DNA damaging agent
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) (Kedar etal., 1991).
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The functional diversity of the CBS may be generated in several ways.
Firstly, the ability of the CBS to activate transcription is influenced by other
promoter elements (see earlier, 1.11). Secondly, multiple cellular activator
proteins, encoded by the CREB/ATF multigene family interact with the CBS.
Thirdly, other distinct activators can also bind to the CBS. For example, the
consensus CBS sequence (GTGACGTc/aA) is very similar to the consensus
Jun/Fos recognition site (GTGAGTc/aA), and thus although the CREB/ATF
and Jun/Fos families can be distinguished (Hal et al., 1989) the barriers are
not rigid, and many binding sites interact equally well with members of either
family (Lamph et al., 1990). In addition, a factor called E4F has also been
demonstrated to bind to the CBS by virtue of the fact that its recognition site
overlaps the sequence of the CBS (Rooney et al., 1990).
The genes for many members of the CREB/ATF family have been
cloned (Table 2). For many of these genes multiple protein isoforms are
known to be expressed. Thus the size of the ATF/CREB family at the protein
level is far greater than the number of genes.

ATF/CREB Gene

Reference

C REB............................................ (Ruppert etal., 1992)
CREM
(Laoide etal., 1993)
ATF-1
(Hai etal., 1989)
ATF-2
(Hai etal., 1989)
ATF-4
(Hai etal., 1989)
TREB 5 ......................................... (Yoshimura etal., 1990)
ATF a
(Gaire etal., 1990)

Table 2. Members of the ATF/CREB multigene family.

The above list is however far from complete: other distinct ATF/CREB
proteins have been purified (Andrisani and Dixon, 1990), or identified as DNAbinding activities (Merino et al., 1989; Tassios and La Thangue, 1990). In
addition, some members of the ATF/CREB family can selectively form
heterodimers (Hai et al., 1989; Hai and Curran, 1991; Benbrook and Jones,
1990), thus further increasing the repertoire of factors that might participate in
specific transcriptional responses. In summary, a number of related proteins
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have the potential to influence the activity of the CBS's. These proteins fall
into two classes in relation to their effect on CREB function 1). those proteins
that bind to the CBS but do not dimerise with CREB, 2). those proteins that
bind to the CBS and also dimerise with CREB.
Given the number of mammalian CREB/ATF proteins, characterising
the functional contributions of each to specific transcriptional responses is a
difficult task. However this may be facilitated by the fact that homologues of
the CREB/ATF family exist in simpler organisms which may be analysed by
genetic manipulations. For example, CREB/ATF proteins have been identified
in yeast (Jones and Jones, 1989; Nehlin et al., 1992) and D.melanogaster
(Abel etal., 1992; Smolik etal., 1992). In any case, amongst the mammalian
CREB/ATF family functional roles for both CREB and a second protein,
ATF-2, have been relatively well characterised. ATF-2 (also designated
CRE-BP1) has been demonstrated to bind to the adenovirus E4 promoter and
function as an ElA-inducible activator (Liu and Green, 1990). ATF-2 also
appears to activate expression of the human TGF-beta 2 gene in response to
the retinoblastoma gene product (Kim et al., 1992). There is a clear structural
basis for the functional difference between CREB and ATF-2. Although their
bZIP domains are similar (explains the related DNA-binding specificity), they
are otherwise not closely related. Thus regions of ATF-2 have been
demonstrated to play a role in transactivation by E1A and homologous
regions are not present in CREB (Liu and Green, 1990).
In addition to mediating distinct responses however, it is also apparent
that multiple family members may impact upon the same transcriptional
response. For example, whilst CREB plays a positive role in cAMP-signalling,
another member of the family ATF 4/CREB-2 can negatively regulate
transcription from the CRE (Karpinski et al., 1992). Of major significance to
this thesis is the possibility that CREB function may be modulated by the
existence of highly homologous proteins such as CREM (iiAMP-responseêlement-modulator protein; Laoide etal., 1993). Unlike other members of the
ATF/CREB family which share related bZIP domains, but are clearly distinct in
their NH2 -terminal regions, CREB and CREM share extensive overall
homology and are found to heterodimerise in vitro (Foulkes etal., 1991a). The
CREB and CREM genes probably arose from a common ancestral gene and
have since acquired unique features. Interestingly, multiple isoforms of both
CREB (Yamamoto etal., 1990; Waeber etal., 1991; Ruppert etal., 1992) and
CREM (Foulkes etal., 1991a; Delmas et al., 1992; Laoide etal., 1993) exist.

46

arising as a result of differential splicing or alternative initiation of translation.
The complex array of related proteins generated is shown in Diagram 8.
Although it is clear that some forms of CREB are activators and some forms
of CREM are repressors, the roles of most isoforms are unknown.
The work presented in this thesis provides insight into an additional
protein (ATF-1) which is also highly related to CREB and which also impacts
upon CREB function.
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Diagram 8. Multiple spliced variants of CREB and CREM. The composition of
proteins or mRNA transcripts so far identified, their expression pattern and
known or potential functions are shown (Ruppert et al., 1992; Waeber et a!.,
1991; Waeber and Habener, 1992; Laoide et a!., 1993; Meyer and Habener,
1992). For domain nomenclature see Diagram 7. In the case of CREM,
differential splicing can generate alternative DNA-binding domains referred to
as DBD1 and DBD2.
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SECTION 2 :

MATERIALS AND METHODS

2.1 BACTERIAL STRAINS
Competent M C I061 cells (Maniatis e ta l., 1982) were utilised for
plasmid cloning. The genotype is of M C I061 is: hsdR mcrB araA 139A
(araABC-leu) 7679 AlacX74 galU galK rpsL thi.
For bacterial overexpression, strain BL21(DE3) (Maniatis at a!., 1982)
was used. BL21 (DE3) gives high level expression of genes cloned into
expression vectors containing the bacteriophage T7 promoter, and its
genotype is: hsdS gal (X c Its857 indl Sam7 ninS lacUV5-T7 gene 1).
Bacteriophage 77 RNA polymerase is carried on the bacteriophage ÀDE3,
which is integrated into the BL21 chromosome. Transcription of the 77 RNA
polymerase gene is directed by the lacUVS promoter, which is inducible by
IP7G. Thus addition of IPTG to a growing culture of BL21(DE3) induces 77
RNA polymerase, which in turn transcribes the target DNA in the plasmid (in
this case pE715b-CR1a, or pE715b ATF-1). In addition, the BL21(DE3) strain
may be advantageous because it is deficient in the Ion protease, and it also
lacks the omp 7 outer membrane protease which may degrade proteins
during purification (Studier ef a/., 1990).

2.2 GENERATION
TRANSFORMATION

OF

COMPETENT

CELLS

AND

THEIR

E. coil M C I061 and BL21(DE3) cells were rendered transformation
competent using calcium chloride, as described (Maniatis etal., 1982), except
that competent cells were snap frozen and stored at -70°C in 14% glycerol
0.1 M CaCl2 . For transformation, aliquots of competent cells (50pl) were
thawed on ice and gently agitated to ensure a uniform suspension. Ligated
DNA (maximum volume 5pl) was added, and the DNA/cel I mixture incubated
on ice for 30 min. The cells were then heat shocked by incubation at 37°C for
4 min, diluted to 500p1 with L. Broth, and then re-incubated at 37°C to allow
the cells to recover and express the selectable gene product, p-lactamase,
encoded by the transforming plasmid. After 30 min, a fraction of the culture
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was plated onto L-agar [L-broth + 1.5% (w/v) agar] containing SOpg/ml
ampicillin, and incubated overnight at 37°C.

2.3 ISOLATION OF PLASMID DMA FROM BACTERIA
Small amounts of DNA sufficient for restriction analysis and
sequencing were prepared by an adapted alkaline lysis protocol (Maniatis et
al., 1982). A single bacterial colony containing recombinant plasmid was used
to inoculate 3mI of L-broth containing SOpg/ml ampicillin, and incubated for at
least 4h at 37°C in a rotary incubator. The cells from 1.5ml of this culture were
harvested in an Eppendorf tube by centrifugation for Imin at 14,000 rpm in an
Eppendorf bench top centrifuge. The cell pellet was resuspended in lOOpI of
solution 1, and left at room temperature for 5min. 200pl of solution 2 was then
added, and incubation continued on ice. After lOmin, 150pl of solution 3 was
added, the tube mixed, and returned to ice for 5min. The precipitated bacterial
debris was removed by centrifugation at 12,000 rpm for 5min. The
supernatant was phenol extracted, the nucleic acid obtained by ethanol
precipitation and then resuspended in TE buffer (lOmM Tris.HCI pHB.O, ImM
EDTA pHB.O). At this point the DNA was pure enough to be used for
restriction analysis. Prior to sequencing using the Sequenase™ system, the
DNA was further purified by incubation with RNase A at 50pg/ml in TE buffer
for 15min at room temperature.
Larger amounts of plasmid DNA were also prepared by an adapted
alkaline lysis protocol (Maniatis et a!., 19B2). A 400ml culture of bacteria
containing the plasmid of interest was grown in L-broth containing 50pg/ml
ampicillin, until it reached stationary phase. The bacteria were harvested by
centrifugation at 3000 rpm for 15min in a Beckmann J 6 centrifuge, at 4°C.
The resulting cell pellet was resuspended in 50ml of solution

1

, to which was

then added 100ml of solution 2. This suspension was then incubated on ice
for lOmin. 50ml of solution 3 was then added to neutralise, resulting in
precipitation of linear (chromosomal) DNA, and protein-SDS complexes.
These were pelleted by centrifugation as before. The supernatant was
decanted into a fresh tube, and nucleic acid precipitated by the addition of
120ml (0.6 volumes) of propan-2-ol. The nucleic acid was recovered by a
further centrifugation. For purification of the plasmid DNA, the pellet was first

50

resuspended in 7.5ml of TE buffer to which 2.5ml of 10M CH3 COONH4 was
added. This mixture was incubated on ice for

2 0

min, and then centrifuged as

before. Nucleic acid present in the supernatant was ethanol precipitated and
resuspended in 500pl TE buffer. RNase A was added to 20pg/ml, and
incubation performed at 37°C for 15min. PEG precipitation was then
performed by adjusting the mixture to 1.5M NaCI, and adding 0.25 volumes of
30% PEG in 1.5M NaCI. After incubation on ice for 30min the plasmid DNA
was recovered by centrifugation for 5min at 14,000 rpm in an Eppendorf
bench top centrifuge. The pellet was then resuspended in 400|il of Proteinase
K buffer (lOmM Tris.HCI pHB.O, 5mM EDTA pH8.0, 0.5% SDS), and treated
with 0.5 mg/ml Proteinase K for 30min at 37°C. Following phenol extraction,
and ethanol precipitation, the plasmid DNA was resuspended in TE buffer.
The final concentration of DNA was determined spectrophotometrically by
measuring the optical density of the solution at 260nm, assuming that an A2 6 O
of 1.0 corresponded to a DNA concentration of 40pg/ml.

2.4 PLASMIDS
The ATF-1 plasmid used for in v/fro transcription has been previously
described (Hurst et a/., 1991). However, due to the importance of this
construct in this work, a representation is shown below and the construct is
referred to as pGEM3ATF-1.

Hindlll.SphI .P sti .Sail

p G E M 5 A T F -1
3 .7 0 Kb

ATF-1
sequence

AmpR

Plasmid pmNTR was derived from pGEM3ATF-1 as follows. The aminoterminal ATF- 1 sequence was deleted by a S a il-S a d digest (S ad is a
unique site at position 65 in the ATF-1 sequence), and replaced with a mutant
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S a il-S ad oligo containing the seven serine to alanine changes as described
in the text. Plasmids pSM1-4, pSM5-11, pSM1, pSM2, pSM3, pSM4, pSM5/6,
pSM7/8/9, pSIV110/11, pSM4/5, pSM4/6, pSM5/6, pSM4A and pSM12 were all
derived from pGEM3ATF-1 by site-directed mutagenesis using PCR.

T7 promoter

pGEM2 backbone

pAlAB

ATF-1
amino acids 56-271

'EcoRI

Plasmid pANTR was constructed as follows: pAlAB (obtained from
Kevin Lee, and illustrated above), which encodes a protein lacking the Nterminal 55 amino acids of ATF-1, was cut with BamHI, and an oligo inserted
to replace amino acids 28-55. The resulting construct, pANTR therefore
encodes a protein lacking only the N-terminal 27amino acids of ATF-1.
Plasmids pFGATF-1 and pFGSM4/5/6 were derived from pGEM3ATF-1 as
follows: A unique Ndel site was created by the introduction of a single point
mutation (G to T) at position 628 of the ATF-1 coding sequence, to generate
the intermediate plasmid pGEM3ATF-1Nde1. This plasmid was then digested
with Ndel and EcoRI to remove the ATF-1 basic region and leucine zipper
coding sequences. An Ndel-EcoRI fragment generated by PCR from
pSPSFeGz-core (Kouzarides and Ziff, 1989), containing the Fos basic region
(Fos amino acids 135-161) and the GCN4 leucine zipper (GCN4 amino acids
252-281), was then cloned in to generate plasmid pFGATF-1. pFGSM4/5/6
was derived from pFGATF-1 by site-directed mutagenesis.
pGALATF-1 has been previously described (Hurst et al., 1991). This
contains the transcriptional enhancer element of the MLV LTR, nucleotides
-127 to +65 of the human p-globin gene, GAL4 cDNA sequences encoding
amino acid residues 1-147, and the ATF-1 cDNA sequence cloned
downstream of the GAL sequence. Plasmids pGALSM4, pGALSM4/5,
pGALSM4/6, pGALSM5/6, and pGALSM4/5/6 containing serine to alanine
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changes as described in the text, were derived from pGALATF-1 by sitedirected mutagenesis. pGAL-FGATF-1 and pGAL-FGSM4/5/6 were obtained
by subcloning the DNA-binding domain from pFGATF-1 into either
pGALATF-1 or pGALSM4/5/6.
pATF-1T is shown below. This construct contains ATF-1 cDNA
sequence from nucleotides 1-680. At position 680 (the Xhol site), ATF-1
sequence has been replaced with that of CREB to encode the remainder of
the basic and leucine zipper regions. At the 3' end are sequences
corresponding to the T Antigen epitope recognised by the KT3 monoclonal
antibody (MacArthur and Walter, 1984).
Hindlll. Sphi .Psti .Sail
SV40 E

ATF-1 sequence

CREB sequence
BamHI

SV40 poly A
Xba1

T Antigen epitope

pA(-71)CAT contains the somatostatin promoter to position -71 fused to the
chloramphenicol acetyltransferase (CAT) coding sequences (Montminy et al.,
1986b).
pMtC contains cPKA coding sequences under the control of the mouse
metallothionein 1 promoter (Mellon at a!., 1989). pRSVOREB contains a full
length CREB cDNA, including the a-peptide region, inserted into an
expression vector under the control of the Rous Sarcoma Virus long terminal
repeat (Liu at a!., 1993). pGEX-ATF-1 is described elsewhere (Masson at a!.,
1993a). pET-15bATF-1 was obtained by insertion of a full length ATF-1 cDNA
into pET-15b (Novagen). pETISbCRIa is described elsewhere (Jones, 1993).
The integrity of all ATF-1 mutant plasmids constructed was confirmed by
sequencing (see below), and other plasmids by restriction analysis.
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2.5 MANIPULATION OF CLONED DNA
Restriction analysis, purification of DNA fragments, removal of terminal
phosphate, removal of 5' and 3' terminal extensions, and ligations were all
performed using standard protocols (Maniatis etal., 1982).
PCR was used to perform site-directed mutagenesis of ATF-1, The
Pfu DNA polymerase (Stratagene) was utilised because of its 12-fold higher
fidelity of DNA synthesis over Tag DNA polymerase. DNA synthesis was
typically performed in a 25pl reaction containing lOng of template plasmid
DNA, lOOng of each primer, 0.2mM dNTP's, 2.5pl of 10X reaction buffer
(Stratagene), and 2.5U of Pfu DNA polymerase.

2.6 DNA SEQUENCE ANALYSIS
DNA obtained from large scale preparations was sequenced by the
dideoxy method using the Sequenase^M Version 1.0 Kit (USB). For
sequencing of miniprep DNA, an adapted protocol was used for obtaining
annealed template-primer. RNase A-treated miniprep DNA (Bpl, typically
containing 2-3pg of template DNA) obtained by the method described earlier
was denatured by the addition of 1pi of 1M NaOH. Ipl of primer (lOng/pl) was
also added, and the mixture incubated for lOmin at 68^C. The solution was
then neutralised by the addition of 4pl of TDMN buffer (3.2g TES (Sigma T1375), 0.5ml chloroform, 0.386g DTT, 4mI 1M MgCIa, 2ml 5M NaCI, made up
to a final volume of 50ml. pH-1.6), and placed left at room temperature for
lOmin. The labelling and elongation/termination steps were then continued
according to the Sequenase TM Version 1 protocol (USB).

2.7 CELL CULTURE, IN VIVO LABELLING WITH 32pi, TRANSFECTIONS
AND CAT ASSAYS
All cell lines were maintained as monolayers in Dulbecco modified
Eagle (E4) medium. HeLa, F9 (mouse embryonal carcinoma), and JEG3
(human choriocarcinoma) cell cultures contained 10% foetal calf serum
(FCS). For comparative experiments, cells were harvested at similar
confluence one day after addition of fresh media.
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Undifferentiated F9 (UF9) and differentiated F9 (DF9) embryonal
carcinoma cells were maintained on standard tissue culture dishes coated
with 0.1% gelatin (-300 bloom) from porcine skin (Sigma G-2500). UF9 cells
were induced to differentiate with retinoic acid as follows. Eighty percent
confluent monolayers were split 40-fold in the presence of IpM all-trans
retinoic acid (Sigma). Retinoic acid was freshly prepared as a 10mM stock
solution in ethanol. After 3 days in the presence of retinoic acid, cells sere
split fivefold in fresh medium and retinoic acid. Experiments were performed
on differentiated cells following 6 days of treatment with retinoic acid.
Differentiation was monitored by cell staining with monoclonal antibodies
LE41 and LE61 against cytokeratins K8 and K18 (Lane, 1982). K8 and K18
are not expressed in UF9 cells and become strongly induced during
differentiation by retinoic acid (Oshima et aL, 1990; Ouellet et al., 1990). For
the cells used in these experiments, <5% of UF9 cells and >50% of DF9 cells
stained positive for cytokeratins.
For in vivo labelling with ^^P\, UF9 cells were incubated in phosphatefree E4 medium containing 5% dialysed FCS (dialysed against 50 mM NaCI)
and 200 |iCi of 32p| per ml and labelled for 5h.
For transactivation experiments, UF9, DF9 and JEG3 cells were
transiently transfected using the calcium phosphate precipitation method
(Ausubel et ai., 1987). For cAMP induction experiments, cells were stimulated
with 0.5mM 8-chlorophenylthio-cAMP (cpt-cAMP, Sigma) 25h post
transfection. CAT assays (Gorman et ai., 1982) were performed at 36h
posttransfection.

2.8 SMALL-SCALE NUCLEAR EXTRACTS
Nuclear extracts were prepared by the same procedure for all
monolayer cells used. Cells were washed twice with PBS, harvested, and
resuspended in -300pl of ice-cold lysis buffer (20mM HEPES pH8.0, 20mM
NaCI, 0.5% Nonidet P-40, ImM DTT, protease inhibitors [0.5mM PMSF, 2pg
of leupeptin per ml, and 2|ig of trasylol per ml]) per 10^ cells. Cells were left
on ice for 5 min and centrifuged for 1 min at top speed in an Eppendorf
microcentrifuge at room temperature. The crude nuclear pellet was
resuspended in 60pl of high salt extraction buffer (20mM HEPES pH7.9, 25%
[vol/vol] glycerol; 420mM NaCI, 1.5mM MgCla. 0.2mM EDTA, ImM DTT,
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protease inhibitors [0.5mM PMSF, 2pg of leupeptin per ml, and 2pg of trasylol
per ml]) per 10^ cells, left on ice for 15 min, resuspended again, and left for a
further 15 min. Nuclear debris was removed by centrifugation for Imin in a
microcentrifuge at room temperature, and the supernatant was diluted to a
low salt concentration by the addition of 2 volumes of 20mM HEPES (pH7.4).
Heat dénaturation at 60°C for 5min of this diluted extract produced the heatdenatured nuclear extract used for most of the experiments described. Protein
concentrations were determined by using a dye assay (Biorad).

2.9 IN VITRO LABELLING WITH PROTEIN KINASE A
Proteins in heat-treated nuclear extracts were labelled as follows.
Extracts were adjusted to kinase labelling conditions by addition of 4x kinase
buffer (200mM KH2 PO4 -K2 HPO4 [pH7.2], 40mM MgCl2 , lOpM ATP), IpCi of
p2p]ATP (5000Ci/mmol) per pi and 1U of the protein kinase A catalytic
subunit (Sigma P2645) per pi. Labelling reactions were performed at 30°C for
1h.

2.10 IMMUNOPRECIPITATIONS
For immunoprécipitations, crude antiserum (1 to 3pl/1 OOpI) was added
directly to either ^2p
yjtro labelling reactions or to unlabelled nuclear
extracts diluted under in vitro labelling conditions, and left on ice for 1h.
Immunoprecipitates were collected on protein A-sepharose beads (lOpI of
packed beads/1 pi of antiserum added) by mixing at room temperature for
30min. Following removal of supernatant, protein A beads were washed with
5 changes (700pl each change) of wash buffer (25mM HEPES pH7.0, 125mM
NaCI and 0.1% Nonidet P-40) and finally washed with buffer in the absence of
Nonidet P-40. Washed beads were resuspended in SDS-PAGE sample
buffer, boiled and the denatured proteins electrophoresed. Gels were fixed in
50% methanol and dried for autoradiography.
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2.11 SMALL-SCALE,
PURIFICATION

SEQUENCE-SPECIFIC

DNA

AFFINITY

32p-iabelled heat-denatured nuclear extracts were incubated
batchwise with DNA affinity resin by resuspending the resin several times
over a period of 30min in a 1.5ml microcentrifuge tube at room temperature.
For a typical experiment, 200|il of nuclear extract (derived from -lO^cells)
was incubated with 20|il of affinity resin. Incubations were performed in the
presence of specific and nonspecific competitors (5|iM oligonucleotides
containing wild-type or mutated ATF-binding sites and 4pg of poly [dl/dC] per
ml) which were added to the DNA affinity resin before it was mixed with
nuclear extract. After binding, the resin was washed with five changes of
affinity column wash buffer (20mM HEPES [pH7.4], lOOmM KCI), and the
bound proteins were eluted either with 1M KCI and added to SDS-PAGE
sample buffer, or eluted directly with SDS-PAGE sample buffer.

2.12 SDS-PAGE AND TWO-DIMENSIONAL GEL ELECTROPHORESIS
Proteins were resolved by 10% SDS-PAGE, according to standard
protocols (Maniatis etal., 1982), using the Bio-Rad Mini Protean II apparatus.
The gels were then either used for Western blotting (see below), stained with
Coomassie brilliant blue R250 (Maniatis etal., 1982), or in the analysis of ^ S labelled proteins, fixed in 50% methanol, dried, and exposed to X-ray film.
Two-dimensional gel electrophoresis (O'Farrell, 1975) was performed
using the Bio-Rad Model 175 Tube Cell in the first dimension.

2.13 ANTIBODIES
Antibodies to CREB and ATF-1 have been previously described. CREB
antibody was raised against a synthetic peptide corresponding to the carboxy
terminal 10 amino acids of CREB and polyclonal antibody was raised against
ATF-1 purified from HeLa cells (Hurst et al., 1990). Antibody Ab240 was
raised against a synthetic peptide (amino acids 89 to 101) corresponding to
the a-peptide region of CREB (Yamamoto et al., 1990). The KT3 monoclonal
antibody is also described elsewhere (MacArthur and Walter, 1984). Antibody
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to bovine heart cPKA was raised in rabbits (Hemmings, 1986) and affinity
purified on an antigen-agarose column.

2.14 WESTERN BLOTTING
Affinity purified CREB was resolved by SDS-PAGE and transferred to
nitrocellulose filters for 60min at 120mA using the Bio-Rad Mini Trans-Blot
Cell. Filters were incubated for 1h in blocking solution (1% BSA in PBS
containing 0.05% Tween 20 [PBS-T]), incubated with anti-CREB (crude AbC
antiserum diluted 1:200) for 3h and then washed six times in PBS-T over 20
min. The second antibody, which was swine anti-rabbit (DAKO) antibody
diluted 1:1000 in blocking solution, was incubated for 1h at room temperature
and washed as described above. The second antibody was conjugated to
horseradish peroxidase, and proteins visualised using the DAB stain system
(Harlow and Lane, 1988). The same procedure was used to detect aCREB
with antibody (Ab240) directed against the a-peptide region of CREB. Crude
Ab240 antiserum was diluted 1:50 and incubated overnight with the
immunoblot.
ATF-1 fusion proteins containing the T Antigen epitope, present in
crude nuclear extracts from transfected cells were detected as follows: after
SDS-PAGE and transfer to nitrocellulose filters as above, blocking was
performed for 20min in 1% BSA in PBS containing 0.05% Nonidet P-40.
Purified KT3 monoclonal antibody (MacArthur and Walter, 1984) at 1 mg/ml
was diluted 1:30 in 1% BSA and 10% FCS in PBS, and filters incubated in this
solution for 4h. The filters were then washed using 1% Nonidet P-40 in PBS,
and transferred to the second antibody solution which was alkaline
phosphatase-conjugated rabbit anti-mouse antibody (DAKO), diluted 1: 500
in 1% BSA and 10% FCS in PBS, for 1h. Following washing as before,
proteins were visualised using the NBT/BCIP stain system (Harlow and Lane,
1988).

2.15 IN WT/?0 TRANSCRIPTION AND TRANSLATION
35S-labelled ATF-1, CREB, or CREM proteins were synthesised in vitro
by transcription of the corresponding cDNAs (Hurst et al., 1990; Hurst et al.,
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1991; Foulkes et al., 1991a) using SP6 RNA polymerase (for ATF-1
[Boehringer]), or 17 RNA polymerase ( for CREB and CREM [Boehringer]),
and subsequent translation in rabbit reticulocyte lysate (Amersham).
Transcription reactions were as previously described (Hai et a!., 1989) and
contained SOOpM m^GpppG and lOOpMGTP to ensure efficient capping of
transcripts. In vitro translation was performed according to the manufacturers'
instructions (Amersham).

2.16 BACTERIAL OVEREXPRESSION AND PROTEIN PURIFICATION
Plasmid pET-15b-ATF-1 was used to express Hg-ATF-I protein in
BL21(DE3) cells. Cells were grown in NZYC media (Maniatis et al., 1982),
containing lOOpg/ml carbenicillin at 37°C in a shaking incubator until the
culture reached an optical density of 0.6 at 600nm. Expression of Hg-ATF-I
was then induced by the addition of ImM IPTG, and the culture incubated at
37°C for a further 3h. A further lOOpg/ml carbenicillin was also added at
the time of induction. Bacterial lysate was prepared by sonicating the
recovered cells in PBS, 0.5% TX100, ImM EDTA, and protease inhibitors
including O.SmM PMSF, 2pg/ml leupeptin and 2pg/ml trasylol. The lysate was
mixed with Ni2+ agarose beads (NTA-agarose, Qiagen) at room temperature
for 30min, unbound proteins removed and washed three times in lysis buffer.
Bound proteins were eluted by mixing with 250mM imidazole (dissolved in
50mM tris pH8.0), the eluate adjusted to 10% glycerol, quick frozen in liquid
nitrogen, and stored at -70°C. Typically, 500|ig of HeATF-1 could be purified
from a 200ml culture with an optical density of 0.6 (see Diagram 9). The
above procedure was also used to obtain HeCREB from pET15bCR1a.

2.17 PREPARATION OF 32P-LABELLED PROBES FOR FAR WESTERN
BLOTTING
Bacterially produced CREB and ATF-1 proteins were 32p.|abelled
using the catalytic subunit of PKA (Sigma P2645) by incubation at 37°C for 1h
under the following conditions. 30|il ( - 300ng) of protein eluate, 20|il
lOxkinase buffer (200mM Tris-CI pH7.5, 1M NaCI and 120mM MgCIa), 20pl
PKA catalytic subunit (17U/|il in 0.3M DTT), 45|il 32p_y_ATP (lOmCi/ml, 5000
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Diagram 9. Purification of Hg-ATF-I. The left hand side of the figure (SDSPAGE), is a representative Coomassie stained gel showing the stages of HgATF-1 purification. Bio-Rad low range SDS-PAGE markers are indicated to
the left. P indicates the whole cell pellet prior to sonication, S corresponds to
the sonicate, and the remaining two lanes represent the eluate from the N|2+
agarose column. The right hand side (WESTERN), shows western blot
analysis of induced and uninduced cells using anti-ATF-1 antibody. Bio-Rad
prestained low range markers are indicated to the left. Lanes marked ATF-1
represent pET15b-ATF-1 transformed BL21 cells, the lane marked 0
indicates control untransformed BL21 cells. The addition of IPTG specifically
induces a protein in the transformed BL21 cells (i.e. HgATF-l).
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c i/mmol, Amersham) and 85^il of H2 O in a total volume of 200^.1. The sample
was passed through a G50 spin column (Pharmacia) equilibrated in Ixkinase
buffer plus 1mg/ml BSA (enzyme grade). Specific activity of 32p.|abelled
probes was typically between 10^ and 10®cpm per pg.

2.18 FAR WESTERN BLOTTING
Crude nuclear proteins were resolved on SDS gels and transferred to
nitrocellulose paper as for Western blotting. Filters were washed in IxHBB
(25mM HEPES-KOH pH7.7, 25mM NaCI, SmIVI MgCIa) plus 1mM DTT.
Proteins were then denatured and renatured by sequential incubation (10 min
per change) with decreasing concentrations of Guanidine-HCI in IxHBB plus
ImM DTT as follows: 6M (2 changes), 3M, 1.5M, 0.75M, 0.375M, 0.19M and
finally back into IxHBB plus ImM DTT (2 changes). Filters were blocked in
HYB100 (20mM HEPES-KOH pH7.7, lOOmM KCI, 2.5mM MgCl2 , O.ImM
EDTA, ImM DTT, 0.05% Nonidet P-40) + 5% marvel dried milk for 30 min,
HYB100 + 1% marvel for 15 min and then incubated overnight with 32p_CREB
(Ing/ml or 5x10^ cpm/ml) in HYB100 + 1% marvel. Following removal of
probe, filters were washed 3 times (300ml/filter, 5 min each change) with
HYB100 + 1% marvel, dried well and exposed to X-ray film. The viability of
the Far Western assay for probing crude nuclear extracts had previously been
established by testing the ability of 32p.|abelled CREB to detect itself or
ATF-1 that had been produced by overexpression in bacteria (Masson et al.,
1993a).

2.19 DNA COMPETITORS
Oligonucleotides containing consensus wild-type or mutated ATFbinding sites were as follows. The ATF-binding site core motif TGACGTCA or
corresponding mutated sequence is underlined, (i) WT contains the sequence
G GATCCATGACGT CAT GGATC. (ii) M2 contains the sequence
GGATCCATGGCGCCATGGATC.

61

2.20 DNA AFFINITY RESINS
DNA affinity resins were constructed by coupling concatemerised
oligonucleotides to CNBr activated Sepharose (Pharmacia) using a previously
described method (Kadonaga and Tjian, 1986). The E2A oligonucleotide
contains the following duplicated ATP site from the E2A promoter:
CTACGTCATCTGATGACGTATTTCAGATC. and was used to make the
BSE2 affinity resin. The BSE4 affinity resin was made from a concatemerised
o lig on ucle otid e
with
the
follow ing
repeated
seque nce:
CCCGGGATGACGTCAT.

2.21 PEPTIDES
Synthetic peptides corresponding to the leucine zipper regions of
CREB, c-jun and c-fos were as follows. CREB LZ contains the c-terminal 36
residues of CREB (EYVKCLENRVAVLENQNKTLIEELKALKDLYCHKSD).
Jun
LZ
contains
34
a m in o
a c id s
fro m
c - ju n
(ARLEEKVKTLKAQNSELASTANMLREQVAQLKQK). Fos LZ contains 33
amino acids from c-fos (TDTLQAETDQLEDEKSALQTEIANLLKEKEKLE).

2.22 PHOSPHATASE TREATMENT
Rabbit reticulocyte

lysate (2|il) containing ^^s-iabelled in vitro

translated proteins was treated with 5U of calf intestinal alkaline phosphatase
(Boehringer) for 2h at 37°C in 12pl reactions containing 20mM HEPES pHB.O,
20mM MgCl2 , 40mM KCI and 0.6mM PMSF. Phosphatase inhibitors were
used at the following concentrations: 60mM NaF, 20mM EDTA, 2mM L-cys
and 2|iM okadaic acid. Phosphatase treatment of nuclear extracts from F9
cells was performed as follows. 15pl reactions contained 5|il of undiluted
nuclear extract (obtained from 10® cells), 5U of calf intestinal alkaline
phosphatase and were incubated for 2h at 37°C in a buffer containing 20mM
HEPES pHB.O, 20mM MgCl2 , 40mM KCI and 0.6mM PMSF.
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SECTION 3:

RESULTS

3.1 CREB AND ATF-1 ARE PRESENT AS HETERDDIMERS IN CELL
EXTRACTS.
Heterodimerisation is an important feature of dimeric activator proteins
and some members of the ATF/CREB family can selectively form
heterodimers (Hai et al., 1989; Hai and Curran, 1991). However at the outset
of the studies described here CREB had not been demonstrated to
heterodimerise with any other bZIP protein. Thus the identification of proteins
which could interact with CREB represented an immediate area of interest.
Another ATP family protein referred to as ATF-43 (because it migrates
as 43KDa on SDS gels) had been purified from HeLa cells by virtue of its
ability to bind to the CBS present in the adenovirus E3 promoter (Hurst and
Jones, 1987). The ATF-43 protein, and another factor called ATF-47 (which
migrated as 47KDa) were also partially purified by a separate group (Hai et
a/., 1988b). The relationship between ATF-43, ATF-47 and CREB was
unknown. Subsequent analysis however, demonstrated that the ATF-47
polypeptide corresponded to CREB (Hurst etal., 1990).
An anti-peptide antibody directed against the C-terminus of CREB was
available (Hurst etal., 1990), and was used to immunoprecipitate CREB from
several different cell types. Using this assay we hoped to detect coprecipitating dimérisation partners. Anti-CREB precipitated CREB from all the
cell lines, but in addition precipitated other polypeptides (Fig. 1; Hurst et al.,
1990). A polyclonal antibody raised against purified ATF-43 was also
available (Hurst et al., 1990). Anti-ATF-43 precipitated a profile of
polypeptides that was similar or identical to those coprecipitated with antiCREB (Fig. 1; Hurst et al., 1990), but did not precipitate CREB itself. Gel
mobility shift assays and Western Blotting had already suggested that antiCREB did not recognise ATF-43 (Hurst et al., 1990). Thus coprecipitation of
CREB and ATF-43 using the anti-CREB antibody was most likely a result of
CREB-ATF-43 complexes. In addition, a different pattern of ATF-43-related
polypeptides was immunoprecipitated from each of the cell lines tested (Fig.1;
Hurst et al., 1990). These ATF-43-related polypeptides did not arise as a
result of extract preparation (Hurst ef a/., 1990). Furthermore the observed
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Figure 1. Detection of cell type-specific forms of ATF-43, that form complexes
with CREB. (This figure is reproduced with the permission of K.L.). Nuclear
extracts were prepared from monolayers of HeLa, PC12 and F9 embryonal
carcinoma cells. Equal amounts of nuclear protein from each cell line was
32p-iabelled with protein kinase A, immunoprecipitated and analysed by SDSPAGE. Immunoprécipitations were with pre-immune (P), anti-ATF-43 (A) or
anti-CREB (C).
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cell type-specific variation did not result from a differential ability to be labelled
in vitro by PKA (Hurst et ai., 1990). Hence it appeared that multiple
ATF-43-related proteins existed, and furthermore that these proteins were all
capable of interaction with CREB.
To prove that CREB and ATF-43 were complexed it was necessary to
show rigorously that anti-CREB does not directly recognise ATF-43. To this
end we determined whether anti-CREB could precipitate ATF-43 in the
absence of CREB (Fig. 2). In vitro 32p labelled extracts were depleted of
CREB by using anti-CREB followed by immunoprécipitation with anti-ATF-43.
Several cycles of immunoprécipitation with anti-CREB (Fig. 2, lanes 1-5)
resulted in depletion of CREB and putative CREB-ATF-43 complexes. The
first three cycles resulted in efficient depletion (Fig. 2, lanes 1-3) with no
detectable precipitation occuring in the last two cycles (Fig. 2, lanes 4 and 5).
Following depletion of extracts by using anti-CREB, anti-ATF-43 was able to
precipitate the substantial amount of ATF-43 that remained in the supernatant
(Fig. 2, lane 6). This result unambiguously demonstrated that anti-CREB does
not directly recognise ATF-43, and thus allowed us to conclude that CREB
and ATF-43 form protein-protein complexes.
The ATF-43 protein was subsequently shown (Hurst et ai., 1991) to be
encoded by the cDNA clone ATF-1 (Hai et a/., 1989), or TREB36 (Yoshimura
etal., 1990). The structure of this protein could now be compared with CREB
(Diagram 10). ATF-1 exhibits 70% overall homology to CREB with an
essentially identical bZIP domain (95% homology in this region). Predictably,
the heterodimerisation of CREB and ATF-1 has been demonstrated to occur
via leucine zipper interactions (SECTION 5, Fig. 16A).
Q1

«-peptide ~[- P-box/KID

NTR - P-box/KID

Q2

j basic I

CREB

a

(341 aa)

0{

■

LZ

basic

I LZ

ATF-1
(271 aa)

DNA-binding domain

Diagram 10. Comparison of ATF-1 and CREB proteins. For a detailed
description of the functional domains domains indicated see SECTION 1.
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Figure 2. Anti-CREB antibody does not directly recognise ATF-43 (denoted as
ATF-1 in this figure). HeLa cell nuclear extract was 32p.|abelled with protein
kinase A and immunoprecipitated with anti-CREB (lane 1). Two further cycles
of anti-CREB immunoprécipitation of the supernatant (lanes 2 and 3), addition
of protein A beads only (lane 4), and a final round of immunoprécipitation
(lane 5) ensured depletion of CREB and putative CREB-ATF-43 complexes.
The supernatant from above was then immunoprecipitated with anti-ATF-43
(lane 6).
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3.2

CREB AND ATF-1 EXHIBIT DIFFERENT REQUIREMENTS FOR

STABLE DNA-BINDING
Since CREB and ATF-1 were so highly related and could
heterodimerise, it was pertinent to probe for functional differences between
these two proteins. It has been suggested that the ability of the CBS to
mediate different transcriptional responses is influenced by sequences that
immediately flank the CGTCA motif (SECTION 1). This might be related to
variations in the precise interaction of distinct ATF-related proteins with DNA
(Hai et al., 1989) or due to interaction of additional proteins with sequences
that overlap with the CBS (Raychaudhuri etal., 1987; Cortes et al., 1988).
Because CREB and ATF-1 appear to have identical DNA-binding specificity,
we probed for differences in the stability of DNA-protein complexes formed by
these two proteins. Hence, stable complex formation between CREB, ATF-1
and two different immobilised CBS sequences was examined (Fig. 3). The
two sequence-specific DNA affinity resins employed contained either a
consensus CBS (BSE4) or the CBS site from the E2A promoter (BSE2), and
differed in sequences flanking the CGTCA motif and in the spacing between
the CBSs (Fig. 3)./n wfro32p-iabelled CREB and ATF-1 were allowed to
bind to BSE4 and BSE2 followed by competition with a mutant (Fig. 3, lanes
m2) or wild-type (Fig. 3, lanes wt) oligonucleotide. CREB formed a stable
complex with both BSE4 and BSE2, as indicated by lack of competition by the
wild-type oligonucleotide, whereas ATF-1 formed a stable complex with BSE4
but not with BSE2. These results demonstrate that sequences flanking the
CGTCA core motif or the spacing between CREB sites can selectively affect
stable complex formation between ATF-1 and DNA. In addition, because the
bZIP domains of CREB and ATF-1 are so highly homologous (95% identity),
this suggests that the stability of DNA-binding may be determined by other
specific regions of ATF-1 and CREB. Significantly this result provided the first
evidence for functionally different properties of ATF-1 and CREB.

3.3 DIFFERENTIAL PHOSPHORYLATION CAN PRODUCE ALTERNATIVE
FORMS OF ATF-1
The cell type-specific variants immunoprecipitated by anti-ATF-1 share
a range of properties including reactivity with several different anti-ATF-1
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comp : m2 wl mz wt

CREB-^
ATF-^ [

column :

BSE2 BSE4

BSE4 :

cccgggatga CGTCA tcccgggatga CGTCA tcccggg

BSE2 :

eta CGTCA tctga TGACG tatttcagatc

Figure 3. Stability of DNA binding by CREB and ATF-1. Heat-denatured HeLa
cell nuclear extract was 32p labelled with protein kinase A, and proteins were
allowed to bind to two different DNA affinity resins (BSE2 and BSE4) in the
presence of 4|Lig of poly (dldC) per ml. The DNA sequences of
concatemerised oligonucleotides for the BSE2 and BSE4 affinity resins are
indicated at the bottom. The BSE2 sequence is derived from the ATF site
present in the adenovirus E2A promoter, and the BSE4 site is a consensus
ATF site. DNA-protein complex stability was assessed by competition with
5pM wild-type (wt) oligonucleotide (specific competitor) or 5|xM M2
oligonucleotide (nonspecific competitor) for 30 min. Following removal of
supernatant, the DNA affinity resins containing stably bound proteins were
resuspended in SDS-PAGE sample buffer and proteins electrophoresed.
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Figure 4. Effect of phosphatase treatment on ATF-1. (Analysis of DNA affinitypurified ATF-1). Heat-denatured HeLa cell nuclear extract (30 jil) was
incubated at 37°C for 45 min in the presence or absence of 25 U of calf
intestinal phosphatase (CIP; Boehringer), DNA-affinity purified, washed
extensively, 32p labelled with protein kinase A, and electrophoresed.
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antibodies, DNA-binding specificity, co-precipitation with CREB, heat stability
and phosphorylation by PKA (Hurst et al., 1990). In fact these polypeptides
can only be distinguished on the basis of their differing mobilities on SDS
gels. It is most likely therefore that the cell type-specific variants arise as a
result of post translational modification of the same protein and the most likely
possibility is phosphorylation.
To examine whether phosphorylation could affect the migration of
ATF-1 on SDS gels, HeLa cell ATF-1 was treated with phosphatase (Fig. 4).
Treatment of crude nuclear extracts with phosphatase, followed by DNA
affinity purification and 32p labelling with protein kinase A resulted in loss of
detectable ATF-1 and an increase in a faster migrating species (Fig. 4).
Similar effects of phosphatase treatment were demonstrated by South
Western analysis of purified ATF-1 (Hurst etal., 1990). Together these results
demonstrate that phosphovariants of ATF-1 can be distinguished on SDS
gels. Because the change in mobility of ATF-1 due to phosphorylation is so
large, the most likely interpretation is that phosphorylation induces a change
in conformation of ATF-1. Furthermore, because labelling by PKA allows
different phosphovariants of ATF-1 to be distinguished (Fig. 4), the results
indicate that ATF-1 conformation may be regulated by a kinase(s) other than
PKA.
Since phosphatase treatment of ATF-1 produced a polypeptide with a
mobility similar to that of the fastest migrating polypeptide from HeLa cells
observed in other assays (Fig. 1), it is possible that in HeLa cells at least,
multiple ATF-1 variants result (at least in part) from differential
phosphorylation of the same protein. In addition, although no
interrelationships have been established between the multiple ATF-1-related
proteins present in HeLa, F9 and PCI 2 cells (Fig. 1), a likely explanation is
that they arise as a result of differential cell-type-specific phosphorylation. Our
subsequent experiments have indicated that this is almost certainly the case.

3.4 ASSAYS TO STUDY PHOSPHORYLATION-INDUCED CHANGES IN
ATF-1 CONFORMATION
To date, the ^phosphorylation state of ATF-1 and its functional
significance had not been addressed. Development of assays to analyse
ATF-1 phosphorylation was therefore required. ATF-1 protein can be
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Figure 5. Assays to analyse phosphorylation of ATF-1. (A) Effect of
phosphatase treatment on in vitro translated ATF-1 and CREB. ^^s-labelled
ATF-1 and CREB were produced by translation in rabbit reticulocyte lysate,
mixed, and treated with calf intestinal phosphatase in the presence or
absence of phosphatase inhibitors as indicated below the figure. CREB and
ATF-1 proteins were then resolved by SDS-PAGE. Molecular weight
standards (Biorad prestained low size range) are shown to the left. (B)
Phosphorylation of ATF-1 by incubation with rabbit reticulocyte lysate, or
HeLa cell nuclear extract. 35s_|abelled ATF-1 was obtained by bacterial
overexpression of a GST-ATF-1 fusion. Following treatment with thrombin to
remove the GST-tag, the ^sg-labelled ATF-1 protein was incubated with either
reticulocyte lysate or HeLa cell nuclear extract for the times indicated. M g 2 +
and ATP were added to a final concentration of ImM and O.SmM respectively.
Phosphorylation was adjudged by altered mobility on SDS-PAGE.
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produced in vitro by translation in rabbit reticulocyte lysate (RRL) (Hurst etal.,
1991; Masson etal., 1993a). Significantly, this results in production of
phosphorylated ATF-1, because like HeLa cell ATF-1, treatment of the
translated protein with phosphatase results in conversion to a faster migrating
form on SDS gels (Hurst et al., 1991; Masson etal., 1993a). In addition,
translation in RRL can result in production of multiple ATF-1 polypeptides due
to differential phosphorylation (the greatest variation occurring between
different batches of RRL, data not shown). Throughout the results these
different phosphovariants will not be distinguished; decreases in mobility of
ATF-1 on SDS gels will simply be referred to as 'phosphorylation', even
though the effects observed may not all be due to the same phosphorylation
events. Interestingly, phosphatase treatment has no detectable effect upon
mobility of the highly homologous CREB protein (Fig. 5A). This suggests that
the phosphorylation events we are analysing may be unique to the ATF-1
protein and is consistent with the lack of detection of CREB variants on SDS
gels from in wVo sources (Fig. 1).
In order to develop an assay whereby kinases capable of
phosphorylating ATF-1 can be identified independently of RRL, ATF-1 protein
produced by bacterial overexpression has been utilised.

methionine-

labelled, bacterial ATF-1 protein was analysed by SDS PAGE (Fig. 5B, lanes
1 and 5) and compared with phosphorylated,

methionine-labelled ATF-1

made by translation in rabbit reticulocyte lysate (Fig 5B, lane 4). As expected,
the migration of the bacterially produced ATF-1 protein on SDS gels is
indicative of lack of phosphorylation. Incubation with RRL for 10 min results in
almost complete phosphorylation of the bacterial ATF-1 protein (Fig. 5B, lane
6). Longer incubations (Fig. 5B, lane 7) are not any more efficient, indicating
that the kinases present in RRL rapidly lose activity. Kinases present in
nuclear extracts can also phosphorylate the bacterial ATF-1 substrate.
Incubation of bacterial ATF-1 with HeLa cell nuclear extract resulted In
complete phosphorylation of the ATF-1 protein (Fig. 5B, lane 2). This
phosphorylation was dependent upon the addition of exogenous Mg2+ and
ATP to the nuclear extract (Fig. 5B, lane 3).
In summary a variety of In vitro assays can be used to study the
phosphorylations of ATF-1 which alter mobility on SDS gels. The relationship
between different in vitro assays and in vivo phosphorylation in terms of the
protein kinases and phosphorylation sites involved, is not clear. However
because the pattern of polypeptides produced during in vitro translation of
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ATF-1 in RRL is reminiscent of the different forms of ATF-1 observed in vivo,
the RRL assay was used to begin to characterise ATF-1 phosphorylation.

3.5 THE PHOSPHORYLATION-INDUCED CONFORMATIONAL CHANGE
IN ATF-1 REQUIRES THE NHyTERMINAL REGION (NTR).
The ability to generate phosphorylated ATF-1 by translation in RRL
provides a means by which regions in the ATF-1 protein necessary for
phosphorylation can be delineated. Surprisingly, despite the high degree of
homology between ATF-1 and CREB, the CREB protein does not exhibit any
alteration in mobility upon treatment with phosphatase (Fig. 5A). This
suggested that phosphorylations occurring in RRL might be specific for
ATF-1. The sequence of ATF-1 does diverge from that of CREB at the NHaterminus (Fig. 6), and furthermore this region of ATF-1 (the NTR) is highly
serine-rich. To examine whether this region would be important for the
phosphorylation-induced conformational change in ATF-1, an ATF-1 mutant
was created in which the NHg-terminal 27 amino acids were deleted and the
resulting protein (ANTR) was analysed in the RRL assay (Fig. 6).
Phosphatase treatment has little effect on the mobility of the ANTR protein on
SDS gels. Thus the NTR appears to be important for the phosphorylationinduced conformational change in ATF-1. To gain fuller insight into the role of
the NTR, a full-length ATF-1 protein was created in which all the serines and
threonines in the NTR were mutated to alanine (mNTR). This protein behaved
identically to wild-type ATF-1 in the RRL assay (Fig. 6). It can be concluded
therefore that the NTR of ATF-1 is probably important for the phosphorylationinduced conformational change. The NTR may either be required for
phosphorylation to occur, or have a role in promoting the conformational
change. The phosphorylation sites themselves however are not located in the
NTR.

3.6 MAPPING OF SERINE RESIDUES IMPORTANT FOR
PHOSPHORYLATION-INDUCED CONFORMATIONAL CHANGES IN ATF-1
Downstream from the NTR, the sequence of the ATF-1 protein is again
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Figure 6. Mutational analysis of the ATF-1 N-terminal region (NTR).
labelled ANTR and mNTR proteins were produced by in vitro translation and
compared with wild-type ATF-1 in the RRL assay (for details of assay see
legend to Figure 5A). As indicated in the figure, ANTR lacks the N-terminal 27
amino acids of ATF-1. mNTR is full-length, but has the first 7 serine and
threonine residues present in the NTR mutated to alanine.
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Figure 7(A). Mutation of the ATF-1 PKA site. 35s-labelled SMI2 protein was
produced by in vitro translation and compared with wild-type ATF-1 (for
details of assay see legend to Figure 1A). The SMI2 mutant contains a serine
to alanine substitution at the ATF-1 PKA site.
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highly serine-rich (Fig. 7B). Since activation of CREB is proposed to occur via
a PKA-dependent conformational change (Gonzalez and Montminy, 1989;
Lee et a/., 1990), the contribution of the ATF-1 PKA phosphoacceptor site to
changes in ATF-1 conformation was initially examined. Earlier evidence did
however suggest that PKA and hence the PKA site may not in fact be
invoived. Firstly, ATF-1 translated in vitro is fully phosphorylated in the
absence of cAMP (Fig. 5A) and secondly, different conformations of ATF-1
can be visualised even after PKA phosphorylation (Fig. 4). To clarify the
issue, an ATF-1 mutant was constructed in which the serine at the PKA
phosphoacceptor site was substituted with alanine. This mutant protein
(SM12) exhibits an identical profile to that of wild-type ATF-1 protein (Fig. 7A)
demonstrating that the kinases in RRL which alter ATF-1 conformation were
still able to phosphorylate the SMI2 protein. Thus the ATF-1 phosphorylations
in the RRL assay do not occur at, and are not dependent upon the ATF-1
PKA phosphoacceptor site.
Since the PKA site was now excluded, the contribution of other serine
residues in this region of ATF-1 (ATF-1 amino acids 26-55, see Fig. 7B) was
examined. Interestingly, this region includes a sequence with homology to
PDE-1: which in CREB is important for activity and is apparently
phosphorylated (Lee eta!., 1990). ATF-1 mutants in this region were therefore
tested for the abiiity to undergo the phosphorylation-induced conformational
change in RRL. The serine residues within this region were assigned a
number from 1-11 (Fig. 7B), and mutants are named according to the serines
that are changed to alanine. Initially the mutant proteins SMI-4 and SM5-11
were created. SMI-4 has serines 1-4 mutated to alanine, and SM5-11 has
serines 5-11 mutated to alanine. These mutant proteins were transiated in
rabbit reticulocyte lysate and compared to wild-type ATF-1 (Fig. 7B). In both
cases it appears that a serine, or serines, vital for wild-type phosphorylation
have been mutated. To identify the specific serines responsible, a panel of
ATF-1 mutants were next created (Fig. 70 and 7D). There is a detectable
(although in some cases very small) effect of all the mutations tested.
However, the most dramatic effects on ATF-1 conformation centre around
mutations of serines 4, 5 and 6. Significantly mutation of serine 4 alone has a
dramatic effect on phosphorylation. To further probe the importance of
phosphorylation of serine 4 for ATF-1 conformation, an additional serine 4
mutant was constructed in which the residue was converted to aspartic acid
(SM4A, Fig. 7D). This introduces a negative charge which can mimic serine
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Figure 7(B). Gross mutational analysis of the ATF-1 PDE-1-homology region.
35S-labelled SMI-4 and SM5-11 mutants were produced by in vitro translation
and compared directly with wild-type ATF-1 on SDS-PAGE. SMI-4 has the 4
serine residues denoted 1-4 in the figure mutated to alanine. Likewise, SM511 has the 7 serine residues denoted 5-11 mutated to alanine. (C) Specific
mutational analysis of the ATF-1 PDE-1-homology reion. The serine residues
denoted 1-11 were either mutated singly, or in groups of 2 or 3 as indicated in
the figure. The corresponding ^ss-iabelled mutant proteins were again
produced by in vitro translation and compared to wild-type. (D) Mutational
analysis of serine residues denoted 4, 5 and 6. The SM4A protein contains a
serine to aspartic acid substitution at serine residue 4, the other mutants have
serine to alanine mutations.
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phosphorylation under some circumstances (Ofir et al., 1990). Strikingly, the
SM4A protein has a decreased mobility on SDS gels in a maner normally
induced by phosphorylation. Thus it seems that phosphorylation of serine 4 is
important for conformational change in ATF-1 and that this change may result
from the negative charge introduced by phosphorylation. The double serine
mutants SM4/5 and SM4/6 both give a differing profile to that of SM4 alone.
This indicates that in addition to serine 4, serines 5 and 6 may also be
important for ATF-1 phosphorylation.

3.7

THE SAME SERINE RESIDUES ARE IMPORTANT FOR ATF-1

CONFORMATION IN VIVO AND IN VITRO
The in vivo significance of ATF-1 phosphorylation events occurring in
RRL is not clear. Since three serine residues have been identified as being
important for ATF -1 conformation in vitro, the importance of these residues
was therefore tested in vivo. Wild-type ATF-1 and SM4/5/6 protein were
expressed in JEG3 cells by transfection. In order to distinguish the transfected
proteins from endogenous ATF-1 in these cells, the transfected proteins were
tagged at their C-terminii with a 7 amino acid T-Antigen epitope recognised by
the monoclonal antibody KT3 (MacArthur and Walter, 1984). Nuclear extracts
were prepared from transfected cells and analysed by western blotting (Fig.
8). T-tagged wild-type ATF -1 (ATFIT), gives a profile of multiple bands
indicating that exogenous ATF-1 is partially phosphorylated. Mutation of
serines 4,5 and 6 (SM456T) causes a dramatic alteration in the protein profile
characteristic of lack of phosphorylation. Thus it appears that the 3 serine
residues (serines 4,5 and 6) defined as being important

in vitro in the RRL

assay, are also vital for ATF -1 phosphorylation in vivo. Co-expression of the
catalytic subunit of PKA had no effect on the mobility of ATF-1 T or SM456T
proteins in vivo (Fig. 8). Thus, consistent with results obtained

in vitro (Fig.

7A), PKA has no detectable effect on ATF-1 conformation as assayed.
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Figure 8. Serine residues 4, 5 and 6 are important for ATF-1 phosphorylation
in vivo. Plasmids encoding ATF-1 or SM456 proteins, tagged at their Cterminii with a T-antigen epitope recognised by the KT3 monoclonal antibody,
were transfected into JEG3 cells in the presence or absence of an expression
plasmid for the catalytic subunit of protein kinase A (pMtC). Nuclear extracts
were prepared 36h after transfection and analysed by western blotting using
the KT3 monoclonal antibody.
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3.8 TRANSCRIPTIONAL ASSAYS TO ANALYSE EFFECTS OF ATF-1
PHOSPHORYLATION
Phosphorylation is most iikely to play a role in regulating ATF-1
transcriptional activity. Indeed, serines 4, 5 and 6 map to a region of
homology with CREB that is important for CREB transcriptional activity. In
view of this, the effect of mutating serines 4, 5 and 6 on ATF-1 transcriptional
activity was examined. Since the transcriptional properties of the ATF-1
mutants cannot be tested directly in vivo (because of interference from
endogenous ATF proteins), an already established GAL-ATF-1 fusion assay
was adopted (Hurst et a/., 1991). In this assay ATF-1 is fused to the DMA
binding domain of the yeast activator GAL4, and transcription monitored using
a reporter driven by GAL4 binding sites. A panel of GAL-ATF-1 fusion
constructs were prepared to cover all the possible combinations of mutations
which could arise from the 3 serine residues. JEG3 cells were transfected,
and PKA-inducible transcriptional activity of the mutant proteins compared
with that of wild-type GAL-ATF-1 protein (Fig. 9A). For all of the mutants
analysed there is a strong induction in response to PKA, and the absolute
activity is comparable with wild-type. Thus in this assay, mutation of serines
4, 5 and 6 has no effect on ATF-1 transcriptionai activity.
It is possible that the effects of the ATF-1 mutations in the GAL-ATF-1
assay (Fig. 9A) are masked by recruitment of endogenous bZIP proteins e.g.
CREB and ATF-1 to the promoter. Evidence already suggests that this is
indeed a limitation of the GAL-ATF-1 assay; a truncated version of GALATF-1 no longer containing the leucine zipper domain has 10-fold less activity
in the presence of PKA (Hurst et a/., 1991). This infers that much of the
GAL-ATF-1 transcriptional response to PKA results from leucine zippermediated heterodimerisation with endogenous factors. Moreover, because
dimérisation is required for phosphorylation in vitro (see below Fig. 10), it
might not be appropriate to re-test the effects of mutations in the GAL-ATF-1
assay in the absence of the ATF-1 leucine zipper. In an attempt to circumvent
the problem, the ATF-1 leucine zipper was replaced with the corresponding
sequences from the yeast bZIP activator GCN4. GCN4 can form homodimers
with high affinity, but thus far no heterodimerisation partners have been
identified. The GCN4 bZIP region is closest to that of the Fos/Jun family, but
GCN4 has been demonstrated not to heterodimerise with either Fos or Jun
(Kouzarides and Ziff, 1989). Thus substitution of the ATF-1 zipper with that of
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Figure 9. Analysis of the functional effects of ATF-1 mutations. (A) Activation
of GAL-ATF-1 proteins by the catalytic subunit of protein kinase A. JEG3 cells
were transfected with 3pg of GAL-ATF-1 wild-type or mutant activator, 2pg of
the pG5E4CAT reporter, and where indicated, 2^ig of plasmid pMtC encoding
the catalytic subunit of protein kinase A. CAT assays were performed 36
hours later. (B) PKA-induced activation of GAL-ATF-1 hybrid proteins
containing the GCN4 leucine zipper region. Transfections and CAT assays
were performed as described above.
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GCN4 may overcome interference caused by recruitment of endogenous
factors.
The GCN4 leucine zipper was substituted into the GAL-ATF-1 wild-type
and GAL-SM456 proteins, and transcriptional activity assayed as before (Fig.
9B). Again mutation of serines 4, 5 and 6 has no effect on ATF-1
transcriptional activity. Thus replacement of the ATF-1 leucine zipper with that
of GCN4 has no effect upon the transcriptional activities of the GAL-ATF-1
proteins.
Although the above results suggest that phosphorylation has no effect
upon the transcriptional activity of ATF-1, the results of these assays must be
interpreted with caution. In both cases, the lack of effect of the ATF-1
mutations could be explained by recruitment of endogenous factors through
the ATF-1 leucine zipper. Alternatively, the lack of an effect may be due to
lack of phosphorylation in the first place i.e. it has not been established
whether ATF-1 in the context of the GAL-ATF-1 fusion can actually be
phosphorylated.

3.9 PHOSPHORYLATION OF ATF-1 IS STIMULATED BY DIMERISATION
BUT IS INDEPENDENT OF THE DIMERISATION DOMAIN
ATF family members function as dimers; either as homodimers or in
specific combinations as heterodimers (Hai et al., 1989; Hai and Curran,
1991; Hurst et ai, 1990). In view of this it was of interest to establish whether
dimérisation had any influence upon ATF-1 phosphorylation. For this purpose,
the ability of a synthetic leucine zipper (LZ) to compete for dimérisation and
thereby produce essentially monomeric forms of ATF-1, was exploited. We
had shown that synthetic CREB LZ peptides are capable of dimerising with
intact CREB and ATF-1 proteins (Masson etal., 1993a) and preventing homo
or heterodimer formation. Inclusion of increasing amounts of CREB LZ
peptide to a RRL translation reaction causes a decrease in phosphorylation of
the resultant ATF-1 protein (Fig. 10). This inhibition of phosphorylation may
not be complete either because monomers are phosphorylated to some
extent or because the synthetic LZ peptide is not efficient at preventing dimer
formation. The effect is however specific for CREB LZ as addition of an
excess of JUN LZ or FOS LZ had no effect (Fig. 10). Thus it appears that
homodimerisation of ATF-1 is required for efficient phosphorylation in RRL.
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Figure 10. Phosphorylation of ATF-1 in rabbit reticulocyte lysate is specifically
inhibited by addition of CREB leucine zipper peptide, ^^s-iabelled ATF-1 was
produced by in vitro translation in reactions containing either no peptide, or an
excess of CREB, JUN or FOS leucine zipper (LZ) peptide as indicated below
the figure. Translations of 35S-labelled SM456, FGATF-1, and FGSM456
proteins were also performed. FGATF-1 and FGSM456 are hybrid ATF-1
proteins in which the basic and leucine zipper regions of ATF-1 are replaced
with the basic region from Fos linked to the GCN4 leucine zipper.
Phosphorylation was adjudged by migration of the resultant proteins on SDSPAGE.
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It is possible that phosphorylation of ATF-1 may be dependent upon a
specific bZIP domain. To address this, wild type (FGATF1) and serine mutant
(FGSM456) hybrid proteins in which the ATF-1 bZIP domain is precisely
replaced by the basic region of Fos and the GCN4 leucine zipper, were
produced in RRL and compared with wild-type ATF-1 (Fig. 10). The
differential migration of the unmutated and mutated hybrid proteins on SDS
gels is very similar to the corresponding forms of ATF-1. Thus although
dimérisation is may stimulate ATF-1 phosphorylation, a specific bZIP domain
is not required.

3.10 PHOSPHORYLATION OF ATF-1 IS INHIBITED BY DNA-BINDING
Given that dimérisation influences ATF-1 phosphorylation, it was of
interest to determine whether DNA binding would have any effect upon
phosphorylation of ATF-1. ATF-1 was produced in RRL in the absence of
DNA, in the presence of wild-type ATF binding sites, or in the presence of
mutated ATF binding sites (Fig. 11). The presence of wild-type ATF-binding
site causes a significant reduction in phosphorylation of ATF-1 (Fig. 11). This
effect does not result from activation of a phosphatase (Masson etal., 1993b).
Thus binding of ATF-1 to its consensus DNA sequence appears to prevent
phosphorylation by kinases present in reticulocyte lysate. The link between
DNA-binding and phosphorylation may be a general feature of bZIP proteins.
For example, the phosphorylation state of c-Jun in vivo is dependent upon the
intracellular concentration of binding sites (Papavassiliou etal., 1992). This
suggests (at least in the case of c-Jun) that DNA binding and phosphorylation
are closely linked.

84

^ j

W T OLIGO

- -

MUTOLIGO

10 100

10 100
-

-

Figure 11. Phosphorylation of ATF-1 in rabbit reticulocyte lysate is affected by
sequence-specific DNA-binding. 35S-iabelled ATF-1 was produced by in vitro
translation in 12pl reactions containing either no DNA, lOng and lOOng of
wild-type ATF-binding site (WT. OLIGO), or lOng and lOOng of mutated ATF
binding site ( MUT. OLIGO), as indicated below the figure.
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SECTION 4.

DISCUSSION

4.1 CREB, ATF-1 AND CREM DEFINE A SUBFAMILY OF RELATED
PROTEINS.
The finding that CREB could heterodimerise with ATF-1 and that
multiple phosphovariants of ATF-1 existed, indicated that regulation of CREB
activity by dimérisation was likely to be complex. However, the situation has
been compounded by the demonstration that CREM can also heterodimerise
with CREB (Foulkes et ai, 1991a). Thus three genes (CREB, CREM and
ATF-1) account for the immediate CREB family as defined by crossdimerisation and homology in the bZIP domain. In addition, CREB, CREM
and ATF-1 are highly homologous outside of the bZIP domain (SECTION 7,
Diagram 13). Thus these genes are distinguishable from other members of
the ATF family that are only significantly related within the bZIP domain. The
existence of separate genes and modular gene structure allow regulated
expression of a wide range of proteins in different cells (see SECTION 7, 7.2).
Accordingly, differential splicing (Yamamoto etal., 1990; Foulkes et a/.,
1991a; Ruppert et a!., 1992; Waeber etal., 1991; Waeber and Habener,
1992), alternative initiation of translation (Delmas etal., 1992), mRNA stability
(Foulkes etal., 1993) and differential phosphorylation (in the case of ATF-1),
all contribute to the generation of complex patterns of expression.

4.2 DIFFERENTIAL INTERACTION OF ATF-1 AND CREB WITH DNA MAY
BE FUNCTIONALLY IMPORTANT.
The selective interaction of CREB homodimers, ATF-1 homodimers,
and CREB/ATF-1 heterodimers with the CBS may contribute to the multiple
transcriptional responses which occur at these sites (Hurst and Jones, 1987;
Sheng etal., 1991; Brady etal., 1987; Katoh etal., 1989; Kedar etal., 1991).
In support of this, it appears that CREB and ATF-1 form complexes with DNA
of different stabilities in a manner which is determined either by a flanking
sequence or by spacing between multiple CBSs (Fig. 3). The data is
insufficient to define the exact determinants of stable complex formation
between ATF-1 and DNA (this would require the construction of a panel of
DNA affinity resins, enabling one to test separately the effects of spacing, or
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of flanking sequence). However, it is clear that differential stability of DNA
binding is one mechanism that could regulate activities of members of the
ATF family and contribute to the differential activities of ATF-binding sites.

4.3 DETERMINANTS FOR ATF-1 PHOSPHORYLATION.
Several requirements for ATF-1 phosphorylation in vitro have been
established. Firstly, a cluster of serine residues important for ATF-1
conformation both in vitro and in vivo have been identified. These residues
are located within a region containing homology to PDE-1. Secondly, the NTR
although not itself phosphorylated, is also essential for the gross ATF-1
conformational change. Thirdly, homodimerisation of ATF-1 may be required
for efficient phosphorylation. Finally, it appears that DNA-binding can also
influence the ability of ATF-1 to be phosphorylated.
The pattern of ATF-1 phosphorylation is highly complex. Multiple
phosphovariants of ATF-1 can be produced by translation in RRL (Hurst etal.,
1991; Masson et ai., 1993b), indicating that phosphorylation at more than one
site is responsible for changes in ATF-1 conformation. Potential ATF-1
phosphorylation sites have been identified by indirect mutagenesis. Mutation
of serine 4 alone has a dramatic effect on the wild-type ATF-1
phosphorylation pattern in RRL (Fig. 7C and 7D). The simplest interpretation
of this is that serine 4 is normally a target for a phosphorylation event which
can alter ATF-1 conformation. Further evidence to support this comes from
the introduction of aspartic acid at this site (Fig. 7D). Taken together these
results implicate serine 4 as being a phosphorylation site capable of
regulating ATF-1 conformation. We have subsequently demonstrated this
directly. Phosphorylation of serine 4 alone by CK2 is sufficient to completely
shift ATF-1 on SDS gels. Since a single phosphorylation can cause an ~7KDa
shift in mobility, it is clear that this is a conformational effect.
Besides the major effect of serine 4 phosphorylation, indirect evidence
suggests that phosphorylation of serines 5 and 6 is important. The mutants
SM4/5 and SM4/6 both have a different conformation to SM4 (Fig. 7D), thus
arguing a role for serine residues 5 and 6. In this regard it is of interest that
serine 6 is a potential site for the DNA-dependent protein kinase (Bannister et
ai., 1993) which can phosphorylate ATF-1 in vitro (K. L. and S. J.,
unpublished). However, it cannot be ruled out that the effects of mutating
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serines 5 and 6 are due to adventitious structural changes in this critical
region of ATF-1. In any case, it is clear that the region of ATF-1 containing
serines 4, 5 and 6 is most important for the phosphorylation-induced
conformational change of ATF-1 (both in vitro and in vivo) and that
phosphorylation of one or more of these serines is critical.
It would obviously be more informative to identify ATF-1
phosphorylation sites by direct means. Ideally this would be achieved by
sequencing of phosphopeptides obtained from ATF-1 labelled with 32p jn
vivo. However because this is technically demanding, it may be more
appropriate initially to attempt to identify phosphorylation sites by utilisation of
the nuclear extract phosphorylation assay described in Fig. 5. Addition of 32p
to the kinase reaction (which consists of bacterial ATF-1 substrate and
nuclear extract), may result in sufficient incorporation of label to enable
phosphorylation sites to be identified. These approaches do not however
allow the specific identification of serine residues involved in regulating
conformation. To achieve this, one would either have to correlate
phosphorylation sites identified with mutational effects described earlier, or if
need be, construct new mutants to address the role of serines which thus far
may not have been considered.
The sequence of the ATF-1 NTR is specific for this protein, and hence
is likely to contribute to the specialised functions and properties of ATF-1.
This indeed appears to be the case. Despite their identical DNA-binding
specificity, CREB and ATF-1 bind to DNA with markedly different stability. The
binding of ATF-1 is relatively unstable and this property is in part dependent
upon long range interactions between the bZIP domain and the NTR (Hurst et
a/., 1991). The NTR is also required for the phosphorylation-induced
conformational change in ATF-1. Thus the ATF-1 NTR plays a critical role in
determining the unique characteristics of the ATF-1 protein. Because the NTR
is involved both in the effects of phosphorylation, and DNA-binding, this
suggests that phosphorylation of ATF-1 may be linked to DNA-binding
activity. Indeed, it has subsequently been shown that unstable binding of
ATF-1 is dependent on phosphorylation (Masson et al., 1993b). This effect
presumably arises due to the phosphorylation-induced conformational
change.
The

finding

that

homodimerisation

may

stim ulate

ATF-1

phosphorylation in vitro (Fig. 10) implies that either ATF-1 dimers are directly
required for recognition by kinases, or that homodimerisation induces a more
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appropriate conformation for ATF-1 phosphorylation. This raises the intriguing
possibility that different ATF-1 dimérisation partners may specify different
phosphorylation events. ATF-1 is known to form heterodimers with CREB in
vivo (see earlier), but ATF-1 phosphovariants appear to associate equally with
CREB (Fig. 1; Hurst et ai., 1990). ATF-1 may however heterodimerise with
other bZIP proteins. One possibility is CREM. The bZIP domain of CREM is
highly homologous to that of ATF-1 and CREB, and CREM has already been
shown to heterodimerise with CREB (Foulkes et al., 1991a). ATF-1 may of
course heterodimerise with other as yet unknown bZIP proteins.

4.4 EFFECT OF ATF-1 PHOSPHORYLATION ON TRANSCRIPTIONAL
ACTIVITY.
ATF-1 has been demonstrated to mediate PKA-inducible transcription,
but there is disagreement as to the level of the response. In a number of
assays, ATF-1 appears to be less efficient than CREB (Hurst etal., 1991; Liu
et al., 1993). One explanation may be that ATF-1 lacks the NH2 -terminal
glutamine-rich domain that has been shown to be required for maximum
activity of CREB (Gonzalez et al., 1991). If the NTR of ATF-1 is unable to
functionally substitute for this CREB domain, then ATF-1 activity may be low
despite being a substrate for PKA. However, another report indicates that
ATF-1 can be as active as CREB in its ability to mediate the transcriptional
effects of PKA (Rehfuss etal., 1991). Furthermore, because in this case
ATF-1 has a smaller effect on basal expression, it is actually found to be more
responsive than CREB to cAMP (Rehfuss et al., 1991). Thus the extent to
which ATF-1 may participate in cAMP-signalling remains unclear.
Serines 4, 5 and 6 map closely to a sequence with homology to PDE-1
(Fig. 7) and PDE-1 is a region which in CREB is required for full
transcriptional activity. It seems likely therefore that these serines will be
important for ATF-1 transcriptional activity. In the context of a GAL-CREB
fusion protein, it was originally reported that deletion of the PDE-1 region
caused a >200-fold reduction in PKA-inducible transcriptional activity (Lee et
al., 1990). However this data could not be reproduced (N. M. and K.L., data
not shown), and has now been retracted (the constructs used by this group
were found to be incorrect). A more moderate effect (~3 fold) of the PDE-1
region on CREB transcriptional activity has since been demonstrated
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(Gonzalez et ai, 1991), and phosphorylation is likely to be important (Lee et
al., 1990). Conservation of the PDE-1 region between CREB and ATF-1
suggests that this region may perform a similar function in these two proteins.
However, analysis of a panel of GAL-ATF-1, or GAL-ATF-1-GCN4 serine
mutants failed to reveal any effect upon PKA-mediated transcriptional activity
(Figs. 9A and B).
There are a number of possible explanations for this. Firstly, it is
apparent that these assays have potential limitations for studying ATF-1
transcription as has already been discussed (SECTION 3, 3.8). Secondly, it is
possible that potential functional effects of ATF-1 phosphorylation within the
PDE-1 homology may be entirely unrelated to similar phosphorylations
occurring in CREB. For example, phosphorylation of the PDE-1 region in
CREB is proposed to be dependent upon prior phosphorylation at the PKA
site (Lee et a!., 1990). This is not the case in ATF-1 (Fig. 7A and 8). CREB
can also be phosphorylated by Glycogen Synthase Kinase-3 (GSK-3) in a
PKA-dependent manner (O.M. Andrisani, personal communication). The
GSK-3 target site is not present in ATF-1. Likewise, serine 4 which appears to
be critically involved in ATF-1 phosphorylation is not a conserved residue in
CREB. Thus despite their homology, potential functional effects of ATF-1
phosphorylation within the PDE-1 homology may be entirely unrelated to
similar phosphorylations occurring in CREB. The degree of conservation
within the kinase inducible domain (KID) for ATF-1 and CREB is consistent
with this idea (Diagram 11). The C-terminal region of the KID (including the
PKA site and PDE-2) is highly conserved, while the N-terminal region is much
less so. Development of alternative transcriptional assays for ATF-1 is
therefore of prime importance to allow the role of phosphorylation to be more
appropriately examined.
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(31-74)

86% homology

53% homology

Diagram 11. Comparison of the kinase-inducible-domain sequences of CREB
and ATF-1.

4.5 EFFECT OF DNA-BINDING ON ATF-1 PHOSPHORYLATION.
DNA-binding is inhibitory to ATF-1 phosphorylation (SECTION 3, Fig.
11). The most likely interpretation therefore is that the kinase(s) present in
RRL do not recognise the DNA-bound conformation of ATF-1.
Phosphorylation also has a destabilising effect on the DNA-binding activity of
ATF-1 (Masson etal., 1993b). Thus for ATF-1, there appears to be a dynamic
interplay between phosphorylation and DNA-binding in vitro ; with the
phosphorylation state of ATF-1 being dependent upon the concentration of
DNA target sites (see SECTION 7, Diagram 13). Since unphosphorylated
ATF-1 binds more stably to DNA than does phosphorylated ATF-1 (Masson et
ai., 1993b), equilibrium will favour accumulation of unphosphorylated ATF-1
bound to DNA. The consequences of this are unclear since it is unknown
whether ATF-1 is activated or inactivated by phosphorylation. If
phosphorylation activates ATF-1, the reversal of phosphorylation upon DNAbinding may provide a mechanism for attenuation of the activation signal.
Alternatively, dephosphorylation may activate ATF-1 thus coupling
transcriptional activation and DNA-binding.
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SECTION 5.

RESULTS.

5.1 EXOGENOUS CREB AND cPKA ARE REQUIRED TO ACTIVATE THE
SOMATOSTATIN PROMOTER IN UNDIFFERENTIATED F9 CELLS.
Undifferentiated F9 (UF9) cells do not respond to cAMP (see
SECTION 1). However overexpression of both CREB and the catalytic
subunit of PKA (cPKA) in UF9 cells can mimic a cAMP-signalling pathway
and result in activation of the somatostatin promoter (Gonzalez and
Montminy, 1989; Yamamoto etal., 1990). These observations suggested that
endogenous CREB and PKA may either be absent, or negatively regulated in
UF9 cells. With regard to the first possibility, UF9 cells have been
demonstrated to contain some amount of CREB (SECTION 3, Fig. 1), and
PKA (Piet et a!., 1982), but it is possible that the levels of these components
may be too low to function.
To examine whether CREB and PKA may play a significant role in
induction of the cAMP-signalling pathway during differentiation, the ability of
exogenous CREB and cPKA to activate the somatostatin promoter was tested
in both UF9 and differentiated F9 (DF9) cells (Fig. 12; Masson et al., 1992).
In UF9 cells, CREB alone gives 2-fold activation, cPKA alone gives 4-fold
activation, and a combination of CREB and cPKA maximally activates the
somatostatin promoter (25-fold activation) in a synergistic manner. These
effects are consistent with those previously reported (Gonzalez and
Montminy, 1989). The assay was then performed in DF9 cells. In contrast to
the effects observed in UF9 cells, exogenous cPKA alone gives the same
level of activation as does cAMP, while CREB alone has no significant effect
in DF9 cells. Significantly, the simultaneous presence of exogenous cPKA
and CREB has no effect over and above the effect of cAMP alone. Thus the
requirement for both exogenous CREB and cPKA is specific for UF9 cells and
is not a peculiarity of the transfection assay resulting from expression of high
amounts of exogenous protein.
It was of interest that in the absence of exogenous CREB there is a
small effect of exogenous cPKA (-4-fold activation), but no effect of cAMP.
This implied that the ability of endogenous PKA (cAMP dependent) and
exogenous cPKA to function is different. To examine this difference further,
the effects of cAMP and exogenous cPKA were compared in the

92

30

undifferentiated

o
Q.
O

(0

20

-

10

-

differentiated

c

(0

I
00

0>

ÛC

V777À

CAMP
PKA
CREB a

Fig. 12. Transactivation of the somatostatin promoter in UF9 and DF9 cells
by CREBa and cPKA. Cells were transiently transfected with the somatostatin
reporter [A(-71)GAT] alone or in the presence of combinations of expression
plasmids for cPKA and CREBa as indicated at the bottom. For cAMP
induction experiments, cells were stimulated with cAMP 25 h after
transfection. In all cases, CAT assays were performed at 40 h post
transfection. The graph shows relative transcription as determined by CAT
specific activity in cell extracts.
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presence of exogenous CREB (Fig. 12). Under these conditions, exogenous
cPKA gives full activation, but cAMP still fails to activate. Thus there is a
difference in the ability of exogenous and endogenous PKA to activate the
somatostatin promoter. In summary our results from transfection assays
demonstrate that both exogenous CREB and exogenous cPKA are necessary
and sufficient to activate the somatostain promoter in UF9 cells.

5.2 UF9 CELLS CONTAIN FUNCTIONAL PKA.
The reason for the inability of UF9 cells to exhibit a variety of
responses to cAMP has not been clarified. One obvious possibility would be
that they do not contain functional PKA. To address the possibility that
endogenous PKA levels in UF9 cells may be too low to support activation of
the somatostatin promoter, levels of PKA catalytic subunit (cPKA) in UF9 and
DF9 cells were compared using a Western Blot assay (Fig 13). This assay
reveals that cPKA levels present in cell extracts from UF9 and DF9 cells are
comparable. Thus PKA activity must be subject to some form of dominant
regulation that prevents cAMP mediating many, if not all of its effects.
To determine whether endogenous PKA is able to mediate any effects
of cAMP in UF9 cells, total 32p-iabelled proteins in UF9 cells were examined
by two-dimensional gel electrophoresis (Fig 14). cAMP treatment results in a
significant increase in at least one 32p_iabelled polypeptide, while labelling of
several other polypeptides is not affected. In addition, we found that myc RNA
levels are upregulated by cAMP in UF9, but not in DF9 cells (Masson et al.,
1992). The presence of cPKA and the effect of cAMP on phosphorylation of at
least one cellular protein and c-myc expression, indicate that cAMP is able to
activate endogenous PKA in UF9 cells. Hence the inability of UF9 cells to
exhibit many responses to cAMP is not due to lack of PKA or to a general
inhibition of PKA activity. Taken together with the inability of cAMP to activate
CREB, these results imply that PKA is able to phosphorylate some substrates
(e.g. those involved in c-myc expression) in UF9 cells, but is unable to
phosphorylate many others e.g. CREB. This intriguing possibility however
remains to be directly demonstrated (see SECTIONS 6.1 and 7.1 for further
discussion).
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Figure 13. Effect of differentiation on cPKA protein levels. cPKA was partially
purified from crude UF9 and DF9 cell extracts by using DEAE-agarose, but
the same result is obtained when total cell extract is used (data not shown).
Catalytic subunit was quantitated by Western blot analysis using a previously
described antibody (Hammings, 1986). Three amounts (9x, 3x and 1x) of
sample are loaded to indicate that visualisation of cPKA is in the linear range
for the detection method used.
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Figure 14. Analysis of 32p.|abelled phosphoproteins by two-dimensional gel
electrophoresis. Control cells (-cAMP) were labelled with 32pj as described in
Materials and Methods and total cellular proteins were analysed by isoelectric
focussing (lEF) in the first dimension and SDS-PAGE (SDS) in the second
dimension. The acidic (more negative) end of the isoelectric gradient is to the
right. Induced cells (+cAMP) were treated with cAMP 30min prior to
preparation of extracts for gel analysis. The additional phosphoprotein
observed in induced extracts is indicated with an arrow.
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5.3 CREB LEVELS IN UF9 CELLS ARE COMPARABLE WITH THOSE IN
CAMP-RESPONSIVE CELL TYPES AND DO NOT INCREASE DURING
DIFFERENTIATION.
Previous work had suggested that CREB was not expressed in UF9
cells (Gonzalez and Montminy, 1989). However, our preliminary observations
(SECTION 3, Fig. 1) indicated that at least some CREB was present. To
address the possibility that CREB levels in UF9 cells may be too low to
support activation of the somatostatin promoter, endogenous CREB levels in
UF9 and DF9 cells were accurately determined. CREB was isolated using a
sequence-specific DNA-affinity resin and detected by Western blotting (Fig.
ISA) using a previously described anti-peptide antibody (AbC) directed
against the carboxy terminus of CREB (Hurst et a/., 1990). As a control, PCI2
cells which have abundant CREB, were also examined (Montminy and
Bilezikjian, 1987). The results demonstrate that CREB levels are comparable
in UF9, DF9 and PCI2 cells.
CREB exists in two closely related forms (CREBa and CREBA) that
differ only by the a-peptide region that is present in CREBa (Hoeffler at a/.,
1988b; Gonzaiez and Montminy, 1989; Yamamoto etal., 1990) and is
produced by differential splicing. The a-peptide region is important for
activation of the somatostatin promoter in UF9 cells (Yamamoto et a/., 1990).
AbC recognises both CREBa and CREBA proteins, and so to distinguish the
more transcriptionally active form of CREB, an antibody specific for the apeptide region, Ab240 (Yamamoto etal., 1990), was used in the Western blot
assay (Fig. 15B). Detection of CREBa using this antibody gives the same
resuit as does detection with AbC. Thus the form of CREB with the highest
transcriptional activity (CREBa) is not deficient in UF9 cells. This rules out
the possibility that production of CREBa is controlled by differential splicing
during differentiation, and is consistent with the observation that the ratio of
CREBa mRNA to CREBA mRNA does not change during F9 cell
differentiation (Berkowitz and Gilman, 1990). It is clear therefore that lack of
CREB does not contribute to the inability of UF9 cells to respond to cAMP.
It has also been demonstrated that UF9 cells contain normal levels of
cPKA (Fig. 13). Together these findings indicate that all of the positive acting
factors required for activation of the somatostatin promoter are present in UF9
cells, but are unable to function. It is therefore proposed that two negative
regulatory mechanisms repress cAMP-signalling through CREB in UF9 cells.
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Figure 15. Effect of differentiation on CREB protein levels. (A). Detection of
DNA-affinity purified CREB by Western blotting. CREB was purified from
equal amounts of nuclear protein from UF9, DF9 and PCI2 cells by
sequence-specific DNA-affinity chromatography. Western blot analysis was
performed using an antibody (AbC) directed against the carboxy terminus of
CREB. Two amounts (1x and 4x) of sample are loaded to indicate that
visualisation of CREB is in the linear range for the detection method used.
Affinity purification was performed in the presence of 5|iM oligonucleotide
containing a mutated CREB binding site (-) or a consensus CREB binding site
(+). (B). Determination of CREBa protein levels. CREB was isolated by DNAaffinity chromatography and CREBa detected by Western blotting using an
antibody (Ab240) directed against the a-peptide region of CREB (Yamamoto
etal., 1990).
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One mechanism prevents phosphorylation of CREB in response to cAMP and
the other is a negative effector of CREB, referred to as inhibitor of CREB
(ICR). The rationale for these regulatory mechanisms is discussed in detail
later (SECTION 6, 6.1).

5.4 DETECTION OF CREB-BINDING PROTEINS IN EXTRACTS FROM F9
CELLS.
The idea that UF9 cells contain a dominant repressor of CREB that
functions through direct physical interaction with CREB is consistent with
observations in other bZIP families in which repressors have been
characterised. We therefore decided to try and develop an assay for CREBbinding proteins that would enable identification of candidate polypeptides for
ICR. On a wider note, the identification of novel CREB binding proteins is of
interest in its own right. Direct interaction of CREB with other cellular proteins
is certain to play an important role in allowing CREB to have such a variety of
effects on transcription. In addition, protein-protein interactions are also likely
to be important for coupling CREB to the general transcriptional machinery.
To identify proteins that directly interact with CREB, a protein blotting
or Far Western technique was used (Fig. 16A). This approach has recently
been described by a variety of investigators for studying protein-protein
interactions in general and leucine zipper interactions in particular (Bianar and
Rutter, 1992; Hoeffler et al., 1991). Bacteriaily overexpressed CREB (or
ATF-1) proteins were labelled with 32p and used to probe nuclear extracts
from UF9 cells. The advantages of this approach are a), the technique may
be more sensitive for detecting protein-protein interactions than other
methods such as immunoprécipitation, b). in conjunction with the leucine
zipper (LZ) competition, proteins which interact with CREB through the
leucine zipper can be distinguished from proteins which may bind to other
distinct regions in CREB.
Analysis of UF9 cell nuclear extract resulted in detection of two major
polypeptides of -47 and -43 kDa and some other minor polypeptides (Fig.
16A, lanes 1 and 4). It has previously been shown that CREB and ATF-1 are
present

in UF9 cells

and that CREB/ATF-1

heterodimers are

immunoprecipitated by an antibody that recognises the carboxy terminal 10
amino acids of CREB (SECTION 3, Fig. 1). To assess the profile of CREB
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Fig. 16 CREB and ATF-1 are the major bZIP proteins to interact with CREB
in nuclear extracts from UF9 cells. (A) Detection of CREB binding proteins in
nuclear extracts from UF9 cells. Proteins present in crude nuclear extracts
were resolved by SDS PAGE, transferred to nitrocellulose paper and probed
with 32p-iabelled CREB as described in Materials and Methods. Blotting was
carried out in the absence of leucine zipper peptide as competitor (lanes 1
and 4), or in the presence of 6|ig/ml CREB (lane 2) or JUN leucine zipper
peptide (lane 3). Nuclear extracts were also immunoprecipitated with antiCREB antibody (lane 6) or pre-immune serum (lane 5) and probed as above.
Molecular weight standards (Biorad prestained low size range) are shown to
the left. (B). Effect of phosphatase treatment on in vitro translated CREB,
ATF-1 and CREM. ^^S-labelled ATF-1 (lanes 1-3), CREM (lanes 4 and 5) and
CREB (lanes 6 and 7) were produced by translation in rabbit reticulocyte
lysate and treated with calf intestinal phosphatase in the presence or absence
of phosphatase inhibitors as indicated below the figure. (C). Effect of
phosphatase treatment on proteins detected by Far Western blotting in
nuclear extracts from UF9 cells. Crude nuclear extracts (lanes 2 and 3) were
treated with calf intestinal alkaline phosphatase, as described in Materials and
Methods, resolved by SDS PAGE and probed using the Far Western assay.
Nuclear extracts were also immunoprecipitated with anti-CREB antibody (lane
1) and probed by Far Western.
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binding proteins obtained by probing crude nuclear extracts, the CREB
antibody was used to immunoprecipitate material from UF9 extracts (Fig. 16A,
lane 6). Immunoprécipitation was also performed with preimmune serum (Fig.
16A, lane 5) and probed on the same blot. CREB and ATF-1 are the only
proteins detected in the immunoprecipitate ( Fig.16A, lane 6) and comigrate
with the two major polypeptides detected in crude extracts. To further test the
specificity of the polypeptides detected in the crude extract, the leucine zipper
(l_Z) competition assay was used. Incubation of blots with an excess of CREB
LZ peptide prevented detection of the 47 and 43 kDa polypeptides (Fig. 16A,
lane 2), while incubation with the same amount of JUN LZ peptide had no
effect (Fig. 16A, lane 3). Binding of 32p.|abelled CREB to other minor
polypeptides of -30, 20 and 15 kDa was also specifically competed by the
CREB LZ while binding to a faintly detectable -100 kDa doublet (seen more
clearly in Fig. 18) appeared not to be competed.
The above results indicated that the 47 kDa polypeptide in crude
extracts corresponds to CREB and that the 43 kDa polypeptide is similar or
identical to ATF-1. However, ATF-1 shares many properties with the bZIP
protein CREM (Foulkes et ah, 1991a), including a high degree of homology,
ability to dimerise with CREB, similar or identical DNA-binding specificity and
similar size. The mobility of ATF-1 on SDS gels has previously been shown to
be increased by treatment with phosphatase (SECTION 3). This property is
not shared by either CREB or CREM (Fig. 16B). Therefore the differential
effect of phosphatase treatment on ATF-1 and CREM was exploited to identify
the 43 kDa polypeptide detected in crude nuclear extracts (Fig. 16C). Nuclear
extracts were either treated (Fig. 16C, lane 3) or mock-treated (Fig. 16C, lane
2) with phosphatase and then analysed using the Far Western assay. An antiCREB immunoprecipitate is included for comparison (Fig. 16C, lane 1).
Treatment of nuclear extracts with phosphatase results in a comparable
increase in the mobility of the 43 kDa polypeptide and ATF-1. Hence, these
results indicate that ATF-1 and CREB are the two major bZlP proteins that
can dimerise with CREB and are present in nuclear extracts from UF9 cells.
It can also be concluded that CREM is either present at very low levels or not
expressed at all in UF9 cells.
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5.5 EFFECT OF DIFFERENTIATION ON ATF-1 PROTEIN LEVELS
To examine the effects of differentiation on ATF-1 protein levels,
nuclear extracts were prepared from UF9 and DF9 cells and compared using
the Far Western assay. A representative result is shown (Fig. 17).
Comparison of total nuclear extracts (NE) demonstrates that CREB and
ATF-1 are the predominant CREB-binding proteins detected in extracts from
differentiated cells using the Far Western assay and that no major additional
proteins appear following differentiation. A minor band of approximately 30
kDa appears to increase in abundance during differentiation. Most
significantly however, the total amount of ATF-1 is reduced (-10 fold) in
extracts from DF9 cells compared with UF9 cells. The same result is obtained
by analysis of CREB and ATF-1 present in immunoprecipitates using antiCREB antibody (Anti-CREB) or selected from crude nuclear extracts by
sequence-specific DNA-affinity chromatography (DNA affinity). In summary,
these results demonstrate that both the total amount of ATF-1 and the
amount of ATF-1 that is directly associated with CREB are reduced following
differentiation of F9 cells. The ratio of ATF-1/CREB immunoprecipitated by the
CREB antibody gives an underestimate of ATF-1. This is due to release of
ATF-1 during the washing steps of the immunoprécipitation. It is therefore
likely that the ratio of CREB/ATF-1 is close to 1:1, indicating that most of the
CREB present in UF9 cells is associated with ATF-1.

5.6 IDENTIFICATION OF A NOVEL CREB BINDING PROTEIN
Although CREB and ATF-1 are the predominant polypeptides detected
in the Far Western assay, there are some weaker bands of unknown identity.
The leucine zipper competition assay indicated that some minor polypeptides
of -30, 20 and 15 kDa specifically interact with the CREB leucine zipper (see
Fig. 16A). These might represent distinct proteins but may also be
degradation products of CREB or ATF-1. Initial LZ competition experiments
suggested that a weakly detected higher molecular weight doublet of -100
kDa (PI 00) is not competed by the CREB leucine zipper (Fig. 16A). This was
confirmed in subsequent experiments (Fig. 18). Under conditions in which
binding of CREB to itself or to ATF-1 is efficiently competed by the CREB LZ,
binding of CREB to P I00 is not affected. Thus PI 00 does not dimerise with
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Fig. 17. Effect of differentiation on ATF-1 protein levels. Proteins present in
nuclear extracts (NE) from undifferentiated F9 cells (U) or differentiated F9
cells (D) were resolved by SDS PAGE, transferred to nitrocellulose paper and
probed with 32p_iabelled CREB as described in Materials and Methods.
Nuclear extracts were also immunoprecipitated with anti-CREB antibody
(Anti-CREB) or proteins purified by sequence-specific DNA-affinity
chromatography (DNA-affinity) and probed as above.
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CREB via leucine zipper Interactions. Detection of P100 is somewhat variable
between experiments (e.g. compare Fig. 17 and Fig. 18A), but is consistent in
any one experiment. This presumably reflects a relatively weak interaction of
P I00 with CREB that is easily perturbed under blotting conditions.
To examine the specificity of the P100/CREB interaction further,
equivalent blots were simultaneously probed with 32p.|abelled ATF-1 or
CREB (Flg.18B). ATF-1 and CREB probes were prepared simultaneously and
were the same specific activity (data not shown). ATF-1 interacts with P I00
but only very weakly compared with CREB (Fig. 18B, compare lanes 1 and 2
(which contain two different extracts) with lanes 3 and 4). Given the degree of
homology betwen CREB and ATF-1, this result indicates that P100 interacts
quite specifically with CREB. Analysis of PI 00 levels during differentiation of
F9 cells demonstrates lower detectable levels of PI 00 in extracts from DF9
cells (Fig. 18C). Thus either P I00 levels are reduced or P I00 becomes
modified during differentiation. In summary, the specificity of the P100/CREB
interaction together with the reduction in detectable P I00 following
differentiation suggests that PI 00 may functionally interact with CREB during
differentiation of F9 cells.
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Figure 18. Characterisation of CBP100. (A). CBP100 does not interact with
CREB through the CREB leucine zipper. Proteins present in crude nuclear
extracts were resolved by SDS PAGE, transferred to nitrocellulose paper and
probed with 32p.|abelled CREB as described in Materials and Methods.
Blotting was carried out in the absence of leucine zipper peptide as
competitor (lane 1) or in the presence of 6|ig/ml CREB leucine zipper peptide
(lane 2). Molecular weight standards are shown to the left. (B). ATF-1
interacts with CBP100 only very weakly compared with CREB. Duplicate
crude nuclear extracts from UF9 cells were subjected to Far Western blotting
using 32p.|abelled ATF-1 (lanes 1 and 2) or 32p_iabelled CREB (lanes 3 and
4) as a probe. Molecular weight standards are shown to the left. (C).
Comparison of crude nuclear extracts from undifferentiated F9 cells (U) and
differentiated F9 cells (D) using the Far Western assay. Three pairs of
extracts were probed. Molecular weight standards are shown to the left and
CBP100, CREB and ATF-1 are indicated to the right of the figure.
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SECTION 6

DISCUSSION

6.1 UF9 CELLS CONTAIN ONE OR MORE NEGATIVE REGULATORS OF
CREB.
UF9 cells contain normal levels of CREB (SECTION 5, Fig. 15).
Despite this, exogenous CREB is required in order to activate the
somatostatin promoter in these cells. It is possible that activation achieved by
overexpression of exogenous CREB is promiscuous, and that UF9 cells are
lacking another as yet unidentified positive acting factor. However the finding
that under the same assay conditions CREB is unable to efficiently activate
the VIP promoter (Masson etal., 1992) demonstrates that activation achieved
by exogenous CREB is indeed specific. UF9 cells are therefore proposed to
contain a negative effector of CREB, denoted ICR (inhibitor of CREB, see
Diagram 12).
Factors that negatively regulate CRE's have previously been
described. For example, the glucocorticoid receptor represses the agonadotropin CRE (Akerblom etal., 1988). In this case negative control
appears to be exerted either directly through protein-protein interactions
between the glucocorticoid receptor and CREB, or by competition for a
mutually required target protein (Stauber et a!., 1992). Another example
involves a factor referred to as TSE1 which represses the tyrosine
aminotransferase CRE in nonliver cells (Boshart et a!., 1990). TSE1 is found
to encode the regulatory subunit R ia of protein kinase A (Boshart et a!.,
1991), and hence is thought to act by lowering of basal PKA activity.
Significantly, however, both the glucocorticoid receptor and TSE1 lower CRE
activity without affecting cAMP inducibility and therefore differ from ICR. ICR
is predicted to be a dominant inhibitor of CREB that reduces relay of the
cAMP signal to the transcriptional machinery even if PKA is activated.
Because expression of exogenous CREB in UF9 cells results in
titration of ICR, it is likely that ICR is a component that directly interfaces with
CREB (although it may interact with another transcriptional component that
interacts with CREB). ICR might be similar to other repressors that function
through direct interactions with activators (Goodbourn, 1990; Jones, 1990).
The simplest possibility is that ICR is a protein that forms a heterodimer with
CREB through the leucine zipper. Precedents for this type of negative
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regulation exist in other dimeric transcription factor families e.g. in the C/EBP
family the activators C/EBP and LAP are negatively regulated via
heterodimerisation with the dominant negative inhibitor CHOP (Ron and
Habener, 1992). Similarly, the activity of the bHLH protein MyoD and MyoDrelated proteins important in the development of muscle cells is regulated
through heterodimerisation with the repressor Id (Benezra et a/., 1990).
Consistent with such a mechanism for regulation of CREB, other work has
provided evidence that the leucine zipper of CREB is indeed required for
negative regulation in UF9 cells (M. Ellis, personal communication).
Specifically it is found that in the context of a GAL-CREB fusion, deletion of
the CREB leucine zipper causes a dramatic increase in activity in UF9, but
not DF9 cells. Thus proteins which heterodimerise with CREB, such as ATF-1
and CREM are potential candidates for ICR. The CREM isoforms a, p and y
can block the transcriptional activation obtained by CREB and PKA (Foulkes
atal., 1991a; Foulkes etal., 1991b). However, it appears that CREM proteins
are either expressed at low levels, or not at all in UF9 cells (Chapter 5, Fig.
16). In contrast, ATF-1 is present, and is known to be dimerised with CREB in
UF9 cells (Figs. 1 and 17). Thus ATF-1 has key properties which suggest that
it could be a candidate for ICR.
In addition to regulation of the CREB signalling pathway by ICR, it
appears that a second regulatory factor directly prevents endogenous PKA
from activating the somatostatin promoter. It is found that cPKA is present
(SECTION 5, Fig. 13) and apparently can mediate some effects of cAMP
(SECTION 5, Fig. 14) in UF9 cells. However despite this there is a difference
in the ability of exogenous and endogenous PKA to activate the somatostatin
promoter (SECTION 5, Fig. 12) i.e. even when the requirement for exogenous
CREB is met, endogenous PKA is still unable to activate. The most likely
interpretation is that endogenous PKA is prevented from phosphorylating
CREB in response to cAMP in UF9 cells. However, since cPKA is present
(SECTION 5, Fig. 13) and can mediate some effects of cAMP (SECTION 5,
Fig. 14), the regulation of PKA activity in UF9 cells must be substrate-specific,
i.e. endogenous PKA is able to phosphorylate some substrates in UF9 cells,
but is unable to phosphorylate other substrates (e.g. those required for
activation of somatostatin). There are a number of mechanisms by which this
may be achieved (see Diagram 12).
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Diagram 12. Model of the negative regulatory factors which repress cAMPsignalling through CREB in UF9 cells. Repression appears to occur at two
levels. One level prevents phosphorylation of CREB in response to cAMP.
Possible mechanisms to account for this are indicated in the figure. A second
level is achieved by a negative effector of CREB, denoted ICR. ICR is a
component that directly interfaces with CREB (although it may interact with
another transcriptional component that interacts with CREB).
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6.2 ATF-1 AS A CANDIDATE FOR ICR.
CREB/ATF-1 heterodimers have previously been detected in UF9
cells (SECTION 3, Fig.1). However these experiments were performed by
immunoprécipitation from heat-denatured UF9 cell extracts. Analysis of crude,
non-heat killed UF9 cell extracts by Far Western now confirms that ATF-1 is
by far the most abundant bZIP protein capable of dimerising with CREB in
UF9 cells. Small amounts of other polypeptides (-30, 20 and 15kDa) were
detected that could also specifically interact with the LZ (see Fig. 16). The
lower detectability of these proteins could reflect a weaker interaction with
CREB or may actually correlate with there being lower levels (compared to
CREB and ATF-1) of these proteins in UF9 cells. The identity of these
proteins is unknown; they may be proteolytic degradation products of ATF-1
or CREB, or represent novel bZIP proteins. If they do represent novel bZIP
proteins, it is possible that they may correspond to other CRE-binding
activities (ECRE-1, ECRE-3 and ECRE-4) previously shown by band shift
analysis to be down regulated during differentiation of F9 cells (Tassios and
La Thangue, 1990). Simultaneous probing of UF9 cell extracts by Far
Western and South Western, may allow a link to be established between a
CREB binding protein and a differentiation-regulated CRE binding activity. In
any case, because the LZ-specific proteins of -30, 20 and 15kDa appear to
be only minor CREB-binding proteins in UF9 cells, it seems unlikely that any
of them would correspond to ICR.
Far Western analysis of the anti-CREB immunoprecipitate (which
potentially consists of CREB homodimer and CREB/ATF-1 heterodimer)
indicates that the CREB : ATF-1 ratio in the immunoprecipitate is close to 1:1.
The 1:1 ratio indicates that most, if not all of the CREB in UF9 cells is
complexed with ATF-1. Decrease in ATF-1 levels during differentiation results
in significant changes to the dimer population. UF9 cells contain mainly
CREB/ATF-1 heterodimer and ATF-1 homodimers, while CREB homodimers
are the predominant species following differentiation (Fig. 17). This dramatic
shift in dimer population may explain the ability of F9 cells to respond to
cAMP only after differentiation. However even if it does not contribute to the
regulation of cAMP-signalling, the shift in dimer population is likely to have
other functional consequences during differentiation of F9 cells.
Experiments to date however, suggest that ATF-1 may be unlikely to
function as a repressor: a GAL4/ATF-1 fusion protein can mediate cAMP-
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dependent transcription (Hurst et al., 1991), and ATF-1 can activate the
adenovirus E4 promoter in vitro (Wada at ai., 1991). Most significantly, ATF-1
is found to be capable of activating the somatostatin promoter in UF9 cells
(Rehfuss at ai., 1991). Thus both CREB and ATF-1 homodimers can mediate
a transcriptional response to cAMP. Therefore the consequences of
heterodimerisation between CREB and ATF-1 may be insufficient to explain
repression in UF9 cells. However it is too simplistic at present to rule out the
possibility that CREB/ATF-1 heterodimers are inactive.
Interestingly, the transcriptional activating properties of ATF-1 and
CREB were found to be fundamentally different when fused to the
heterologous GAL4 DNA-binding domain (Hurst at ai., 1991). Therefore it is
possible that a difference in mechanism of activation between ATF-1 and
CREB could be exploited in F9 cells with important consequences. Also, it is
possible that ATF-1 may influence CREB transcriptional activity by altering
CREB DNA binding properties. CREB/ATF-1 heterodimers are found to bind
less stably to DNA than CREB homodimers (Hurst at ai., 1991), raising the
possibility that CREB/ATF-1 heterodimers may be relatively poor activators.
Such an effect is also likely to be promoter specific since the stability of ATF-1
binding is highly variable depending upon the DNA binding site in question
(SECTION 3, Fig 3). Thus there are potential mechanisms for ATF-1 to
regulate CREB activity. Whether these mechanisms are indeed exploited in
vivo and whether they are of sufficient impact to enable ATF-1 to correspond
to ICR remains to be determined.

6.3 CBP100 AS A CANDIDATE FOR ICR.
Use of the Far Western assay coupled with the LZ competition can
potentially enable distinction between proteins that dimerise with CREB
through the leucine zipper and proteins that bind to other regions of CREB.
This has allowed identification of a novel protein (CBP100) that directly
interacts with CREB (however, although it is clear that CBP100 does not
dimerise with CREB through the leucine zipper, it is possible that it may
specifically interact with dimeric CREB). Interaction between CBP100 and
CREB may be weaker than ATF-1/CREB interaction because detection of
CBP100 was variable in crude nuclear extracts and CBP100 is not coimmunoprecipitated with CREB. Following differentiation, detection of
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CBP100 is significantly decreased (Fig. 18C). It is possible therefore that
CBP100 is weakly associated with CREB in extracts from UF9 cells and that
this dissociation is disrupted (or the amount of CBP100 is reduced) following
differentiation.
Two observations suggest that CBP100 may functionally interact with
CREB. First the amount of CBP100 or its ability to interact with CREB (or
both) is decreased during differentiation (Fig. 18C). Second, CBP100 appears
to bind quite specifically with CREB, as it interacts only very weakly with the
highly homologous ATF-1 protein (Fig. 18B). The major difference between
CREB and ATF-1 is the inclusion of two transcriptional activation regions in
CREB (see Diagram 8), consisting of a -30 amino acid glutamine rich region,
Q1 (Gonzalez et al., 1991), and the 14 amino acid a-peptide sequence
(Yamamoto etal., 1990). Thus it is tempting to speculate that either of these
regions in CREB may be involved in the binding of CBP100. This could be
tested relatively easily by production of a series of CREB deletion mutants
and testing them directly in the Far Western. This approach would allow
delineation of the region of CREB that interacts with CBP100. Once this
region is identified, it could possibly be used to clone CBP100 by protein
interactive-cloning techniques (utilisation of the CBP100 binding site instead
of the entire CREB protein would obviously cut down on background).
The properties described for CBP100 suggest several possible
functions. CBP100 may correspond to ICR and thereby function as a
repressor of the cAMP response in UF9 cells. Alternatively CBP100 may be
an adaptor protein that mediates interactions between CREB and the basal
transcriptional machinery. In the latter case, the loss (or modification) of
CBP100 during differentiation must mean that CREB can functionally interact
by more than one route with the basal transcriptional machinery. If CBP100
does play a role in assembly of active transcription complexes this could
contribute to the different transcriptional properties of CREB and ATF-1 (Flint
and Jones, 1991; Hurst etal., 1991).
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SECTION 7

GENERAL DISCUSSION

7.1 REGULATION OF cAMP-SIGNALLING IN F9 CELLS.
Repression appears to be a common mechanism for regulation of
transcription in UF9 cells (SECTION 1, 1.13), indicating the presence of a
range of transcriptional activators in these cells. This is presumably a
reflection of the fact that genes in stem cells must be maintained in a state
that makes them amenable to expression at some stage during development.
For example, several genes exhibit a differentiation-dependent cAMPresponse in F9 cells e.g. tissue plasminogen activator (Rickies et ai, 1989;
Darrow etal., 1990), c-fos (Mason etal., 1985), VIP (Masson etal., 1992) and
somatostatin (Fig. 12). In these cases, the specific repression of cAMPsignalling in UF9 cells could be necessary for proper stem cell function, or
actually contribute to maintenance of the undifferentiated state. With regard to
this latter possibility, it is found that aberrant expression of c-fos in UF9 cells
leads to the appearance of partially differentiated cells (Ruther et al., 1985;
Muller and Wagner, 1984). This implies that c-fos may play an important role
in promoting a cellular differentiation process. Regulation of cAMP-signalling
in F9 cells may therefore be important to ensure that the c-fos-induced
differentiation pathway (for example) occurs at the correct stage.
In general, there has been little insight into the mechanisms
responsible for regulation of cAMP-signalling in UF9 cells. Studies using the
somatostatin promoter now implicate the cAMP-signalling pathway through
CREB as a target for regulation. Because CREB is predicted to participate in
a wide range of differentiated functions it is likely that specific repression of
CREB activity will be critical for the UF9 cell phenotype. In addition it is clear
that differentiation-dependent cAMP-inducibility of promoters may be coordinately controlled by regulation of CREB activity. However, a comparative
analysis of VIP and somatostatin has indicated that for these two promoters at
least, co-ordinate regulation does not occur (Masson etal., 1992). In addition,
the CBS present in the c-fos promoter is only one of multiple independent
promoter elements capable of conferring a cAMP response (Fisch et al.,
1989; Metz and Ziff, 1991; Hartig et al, 1991; Boutillier et al., 1992). Further
evidence for differential control of cAMP-signalling in F9 cells comes from
studies of c-myc. In contrast to other genes described above, c-myc is found
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to be cAMP-responsive in UF9 cells, but not in DF9 cells (Masson et al.,
1992). The above observations demonstrate that multiple controls influence
cAMP-signalling during differentiation. On the one hand, retinoic acid-induced
differentiation is a prerequisite for most (but not all) cAMP responses. On the
other, many distinct transcription factors are required for the activity of
different promoters in response to cAMP in differentiated cells.
In the case of CREB we have proposed that two negative regulatory
mechanisms inhibit CREB in UF9 cells. It is presently unclear why regulation
of the CREB-signalling pathway may involve more than one negative
regulatory mechanism. One very likely possibility is that two regulatory
mechanisms provide greater stringency. In situations where only one block is
present, low levels of activation might occur e.g. in UF9 cells expression of
exogenous cPKA alone resulted in 4-fold activation of the somatostatin
promoter (SECTION 5, Fig. 12). It may be that such low levels of activation
cannot be tolerated in UF9 cells. Thus two regulatory mechanisms may be
essential to ensure strict regulation of CREB activity.
An alternative explanation is that either or both blocks may play
regulatory roles in other cellular pathways and therefore not be specific for the
CREB pathway. For example, PKA may target more than one class of
transcription factor (McKnight, 1991; Zanger, 1991; Lin at al., 1993) but also
has a wide range of cellular substrates not all of which are involved in
transcription. Negative regulation of PKA activity in UF9 cells may therefore
have multiple consequences. It is possible that these other consequences
determine release of PKA repression at a time inopportune for cAMPsignalling through CREB. A second block (i.e. ICR) would therefore be
required to maintain repression of the CREB pathway. It is equally possible
though that repression by ICR may not be specific for the cAMP pathway. In
addition to cAMP, CREB has also been demonstrated to respond to increases
in intracellular Ca^+ (Sheng etal., 1990; Sheng etal., 1991). Significantly, this
activation by Ca^+ is also dependent upon phosphorylation at the PKA
phosphoacceptor site of CREB (although this may be mediated by
Ca2+/calmodulin-dependent protein kinases, which have been demonstrated
to phosphorylate CREB at this site in vitro, Sheng et al., 1991; Dash et al.,
1991). Thus, since the mechanisms involved in activation of CREB by both
cAMP and Ca^+ are apparently indistinguishable, it is clear that ICR could
serve to block both these pathways. Whether Ca2+-signalling pathways do
actually activate CREB in F9 cells is presently unknown.
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Although our results imply that endogenous PKA in UF9 cells is unable
to phosphorylate CREB, this has not been demonstrated directly. Clearly this
must be done before any further experiments are performed to address
possible mechanisms for PKA regulation. Use of antibodies which specifically
recognise the PKA-phosphorylated form of CREB (Ginty et al, 1993) may
provide a straightforward means to address the issue. Alternatively, lack of
CREB phosphorylation may be demonstrated by phosphopeptide mapping
techniques.
If it is the case that PKA-mediated phosphorylation of CREB is
negatively regulated in F9 cells this may be achieved by a number of
mechanisms e.g. the action of substrate-specific phosphatases,
compartmentalisation, or by lack of the appropriate PKA regulatory subunits.
With regard to the latter possibility, it is of interest that a specific regulatory
subunit (Rll) is required to activate the somatostatin promoter in PC I2 cells
(Tortora and Cho-Chung, 1990), and that Rll levels are increased during
differentiation of F9 cells (Piet et a!., 1982). An Rll deficiency may therefore
be responsible for the block to cAMP-signalling in UF9 cells. To test this one
could construct stable cell lines that overexpress Rll and ask if this restores
the ability of cAMP to phosphorylate CREB and to activate the somatostatin
promoter.
Another possible mechanism for regulation is through protein
phosphatases. Both protein phosphatases 1 (PP1) and 2 A (PP2 A) have been
implicated in regulation of CREB activity (Hagiwara etal., 1992; Alberts etal.,
1993; Wadzinski et al., 1993), and PP2A activity has recently been found to
be down-regulated by retinoic acid-induced differentiation of HL-60 cells
(Tawara et al., 1993). Okadaic acid is an inhibitor of both PP1 and PP2 A.
Thus if phosphatases are responsible for down-regulation of CREB activity in
UF9 cells, it may be possible to alleviate the block on CREB phosphorylation
by treatment with okadaic acid, and thus remove the requirement for
overexpression of cPKA in the UF9 cell assay. This experiment has been
performed and it is found that in the presence of exogenous CREB, okadaic
acid does activate the somatostatin promoter in UF9 cells (N. M. and K.L.,
data not shown). However activation achieved by treatment with okadaic acid
is cAMP-independent. This is in contrast to the effects of okadaic acid in
cAMP-responsive cell types (Hagiwara et al., 1992; Wadzinski et al., 1993)
and could indicate that the effect of okadaic acid in F9 cells is not related to
the cAMP-pathway. Further experiments are therefore required to shed light
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on the issue i.e. it must initially be determined whether the PKA site of CREB
is required for activation by okadaic acid. In the event that it is not, this may
provide evidence for the involvement of CREB in other signalling pathways.
Possible compartmentalisation effects could be studied by basic
immunostaining techniques. An alternative would be fluorescence ratio
imaging. A fluorescent indicator already exists for the cAMP signalling
pathway (Adams et al., 1991; Hagiwara et a!., 1993). The sensor consists of
PKA in which the catalytic and regulatory subunits are each labelled with a
different fluorescent dye capable of fluorescence resonance energy transfer in
the holoenzyme complex. When cAMP binds, the C subunits dissociate,
thereby eliminating energy transfer. Hence this technique can be used to
visualise activation of PKA in single living cells microinjected with the labelled
holoenzyme. Studies of both type I (containing Rl) and type II (containing Rll)
holoenzyme in UF9 cells could demonstrate for each whether a). cAMP can
cause dissociation of R and C subunits, and b) whether the C subunit can
translocate to the nucleus.
Endogenous CREB in UF9 cells is proposed to be negatively regulated
by an inhibitor of CREB (ICR), which is predicted to act by direct proteinprotein interaction. The evidence for this has already been discussed
(SECTION 6 . 6.1). Although ICR has not been characterised, use of the Far
Western assay has enabled the identification of two candidate polypeptides
i.e. ATF- 1 and CBP100. Due to the sensitivity of this assay, it is tempting to
speculate that ATF-1 and CBP100 may be the only CREB-binding proteins
present in UF9 cells. Further studies of ATF- 1 and CBP100 will be required to
assess their possible regulatory roles in F9 cells. In the case of CBP100, this
should be greatly facilitated by the possibility of cloning CBP100 using the Far
Western assay. However one limitation of the Far Western is that it does not
allow detection of interactions that depend upon one or more additional
proteins. Hence other approaches based upon solution assays may also be
informative. For example, overexpressed CREB may be immobilised and
used to probe for CREB-binding activities in nuclear extracts. CREB-binding
proteins may also be identified using the two hybrid screen in yeast (Dalton
and Treisman, 1992). These assays will be useful not only to characterise
ICR, but to identify CREB-binding proteins in general.
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7.2 FAMILY ISSUES.
The existence of multigene families is a common feature not only of
activators (SECTION 1, 1.7), but of many other cellular components e.g. cellsurface receptors (Brizzi et al., 1991) and cytoplasmic signalling molecules
(Boehm, 1993). This is presumably because gene duplication and subsequent
divergence provides an economical way to evolve proteins with related
properties but different functions (Ohta, 1991). In the case of families of DNAbinding proteins, these probably evolved as a means to transcribe complex
genomes using a limited number of DNA-binding sites; the distinct
transcriptional effector functions required being generated by fusion of
different activation domains to essentially the same DNA-binding domain. For
example, within the CREB/ATF multigene family, members in general, share
little homology outwith the bZIP domain, suggesting that they participate in
disparate functions (SECTION 1, 1.17). Subgroups of more highly related
proteins can however be distinguished. In the context of evolution, these are
probably representative of more recent gene duplication events. For example,
two heterodimerisation partners for CREB have now been identified; these
are ATF-1 (described here) and the cAMP-response-element-modulator
(CREM). ATF-1 and CREM share extensive overall homology with CREB and
therefore define a subfamily of CREB-related proteins.
The high degree of homology between CREB, ATF-1 and CREM
seems to compound one of the main issues regarding the action of activator
families i.e. if such proteins all bind to the same DNA sequence and contain
highly homologous structure outside of the DNA-binding domain, how can
they be functionally distinguished ? Data presented here (SECTION 3, Fig. 3)
begins to address this issue. It appears that whilst the recognition specificity
of ATF-1 and CREB is apparently identical, their ability to form stable
complexes with a CBS is strikingly different. Furthermore, this effect is a
function of the particular CBS (SECTION 3, Fig. 3). If results in vitro are
representative of the situation in vivo, these studies indicate that differential
stability of DNA-binding could provide a mechanism for discrimination in vivo.
However in addition to DNA sequence, it also appears that other promoter
determinants are important. For example, studies of the mammalian
activators Oct- 1 and Oct- 2 have demonstrated that specific protein-protein
interactions occurring on the promoter can influence activator selection
(Tanaka etal, 1992).
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Not surprisingly given the high degree of homology between CREB,
ATF- 1 and CREM, there appears to be a degree of functional redundancy
between them. Experiments using dominant negative CREB mutants have
demonstrated that endogenous CREB or its relatives are important mediators
of physiological responses to cAMP (Dwarki et al., 1990; Struthers et a!.,
1991; Walton et al., 1992; Woloshin et al., 1992). However a homozygous
deletion of CREB produces viable mice with no major defects (G. Schütz,
personal communication). Thus it is clear that many CREB functions can be
effectively carried out by other genes or by the various isoforms of CREM
and/or ATF-1. CREMx is a likely candidate since it is essentially identical to
CREB in terms of functional domains characterised thus far (see Diagram 13).
Redundant gene functions are consistent with critical roles of CREB in cell
viability. Initially it is somewhat disappointing that the transgenic approach has
not yielded much insight into the specific role of CREB. However, it will be of
great interest to determine the phenotype of ATF-1 minus mice and
production of such mice probably offers the best approach for gaining insight
into ATF-1 function. Lack of ATF-1 might be expected to produce a phenotype
in light of the predicted cell type-specific functions of ATF-1 as discussed
later.
Comparison of CREB, ATF-1 and CREM at the protein level indicates
that they are composed of homologous domains (see SECTION 1, Diagram 8
and Diagram 13). However whilst the bZIP domains of these proteins are
essentially identical, other domains e.g. 02, are more divergent. This modular
structure allows (at least in the case of CREB and CREM and probably also
ATF-1) expression of multiple isoforms with different functions (Diagram 13).
For ATF-1 it is apparent that differential phosphorylation can add to the
complexity while splicing patterns for ATF- 1 remain to be determined. These
considerations in addition to the potential for distinct promoter controls, allow
for the differential expression of a wide range of proteins. Hence it is found
that the two activator forms of CREB (CREBa and CREBA) are ubiquitously
expressed in somatic cells, with CREBA three-fold higher than CREBa
(Berkowitz and Gilman, 1990; Ruppert et al., 1992). Other CREB isoforms
lacking the DNA-binding domain and nuclear translocation signal are highly
expressed only in germ cells (Waeber et al., 1991; Ruppert et al., 1992;
Waeber and Habener, 1992). In contrast to the situation with CREB, there is a
wide variation in somatic cell expression of both ATF-1 (A.B. and K.L.
unpublished data) and CREM isoforms (Laoide etal., 1993; Foulkes etal..
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The modular structure of CREB, CREM and ATF-1 proteins.
The composition of proteins, their expression pattern and known or potential
functions are shown (Hurst et al., 1990; Hurst et a!., 1991; Ruppert et a!.,
1992; Laoide et a!., 1993). For domain nomenclature see Diagram 7.
Divergence within the KID is represented by differential shading.
D iagram 13.

1991a; Foulkes etal., 1992; Foulkes etal., 1993).
Amongst CREB, ATF-1 and CREM (and variants thereof), it is possible
that the presence or absence of specific domains may correlate with function
(Diagram 13). For example, CREB and CREM x (Foulkes et al., 1992) are
essentially identical in terms of functional domains so far characterised and
can both function as activators. When the Q1 and Q2 activation domains are
deleted (as in CREM a ) , activation function is lost and the protein acts as a
repressor (Foulkes et al., 1991a). Significantly, re-introduction of 02 alone (as
in CREM x2), restores activator function (Laoide etal., 1993). Since CREM x2
and ATF-1 have a similar domain organisation (Diagram 13), this implies that
ATF-1 would also function as an activator. However such extrapolation may
be flawed for two reasons. Firstly, it is clear that these proteins also contain
unique regions which may be vital for determining function e.g. the ATF-1
NTR. Secondly, even apparently conserved regions have diverged to some
extent and are can be regulated very differently. For example the data
presented in this thesis provides compelling evidence that the KIDs in CREB
and ATF-1 are different, and this has already been discussed (see SECTION
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4, 4.4). Thus it is emerging that interactions between domains in the context
of the whole protein (i.e. protein conformation) is important for determining the
overall function of the protein. This realisation highlights an important
limitation in studies of the CREB subfamily. To date, much of the
understanding of these proteins has been achieved through assays which
involve deletion of specific domains (Lee et al., 1990; Hurst et a!., 1991),
mutation of specific domains (Masson et a!., 1993b) or actual domainswapping (Laoide et a!., 1993). It is clear now that the development of new
assays to address domain-domain interactions in the native protein, is
required.
The versatility of members of the CREB subfamily is exemplified not
only by production of multiple isoforms, but also by their ability to
heterodimerise. Understanding of both the factors other than the bZIP domain
which influence intra-family dimérisation and the resultant consequences,
represents a major area for future research. For example, in both HeLa (Hurst
etal., 1991) and F9 cells (SECTION 5, Fig 17) despite the fact that CREB and
ATF-1 are present at similar levels, the amount of CREB homodimers is
extremely low and CREB is predominantly heterodimerised with ATF-1. Since
the bZIP domains of CREB and ATF-1 are 95% identical and both form
homodimers, the lack of CREB homodimers in the above cell types suggests
that they are discriminated against. It is not clear whether this effect is a
function of CREB and ATF-1 themselves or is influenced by other proteins.
This is a difficult problem to address in vivo, but should be approachable In
vitro. To date heterodimerisation has been assayed indirectly by DNA-binding.
This has obvious limitations. Future studies of dimérisation would be
facilitated by direct assays e.g. it may be addressed using the following in
vitro assay: CREB (for example) may be tagged with an affinity ligand and
ATF-1 with a radiolabel. Heterodimer formation can then be studied by mixing
the proteins, adding the appropriate affinity matrix and assessing the ratio of
radiolabelled protein recovered under conditions that are readily manipulated.
The impact of heterodimerisation upon CREB or ATF-1 activity is also
unknown. However our data clearly points to significant consequences As
predicted from results presented here (SECTION 3, Fig. 3),
heterodimerisation with ATF-1 has been demonstrated to alter the DNAbinding characteristics of CREB (Hurst et ai., 1991). The ATF- 1 /CREB
heterodimer binds to DNA less stably than CREB homodimer (Hurst et ai.,
1991). It also appears that heterodimerisation with CREB can dramatically
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alter ATF-1 conformation. Anti-ATF-1 can immunoprecipitate ATF-1
homodimer but is unable to recognise CREB/ATF- 1 heterodimer (SECTION
3, Fig. 1). Two other independent polyclonal antisera also give the same
result (Hurst et al., 1990). These data suggest that ATF-1 has distinct
homodimeric and heterodimeric conformations.
In addition to the above effects, it is possible that heterodimerisation
may also affect the ability of CREB to be phosphorylated. Studies of the bZIP
protein Jun, have demonstrated that dimérisation partner can have a dramatic
effect upon phosphorylation (Abate etal., 1993). In this specific case it
appears that Jun homodimers are phosphorylated efficiently by casein kinase
2 , whereas Fos/Jun heterodimers are not (Abate et al., 1993). It is clear that
heterodimerisation does not affect the ability of CREB to be phosphorylated
by PKA (SECTION 3, Fig.1 ). However, it may affect the secondary
phosphorylations which are important for CREB activity, such as that by
GSK-3 (O.M. Andrisani, personal communication).
Development of an assay to specifically analyse the transcriptional
activity of CREB/ATF-1 heterodimers would allow many of the above issues
to be addressed. The only assay currently available involves co-transfection
(Foulkes et al., 1991a), but this is not stringent enough. Effects observed in a
cotransfection assay may actually be a result of competition for DNA binding.
In addition, because of the high degree of homology between CREB and
ATF-1 proteins, it is further possible that effects observed could result from
competition for a common target protein. In light of these issues it would
obviously be a great advantage to be able to analyse the activity of
heterodimers directly. It may be possible to achieve this by exploiting the
dimérisation properties of fos and jun. Fos is unable to homodimerise, whilst
jun can. However jun will preferentially form heterodimers in the presence of
fos (Halazonetis et al., 1988). Importantly, the leucine zipper is the sole
requirement for this dimérisation specificity (O'Shea et al., 1989b). Thus the
leucine zippers of ATF-1 and CREB could be replaced with those of fos and
jun respectively and the hybrid proteins mixed to result in a homogeneous
population of ATF-1/CREB heterodimer. Transcriptional activity of the
heterodimer could then be assayed in vitro.
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7.3 FUNCTION OF ATF-1
Due to the lack of an appropriate assay, the function of ATF-1 and the
consequences of phosphorylation within the KID remain unknown.
Development of a transcriptional assay for ATF- 1 is therefore of primary
importance to address these issues. In this regard, the finding that the bZIP
domain of ATF-1 can be substituted by a heterologous bZIP domain without
affecting phosphorylation (SECTION 3, Fig. 10) should enable the design of
novel hybrid proteins that circumvent the problems of interference from
relatives of ATF-1.
Development of an in vitro transcription assay for ATF-1 would provide
an alternative approach. Nuclear extracts can be depleted of endogenous
ATF binding activity by passage over a sequence-specific DNA-affinity resin
(Hai et a/., 1988b), or by the addition of specific competitor DNA to the
transcription reaction. ATF-1 can then be produced by bacterial
overexpression, added to the depleted nuclear extract, and transcription
assayed by primer extension. The adenovirus E4 promoter would be an
appropriate target promoter to use initially since it has already been shown to
be activated by ATF-1 in vitro (Wada at ai., 1991). Several observations
suggest that this approach may be successful. First this precise assay has
already been used to assay ATF-1 purified from HeLa cells (Wada et ai.,
1991). Second although bacterially produced ATF- 1 is not phosphorylated it
becomes phosphorylated by incubation with nuclear extracts (SECTION 3,
Fig. 5B). Attempts were therefore made to establish an in vitro transcription
assay for ATF-1 and initial experiments have indicated that this approach
should be successful (N.M. and K.L., data not shown). If the wild type ATF-1
protein can activate transcription in this assay, the activity of ATF-1 serine
mutants can then be tested (however it is equally possible that
phosphorylation may inactivate ATF-1 transcriptional activity).
Even though ATF-1 can function as an activator in a number of assays
both in vitro an6 in v/vo (Wada et ai., 1991; Hurst etal., 1991; Rehfuss etal.,
1991; Liu et ai., 1993), this does not preclude a repressor function. For
example, studies of CREB have demonstrated that in addition to being an
inducible activator, the protein can also act constitutively (Leonard et a!.,
1992) or as a repressor (Lamph et ai., 1990; Ofir et al., 1991). Thus,
depending upon the promoter context, ATF-1 is likely to exhibit a similar
range of transcriptional activities. It is also possible that ATF-1 may
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participate in processes other than transcription. For example, the CBS has
been shown to be a component of a nuclear matrix-attachment site,
suggesting that CREB/ATF proteins may also function to interact with the
nuclear matrix (Dworetzky etal., 1992). Other sequence-specific DNA-binding
proteins such as the octamer motif binding protein, Oct- 1 (also referred to as
OTF-1 and NFIII), have been demonstrated to function in both DNA
replication and transcription (O'Neill et a!., 1988). It is possible therefore that
potential effects of ATF-1 phosphorylation may be entirely unrelated to its
functioning as a transcription factor.
Despite the high degree of homology between ATF-1 and CREB, it is
now evident that these proteins fulfil specialised roles. For example, studies of
the ATF-1 KID have clearly demonstrated that whilst the basic function of this
domain is likely to be the same between ATF- 1 and CREB, distinct
phosphorylation events confer unique properties to each protein (SECTION 4,
4.3). Further evidence for specialised roles comes from expression analyses
of ATF-1 and CREB. In contrast to the more or less ubiquitous expression of
CREB RNA (Berkowitz and Gilman, 1990; Ruppert et al., 1992), ATF-1 RNA
is expressed in a much more restricted manner in multiple mouse tissues
(A.B. and K.L. unpublished data). Another example in which ATF-1 and CREB
are differentially regulated is the down-regulation of ATF-1 observed during
retinoic acid-induced differentiation of F9 cells (SECTION 5, Fig. 17, and
Masson et al., 1993a). Whether this occurs at the transcriptional level or not
remains to be determined. The availability of genomic clones including the
ATF-1 promoter will allow this possibility to be tested. Analysis of the ATF-1
promoter could therefore enable identification of the cis- and trans-acXmg
factors that regulate ATF-1 expression in different cell types or possibly in
response to retinoic acid (or other downstream signals during differentiation of
F9 cells). If the signals which regulate ATF-1 expression are understood, this
would provide a key to identifying the physiological functions of the protein.
Finally the suggestion that ATF-1 fulfils a specialised role in critical signal
transduction pathways has recently gained credence from the finding that
chromosomal translocations involving the ATF-1 gene are associated with
malignant melanoma of soft parts (MMSP) (Zucman et al., 1993). In MMSP,
the likely transforming protein contains the previously defined Ewings
Sarcoma gene (EWS) fused to the bZIP domain of ATF-1. Studies of ATF-1
should therefore provide insight into the cellular pathways that are de
regulated in MMSP.
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The preliminary work described in this thesis has clearly demonstrated
that ATF-1 conformation is regulated by phosphorylation and that this almost
certainly occurs in a cell-type-specific manner (suggesting that the function of
expressed ATF-1 itself may be cell-type-specific). We have used a very crude
assay (mobility shift on SDS gels) to analyse what is apparently a very
complex phosphorylation pattern. The limitations of this approach are
discussed below. Notwithstanding this however, we have successfully
employed the mobility shift assay to identify a number of interesting features
of ATF-1 phosphorylation, and our findings have suggested many new
approaches for ellucidating ATF-1 function. Mutational analysis has provided
indirect evidence that phosphorylation of serines 4, 5 and 6 may contribute to
this regulation (SECTION 4, 4.3). The assay used is reliant upon specific
mutations increasing the mobility of ATF-1 on SDS gels (SECTION 3, Fig. 7B,
C and D), the increase in mobility being regarded as indicative of lack of
phosphorylation. Since multiple increases in mobility are obtained in this
assay, this implies that multiple (intermediate) phosphorylation states exist.
With regard to these different phosphorylation states, it is possible that they
represent different functional forms of ATF-1. Alternatively, if the
phosphorylations all function to achieve the same end, different
phosphorylation states may represent different gradations of the effect.
Multiple phosphorylations within the ATF-1 KID may arise by one of
two mechanisms (for review see; Roach, 1991). The first possibility is that the
KID may contain multiple sites for the independent action of one or more
protein kinases. The second possibility is that the phosphorylations are
interdependent, with one phosphorylation event influencing another. Such
functionally important hierarchical phosphorylations are already known to
occur in the CREB KID. Activation of CREB by PKA appears to be dependent
upon a subsequent phosphorylation by GSK3 (O.M. Andrisani, personal
communication). Whichever mechanism operates, it is clear that the potential
for multiple phosphorylation provides the opportunity for more complex
regulation of ATF-1 activity relative to the action of a single kinase.
A detailed description of ATF-1 phosphorylation sites in different cells
and the protein kinases/phosphatases that are involved, will almost certainly
be critical for understanding the function of ATF-1. A number of different
methods may be used to determine the kinases responsible for
phosphorylating ATF-1 in different cell types. Analysis of phosphorylated
ATF-1 proteins isolated by immunoprécipitation could provide information
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about the sites which are phosphorylated in a cell-type-specific manner. The
ability of purified kinases to phosphorylate these sites in vitro could then be
tested. An alternative approach would involve the direct purification of ATF-1
kinases from nuclear extracts. Unfortunately, the interpretation of results from
both approaches is complicated by the fact that several kinases
(simultaneously expressed in vivo), may phosphorylate the same site. Serine
4 forms part of a good consensus site for casein kinase 2 (CK2) (Pearson and
Kemp, 1991), and indeed CK2 can phosphorylate ATF-1 at this site in vitro
and cause a mobility shift on SDS gels (Masson et al., 1993b). This data is
important because it demonstrates directly that serine 4 can be a target for
phosphorylation, and that phosphorylation of serine 4 is able to induce a
change in ATF-1 conformation. Because CK2 can phosphorylate ATF-1 in
vitro, it will be of interest to determine whether this also occurs in vivo or
whether phosphorylation by some other kinase regulates ATF-1 conformation
at this site. This issue may be addressed by the use of antisense
oligonucleotides which have recently been used successfully to implicate CK2
in neurite growth (Ulloa etal., 1993). Alternatively, microinjection into cells of
synthetic peptides which are specific competitor substrates or inhibitors of
CK2, may also be informative (Lin et al., 1992). CK2 is a ubiquitious,
predominantly nuclear kinase (Krek et ai., 1992), with a wide spectrum of
proposed physiological substrates (Pinna, 1990; Meisner and Czech, 1991).
These include several transcription factors whose DNA-binding activity
appears to be affected by CK2 phosphorylation (Berberich and Cole, 1992;
Marais et al., 1992; Lin et al., 1992; for review see, Meisner and Czech,
1991). It is presently unclear how this is achieved, particularly since the
specific activity of CK2 has never been shown to be stringently regulated in
different cell types. Studies of ATF-1 could therefore provide some insight into
CK2 function. If CK2 does phosphorylate ATF-1 in vivo, cell-type differences
could reflect differences in phosphatase activity or result from interactions of
ATF-1 with DNA or other bZIP proteins as discussed elsewhere.
The studies described here are very limited in providing insight into the
precise structural changes caused by ATF-1 phosphorylation. The next stage
in understanding will require high resolution structural studies. Study of the
dramatic conformational changes which result from phosphorylation within the
ATF-1 KID would be complementary to functional analysis. It may be possible
to compare the conformation of phosphorylated and unphosphorylated ATF-1
using X-ray crystallography. We have already produced large quantities (100
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mg amounts) of purified protein required for this technique by bacterial
overexpression. Production of the unphosphorylated form of ATF-1 is
straightforward, whilst the phosphorylated conformation may be mimicked by
substitution of aspartic acid at the predicted sites of phosphorylation (see
SECTION 3, Fig. 7D), or possibly by CK2 phosphorylation (Masson et a/.,
1993b). In addition to analysing the effects of phosphorylation, it would also
be of interest to determine structural differences between free and DNAbound ATF-1. This would be achieved by the production of co-crystals with
DMA. Together these studies would provide insight into the mechanisms by
which the KID and the NTR participate in long range interactions with the
bZIP domain (SECTION 4, 4.3). As well as structural studies of the whole
molecule, discrete regions in ATF-1 e.g. the KID, may also be examined.
Peptides representing the KID can be synthesised and analysed using NMR
techniques. It should also be possible to produce phosphorylated KID
peptides either by direct synthesis (Perich et al., 1992), or by CK2
phosphorylation (Masson eta!., 1993b). This would allow a direct assessment
of the impact of individual phosphorylations on KID structure.

7.4 MECHANISMS OF ACTIVATION.
As is the case for several other activator proteins, the regions of CREB
involved in transcriptional activation are now quite well defined. Basic
structure/function relationships could be summarised as follows. The bZIP
domain allows interaction with the promoter, the glutamine (Q)-rich domains
exhibit constitutive transcriptional activity and both of these functions are
modulated via various phosphorylations within the KID. The molecular
interactions that ultimately allow transcriptional activation are however more
or less completely unknown. Several basic questions remain to be answered:
1). how do Q-rich domains function? 2 ). does the KID function allosterically?
3). does dimérisation directly affect transcriptional activation? 4). what
constitutes a repressor? Answers to these questions will further establish the
significance of the CREB family to the study of inducible gene expression.
There is already evidence to suggest
TFIID and function as an assembly factor
transcription initiation complex and this has
SECTION 1 , 1.6, Horikoshi et a!., 1988b;
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that CREB may interact with
to promote formation of the
already been discussed (see
Hal et a!., 1988a). However

understanding of how Q-rich domains function may provide more specific
insight into the mechanisms of activation by CREB. To date, the best
characterised Q-rich domains are found in ubiquitous activators such as Spl
(Gourey and Tjian, 1988), Octi (Tanaka and Herr, 1990) and in the NF-YA
subunit of the CGAAT box binding protein NFY (Li et a/., 1992). A recent
study suggests that these Q-rich domains are 'proximal' activation domains.
The abilities of several different activation domains to activate transcription
when bound either to remote remote enhancer sites or to proximal promoter
sites was tested (Seipel et ai, 1992). Q-rich domains were unable to stimulate
transcription from a remote site and proline-rich sequences only weakly. In
contrast, acidic and serine/threonine-rich domains were potent long-range
activators (Seipel et ai, 1992). This indicates that activation from a distance
may involve a fundamentally different mechanism to that of proximal
activation and therefore implies that Q-rich domains may activate by only one
mechanism (i.e. direct interaction with the general transcription factors).
Downstream targets for Q-rich domains are beginning to be identified. For
example, the Q-rich domain of the D. melanogaster fushi tarazu protein
appears to interact directly with TFIIB (Golgan et ai, 1993). In addition, the D.
melanogaster coactivator protein, TAF110 has been demonstrated to interact
specifically with the Q-rich domains of Spl (Hoey et ai, 1993). This suggests
that TAF110 may function as a mediator between activators with Q-rich
domains (like Spl) and the TFIID complex.
In the case of GREB (and presumably ATF-1 and GREM), the Q-rich
domains appear 'dormant' (i.e. do not act constitutively) until the protein is
activated. GREB, ATF- 1 and GREM may therefore be regarded as Q-rich
domain couriers, which 'express' the activation domain only in response to
appropriate (and different) cellular signals. There is however at least one
exception to this; expression of the somatostatin gene in the pancreatic islet
cell line Tu6 is constitutive and not increased by cAMP (Leonard et ai, 1992).
Expression is mediated through synergistic interactions between GREB and
lsl-1 in a manner that allows GREB to activate transcription without
phosphorylation by PKA. The functional interaction with lsl-1 may therefore
affect GREB in a manner that allows the same function as PKA
phosphorylation. Alternatively it may activate GREB by a distinct mechanism.
Since the activation domains in GREB are under allosteric control, the
identification of downstream targets may be more difficult. GREB must be in
the correct conformation to interact with its downstream targets. In this regard
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it will be of interest to determine the nature of CBP100. Because CBP100
interacts only very weakly with ATF-1, this suggested that it may be a specific
target for the Q1 or a-peptide activation regions of CREB which are not
present in ATF-1 (SECTION 6 , 6.3). However, CBP100 was identified using
PKA-phosphorylated CREB as a probe and it now appears that PKA
phosphorylation alone may be insufficient to activate CREB (O.M. Andrisani,
personal communication). This would preclude CBP100 from being a
downstream target. However it is possible that subtle conformational changes
required for protein-protein interaction in vivo, may not be so stringently
required in vitro. The identity of CBP 1 0 0 therefore remains unclear.
Because TFIIB (Colgan et a i, 1993) and dTAFIIO (Hoey et a!., 1993)
have been identified as targets for Q-rich domains, it will be of interest to
determine whether the Q-rich regions of CREB can also interact with these
proteins. Both TFIIB (Ha et a i, 1991; Malik et ai, 1991) and dTAFIIO (Hoey
et a i, 1993) have been cloned and thus potential interactions with CREB
protein (or with the CREB Q-rich regions alone) may be investigated using a
number of established in vitro assays e.g. use of immobilised TFIID has
recently enabled characterisation of a specific interaction between the
mammalian activator, PU.1 and TFIID (Hagemeier et ai, 1993). It will be of
interest to probe for interactions between CREB and TFIIB or dTAF110 in this
type of assay. Other assays for identification of CREB-binding proteins may
also be useful for identification of downstream targets (see 7.1). In any case it
is clear that the identification of general transcription factors or coactivator
proteins targeted by CREB would greatly enhance our understanding of the
mechanisms by which CREB stimulates transcription.
A priori there are two general mechanisms by which particular CREB,
CREM or ATF1 isoforms could act as repressors. Isoforms that are unable to
activate but contain the bZIP domain could repress by competition for binding
to promoters (or other transcription components) or by forming inactive
heterodimers. (Other isoforms lacking the bZIP domain i.e. CREBay, CREBy,
CREBQ and CREBW, see SECTION 1, Diagram 8 , might be able to act by
competiton for limiting transcription components). Both experimentally
contrived and naturally occurring examples have provided evidence that the
bZIP domain has the potential to act autonomously and in a negative manner.
A protein called S-CREM produced by alternative initiation (Delmas et a i,
1992) is essentially only a bZIP domain that can form DNA-binding
heterodimers with CREB and is as good a repressor as CREMg which
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contains both the bZIP and KID domains (Foulkes etal., 1991a). The ability of
S-CREM to repress confirms that the bZIP domain fulfils the minimal
requirement for repressor activity. This raises the possibility that repression
can simply result from lack of activation modules on one partner in a
heterodimer and may not require the active participation of elements other
than the bZIP domain within the repressor. This scenario is consistent with
the lack of specific repressor domains in those proteins that act as repressors
(CREMa, CREMp, CREMyand S-CREM).
In addition to heterodimerisation partners and downstream targets,
other CREB-binding proteins which allow regulation of CREB activity in a cellor promoter-specific manner are also likely to exist. The picture that emerges
from promoter studies is that interactions between CREB (or a member of the
CREB family) and the CBS provides an anchor for the assembly of induced
transcription complexes. Interplay between CREB and additional transcription
factors is superimposed on this to specify cell- or promoter-specific
transcriptional activation. For example, CREB has been reported to bind
directly to the glucocorticoid receptor, and speculative evidence suggests that
this may play a role in activation of the PEPCK promoter by glucocorticoids
(Imai et al., 1993). CREB can also interact with a number of viral
transactivator proteins such as the HTLV-1 Tax protein (Zhao and Giam,
1992), and the hepatitus B virus (HBV) X gene product (Maguire et a/., 1991).
Significantly, interaction between CREB and HBV pX results in modification of
CREB DNA-binding specificity. pX protein binds to CREB and the resulting
protein complex binds to a CBS-like element present in the HBV enhancer. In
the absence of pX, CREB is unable to bind to the CBS-like element (Maguire
et a/., 1991). Whether these types of interaction have normal cellular
counterparts remains to be fully determined. However there is some indication
of this; it appears that the cellular activators, a-CBF and lsl-1 can also recruit
CREB activity to a promoter location where it would not normally be found
(Vallejo eta!., 1992b). a-CBF and lsl-1 bind to a bipartite, pancreatic islet Dcell specific enhancer found in the somatostatin promoter (see Diagram 5).
Unexpectedly, CREB is also found to bind to this enhancer, but the bZIP
domain is insufficient for this. It appears that protein-protein interactions within
the transactivation domain stabilise binding and allow CREB to assemble on
the enhancer despite the lack of sequence similarity between the enhancer
and the CBS (Vallejo eta!., 1992b).
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Promoter elements containing the sequence motif CGTCA are important for a variety of inducible responses
at the transcriptional level. Multiple cellular factors specifically bind to these elements and are encoded by a
multigene family. Among these factors, polypeptides termed activating transcription factor 43 (ATF-43) and
ATF-47 have been purified from HeLa cells and a factor referred to as cyclic AMP response element-binding
protein (CREB) has been isolated from PC12 cells and rat brain. We demonstrated that CREB and ATF-47 are
identical and that CREB and ATF-43 form protein-protein complexes. We also found that the cis requirements
for stable DNA binding by ATF-43 and CREB are different. Using antibodies to ATF-43 we have identified a
group of polypeptides (ATF-43 ) in the size range from 40 to 43 kDa. ATF-43* polypeptides are related by tbeir
reactivity with anti-ATF-43, DNA-binding specificity, complex formation with CREB, heat stability, and
phosphorylation by protein kinase A. Certain cell types vary in their ATF-43* complement, suggesting that
CREB activity is modulated in a cell-type-specific manner through interaction with ATF-43*. ATF-43*
polypeptides do not appear simply to correspond to the gene products of the ATF multigene family, suggesting
that the size of the ATF family at the protein level is even larger than predicted from cDNA-cloning studies.

Transcriptional activation of eucaryotic genes occurs, in
part, through the interaction of sequence-specific DNAbinding proteins with promoter and enhancer elements (8 ,
24, 47, 58, 6 6 , 77, 8 6 ). One poorly understood aspect of
transcriptional activation concerns the ability of some pro
moter elements to participate in disparate transcriptional
responses. Transcription factor families, the members of
which have similar or identical DNA-binding specificities
(20,27,35,85,91,97), clearly play a major role in expanding
the activation potential of single promoter elements. How
ever, the mechanisms by which a variety of transcriptional
responses are generated from groups of factors with appar
ently indiscriminate DNA-binding activity are not yet clear.
Promoter elements containing the critical core motif
CGTCA (referred to here as activating transcription factor
[ATFj-binding sites) are important for the activity of several
promoters that respond to different signals. ATF-binding
sites are implicated in positive control by the adenovirus Ela
protein (7, 9, 31, 40, 56, 57, 8 8 ,102) and intracellular cyclic
AMP (cAMP) (2,14,17,19, 26,38,59, 71, 80, 82, 84, 87,94)
and may also be involved in the function of enhancer
elements that respond to the human T-cell lymphotropic
virus type I (HTLV-1) transactivator p40''”‘ (10, 28, 30, 45,
69, 72) and the bovine leukemia virus transactivator p38‘‘‘’‘
(51). In addition, the hydroxymethylglutaryl (HMG)-coenzyme A reductase and p-DNA polymerase promoters con
tain ATF-binding sites and are under negative control by
sterols (74) and p40‘^’‘ (46, 99), respectively. The functional
diversity of ATF-binding sites probably results from inter
action of multiple cis and trans determinants. First, the
ability of ATF sites to activate transcription is influenced by
sequences in close proximity to the CGTCA motif (19, 55)

and by other promoter elements (25, 49, 55). Second, mul
tiple cellular activator proteins interact with ATF-binding
sites, as described below.
Gel mobility shift assays demonstrate that multiple factors
bind directly to ATF sites (3,15,37,40,41,43,44,57,60,62,
79, 8 8 ) and sequence-specific DNA affinity chromatography
has enabled purification of some of these binding activities
(1, 4, 15, 18, 34, 40, 44, 70, 75, 92). Of significance to the
studies described here is that a family of immunologically
related polypeptides of -43 and 47 kDa (referred to as
ATF-43 and ATF-47, respectively (34, 40]) have been puri
fied from HeLa cells and a factor of similar size, designated
CREB (cAMP response element-binding protein), has been
purified from PC12 cells (70) and rat brain (100). The
relationship between CREB and ATF has not been estab
lished, although in light of the above observations, CREB
has been assumed to correspond to a member of the ATF
family.
cDNA-cloning studies have demonstrated that an even
more complex array of factors can bind to ATF-binding
sites. First, it has been demonstrated that members of the
Jun family can bind to ATF-binding sites when associated
with members of the ATF family as heterodimers (6,42,64).
Second, cDNAs corresponding to a multigene family (the
ATF family) encode several distinct proteins that bind to
ATF-binding sites (33, 35, 39, 50, 65). All of these proteins
bind to DNA as dimers through the action of a “ leucine
zipper’ ’ that is required for dimerization and an adjacent
basic region that makes direct contacts with DNA (35). The
ATF family is therefore part of a broader class of activator
proteins that has been referred to as bZIP proteins (96) and
includes the Jun family (11-13, 29, 36, 52, 83, 95). As is the
case for other bZIP proteins, some members of the ATF
family selectively form heterodimers (35), thus further in
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creasing the repertoire of factors that might participate in
specific transcriptional responses.
In light of these observations it is of importance to identify
ATF (CREB)-related heterodimers that exist in vivo. Here,
we demonstrate that CREB is identical to ATF-47 and forms
complexes with ATF-43. We have identified a new group of
polypeptides (ATF-43*) that share a range of properties with
ATF-43, including complex formation with CREB. ATF-43*
polypeptides differ in their cell type distribution, suggesting
that CREB activity may be modulated through interaction
with other members of the ATF family in a cell-type-specific
manner. We also provide evidence that the cis requirements
for stable DNA binding of ATF-43 and CREB are different,
suggesting a mechanism that can contribute to the differen
tial transcriptional activity of ATF-binding sites.
MATERIALS AND METHODS
Purification of ATF-43 from HeLa cells. ATF-43 was puri
fied from suspension cultures of HeLa cells as previously
described (40). In later preparations, the DNA-Sepharose
column was omitted and instead the crude extract was
heated for 10 min at 65°C and denatured proteins were
removed by centrifugation (34). The supernatant was applied
to a Biorex-70 column as previously described and step
eluted with 0.15, 0.3, 0.6, and 2 M KCl in dialysis buffer (20
mM HEPES [A^-2-hydroxyethylpiperazine-A'-2-ethanesulfonic acid]-KOH [pH 8.0], 20% glycerol, 1 mM MgCL,
0.5 mM EDTA, 0.1% LDAO; 0.5 mM phenylmethylsulfonyl
fluoride [PMSFj; 1 mM dithiothreitol [DTT]). The 0.6 M
fraction was dialyzed to 0.3 M and applied to a DNA affinity
column prepared by using the ATF site from position -50 in
the adenovirus E4 promoter (40, 56). The column was
washed extensively with 0.3 M buffer and bound protein was
eluted with 1.0 M buffer. Fractions containing ATF were
dialyzed back to 0.3 M KCl for another round of affinity
chromatography. The above changes resulted in better
yields but produced a doublet band of -4 0 and 43 kDa, in
contrast to the previously described singlet of 43 kDa (40).
Heat dénaturation of the nuclear extract appears to result in
production of the lower-molecular-weight polypeptide (data
not shown).
Production of antibodies to CREB and ATF-43. Rabbits
were immunized with a synthetic peptide corresponding to
the carboxy-terminal 10 amino acids of CREB (33, 39)
conjugated to thyroglobulin. The antibody produced is re
ferred to as anti-CREB throughout this paper. For produc
tion of anti-ATF-43 antibodies, 0.5 pg of purified ATF-43 in
-300 pi of 0.1 M KCl dialysis buffer was precipitated with 90
pi of 10% potassium alum and 12 pi of 4 M NaOH. Each of
three female Black 10 x BALB/c mice was injected subcutaneously with this precipitate and boosted twice at fort
nightly intervals. Tail bleeds were then tested for activity
against ATF compared with preimmune sera from the same
mice. A week prior to subsequent tail bleeds, the mice were
boosted as described above. The three antisera produced are
referred to collectively as anti-ATF and individually as C l,
C2, and C3. A ll experiments were performed with crude
anti-CREB or anti-ATF sera.
Cell culture and in vivo labeling. All cell lines were
maintained as monolayers in Dulbecco modified Eagle me
dium. HeLa, F9 (mouse embryonal carcinoma), JEG3 (hu
man choriocarcinoma), CHO, and 293 cell cultures con
tained 10% fetal bovine serum (FBS). PC12 cultures
contained 10% FBS and 5% horse serum, and MEL28
cultures contained 10% calf serum. Undifferentiated F9
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embryonal carcinoma cells were maintained on standard
tissue culture dishes coated with 0 .1 % gelatin (-300 bloom)
from porcine skin (Sigma G-2500). For comparative experi
ments, cells were harvested at similar confluence one day
after addition of fresh media. For in vivo labeling with ^^Pj,
HeLa cells in suspension were placed in phosphate-free E4
medium containing 5% dialyzed FBS (dialyzed against 50
mM NaCl) and 200 pCi of ^^Pj per ml and labeled for 12 h.
Nuclear extracts were prepared by using a small-scale pro
cedure as previously described (54). For in vivo labeling with
PSJmethionine, monolayer cells were placed in methioninefree E4 medium containing 5% dialyzed FBS (dialyzed
against 50 mM NaCl) and 200 pCi/ml of [^^Sjmethionine
(specific activity, 1,000 Ci/mmol, in vivo cell-labeling grade
from Amersham) and labeled for 12 h. Nuclear extracts from
^■‘’S-labeled cells were produced as described below.
Small-scale nuclear extracts. Nuclear extracts were pre
pared by the same procedure for all monolayer cells used.
Cells were washed twice with phosphate-buffered saline
(PBS), harvested, and resuspended in -300 pi of ice-cold
lysis buffer (20 mM HEPES [pH 8.0], 20 mM NaCl, 0.5%
Nonidet P-40, 1 mM DTT, protease inhibitors [0.5 mM
PMSF, 2 pg of leupeptin per ml, and 2 pg of trasylol per ml])
per 10^ cells. Cells were left on ice for 5 min and centrifuged
for 1 min at top speed in an Eppendorf microcentrifuge at
room temperature. The crude nuclear pellet was re sus
pended in 60 pi of buffer (20 mM HEPES [pH 7.9], 25%
[vol/vol] glycerol; 420 mM NaCl, 1.5 mM MgClj, 0.2 mM
EDTA, 1 mM DTT, protease inhibitors [0.5 mM PMSF, 2 pg
of leupeptin per ml, and 2 pg of trasylol per ml]) per 1 0 ^ cells,
left on ice for 15 min, resuspended again, and left for a
further 15 min. Nuclear debris was removed by centrifuga
tion for 1 min in a microcentrifuge at room temperature, and
the supernatant was diluted to a low salt concentration by
the addition of 2 volumes of 20 mM HEPES (pH 7.4). Heat
dénaturation at 60°C for 7 min (or variations as indicated) of
this diluted extract produced the heat-denatured nuclear
extract used for most of the experiments described. Protein
concentrations were determined by using a dye assay (BioRad).
Small-scale, sequence-specific DNA affinity purification.^^Por ^-‘’S-labeled heat-denatured nuclear extracts were incu
bated batchwise with DNA affinity resin by resuspending the
resin several times over a period of 30 min in a 1.5-ml
microcentrifuge tube at room temperature. For a typical
experiment, 2 0 0 pi of nuclear extract (derived from - 1 0 ^
cells) was incubated with 20 pi of affinity resin. Incubations
were performed in the presence of specific and nonspecific
competitors (5 pM oligonucleotides containing wild-type or
mutated ATF-binding sites or 4 pg of poly[dI/dC] per ml)
which were added to the DNA affinity resin before it was
mixed with nuclear extract. After binding, the resin was
washed with five changes of affinity column wash buffer ( 2 0
mM HEPES [pH 7.4], 100 mM KCl), and the bound proteins
were eluted with 1 M KCl and added directly to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) sample buffer.
In vitro transcription and translation. ^^S-labeled CREB
protein was synthesized in vitro by transcription of CREB
cDNA by using T7 RNA polymerase (Boehringer) and
subsequent translation in rabbit reticulocyte lysate (Amer
sham). Transcription reactions were as previously described
(35) and contained 500 pM m^GpppG and 100 pM GTP to
ensure efficient capping of transcripts. In vitro translation
was performed according to the manufacturers’ instructions.
DNA probes and competitors. Oligonucleotides containing
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consensus wild-type or mutated ATF-binding sites were as
follows. The ATF-binding site core motif TGACGTCA or
corresponding mutated sequence is underlined, (i) WT con
tains the sequence GGATCCATGACGTCATGGATC. (ii)
M l contains the sequence GGATCCATGAATTCATGGA
TC. (iii) M2 contains the sequence GGATCCATGGCGCCA
TGGATC. (iv) p contains the following sequence from the
human p-globin pre-mRNA: GCCCTCTATTTTCCCACCC
TTAGG. E2A contains the following duplicated ATF site
from the E2A promoter: CTACGTCATCTGATGACGTAT
TTCAGATC. The E2A oligonucleotide was concatemerized
and used to make the BSE2 affinity resin used for the off-rate
experiment (see Fig. 10). The BSE4 affinity resin was made
from a concatemerized oligonucleotide with the following
repeated sequence: CCCGGGATGACGTCAT.
In vitro labeling with protein kinase A and immunoprécip
itations. Proteins in heat-treated nuclear extracts were la
beled as follows. Extracts were adjusted to kinase-labeling
conditions by addition of 4 x kinase buffer (200 mM
KH.PO^-KzHPO^ [pH 7.2], 40 mM MgCl,, 10 pM ATP), 1
pCi of l^^PjATP (5,000 Ci/mmol) per pi and 1 U of the
protein kinase A catalytic subunit (Sigma P2645) per pi.
Labeling reactions were performed at 30°C for 30 to 60 min.
For immunoprécipitations, crude antiserum (1 to 3 pl/100 pi)
was added directly to the labeling reactions and left on ice
for 1 h. Immunoprecipitates were collected on protein
A-Sepharose beads (10 pi of packed beads/1 pi of antiserum
added) by mixing at room temperature for 20 min. Following
removal of supernatant, protein A beads were washed with
five changes (700 pi each change) of wash buffer (25 mM
HEPES [pH 7.0], 125 mM NaC], and 0.1% Nonidet P-40)
and finally with wash buffer in the absence of Nonidet P-40.
Washed beads were resuspended in SDS-PAGE sample
buffer, boiled, and electrophoresed. Gels were fixed in 50%
methanol and dried for autoradiography.
Western immunoblot analysis. Proteins were resolved by
10% SDS-PAGE and transferred to nitrocellulose filters for
90 min at 100 V or 300 mA. Filters were incubated for 1 h in
1% bovine serum albumin in PBS-T (PBS containing 0.05%
Tween 20) to block nonspecific binding, incubated with
anti-ATF (crude C3 anti-serum diluted 1:200 in blocking
solution for 1 h) or anti-CREB (crude anti-serum diluted
1:200 for 3 h), and then washed six times in PBS-T over 20
min. The second antibody was either alkaline phosphataseconjugated goat anti-mouse (Bio-Rad) antibody or peroxi
dase-conjugated swine anti-rabbit (DAKO) antibody diluted
1 :1 , 0 0 0
in blocking solution, incubated for 1 h at room
temperature and washed as described above.
Gel mobility shift assays. Appropriate concentrations of
purified ATF, in vitro-made CREB, and ^^P-labeled probe
were determined empirically (40). Purified ATF-43 or in vitro
translation mixture was diluted in 2 0 pi of gel retention
buffer (25 mM HEPES-KOH [pH 8.0], 0.5% bovine serum
albumin, 1 mM EDTA, 10% glycerol, 150 mM KCl, 5 mM
DTT, 0.5 mM PMSF) and incubated with crude antisera for
at least 4 h or overnight at 4°C. Approximately 0.1 ng of
^^P-labeled, 24-bp oligonucleotide corresponding to the
ATF-binding site at position -50 in the adenovirus E4
promoter (56) was added and incubated for 20 min at room
temperature. The samples were then loaded directly onto an
8 % polyacrylamide gel (acryl-bis ratio, 44:0.8) and run in
0 .5 X TBE buffer for 90 min at 200 V. Gels were then fixed
and dried for autoradiography.
Southwestern (DNA protein) blot analysis. Samples con
taining ~85 ng of affinity-purified ATF were run on SDSPAGE with ^'’C-labeled markers and transferred to nitrocel
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lulose, as previously described for Western blots. The filter
was incubated at 4°C overnight in buffer containing 25 mM
HEPES-KOH (pH 8.0), 10% glycerol, 150 mM KCl, 1 mM
EDTA, 0.1% LDAO, 5 mM DTT, and 2.5% Marvel. Probe
was prepared by labeling 0.5 pg of the double-stranded E4
oligonucleotide described above with [y-^^P]ATP and T4
polynucleotide kinase (BRL). The labeled oligonucleotide
(with HindlW overhangs) was then concatemerized over
night by incubation with T4 DNA ligase. Probing of filters
was carried out in 5 to 10 ml of blocking buffer without
Marvel for 60 to 90 min at room temperature. The filter was
then washed on ice for 2 0 min in large volunies (four
changes) of the same buffer (without glycerol or Marvel but
containing 200 mM KCl), dried, wrapped in Saran Wrap, and
autoradiographed.
RESULTS
Antibodies that distinguish CREB and ATF-43. Sequencespecific DNA affinity chromatography has been employed to
purify multiple proteins that bind directly to ATF-binding
sites (1,4,15,18, 34, 40, 44, 70, 92). Of these proteins, ATF
has been defined as two major polypeptides (34, 40), desig
nated ATF-43 (43 kDa) and ATF-47 (47 kDa), from HeLa
cells and JY cells. Another factor, designated CREB (cyclic
AMP response element-binding protein), has been purified
from PC12 cells (70) and rat brain (100) as an -43 kDa
polypeptide and subsequently cloned (33, 39). These obser
vations suggested that CREB corresponds to ATF-43.
To address this question we have used polyclonal antibod
ies to ATF-43 purified from HeLa cells and an anti-peptide
antibody directed against the C terminus of CREB (33, 39)
and established the specificities of these anti-sera (Fig. 1 and
2). l^^Sjmethionine-labeled CREB (Fig. lA , lane L) was
synthesized in vitro by transcription and translation of a
full-length CREB cDNA. Anti-CREB (Fig. lA , lane C)
specifically immunoprecipitated a protein of the expected
size of CREB (32, 33) and this protein was not precipitated
by preimmune serum (Fig. lA , lane P). CREB produced in
vitro bound specifically to a DNA affinity column containing
ATF (CREB)-binding sites (Fig. lA ). Binding was prevented
by an oligonucleotide containing a wild-type ATF-binding
site (Fig. lA , lane WT) and not by an oligonucleotide
containing a mutated site (Fig. lA , lane M l).
Three independent polyclonal mouse antisera (referred to
as C l, C-2, and C-3) were raised against purified HeLa cell
ATF-43 containing no detectable ATF-47 (40). Western blot
analysis and immunoprécipitation demonstrated that all
three antibodies recognized purified ATF-43 (Fig. IB) (As
signment of -4 3 kDa as the apparent molecular mass for
ATF-43 is on the basis of previous determinations [34, 40]
and our data [Fig. 2B and 3]. The size markers used here are
the same as those used to describe ATF-43 and ATF-47 [34],
and the migration of ATF-43 and ATF-47 in our experiments
is in agreement with previous data [34]. ATF-43 appears to
migrate -35 to 40 kDa, according to a different set of size
markers [Fig. IB]. For the purpose of discussion, we have
assigned apparent molecular weights according to the size
markers used in Fig. 2B and 3 and in other studies [34].) In
addition, these antibodies detected an additional, fastermigrating species, the significance of which is addressed
below. Gel mobility shift assays using purified ATF-43 also
demonstrate that C l and C2 antibodies recognized ATF-43
(Fig. IB). C l produced a DNA-protein complex with lower
mobility than that of the complex generated by ATF-43
alone, whereas C2 inhibited binding of ATF-43 to DNA.
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FIG. 1. Antibodies to CREB and ATF-43. (A) Rabbit anti-pep
tide antibody to CREB. Total ” S-iabeied products from an RTL
translation reaction programmed with CREB RNA (lanes L) were
immunoprecipitated with anti-CREB (IMMUNOPRECIPITA
TION) or purified with a sequence-specific DNA affinity resin (DNA
A FFINITY). Immunoprécipitation was with crude preimmune se
rum (lane P) or anti-CREB (lane C). DNA affinity purification was in
the presence of 5 |xM mutant oligonucleotide competitor (lane M l)
or 5 |xM oligonucleotide containing a wild-type ATF (CREB)
binding site (lane WT). (B) Mouse polyclonal antisera to HeLa cell
ATF-43. Purified HeLa cell ATF-43 (60 ng) was Western blotted
(WESTERN) against crude mouse polyclonal antibody (unmarked
lane on right; C3) or ^‘ P labeled and immunoprecipitated (IM M U 
NOPRECIPITATION) with crude preimmune (lane P) or three
independent mouse antisera (lanes Cl, C2, and C3). Size markers
are indicated at the left (unmarked lane on left and lane M). k,
Kilodaltons. (C) Recognition of DNA-protein complexes by antiATF-43 (GEL MOBILITY). Affinity-purified ATF was incubated
overnight at 4°C with no addition (lane N) or 2 |xl of mouse serum
from preimmune (lane P), C l, or C2 mice. An excess of ^^P-labeled
oligonucleotide containing an ATF (CREB)-binding site was then
added, and a standard gel mobility assay was performed.

Thus, although these ATF antibodies are polyclonal, they
recognized some distinct epitopes on ATF-43.
We used the gel mobility shift assay to determine whether
ATF-43 and CREB are the same factor. Assays were per
formed with either purified ATF-43 or in vitro-translated
CREB and an oligonucleotide probe containing an ATFbinding site from the adenovirus E4 promoter (Fig. 2A). As
described above, DNA-protein complexes containing
ATF-43 were shifted to a slower mobility (Cl) or inhibited
(C2) by prior incubation with these antibodies. Similarly,
anti-CREB retarded the DNA-protein complex produced by
in vitro-generated CREB. In contrast, neither C l nor C2
recognized the CREB-DNA protein complex and anti-CREB
did not recognize the ATF-43-DNA complex. Western blot
analysis using the antibodies described above (Fig. 2B)
further indicated that ATF-43 and CREB are distinct pro
teins. In crude HeLa cell nuclear extracts, anti-ATF-43 (C3)

FIG. 2. (A) Effect of anti-CREB and anti-ATF-43 on DNA
binding. Samples of affinity-purified ATF-43 and in vitro-made
CREB were incubated with 2 p.1 of crude antiserum as indicated
above the figure for 4 h at 4°C. Lanes: P, preimmune serum; aC,
anti-CREB serum; C l, Cl mouse antiserum; C2, C2 mouse antise
rum. A standard gel mobility shift was then performed, using a
■
’ ’ P-labeled oligonucleotide probe containing an ATF (CREB)-binding site. (B) Detection of ATF-43 (with C3 antibody) and CREB
(with anti-CREB) in crude HeLa cell nuclear extracts by Western
blotting. Size markers are indicated on the left, k, Kilodaltons.

recognized multiple species in the size range from ~40 to 43
kDa, whereas anti-CREB recognized a distinct ~47-kDa
polypeptide and an additional polypeptide of -65 kDa. The
significance of this latter polypeptide is currently unknown.
Taken together, the above results demonstrate that ATF-43
and CREB are different factors. In addition, there was no
cross-reactivity between anti-ATF-43 and CREB or antiCREB and ATF-43, either in solution (Fig. 2A) or on
dénaturation (Fig. 2B and 3).
CREB corresponded to ATF-47 and formed complexes with
ATF-43. The above experiments indicated that, in contrast
to previous estimations (34, 40, 70), the mobility of CREB
was more similar to that of ATF-47 than to that of ATF-43.
To test the possibility that CREB corresponded to ATF-47
we analyzed CREB and ATF-47 on SDS-polyacrylamide
gels (Fig. 3). HeLa cell protein was labeled with
in vivo
or in vitro by using the catalytic subunit of protein kinase A,
and ^‘ P-labeled ATF was purified by using DNA affinity
chromatography. Sequence-specific binding was adjudged
by competition with oligonucleotides containing wild-type
(Fig. 3, lanes 2, 4, and 8 ) or mutated (Fig. 3, lanes 1, 3, and
7) ATF-binding sites. The in vitro kinase assay has been
used previously to define ATF-43 and ATF-47 (34) and does
not result in detection of API-related species, since these are
not substrates for protein kinase A (34). Both in vivo (Fig. 3,
lanes 1 and 2) and in vitro (Fig. 3, lanes 7 and 8 ) labeling
resulted in detection of sequence-specific binding of ATF-43
and ATF-47 (Fig. 3). As mentioned previously (Fig. IB)
there is more than one polypeptide with mobility similar to
that of ATF-43. In vivo labeling (Fig. 3, lanes 1 and 2)
enabled detection of additional polypeptides of -65 to 70
kDa that might correspond to the previously described factor
EivF (15). Western blot analysis (Fig. 3, lanes 3 to 6 ) of DNA
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FIG. 3. Mobility of CREB and ATF-43 on SDS-polyacrylamide
gels. The apparent molecular weights of ATF-43 and CREB were
compared by sequence-specific DNA affinity chromatography of in
vitro and in vivo ’^P-labeled proteins and Western blotting of the
corresponding fraction with anti-CREB. Lanes: 1 and 2, in vivolabeled polypeptides bound to the DNA affinity resin in the presence
of 5 fiM oligonucleotide containing a mutated (M l) or wild-type
(WT) ATF-binding site; 3 through 6, Western blot (with anti-CREB)
of polypeptides that bind to the DNA affinity resin in the presence of
5 [aM oligonucleotide containing an ATF (CREB)-binding site (WT
and E2A [an oligonucleotide containing the ATF-binding site from
the adenovirus E2A promoter]) or 5 p,M nonspecific oligonucleotide
(M l and (3 [an oligonucleotide containing sequences from the human
3-globin pre-mRNAj); 7 and 8, in vitro-labeled polypeptides bound
to the DNA affinity resin in the presence of 5 p.M oligonucleotide
containing an M l or WT ATF (CREB)-binding site. Molecular size
markers are shown at the left and right.

affinity-purified fractions using anti-CREB identified a single
polypeptide that comigrated with ATF-47. This polypeptide
bound specifically to ATF-binding sites. Binding was inhib
ited by competition with oligonucleotides containing ATFbinding sites (Fig. 3, lanes 4 and 6 ) and not by mutated (Fig.
3, lane 3) or nonspecific (Fig. 3, lane 5) oligonucleotides.
These results suggested that CREB corresponds to ATF47. To show this unequivocally, we analyzed CREB and
ATF-47 by two-dimensional gel electrophoresis (Fig. 4). In
vitro-labeled HeLa cell ATF (including both ATF-43 and
ATF-47) was purified by using the DNA affinity column, and
labeled CREB was purified by immunoprécipitation with
anti-CREB. In the region of 47 kDa, a number of isoelectric
variants were detected in the pi range from 5.2 to 6 .8 . Mixing
of the two samples (anti-CREB immunoprecipitate and DNA
affinity-purified material) demonstrated that all of the CREB
and ATF-47 species comigrate. We conclude from these
experiments that CREB and ATF-47 are identical proteins.
In addition, anti-CREB precipitated a protein(s) that be
haved similarly to ATF-43 on two-dimensional gels. The
significance of this result is addressed below.
The possibility that ATF-43 would coprecipitate with
CREB (Fig. 4) was unexpected; in two independent assays
(gel mobility shift assays [Fig. 2A] and Western blotting [Fig.
2B and 3]), anti-CREB did not recognize ATF-43. This
suggested that coprecipitation of CREB and ATF-43 is
because of CREB-ATF-43 complexes. To show rigorously

— lEF
FIG. 4. Two-dimensional gel analysis of CREB and ATF-47.
HeLa cell nuclear extract was
labeled with the catalytic subunit
of protein kinase A and immunoprecipitated (ANTI-CREB) or
affinity purified (DNA-AFFINITY) and analyzed in two dimensions
by isoelectric focusing (lEF) in the first dimension and SDS-PAGE
(SDS) in the second according to the method of O'Farrell (73). A
mixture of the immunoprecipitated and DNA affinity-purified sam
ples was run on another gel (MIX).

that anti-CREB did not directly recognize ATF-43, we asked
if anti-CREB could precipitate ATF-43 in the absence of
CREB (Fig. 5A). In vitro ^^P-labeled extracts were depleted
of CREB by using anti-CREB followed by immunoprécipi
tation with anti-ATF-43. Several cycles of immunoprecipi-
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FIG. 5. (A) Anti-CREB antibody did not directly recognize ATF43. HeLa cell nuclear extract was
labeled with protein kinase A
and immunoprecipitated with anti-CREB (lane 1). Two further
cycles of anti-CREB immunoprécipitation of the supernatant (lanes
2 and 3), addition of protein A beads only (lane 4), and a final round
of immunoprécipitation (lane 5) ensured depletion of CREB and
CREB-ATF-43 complexes. The supernatant from above was then
immunoprecipitated with anti-ATF (C2 mouse antiserum; lane 6).
(B) The protein(s) that coimmunoprecipitates with CREB is ATF43. Approximately 30 p.g of HeLa cell nuclear extract was
labeled with protein kinase A, diluted to 400 p.1, and immunoprecip
itated with anti-CREB. The immunoprecipitate was collected on
protein A beads and washed, and 1/4 of the sample was removed as
the no-treatment control (lane 1). The remaining beads were resus
pended in 300 |jil of wash buffer and heated for 10 min at 50°C. The
supernatant was divided in three and incubated with anti-ATF (C2
mouse antiserum; lane 3), pre-immune serum (lane 4) or 40 |xl of
DNA affinity resin (lane 5). The DNA affinity resin was washed with
0.3 M KCl dialysis buffer and then suspended in SDS-PAGE sample
buffer prior to electrophoresis. Lane 2 contained 1/3 of the heattreated beads.
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tation with anti-CREB (Fig. 5A, lanes 1 to 5) resulted in
depletion of CREB and putative CREB-ATF-43 complexes.
The first three cycles resulted in efficient depletion (Fig. 5A,
lanes 1 to 3), with no detectable precipitation occurring in
the last two cycles (Fig. 5A, lanes 4 and 5). Following
depletion of extracts by using anti-CREB, anti-ATF-43 was
able to precipitate the substantial amount of ATF-43 that
remained in the supernatant (Fig. 5A, lane 6 ). These results
clearly demonstrate that anti-CREB does not directly recog
nize ATF-43.
To verify that ATF-43 was the protein immunoprecipi
tated by anti-CREB, we disrupted the putative complex and
probed for the release of ATF-43 (Fig. 5B). Purified immune
complexes (Fig. 5B, lane 1) were heated to 50°C (Fig. 5B,
lane 2) to disrupt the putative CRFB-ATF-43 complex. This
resulted in partial release of ATF-43 (compare Fig. 5B, lanes
1 and 2). Confirmation that the polypeptides released were in
fact ATF-43 was provided by immunoprécipitation of the
released polypeptides by anti-ATF (Fig. 5B, lane 3) (and not
by preimmune serum [Fig. 5B, lane 4]) and DNA affinity
purification of the released polypeptides (Fig. 5B, lane 5).
Taken together, the above results demonstrate that the
polypeptide(s) coprecipitating with CREB is ATF-43 and
that CREB and ATF-43 can associate in a protein-protein
complex.
Multiple ATF-43-related species (ATF-43*) were present in
different cell types. cDNA cloning and purification studies
have led to the identification of multiple factors that bind
directly to ATF-binding sites. However, as evidenced by the
above results, sequence-specific DNA affinity purification
from different cell types can result in the isolation of different
proteins (34, 40, 70). We therefore decided to examine the
cell type distribution of ATF-43 and CREB (Fig. 6 ).
Initially we tested PC12 cells which apparently lack
ATF-43 (CREB is the only polypeptide purified from PC12
cells [69], and we show here that CREB is not ATF-43) and
F9 embryonal carcinoma cells, which appear deficient in
CREB, as determined by immunofluorescence staining (32,
33). Using anti-ATF-43, a different pattern of polypeptides
ranging in size from -4 0 to 43 kDa was immunoprecipitated
from HeLa, PC12, and F9 cells (Fig. 6 A). We note that the
anti-ATF-43 did not recognize CREB-ATF-43 complexes.
This apparent paradox is addressed in the Discussion. AntiCREB precipitated CREB from all three cell lines and in
addition precipitated a profile of polypeptides that was
similar or identical to that precipitated by anti-ATF-43 (Fig.
6 B). The pattern of ATF-43-related species might be gener
ated from a common polypeptide in a cell-type-specific
manner during extract preparation. To test this possibility,
we made extracts from mixtures (F+P) of PC 12 (P) and F9
(F) cells (Fig. 6 C). Migration of the higher-molecular-weight
F9-specific polypeptide(s) was not modified in the presence
of PC12 cells, and similarly, the lower-molecular-weight
PC12-specific polypeptide(s) was not modified by F9 cells.
The same result was obtained for mixtures of PC12 cells and
HeLa cells (data not shown). Thus, the different ATF-43related species observed were not produced during extract
preparation and were therefore cell type specific. These
results identify a group of cell-type-specific polypeptides
(ATF-43*) present in nuclear extracts that are antigenically
related to ATF-43. Screening of additional cell lines (Fig.
6 D) did not reveal any further ATF-43-related polypeptides
and indicated that CREB-ATF-43 complexes are present in a
wide variety of mammalian cells, including 293, JEG-3,
MEL-28, and CHO.
To examine the DNA-binding activity of ATF-43* present
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FIG. 6. Detection of cell-type-specific ATF-43-related proteins.
Nuclear extracts were prepared from monolayers of HeLa (H),
PC12 (P), and F9 embryonal carcinoma cells (F). Equal amounts of
nuclear protein from each cell line were ’"P labeled with protein
kinase A, immunoprecipitated as described in Materials and Meth
ods, and analyzed by SDS-PAGE. (A) Immunoprécipitation with
anti-ATF (C2 antibody). For each cell line, immunoprécipitations
were performed with C2 antibody (right-hand lanes) or preimmune
serum (left-hand lanes). (8 ) Immunoprécipitation with anti-CREB.
(C) Effects of mixing F9 cells and PC 12 cells prior to extract
preparation. Immunoprécipitations using anti-CREB were per
formed on nuclear extracts prepared from F9 cells or PC12 cells
alone or from a mixture (F+P) of F9 and PC12 cells mixed at the
time of cell harvest. (D) Detection of CREB-ATF-43 complexes in a
variety of different cells. Nuclear proteins were prepared and
labeled in vitro with protein kinase A as previously described. The
cell lines (described in Materials and Methods) examined and the
antibodies used are indicated above and below the figure, respec
tively. C, Anti-CREB; A, anti-ATF (C2); P, preimmune.

in HeLa, F9, and PC12 cells, we compared the profile of
polypeptides selected by DNA binding with that immuno
precipitated by anti-CREB (Fig. 7). A very similar (or
identical) profile was obtained for immunoprécipitation by
anti-CREB (Fig. 7, lanes C) compared with DNA affinity
purification (Fig. 7, lanes DNA). This demonstrates that the
different species that make up ATF-43* were all able to bind
to DNA.
In vitro labeling of ATF with protein kinase A allowed
detection only of polypeptides that are not phosphorylated
on their protein kinase A phosphoacceptor site. The cell type
differences described above might therefore reflect differen
tial phosphorylation in vivo of the same polypeptides in each
cell. To address this issue we performed immunoprécipita
tion assays following metabolic labeling of cells with
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FIG. 7. Comparison of ATF-43* by DNA binding and immuno
précipitation. In vitro ^^P-labeled proteins from HeLa, F9, and PC12
cells were DNA affinity purified (DNA) in the presence of wild-type
(WT) and mutant (M l) oligonucleotides or immunoprecipitated with
anti-CRFB (C).

P^S]methionine (Fig. 8 ). The pattern of ^‘’S-labeled polypep
tides immunoprecipitated with anti-CREB (Fig. 8 , lanes C)
closely resembles the pattern obtained for
in vitrolabeled polypeptides (Fig. 63), and the same result was
obtained with anti-ATF-43 antibody (data not shown). An
additional ^^S-labeled polypeptide of -55 kDa was immuno
precipitated by anti-CREB. The significance of this polypep
tide is not clear. We conclude that detection of ATF-43* by
using the in vitro kinase assay does not simply reflect
differential cell-type-specific phosphorylation of the protein
kinase A phosphoacceptor site in these polypeptides. The
observed differences in migration might therefore result from
additional covalent modification (for example, because of
other kinases; see below) of the same protein or from the
presence of distinct cell-type-specific proteins.
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FIG. 8. Detection of [^^Sjmethionlne-labeled CRFB-ATF-43
complexes. Nuclear extracts were prepared from [^■'’Sjmethioninelabeled HeLa. PC 12, and F9 embryonal carcinoma cells. Equal
amounts of nuclear protein from each cell line were immunoprecip
itated with anti-CRFB (C) or preimmune (P) antiserum and analyzed
by SDS-PAGE.
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FIG. 9. Effects of phosphatase treatment on ATF-43. Analysis of
DNA affinity-purified ATF-43 (DNA AFFINITY). Heat-killed HeLa
cell nuclear extract (30 |xl) was incubated at 37°C for 45 min in the
presence or absence of 25 U of calf intestinal phosphatase (CIP;
Boehringer), affinity purified, washed extensively, ^^P labeled with
protein kinase A, and electrophoresed. For Southwestern blot
analysis (SOUTHWESTERN), purified ATF-43 was treated as
described above, resolved on an SDS gel. transferred to nitrocellu
lose paper, and probed with a ^^P-labeled oligonucleotide containing
an ATF-CRFB-binding site, as described in Materials and Methods.

Differential phosphorylation produced alternative forms of
ATF-43. Many sequence-specific DNA-binding proteins are
phosphorylated (5, 21, 53, 89, 93), and phosphorylation has
been suggested to play a role in the activities of factors that
bind to ATF-binding sites (1, 32, 33, 48, 6 8 , 76, 78, 100). In
light of this, we examined the effects of dephosphorylation of
HeLa cell ATF-43 (Fig. 9). Treatment of crude nuclear
extracts (prepared from HeLa cells grown in suspension)
with phosphatase, followed by DNA affinity purification and
labeling with protein kinase A, resulted in loss of
detectable ATF-43 and an increase in a faster-migrating
species (Fig. 9). Similar results were obtained by using a
Southwestern blot analysis (Fig. 9). Dephosphorylation of
purified HeLa cell ATF-43 reduced levels of detectable
ATF-43 (filters were probed with a ^^P-labeled oligonucleo
tide probe containing an ATF-binding site) and resulted in
detection of a faster-migrating polypeptide. A probe contain
ing a simian virus 40 API-binding site (40) failed to bind to
purified ATF, demonstrating the specificity of the South
western assay (data not shown).
These results suggest that dephosphorylation alters the
mobility of ATF-43 without reducing DNA-binding activity.
Because phosphatase treatment of ATF-43 produced a poly
peptide with a mobility similar to that of the fastest-migrating
polypeptide from HeLa cells observed in other assays (Fig.
3 and 5), it is possible that HeLa cell ATF-43* arises (at least
partly) from differential phosphorylation of the same protein.
Merino et al, (6 8 ) have reported that dephosphorylation of
HeLa cell polypeptides in the size range of ATF-43 reduces
DNA-binding activity and does not affect migration on SDS
gels. These contrasting effects suggest that the factors de
scribed by Merino et al. are distinct from ATF-43.
Stable DNA binding of ATF-43 depends on flanking se-
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mA

CREB-^
ATF*

column:

BSE2 BSE4

BSE4 ;

cccgggatga CGTCA tcccgggatga CGTCA tcccggg

BSE2 :

eta C G TC A tctga TGACG tatttcagatc

FIG. 10. Stability of DNA binding by CREB and ATF-43. Heatdenatured HeLa cell nuclear extract was ^^P labeled with protein
kinase A, and proteins were allowed to bind to two different DNA
affinity resins (BSE2 and BSE4) in the presence of 4 p.g of polyldldC) per ml. The DNA sequences of concatemerized oligonucleo
tides for the BSE2 and BSE4 affinity resins are indicated at the
bottom. The BSE2 sequence is derived from the ATF site present in
the adenovirus E2A promoter, and the BSE4 site is a consensus
ATF site. DNA-protein complex stability was assessed by compe
tition with 5 pM wild-type (wt) oligonucleotide (specific competitor)
or 5 |xM M2 oligonucleotide (nonspecific competitor) for 30 min.
Following removal of supernatant, the DNA affinity resins contain
ing stably bound proteins were suspended in SDS-PAGE sample
buffer and electrophoresed.

quences or spacing between ATF sites. It has been suggested
that the ability of ATF-binding sites to mediate different
transcriptional responses is influenced by sequences that
immediately flank the CGTCA motif (19, 55, 72). This might
be related to variations in the precise interaction of distinct
ATF-related proteins with DNA (35) or due to interaction of
additional proteins with sequences that overlap ATF-binding
sites (15, 79, 98). To probe for differences in the DNAprotein complexes formed by CREB and ATF-43, we have
examined stable complex formation between these proteins
and two different immobilized ATF-binding sites (Fig. 10).
The two sequence-specific DNA affinity resins employed
contained either a consensus ATF-binding site (BSE4) or the
ATF-binding site from the E2A promoter (BSE2) and dif
fered in sequences flanking the CGTCA motif and in the
spacing between ATF sites (Fig. 10). In vitro ^^P-Iabeled
CREB and ATF-43 were allowed to bind to BSE4 and BSE2
followed by competition with a mutant (Fig. 10, lanes mt) or
wild-type (Fig. 10, lanes wt) oligonucleotide. CREB formed
a stable complex with both BSE4 and BSE2, as indicated by
lack of competition by the wild-type oligonucleotide,
whereas ATF-43 formed a stable complex with BSE4 but not
with BSE2. These results demonstrate that sequences flank
ing the CGTCA core motif or the spacing between ATF sites
can selectively affect stable complex formation between
ATF-43 and DNA.
DISCUSSION
Relationship between CREB and ATF. ATF is a multigene
family of cellular transcription factors related by sequencespecific DNA-binding activity (33, 35, 39, 50, 65). At the
protein level, ATF binding and transcriptional activities
from HeLa cells copurify with two polypeptides designated
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ATF-43 (43 kDa) and ATF-47 (47 kDa). The sequencespecific DNA-binding activity and size of CREB (33, 39, 70)
indicated that it was a member of the ATF family, although
the relationship between CREB and ATF has not been
established. We show here that CREB corresponds to ATF47. Moreover, the antibodies that we have used enabled us
to distinguish CREB and ATF-43.
Three anti-ATF sera that recognized at least two epitopes
on ATF-43 did not cross-react with CREB, and the C-terminal epitope recognized by anti-CREB was not present in
ATF-43. The ability to distinguish CREB and ATF-43 is in
contrast to the previous observation that CREB (ATF-47)
and ATF-43 are highly related (34). Their common proper
ties include reactivity with a range of different antibodies
(34), heat stability, DNA-binding specificity, presence of
phosphoacceptor sites for protein kinases A and C, and
promoter-specific transcriptional activity in vitro. Our re
sults demonstrate that CREB and ATF-43 have several
structural differences and therefore predict different func
tional roles for these two proteins.
We have identified a subgroup of factors (ATF-43*) within
the ATF family that is highly related to ATF-43. These
factors are of similar size and might therefore correspond to
previously identified factors that interact with CREs (4, 18,
44, 75) or the Tax-responsive element of the HTLV-1 long
terminal repeat (92). The relationship between ATF-43* and
previously described ATF cDNA clones is not entirely clear,
although certain possibilities appear to have been ruled out.
We have shown that ATF-43 did not correspond to CREB.
In addition ATF-43 is most unlikely to correspond to CREBPl or ATF-2 (because of a different size 165]), ATF-3
(ATF-3 does not form heterodimers with ATF-1 [35] and
would therefore not form heterodimers with CREB), or
ATF - 6 (which only binds to multimerized ATF-binding sites
[35]). The observation that muitiple proteins are related to
ATF-43 but are not encoded by previously isolated cDNA
clones indicates that the size of the ATF family at the protein
level is even larger than that predicted from cDNA-cloning
studies (35).
Complex formation between CREB and ATF-43. The anti
bodies described above have enabled us to demonstrate that
CREB forms protein-protein complexes with ATF-43. Lack
of an in vitro assay for complex formation precludes a
demonstration of direct interactions between CREB and
ATF-43 or mapping of determinants involved in complex
formation. A cDNA clone that encodes ATF-43 will be
required to analyze complex formation in detail. It is possi
ble that CREB and ATF-43 interact indirectly or that their
interaction is not mediated through leucine zippers. How
ever, several considerations suggest that CREB and ATF-43
most probably form heterodimers, with direct protein con
tacts mediated through the CREB leucine zipper and the
putative leucine zipper of ATF-43. First, isolation of several
cDNA clones encoding factors that directly interact with
ATF-binding sites reveals that these factors belong to the
bZIP class of transcriptional activators (35, 96). Second,
CREB binds independently to ATF-binding sites as a ho
modimer (100), and ATF-43 can also bind independently
(40), strongly suggesting that CREB-ATF heterodimers
would probably bind to DNA in the same manner as CREB
homodimers.
Our results demonstrate that protein-protein interactions
between members of the ATF family can be detected in cell
extracts, thus identifying specific complexes that almost
certainly occur in vivo. This extends previous results (35)
that have demonstrated heterodimer formation between
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members of the ATF family in vitro. The specificities of the
antibodies that we have employed enable identification of
CREB-ATF-43* complexes and are therefore useful re
agents for further characterization of these complexes in
vitro and in vivo.
Functional role of CREB and ATF-43 complexes. It is likely
that the variety of transcriptional responses that are medi
ated by ATF-binding sites requires different combinations of
CREB and ATF-43. Our results demonstrate that ATF-43
has distinct homodimeric and heterodimeric conformations,
as indicated by lack of recognition of CREB-ATF-43 com
plexes by three antisera that recognize at least two determi
nants on ATF-43. Thus, ATF-43 could differentially interact
with other parts of the transcriptional machinery, dependent
on heterodimerization with CREB. By analogy with octamer-binding proteins, the ability of ATF-binding sites to
confer multiple transcriptional responses could occur, in
part, through the selective interaction of CREB and ATF-43
with other proteins that do not bind to DNA independently.
The study of viral systems suggests that the adenovirus Ela
protein and the HTLV-1 Tax protein are likely candidates.
In the case of Ela, it has been suggested that ATF might
function by recruiting E la into transcription complexes (61),
raising the possibility that E la could discriminate between
different CREB-ATF-43 complexes. Similar interactions
might occur between CREB-ATF and the HTLV-1 Tax
protein that has been shown to bind indirectly to ATFbinding sites found in Tax response elements (67).
The potential of ATF-binding sites to mediate transcrip
tional responses to E lA , cAMP, or Tax appears to be
influenced by cw-acting determinants other than the CGTCA
core motif (19, 25, 49, 55, 72). Sequences immediately
flanking the core CGTCA motif and additional promoter
elements can both alter the activating potential of particular
ATF sites. We have provided evidence that CREB and
ATF-43 form complexes with DNAs of different stabilities in
a manner which is determined either by a flanking sequence
or by spacing between multiple ATF sites. Our data are
insufficient to define determinants of stable complex forma
tion between ATF-43 and DNA. However, our results
suggest that differential stability of DNA binding is one
mechanism that can regulate activities of members of the
ATF family and contribute to the differential activities of
ATF-binding sites.
Cell type distribution of ATF-43*. We have identified at
least four polypeptides that share several properties with
ATF-43 but differ in cell type distribution. Given the number
of possible dimers that might exist between members of the
ATF-CREB and Jun-Fos families, changes in abundance of a
single factor could dramatically change the cellular comple
ment of functional dimers. In this regard it is of interest that
the ratios of free (homodimeric?) ATF-43 to ATF-43-CREB
complexes varied dramatically among different cell types
(Fig. 6 ), as does the activity of several cAMP response
elements (2, 16, 17, 38, 49, 80, 90).
We have not established any interrelationships among
members of ATF-43* present in HeLa, F9, and PC12 cells.
Differential splicing, expression of different genes, or posttranslational modifications could all be contributary factors.
Production of highly related protein products by differential
splicing has been described in the case of CREB (101). Our
data are consistent with the possibility that posttranslational
modifications might contribute to generation of ATF-43*.
First, the cell type distribution of ATF-43* is strikingly
different but is not absolute, as indicated by detection of
small amounts of most members of ATF-43* in most cell
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types examined (Fig. 6 ; data not shown). Second, a subset of
ATF-43* probably arises by differential phosphorylation of a
common polypeptide (ATF-43) in HeLa cells by a kinase(s)
other than protein kinase A.
In light of the recent demonstration that CREB is required
for cAMP-inducible transcription in F9 cells (32), the role of
ATF-43 in these cells is of particular significance. The ability
of CREB to independently bind to DNA in vitro (100)
together with its ability to mediate a cAMP response in F9
cells (32), has led to the suggestion that CREB homodimers
are responsible for cAMP-inducible transcription. Our re
sults raise the possibility that CREB-ATF complexes might
be the active components in the cAMP response. Alterna
tively, ATF-43 might negatively regulate CREB in F9 cells
(which do not respond to cAMP [32, 81]) or expand the
activating potential of CREB for promoters that are not
regulated by cAMP.
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AB STR A C T
A large fam ily of m amm alian transcription factors
including m ultiple variants of CREB, CREM and ATF1
have been im plicated in signal transduction by cAMP
and o ther cellular pathways. Although the roles of
som e m em bers of the fam ily have been characterised
the function of ATF1 is poorly understood. W e have
identified one or more key serine residues that are
required for a phosphorylation-induced conformational
change in A T F 1. The critical serines map to a putative
transcriptional activation domain of ATF1 and affect the
s ta b ility

of

ATF1

D N A -b in d in g .

In tr ig u in g ly

p h o s p h o r y la tio n
is
m o d u la te d
by
A TF1
hom odim erisation and by ATF1 binding to DNA. One
of th e key se rin e residues requ ired fo r ATF1
phosphorylation is not conserved in CREB and CREM
suggesting th at it is likely to determ ine som e
specialised function of ATF1.

IN TRO DUC TIO N

Phosphorylation is one of the major mechanisms known to govern
transcription often providing the key link for relay of intracellular
signals to the transcription machinery (1, 2, 3). The activity of
several transcription factors is directly influenced by
phosphorylation, in a manner that affects their nuclear
translocation, DNA-binding or transactivation functions. The
basic/leucine zipper (bZIP) class of dimeric transcription factors
have been shown to be the nuclear targets for many intra
cellular signalling pathways including those involving phos
phorylation by protein kinase A (4, 5, 6 , 7, 8 ), the
calmodulin/Ca^+-dependent protein kinase (9 , 1 0 ), protein
kinase C (11) and MAP kinases (12). Regulation o f the cAMPresponse-element-binding protein (CREB) by protein kinase A
(PlOk) is one of the best characterised pathways (13, 14, 15,
16, 17).
Regions of CREB required for transcriptional activation include
a glutamine-rich N-terminal transactivation domain (18), the apeptide (19) and a complex region termed the kinase-inducibledomain (KID (18)) or the phosphorylation box (P box (6 )). The
P box includes the protein kinase A (PKA) phosphoacceptor site
and two other regions termed PDEl and PDE2 which flank the
PKA site (6 , 18). Activation of CREB is thought to involve an
* To whom correspondence should be addressed

increase in both transcriptional (6 , 7) and DNA-binding activity
(5). Although functional characterisation of CREB has lead to
significant advances in understanding cAMP-signalling, the
existence of a large number o f CREB relatives (20, 21, 22) has
raised many new questions. At least two other genes (CREM
and A T F l) encode close relatives of CREB and the total number
o f distinct proteins is more complex due to heterodimerisation
and a high degree of differential splicing of the CREB (23, 24,
25) and CREM (21) genes. Characterisation of CREB has
provided clues to the properties of other family members but to
date their functions are not well characterised.
ATF-1 exhibits 70% overall homology to CREB with an
essentially identical bZIP domain and strong conservation o f the
P box. As expected from these structural similarities there is
evidence that A T F l can act as a cAMP-inducible transcription
factor ( 8 , 26). However there are a number of features which
suggest that A T F l w ill exhibit some novel functions and
regulation. First, when fused to the DNA binding domain of the
yeast activator gal4, transcriptional activation by gal4/CREB is
not affected by the presence of the leucine zipper while activation
by gal4/ATFl is strongly stimulated (26). Second the N-terminal
region of A TF l ( -2 7 amino acids) is not highly related to CREB
and determines the stability A T F l DNA-binding (26). Third,
during differentiation of F9 embryonal carcinoma cells expression
of A T F l is down-regulated while CREB remains constant (27).
Finally, ATF-1 exists in multiple cell type-specific forms that
arise, at least in part, due to differential phosphorylation (2 2 ,
26). To date the phosphorylation state of ATF-1 and its functional
significance have not been addressed. Here we describe in vitro
assays for A T F l phosphorylation. Phosphorylation of a single
serine residue in A TF l that is not conserved in CREB and CREM
is correlated with a dramatic conformational change in A T F l.
Our results therefore suggest that phosphorylation will determine
some specialised function of A T F l.

M ATERIALS AND M ETHO DS

Cell culture and transfections
Human choriocarcinoma JEG3 cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% foetal calf
serum. Cells were transfected using the calcium phosphate
coprecipitation method CAT assays performed as previously
described (28).
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Plasmids and peptides
pANTR encodes wild type A T F l lacking the amino-terminal 27
amino acids. pANTR was derived from pGFLATFl (a full length
A T F l cDNA cloned in the polylinker o f pGEM3 (26)) by
replacing A T F l sequences upstream o f the BamHl site (amino
acid 56) with an oligonucleotide encoding amino acids 2 8 -5 6
in A T F l. pmNTR was derived from pGFLATFl by replacing
the amino-terminal sequences of A T F l with an oligonucleotide
encoding alanine in the place o f serine or threonine as indicated
in figure 3. The pSM series of mutant plasmids were derived
from pG FLATFl by site-directed mutagenesis using PGR. A ll
mutations were confirmed by sequencing. pFGATFl and
pFGSM456 were also derived from pGFLATFl as follows. A
unique Ndel site was created by a single point mutation at position
628 in the A TFl sequence. The Ndel-EcoRl fragment containing
the A T F l bZIP domain was then replaced with a hybrid bZIP
domain consisting o f the basic domain of c-fos and the leucine
zipper GCN4. pSP6 FgGz (29) was used to generate the PGR
insert and the resulting hybrid protein consists of ATF-1 (amino
acids 1-210) linked to the FgGz peptide at fos amino acid 135.
pATF IT and pSM456T contain füll length A T F l (in which the
bZIP domain is replaced with the bZIP domain from GREB) with
a 7 amino acid T-antigen epitope for the monoclonal antibody
KT3 (30) fused to the carboxy terminus, and cloned into pSG424
(31). The bacterial expression vectors pET 15bATFl and
pET15bSM4A were obtained by inserting the complete A T F l
cDNA sequence into pET-15b (Novagen). pGEX-ATFl is
described elsewhere (27). Synthetic peptides corresponding to
the leucine zipper regions of GREB, c-Jun and c-Fos are also
described elsewhere (27).
Western blotting and immunoprécipitations
Preparation of nuclear extracts and antibodies to GREB and ATF 1
have been previously described (22). Anti-peptide antibodies were
raised against synthetic peptides corresponding to the carboxy
terminal 10 amino acids of GREB or carboxy terminal 13 amino
acids o f A T F L Polyclonal antibody was raised against A T F l
purified from HeLa cells. The KT3 monoclonal antibody is
described elsewhere (30) ^-P-labelling and immunoprécipitation
of GREB and A T F l was performed as previously described (22).

In vitro transcription and translation
^^S-labelled ATF-1, ATF-1 mutants and GREB proteins were
synthesised in vitro by transcription o f their corresponding
cDNAs (26) as previously described (20) using SP6 or T7 RNA
polymerase (Boehringer) and subsequent translation in rabbit
reticulocyte lysate (Amersham). For phosphatase treatment of
in vitro translation products, rabbit reticulocyte lysate (2 /il) was
treated with 5U of calf intestinal phosphatase for 2 hours at 37°G
in 12/d reactions containing 20 mM HEPES pH8.0, 20 mM
MgGL, 40 mM KGl and 0.6 mM PMSF. Phosphatase inhibitors
were used at the following concentrations. 60 mM NaF, 20 mM
EDTA, 2 fiM L-cys and 2 /tM okadaic acid.
Gel retardation experiments
Gel retardation assays were performed as previously described
(22). Oligonucleotides containing consensus wild-type or mutated
ATF-binding sites were as follows. The ATF-binding site core
motif TGAGGTGA or the corresponding mutated sequence is
underlined. The wild type competitor oligonucleotide contains

the sequence GGATGGATGAGGTGATGGATG and the mutant
oligonucleotide sequence is GGATGGATGAatTGATGGATG.
Bacterial expression of ATF
Plasmids pGEX-ATFl and pET15bATFl were used to express
glutathione-S-transferase fusion protein (GST-ATFl) and
histidine tagged fusion protein (H6-ATF1) respectively.
Purification of GST-ATFl was as previously described (27).
Purification o f H6-ATF1 was performed in a similar manner and
protein was eluted from the NF+-agarose beads using 250mM
imidazole and quick frozen.
Phosphorylation hy casein kinase 2 and phosphopeptide
analysis
Bacterially expressed H6-ATF1 protein was ^‘ P-labelled with
purified casein kinase 2 (GK2) by incubation at 37°G for Ih in
buffer containing 20 mM tris (pH 7.5), 75 mM NaGl, 12 mM
MgGl] and 50 /iM ATP. GK2 was obtained from J.Woodgett
and was purified as described elsewhere (32). Labelled protein
was passed through a G-50 spun column (Pharmacia) to remove
unincorporated label and prepared for sequencing as follows.
Lyophilised protein was dissolved in 25 mM NH 4 HGO3
containing IM urea and digested with trypsin (5% WAV) for 5
hours at 37°G. The digest was acidified with 2/d TFA and
injected directly onto an RP300 G8 reverse-phase column
equilibrated with 0.05% v/v aqueous TFA. Peptides were eluted
with a 0 -8 0 % gradient o f acetonitrile and the major radio
labelled peak dried onto an arylamine-substituted PVDF
membrane and covalently attached using ethyl dimethylamino
propyl carbodiimide (33). The peptide was then sequenced by
Edman degradation using a MiliiGen 6600 sequenator (34) and
fractions representing different cycles collected for counting.

RESU LTS

Assays for phosphorylation of A T F l
To gain insight into A T F l phosphorylation we have utilised
various in vitro assays (figure 1). Phosphorylations that decrease
the mobility o f A T F l on SDS gels occur during in vitro
translation o f A T F l mRNA in rabbit reticulocyte lysate (RRL)
(26, 27). A complex pattern of A T F l polypeptides are produced
in RRL and this is due to a high degree of differential
phosphorylation as described below (see also figure 4).
Throughout the results we w ill not distinguish between the
multiple phosphovariants produced because we are not monitoring
phosphorylation directly. We w ill simply refer to decreases in
mobility of A T F l on SDS gels as ‘phosphorylation’ without
implying that all effects observed are due to the same
phosphorylation events. Gomplete phosphorylation can result in
a single A T F l species with the lowest mobility (see figure 4B)
and conversely, phosphatase treatment produces a single band
with the highest mobility (figure lA and 4A). Interestingly the
mobility of the highly homologous GREB protein is not affected
under these conditions (figure lA ). Because the change in
mobility of A T F l due to phosphorylation is so large (an ~ 7
kDa shift) we interpret this to indicate that phosphorylation(s)
induces a change in conformation of A T F l.
To develop an assay for A T F l kinases independently of RRL
we have utilised bacterially expressed A T F l protein as a
substrate. As expected bacterial A TF l migrates on SDS gels with
a mobility that indicates it is unphosphorylated. Gompare
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Figure 1. In vitro assays for ATF-1 phosphorylation. (A) Translation of ATFl
in rabbit reticulocyte lysate (RRL). ^^S-labelled ATF-1 and CREB were produced
by translation in RRL, mixed and treated with calf intestinal phosphatase in the
presence or absence of phosphatase inhibitors, resolved by SDS-PAGE and
autoradiographed. Molecular weight standards (Biorad prestained low size range)
are shown to the right. (B) Phosphorylation of bacterially expressed ATFl. Purified
^^S in vivo-labelled ATFl (-1 0 ng) was incubated with 5/il of reticulocyte lysate
(lanes 5 -7 ) or HeLa cell nuclear extraa (lane 1-3 ) for the times indicated below
the figure in the presence of ImM Mg^"^ and 0.5 mM ATP as indicated. Lane
4 contains ATFl produced by in vitro translation in RRL.
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the a-peptide (a) and a glutamine rich activation domain (Q), both of which
contribute to transcriptional activity (18, 19). ATFl and CREB have overall
homology of ~ 70% and 95% in the bZLP region (20) but diverge at their aminotermini. ATFl has a small region at the amino-terminus (the NTR, see figure
2) that is not obviously related to CREB. The NTR influences ATFl DNA-binding
activity (26). % homology (including conservative changes) within the P box for
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Figure 2. Mutational analysis of the N-terminal region (NTR) of ATFl in RRL.
The sequence of the NTR and homologous regions of ATFl and CREB are shown
at the top. For a detailed description see figure 3. ANTR lacks the N-terminal
27 amino acids of ATF-1 and mNTR is full-length with serine and threonine
residues (as indicated by the filled circles) changed to alanine. ^^S-labelled
ANTR, mNTR and wild type ATFl proteins were produced by in vitro translation
in RRL and analysed as described in figure 1A. Molecular weight standards (Biorad
prestained low size range) are shown to the left.

methionine-labelled bacterial ATF-1 (figure IB, lanes 1 and 5)
with phosphorylated A T F l made by translation in RRL (lane 4).
Incubation with RRL for 10 minutes results in efficient
phosphorylation of bacterial A TF l (figure IB, lane 6 ) and longer
incubations are no more efficient (lane 7) suggesting that the
kinases present in RRL rapidly lose activity (see also figure 9).
We also tested extracts from HeLa cells for A T F l kinases.
Incubation o f bacterial A T F l with HeLa cell nuclear extract
resulted in efficient phosphorylation (figure IB, lane 2 ) dependent
on exogenous Mg^"^ and ATP (compare lanes 2 and 3). In
summary a variety o f in vitro assays can be used to study
phosphorylations of A T F l that alter mobility on SDS gels.

Requirements for A T F l phosphorylation in vitro
Despite the high degree o f homology between A T F l and CREB,
CREB does not exhibit any alteration in mobility upon treatment
with phosphatase ((27) and figure lA ). This suggested that at
least some o f the phosphorylations occurring in RRL might be
specific for A T F l. A T F l diverges from CREB at the aminoterminus (see figures 2 and 3) and this region of A T F l (the NTR)
is highly serine/threonine-rich. We therefore examined the
involvement of the NTR in phosphorylation of A T F l. An A TF l
mutant RNA lacking the NTR (ANTR) was translated in RRL
(figure 2). Phosphatase treatment has only a small effect on the
mobility of ANTR protein indicating that the NTR is important
for the phosphorylation-induced change in A T F L To gain further
insight into the role o f the NTR we tested a full length A T F l
protein (mNTR) in which all the serines and threonines in the
NTR were mutated to alanine. mNTR behaved identically to wild
type A T F l in the RRL assay (figure 2). We conclude therefore
that the NTR is important for a phosphorylation-induced
conformational change but that the phosphorylation sites lie
outside of the NTR. Because it has been suggested that activation
o f CREB is achieved by a PKA-dependent conformational change
(6 , 7) we next asked whether the PKA phosphoacceptor site of
A T F l (serine 12, see figure 4) is required for the
phosphorylation-induced conformational change of A T F l (figure
4A). Mutation o f the PKA phosphoacceptor site to alanine
(S M I2) has no effect on A T F l mobility on SDS gels indicating
that phosphorylation o f this site is not required for the
conformational change in A T F l observed in RRL.
Homology between A T F l, CREB and CREM is shown in
figure 3. Immediately downstream of the NTR, A T F l is again
highly serine-rich and is homologous to the phosphorylation box
or P-BOX (6 , 18) in CREB. This region contains the PDEl
region of CREB that is important for transcriptional activity (6 ,
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Figure 4. Identification of serine residues important for phosphorylation of ATFl
in RRL. (A) Mutation of the PKA site. ^^S-labelled SM12 protein containing
a mutation of the PKA phosphoacceptor site (see nomenclature below) was
produced by in vitro translation in RRL and compared with wild-type ATF-1
as described in figure 2A. (B, C and D) Mutation of serines within the PDEl
homology. The sequence of ATFl including the region of the PKA
phosphoacceptor site and the PDEl homology is shown and the serine residues
present assigned a number from 1-12. Nomenclature is as follows. SMI is a
mutant in which serine I has been changed to alanine. All mutations are serine
to alanine except for SM4A which contains a serine to aspartic acid change at
serine 4. Parts B, C and D represent different experiments each including a co
translated wild type ATFl protein for comparison. Molecular weight standards
(Biorad prestained low size range) are indicated to the left for each part of the
figure.

18) and appears to be highly phosphorylated (6 ). We therefore
tested A T F l mutants in this region for the ability to undergo the
phosphorylation-induced conformational change in RRL (figure
4B). Serine residues in the region were assigned a number from
1 - 1 1
and mutants named according to the serines that are
changed to alanine. Thus SMI - 4 has serines 1 - 4 all mutated
to alanine. Mutation of two groups o f serines (S M I- 4 and
S M 5 - 11) has a significant effect on A T F l mobility suggesting
that at least two serines are involved in A T F l phosphorylation
(figure 4B). Further mutational analysis points to the serines
responsible. Most mutations have little effect but dramatic effects
are observed for mutants in which serines 4,5 and 6 are changed
to alanine (figure 4C and 4D). Significantly mutation o f serine
4 alone has a dramatic effect on mobility. However the double
mutants SM4/5 and SM4/6 both give a greater effect compared
with SM4 alone, suggesting that serines 5 and 6 are also

32-
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32 p

Figure 6. Phosphorylation of ATFl by CK2. Bacterially expressed ATFl was
incubated with HeLa cell nuclear extract (NE) or CK2, resolved by SDS/PAGE
and detected by Western blotting using anti-ATF 1 antibody (26). 7-^^P-ATP was
included in the CK2 incubation, the dried blot subjected to autoradiography and
the autoradiogram (marked ^‘ P) aligned with the Western blot (WESTERN).
Purified bacterial expressed SM4A protein has serine 4 changed to aspartic acid.
Molecular weight standards (Biorad prestained low size range) are indicated to
the left.

important. In summary, we conclude that the region o f A TF l
containing serines 4, 5 and 6 is most important for the
phosphorylation-induced conformational change of A TF l in
RRL. Because serines 4,5 and 6 are adjacent serines and because
mutation o f these serines mimics the effect of phosphatase
treatment, these results strongly suggest that phosphorylation of
serines 4,5 and 6 accounts for the induced conformational change
of A T F L
Requirements for A T F l phosphorylation in vivo
The in vivo significance o f A T F l phosphorylation by as yet
unidentified protein kinase(s) present in RRL is not clear. To
examine this we expressed normal and mutant A T F l proteins
in JEG3 cells and analysed the conformation of the expressed
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the catalytic subunit of PKA had no effect on the mobility of
ATF IT or SM456T proteins in vivo (figure 5) again consistent
with the in vitro data (figure 4A) indicating that the PKA site
is not required for the phosphorylation-induced conformational
change in A T F l.
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Figure 7. Functional effects of ATF-1 mutations. (A) Transcriptional activation
by ATF-1 mutants fused to the DNA-binding domain of gal4. Transfections were
as described in materials and methods. JEG3 cells were co-transfected with a
reporter plasmid containing binding sites for gal4 (pG5E4CAT) and activator
plasmids expressing wild-t>'pe or mutant gal4/ATF-l activators, in the presence
and absence of plasmid encoding the catal>lic subunit of protein kinase A (pMtC).
CAT assays were performed 36 hours post transfection. (B) Stability of ATFl
DNA-biixhng. Gel retardation assays using proteins produced by in vitro translation
in RRL were performed as described in materials and methods using wild t) pe
ATFl and SM456 proteips. The ^‘P-labelled DNA probe contained an ATF
binding site from the adenovirus E4 promoter. Positions of free probe (P) and
protein/DNA complexes (C) are indicated to the left. At various times before
the samples were applied to the gel (indicated in minutes at the top) an excess
of unlabelled competitor oligonucleotide containing a consensus ATFl binding
site was added and incubation continued. Control experiments are shown on the
right. DNA competitor was added before formation of complexes and the ^^Plabelled DNA probe was incubated with RRL that had not been programmed
with ATF RNA.

proteins on SDS gels (figure 5). In order to distinguish the
exogenous proteins from endogenous A T F l, exogenous proteins
were tagged at their C-termini with a 7 amino acid T-Antigen
epitope recognised by the monoclonal antibody KT3 (30). In vitro
analysis indicates that the presence of the epitope adjacent to the
leucine zipper of A T F l does not affect the ability of A T F l to
dimerise or bind DNA (data not shown). Nuclear extracts were
prepared from transfected cells and analysed by Western blotting
(figure 5). Normal A T F l (A TFIT) gives a profile of multiple
bands indicating that exogenous A TF l is partially phosphorylated.
Mutation of serines 4, 5 and 6 (SM456T) produce an alteration
in the A T F l mobility characteristic of lack of phosphorylation.
We also analysed several other mutants in vivo (S M I-4,
SM5-11, SM5, SM5/6, SM4/6 and SM12) and found that the
effects o f mutations correlated with the results obtained in the in
vitro RRL assay (data not shown). Thus the serine residues that
are most important in vitro in the RRL assay appear to be
important for A T F l phosphorylation in vivo. Co-expression of

Serine 4 forms part o f a good consensus site for CK2 (35). To
test whether CK2 could phosphorylate ATF-1, bacterially
produced A T F l was incubated with HeLa nuclear extract or
purified CK2 (figure 6 ) and then visualised by Western blotting.
7 -^^P ATP
was included in the CK2 incubation and an
autoradiogram of the blot compared with A T F l detected by
Western blotting (figure 6 ). CK2 is able to phosphorylate A TF l
efficiently and CK2-phosphorylated A T F l migrates in a similar
(but not identical) position to the upper band produced by
phosphorylation of A T F l by HeLa nuclear extract. HPLC and
sequence analysis of ^^P-labelled tryptic peptides showed that the
majority o f the label (> 90% ) was present in a single CK2
phosphoacceptor site of A TF l which corresponds to serine 4 (data
not shown). To further probe the importance o f phosphorylation
o f serine 4 for A T F l conformation we examined a bacterially
produced A T F l protein in which serine 4 is converted to aspartic
acid (SM4A, figure 6 ). This introduces a negative charge which
can mimic serine phosphorylation under some circumstances (36).
SM4A protein has a partially decreased mobility on SDS gels
in a manner normally induced by phosphorylation. A greater
effect of this serine to aspartic acid change is seen in the RRL
assay (see figure 4D). From the sum of the above results we
conclude that phosphorylation of serine 4 is correlated with a
conformational change in A T F l.
Functional effects of A T F l phosphorylation
Serines 4 ,5 and 6 map to a region o f homology with CREB that
is important for CREB transcriptional activity (6 , 18). We
therefore sought to test the effect of mutating these serines on
A T F l transcriptional activity. Since A T F l cannot be tested
directly in vivo (because of interference from endogenous ATF
proteins) we employed an established assay in which A T F l is
fused to the DNA-binding of the yeast activator gal4 (26) and
transcription monitored using a reporter driven by gal4 binding
sites. A panel of gal4/ATFl fusion constructs were prepared to
cover all the possible combinations o f mutations which could arise
from serines 4, 5 and 6 . These constructs were transfected into
JEG3 cells, and PKA-inducible transcriptional activity of the
mutant proteins compared with that of wild-type gal4/ATFl
(figure 7A). For all o f the mutants analysed there is a strong
induction by PKA and the absolute activity is comparable with
wild type A T F l. Thus in this assay mutation of serines 4, 5 and
6 has no effect on A T F l transcriptional activity.
The phosphorylation state of A T F l does not appear to affect
the ability to recognise DNA (22). However in light o f the
observations that the NTR affects the stability of A T F l DNAbinding (26) and is required for the phosphoiydation-induced
conformational change, we tested the effect of mutating serines
4, 5 and 6 on the stability o f A T F l binding (figure 7B). The
wild type A T F l and SM456 proteins were produced in RRL and
allowed to bind to a ^^P-labelled DNA probe containing an ATF
binding site from the adenovirus E4 promoter (37). The off-rate
was examined by addition of specific competitor DNA for various
times after equilibrium binding was established (figure 7B). The
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with the basic region of c-fos and the leucine zipper of GCN4. Molecular weight
standards (Biorad prestained low size range) are indicated to the left.

mobility of DNA/protein complexes formed by A TF l and SM456
proteins is different (figure 7B, compare left hand panel (A T F l)
with centre panel (SM456)). Thus the phosphorylation-induced
conformational change in A T F l is apparent under native
conditions and is not peculiar to the denatured protein as
visualised on SDS gçls. A TF l dissociates more or less completely
from DNA following 40 minutes of competition (the faint
complexes remaining are present in RRL only) whereas most
of the SM456 protein remains bound over this time period.
Specificity of DNA-binding and the ability of the competitor DNA
to compete for binding of the SM456 protein is indicated by
competition with an excess of wild-type competitor DNA added
at zero time (figure 7B, right hand panel). These results
demonstrate that the integrity of serines 4, 5, and 6 is important
for unstable binding of A T F l to DNA and that phosphorylation
of one or more of these serines probably accounts for unstable
binding.
Homodimerisation alters phosphorylation of A T F l
Because ATF family members function as homodimers or
selectively form heterodimers (20, 22, 38) it was pertinent to
examine whether homodimerisation had any effect on A T F l
phosphorylation. For this purpose we exploited the ability o f a
synthetic leucine zipper (LZ) to compete for homodimerisation
and thereby produce essentially monomeric forms o f A T F l (27).
We have previously shown that a CREB LZ peptide can dimerise
with CREB and A T F l proteins (27). Dimejisation is highly
specific since LZ peptides representing leucine zippers of proteins
that do not dimerise with A T F l (for example JUN and FOS)
do not compete for dimérisation (27).
Addition of increasing amounts of CREB LZ peptide to a RRL
translation reaction causes an increase in mobility o f A T F l on
SDS gels whereas addition of JUN and FOS LZ peptides has

Figure 9. Effect of DNA-binding on phosphor>'lation of ATFl in RRL. ^^Slabelied ATFl was produced by in vitro translation in RRL in absence of DNA
(lane 1), l(X)ng of an oligonucleotide containing a consensus ATF-binding site
(WT. OLIGO, lane 2) or l(X)ng of an oligonucleotide containing a mutated ATF
binding site (MUT. OLIGO, lane 3). An aliquot of the translation shown in lane
1 was then treated with RNAase A to prevent ftirther translation and either analysed
directly on the gel (lane 4) or incubated with fresh RRL in the presence of WT.
OLIGO (lane 5) or MUT. OLIGO (lane 6) for 30 minutes prior to gel analysis.

no effect (figure 8 ). This result indicates that certain A TF l
phosphorylations are inhibited by the CREB LZ peptide. The
CREB LZ peptide does not directly inhibit protein kinases in RRL
because inhibition is dependent on the presence of the peptide
during translation (data not shown). Inhibition of phosphorylation
may not be complete either because monomers are phosphorylated
to some extent or because the synthetic LZ peptide is not efficient
at preventing dimer formation. In any event it is clear that
homodimerisation o f A T F l reduces certain phosphorylations in
RRL. We also asked whether phosphorylation of A T F l was
influenced by a specific bZIP domain. Wild type (FGATFl) and
serine mutant (FGSM456) hybrid proteins in which the A T F l
bZIP domain is precisely replaced by the basic region of Fos
and the GCN4 leucine zipper were produced in RRL and
compared with wild-type A T F l (figure 8 ). The differential
migration o f the unmutated and mutated hybrid proteins on SDS
gels is very similar to the corresponding forms o f A T F l. Thus
although homodimerisation modulates A T F l phosphorylation a
specific bZIP domain is not required.
Phosphorylation of A T F l is inhibited by DNA-binding
It has recently been shown that phosphorylation o f functionally
important sites in the bZIP protein c-Jun is dependent upon the
intracellular concentration o f binding sites (39). This prompted
us to examine the effect o f DNA-binding on A T F l
phosphorylation. A T F l was produced in RRL in the absence of
DNA (figure 9, lane 1), the presence of an excess of
oligonucleotide containing a wild-type ATF binding site (WT.
OLIGO, lane 2) or an oligonucleotiiie containing a mutated ATF
binding site (MUT. OLIGO, lane 3). The wUd-type ATF binding
site causes a significant reduction in phosphorylation o f ATF 1
(compare lane 2 with lanes 1 or 3). To test whether this was
due to inhibition o f a protein kinase(s) or activation of
phosphatases we examined the effect o f DNA-binding on
previously phosphorylated A T F l. An aliquot of the translation
containing A T F l (lane 1) was treated with RNase A to prevent
further translation (lane 4) and incubated with fresh RRL in the
presence o f W T oligonucleotide (lane 6 ) or mutated
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oligonucleotide (lane 5). Addition o f fresh lysate increases the
overall state o f phosphorylation in the presence of mutant
oligonucleotide (compare lanes 4 and 5) and as expected this
increase is prevented by wild type oligonucleotide (compare lanes
5 and 6 ). Irnportantly the presence of the wild type oligonucleotide
does not result in dephosphorylation of A T F l (compare lane 4
with 6 ). We conclude therefore that binding of A T F l to its
cognate DNA sequence markedly reduces phosphorylation by
kinases present in RRL.

D ISC U SSIO N

We have identified many requirements for A TF l phosphorylation
in vitro by protein kinases present in RRL. Because several serine
point mutations have similar effects on the conformation o f A T F l
in vitro and in vivo it is likely that the important residues identified
using the in vitro assay are important for A T F l conformation
in vivo. It is clear however that the pattern o f A T F l
phosphorylation is highly complex and our experiments do not
address the important question concerning the protein kinases
involved in vivo. Besides the effect o f serine 4 phosphorylation,
additional phosphorylation sites may have a related effect on the
conformation of A T F l. We have provided indirect evidence that
phosphorylation o f serines 5 and 6 can alter the conformation
of A T F l and it is of interest that serine 6 is a potential site for
the DNA-dependent protein kinase (40) which can phosphorylate
A T F l in vitro (K .L and S.J unpublished data). However our data
do not rule out the possibility that the effects of mutating serines
5 and 6 are due to adventitious structural changes in this critical
region o f A T F l. In summary, we conclude that the region of
A T F l containing serines 4, 5 and 6 is most important for the
phosphorylation-induced conformational change of A T F l in
RRL. Because serines 4,5 and 6 are adjacent serines and because
mutation o f these serines mimics the effect o f phosphatase
treatment, we interpret our results to indicate that phosphorylation
of serines 4,5 and 6 almost certainly accounts for the induced
conformational change of A T F l.
CK2 can phosphorylate serine 4 in vitro and this
phosphorylation is correlated with the mobility shift o f A T F l
on SDS gels. Thus phosphorylation o f serine 4 appears to have
a dramatic affect on A T F l conformation, indicating that this site
is likely to be important for A T F l activity. The observation that
CK2 can phosphorylate A T F l in vitro raises the question o f the
in vivo role o f CK2. CK2 is a ubiquitous, predominantly nuclear
kinase (41) with a wide spectrum o f proposed physiological
substrates (1,42, 43) including several transcription factors (44,
45, 46). However, CK2 has not been shown to be stringently
regulated in different cell types and it would therefore be
surprising i f regulation of CK2 activity per se contributed to the
cell-type specific phosphorylation o f A T F l observed in vivo (22).
I f CK2 does phosphorylate A T F l in vivo, cell type differences
could reflect differences in phosphatase activity or result from
interactions o f A T F l with DNA or other bZIP proteins as
discussed below.
Since serines 4, 5 and 6 map to the region with homology to
CREB that is highly phosphorylated and required for full
transcriptional activity (6 , 18) it seems likely that these serines
w ill be important for A T F l transcriptional activity. However we
were unable to detect any affect o f mutating serines 4 , 5 and 6
on activity o f a gal4/ATFl fusion protein in vivo. It is possible
that the effect of mutations is maskW by the ability of gal4/ATFl
to recruit endogenous bZIP proteins (notably CREB or A T F l)

to the promoter. In this regard it is significant that when fused
to gal4 the activity of A T F l is decreased 10-fold by deletion of
the leucine zipper whereas the activity of CREB is independent
o f the leucine zipper (26). Thus it would appear that A T F l must
be dimerised either to itself or to another bZlP protein to
efficiently activate transcription. In addition, because we have
shown that homodimerisation is required for A T F l
phosphorylation in vitro it may therefore not be apposite to test
the effects of mutations in vivo in the absence of the A T F l leucine
zipper.
Several observations suggest that potential functional effects
of A T F l phosphorylation within the PDEl homology may not
be related to similar phosphorylations occurring in CREB. First,
phosphorylation o f the PDEl region in CREB is proposed to be
dependent upon prior phosphorylation at the PKA site (6 ) while
phosphorylation o f A T F l in RRL is not. Second, CREB can be
activated by Glycogen Synthase Kinase-3 (GSK-3) via a
phosphorylation within PDEl (C.Fiol and 0 . Andrisani,
unpublished results) and the GSK-3 phosphoacceptor site (serine
129 in CREB) is not conserved in A T F l. Third, serine 4
(phosphorylation of which is correlated with the conformational
change of A T F l) is not conserved in CREB. Thus despite their
close homology within the P-box, some of the phosphorylation
events that regulate A T F l and CREB are likely to be distinct.
The degree of conservation within the P-box for A T F l, CREB
and CREM is consistent with this idea (see figure 3). The Cterminal region o f the P-box (including the PKA site and PDE2)
is highly conserved while the N-terminal region is much less so.
We therefore suggest that while the rudimentary function o f the
P-box is likely to be the same for A T F l and CREB, distinct
phosphorylation events may confer unique properties to either
protein. To address this issue it is clearly of prime importance
to develop assays for A T F l transcriptional activity in vivo. In
this connection our finding that the bZIP domain of A T F l can
be substituted by a heterologous bZIP domain without affecting
phosphorylation, should enable the design o f novel hybrid
proteins that circumvent the problem o f interference from
relatives o f A T F l.
Despite their apparently identical DNA-binding specificity
CREB and A T F l bind to DNA with markedly different stability.
Binding of A T F l is very unstable and this characteristic is
dependent on long range interactions between the bZlP domain
and the NTR (26). Our results show that unstable binding o f
A T F l is dependent on the integrity of serines 4,5 and 6 and is
therefore likely to result from the phosphorylation-induced
conformational change. This interpretation is supported by the
observation that the NTR is required for unstable binding of
A T F l (26) and for the phosphorylation-induced conformational
change. Interestingly there is a dynamic interplay between
phosphorylation and DNA-binding in vitro since A T F l binding
is inhibitory to phosphorylation by protein kinases present in
RRL. A likely interpretation o f this is that the kinase(s) present
in RRL do not recognise the DNA-bound conformation of A T F l.
Since our data indicates that underphosphorylated A T F l (in the
form of SM456) binds more stably to DNA than does
phosphorylated A T F l, equilibrium w ill favour accumulation of
unphosphorylated A T F l bound to DNA. Such an effect has
recently been shown to occur in vivo for c-jun. Phosphorylation
o f three sites adjacent to the DNA-binding domain of c-jun
impairs DNA-binding (11,45) and phosphorylation is decreased
as a function o f the intracellular concentration o f specific DNA
target sites (39). We can only speculate on the consequences of
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the effects o f DNA binding on A T F l phosphorylation contingent
on whether A T F l is activated or inactivated by phosphorylation.
Reversal of phosphorylation upon DNA-binding might provide
a mechanism for attenuation of signals transmitted via ATF-1
phosphorylation. Alternatively dephosphorylation may activate
A T F l thus coupling transcriptional activation and DNA binding.
A T F l phosphorylation is altered by homodimerisation,
indicating that accessibility of the phosphorylation sites is altered
due to homodimerisation. This raises the intriguing possibility
that phosphorylation o f A T F l may be influenced by other
dimérisation partners. A T F l is known to form heterodimers with
CREB in vivo (22) but different A T F l phosphovariants appear
to associate equally with CREB (22). A T F l almost certainly
dimerises with other bZIP proteins and the number of potential
partners is quite large and includes multiple forms o f CREB and
CREM. In summary our data indicate that the phosphorylation
state o f A T F l is likely to be influenced by a variety o f factors
including cell type, the level of occupancy of target promoters
and the availability of particular dimérisation partners. Moreover,
the phosphorylations that we have described appear to be unique
to A T F l and are therefore likely to determine some specialised
function(s) o f this member of the ATF family.
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ABSTRACT
The mam m alian transcription factor CREB is thought
to activate cAM P-inducible genes in a variety of
differentiated cell types and is probably involved in
o th e r

sig n a llin g

p ath w a ys .

U n d iffe re n tia te d

F9

embryonal carcinoma (UF9) cells are refractory to cAMP
and become cAMP-responsive following differentiation
to endoderm like cells. It has been proposed that UF9
cells contain a negative regulator(s) of the cAMPresponse that might act through direct interaction with
CREB. W e have used a protein blotting assay and
labelled CREB to probe for CREB-binding proteins in
nuclear extracts from F9 cells and to exam ine their
abundance during differentiation. W e find that ATF1 (a
protein that is highly homologous to CREB) and a novel
polypeptide(s) of - 1 0 0 kDa (CBP100) are the major
CREB-binding proteins in extracts from UF9 cells. As
expected A T F l is detected due to leucine zipperdependent heterodim erisation with CREB. In contrast
CBP100 interacts with CREB independently of the
leucine zipper. The total am ount of A T F l and the
am ount of A T F l that is complexed with CREB are
substantially

reduced

following

differentiation.

In

addition, A T F l mRNA levels are lower in differentiated
F9 cells indicating that a pretranslational m echanism
contributes to the decreased A T F l

protein levels

observed. CBP100 levels are also reduced or CBP100
is modified

upon differentiation. W e discuss the

potential roles of A T F l and CBP100 in regulating CREB
a c tiv ity

during

d iffe re n tia tio n

of

F9

em bryo nal

carcinom a cells.

INTRODUCTION

The cAMP-response-element-binding-protein (CREB) is the best
characterised mediator of cAMP-inducible transcription in
mammalian cells (1, 2, 3). cAMP acts through the cAMPdependent-protein-kinase (PKA) which in turn activates CREB
by direct phosphorylation (4, 5). CREB can activate the
somatostatin promoter in vivo (6 , 7) but in addition CREB may

To whom correspondence should be addressed

play a highly complex role in several other cellular pathways.
CREB is able to bind to promoters that are induced by a variety
of agents other than cAMP (including Ca^+ (8 , 9) and the
adenovirus E lA protein (10, 11, 12)) and is thought to activate
a functionally diverse array o f genes in response to elevated
cAMP. These include genes encoding neuropeptides (13), early
response proteins (14,15,16), gluconeogenic enzymes (17,18)
and cell specific transcriptional activators (19). Consistent with
these pleiotropic effects of CREB, the CREB gene is widely
expressed but the activity of CREB is controlled in a cell type
specific manner (19, 20, 21, 22, 37).
Direct interaction of CREB with other cellular proteins is
certain to play an important role in allowing CREB to have such
a variety of effects on cellular transcription. Although CREB can
bind to DNA as a homodimer CREB is a member of the ‘bZIP’
class of transcription factors (23,24,25) and can heterodimerise
with other bZIP proteins (26, 27). Two bZIP proteins (ATF-1
and CREM) which are highly related to CREB are known to form
heterodimers with CREB (28,29,30). Moreover a further level
of complexity arises from the fact that both A T F l (29, 30) and
CREM (28 ,31) exist in multiple forms. The functional roles of
CREM and A TFl are not well characterised. CREM can repress
CREB when overexpressed in F9 embryonal carcinoma cells (28)
and CREM is expressed in a manner that suggests an important
negative role during spermatogenesis (31). In contrast to CREM
the available evidence indicates that A TF l is a transcriptional
activator and shares many structural properties with CREB.
ATF-1 acts as a transcriptional activator when overexpressed in
F9 cells (32) or when assayed in vitro (33). Despite these
similarities however A TFl and CREB exhibit several functional
differences. First, when fused to the DNA binding domain of
the yeast activator gal4, transcriptional activation by gal4/CREB
is not dependent on the CREB leucine zipper while activation
by gal4/ATFl is dependent (30). Second, CREB and ATF-1 form
complexes of different stability with DNA (29, 30) and ATF-1
has a destabalising effect on CREB DNA-binding (30). Third
CREB has a limited ability to mediate response to E l A whereas
A T F l is unable to do so (11, 12). These differences between
A T F l and CREB strongly suggest that CREB/ATFl
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heterodimers and CREB homodimers w ill have different
properties and therefore point to a significant role for A T F l in
regulating CREB.
Undifferentiated F9 embryonal carcinoma (UF9) cells are
refractory to cAMP and become cAMP-responsive following
retinoic acid-induced differentiation (34, 35, 36). However, UF9
cells contain normal levels o f endogenous CREB (37) and it has
been proposed that UF9 cells contain a CREB inhibitor that
prevents relay o f the cAMP-signal to the transcription machinery
(37). UF9 cells and their differentiated derivatives may therefore
be useful for identifying proteins that functionally interact with
CREB. To identify proteins that directly interact with CREB we
have used a protein blotting or Far Western technique to probe
crude nuclear extracts from F9 cells. We find that A T F l and
a novel polypeptide(s) of ~ 1(X) kDa (CBPlOO) are the major
CREB-binding proteins in extracts from UF9 cells. As detected
in the Far Western assay both A T F l and CBPlOO are substantially
reduced following retinoic acid induced differentiation. A T F l
and CBPlOO may therefore regulate CREB in F9 cells and we
discuss their potential role during differentiation.

and 2/ig/ml trasylol]), and left on ice for 30 minutes. Nuclear
debris was removed by centrifugation for 1 minute in an
Eppendorf microfuge and the supernatant diluted to low salt by
the addition o f 2 volumes of 20 mM Hepes pH7.4.
Western blotting, Northern blotting and immuno
précipitations
Antibodies to CREB and A T F l have been previously described
(29). CREB antibody was raised against a synthetic peptide
corresponding to the carboxy terminal 10 amino acids of CREB
and polyclonal antibody was raised against A T F l purified fom
HeLa cells (29). Detection o f CREB by Western blotting and
immunoprécipitation o f ^^P-labelled CREB and A T F l was
performed as previously described (29). For Northern blotting
total RNA was prepared from cytoplasmic extracts and analysed
according to standard procedures. ^^P-labelled probes were
prepared from their corresponding cDNA inserts and the blot
was hybridised sequentially with each of the probes used. Probes
for A T F l and CREB were derived from the non-homologous
amino terminal sequences of A T F l and CREB and were therefore
non-cross reacting.

MATERIALS AND METHODS

In vitro transcription and translation

Cell culture

^^S-labelled CREB, CREM or A T F l proteins were synthesised
in vitro by transcription of their corresponding cDNAs (29, 30)
as previously described (23) using T7 RNA polymerase
(Boehringer) and subsequent translation in rabbit reticulocyte
lysate (Amersham).

Undifferentiated (UF9) and differentiated (DF9) mouse F9
embryonal carcinoma cells were maintained as monolayers in
10% fetal bovine serum (FBS) on standard tissue culture dishes
coated with 0.1 % gelatin ~ 300 bloom from porcine skin (Sigma
G-2500). UF9 cells were induced to differentiate with retinoic
acid as follows. 80% confluent monolayers were split 40 fold
in the presence of 1/iM all-trans retinoic acid (Sigma). Retinoic
acid was freshly prepared as a lOmM stock solution in ethanol.
After 3 days in the presence o f retinoic acid, cells were split 5-fold
using fresh media and retinoic acid. Extracts were made from
differentiated cells following 6 days of treatment with retinoic
acid.
Plasmids and peptides
pCREMa is described elsewhere (28). pGEX-ATFl was obtained
by cloning a full length A TF l cDNA (30) into pGEX-KG. pGEXKG was derived from pGEX-2T (38) by insertion of a polylinker
in to the EcoRl site o f pGEX-2T. pGEX-CRla was obtained
by cloning a full length CREB cDNA including the a-peptide
region (6 ) into pGEX-KG. Synthetic peptides corresponding to
the leucine zipper regions of CREB, c-jun and c-fos were as
follows. Z IP l contains the c-terminal 36 residues of CREB
(EYVKC LEN R VAVLEN Q N KTLIEELKALKD LYCH KSD ).
ZIPJUN contains 34 amino acids from c-jun (ARLEEK VK TLKAQ N SELASTAN M LR EQ VAQ LKQ K). ZIPFOS
contains 33 amino acids from c-fos (T D T L Q AETDQLEDEKSALQTEIANLLKEKEKLE).
Preparation of nuclear extracts
Nuclear extracts were prepared as previously described (29).
Briefly cells were resuspended in ice cold lysis buffer (20 mM
HEPES pH8.0; 20 mM NaCl; 0.5% NP40; Im M DTT; protease
inhibitors including 0.5 mM PMSF, 2/ig/ml leupeptin and 2/xg/ml
trasylol), left on ice for 5 minutes and centrifuged for 1 minute
at top speed in an Eppendorf microfuge. The crude nuclear pellet
was resuspended in buffer C (20 mM HEPES pH 7.9; 25% [v/v]
glycerol; 420 mM NaCl; 1.5 mM MgCl2 ; 0.2 mM EDTA;
Im M DTT; protease inhibitors [0.5 mM PMSF, 2/xg/ml leupeptin

Preparation of ^^P-labelled probes for Far Western blotting
Plasmids pGEX-CRla and pGEX-ATFl were used to express
GST-CREB and GST-ATFl. Bacterial lysate was prepared by
sonication in PBS, 0.5% T x 100, Im M EDTA, Im M DTT and
protease inhibitors including 0.5 mM PMSF, 2/ig/ml leupeptin
and 2^g/ml trasylol. The lysate was mixed with glutathione
agarose beads at room temperature for 40 minutes, unbound
proteins removed and washed three times in 1 0 mis lysis buffer.
Bound protein was eluted by mixing for 20 minutes end over
end with 25 mM glutathione (dissolved in 50 mM tris pH 8.0),
the eluate adjusted to 1 0 % glycerol and quick frozen. ^^Plabelled CREB or A T F l were produced as follows. Purified GSTfiision proteins ( 6 /tg) were adjusted to 150 mM NaCl and 2.5
mM CaCl% in a volume o f 5(X) /il and incubated with 680 ng
thrombin (sigma T3010) at 25°C for 90 minutes to yield ftill
length CREB or A T F l. Proteins were ^^P-labelled using the
catalytic subunit of PKA (Sigma P2645) by incubation at 37°C
for 1 hour under the following conditions. 30 /il (~ 0.3 /ig) of
protein in thrombin buffer, 20/nl 10 x kinase buffer (200 mM trisC1 (7.5), IM NaCl and 120 mM M g C y , 20/il PKA catalytic
subunit (17U//d in 0.3M DTT), 45 /il ^zp-^-ATP (10 mCi/ml,
5000 Ci/mmol, Amersham) and 85 /d o f H 2 O in a total volume
o f 200 III. BSA (enzyme grade) was added to 1 mg/ml and the
sample passed through a G50 spin column (Pharmacia)
equilibrated in 1 xkinase buffer plus 1mg/ml BSA. Specific
activity of ^^P-labelled probes was typically between 10^ and 10*
cpm per iig.
Far Western blotting
Proteins were resolved on 10% SDS gels and transferred to
nitrocellulose paper as for Western blotting. Filters were washed
in Ix H B B (25 mM Hepes-KOH(7.7), 25 mM NaCl, 5 mM
MgCl2 ) plus Im M DTT. Proteins were then denatured and
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renatured by sequential incubation ( 1 0 minutes per change) with
decreasing concentrations o f Guanidine-HCL in Ix H B B plus
Im M DTT as follows: 6 M (2 changes) ,3M, 1.5M, 0.75M,
0.375M, 0.19M and finally back into 1 xH B B plus Im M DTT
(2 changes). Filters were blocked in HYBIOO (20 mM HepesKOH (7.7), 100 mM KCl, 2.5 mM M gC l;, O.lm M EDTA,
Im M DTT, 0.05% NP40) + 5% marvel dried m ilk for 30
minutes, HYBIOO + 1% marvel for 15 minutes and incubated
overnight with ^^P-CREB (~ ln g /m l or - 5 x 1 0 ^ cpm/ml) in
HYBIOO + 1% marvel. Following removal o f probe, filters were
washed 3 times (300 mls/filter 5 minutes each change) with
HYBIOO + 1% marvel, well dried and exposed to X-ray film.
Phosphatase treatment
Rabbit reticulocyte lysate (2/d.) containing ^^S-labelled in vitro
translated proteins was treated with 5U o f calf intestinal
phosphatase for 2 hours at 37°C in 12/d reactions containing 20
mM HEPES pHS.O, 20 mM MgCl2 , 40 mM KCl and 0.6 mM
PMSF. Phosphatase inhibitors were used at the following
concentrations. 60 mM NaF, 20 mM EDTA, 2 mM L-cys and
2 mM okadaic acid. Phosphatase treatment o f nuclear extracts
from F9 cells was performed as follows. 15/d reactions contained
5 IÀ o f undiluted nuclear extract (obtained from ~ # cells), 5U
of calf intestinal phosphatase and were incubated for 2 hours at
37°C in a buffer containing 20 mM HEPES pHS.O, 20 mM
MgCl2 , 40 mM KCl and 0.6 mM PMSF.
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CREB/ATFl heterodimers or CREB (30). As shown previously
(29) both free A T F l (lane 1) and CREB/ATFl heterodimers (lane
2) can be immunoprecipitated from extracts o f UF9 cells. CREB
and A T F l appear to be present at similar levels in
immunoprecipitates obtained with the CREB antibody (lane 2)
suggesting that most o f the CREB is in the form o f a heterodimer
with A T F l. This together with the presence o f free A T F l (lane
1) suggests that A T F l is present in excess of CREB in UF9 cells.
Following differentiation the amount o f A T F l detected is reduced
compared with CREB (compare lanes 3 and 4) and the amount
o f A T F l that co-immunoprecipitates with CREB is also reduced
(lane 4). Because A T F l is detected by ^^P-labeling in this assay
the reduction in A T F l observed is not necessarily quantitative.
Nonetheless these initial experiments suggest that A T F l protein
levels are substantially reduced during differentiation o f F9 cells
and that the amount o f A T F l complexed with CREB is also
reduced.
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Detection o f CREB and A T F l using antibodies
CREB and A T F l are highly homologous proteins (figure 1) that
are known to form heterodimers (29, 30). Previous studies using
antibodies have shown that CREB and A T F l are expressed in
UF9 cells (29) and at least some o f the CREB is dimerised with
A TF l (29). In addition CREB protein levels are not detectably
altered during differentiation of F9 cells ((37) and see figure 2A).
Initially to examine the effects o f differentiation on the relative
levels o f A T F l and CREB we used a previously described assay
in which CREB and A T F l present in heat denatured nuclear
extracts are ^^P-labelled using protein kinase A and
immunoprecipitated (figure 2B). The anti-CREB antibody used,
recognises CREB/ATFl heterodimers but does not directly
recognise free A T F l (29). The A T F l antibody does not recognise

'

Figure 2. Analysis of CREB and ATFl in F9 cells. (A) Detection of DNA-affinity
purified CREB by Western blotting. CREB was purified from equal amounts
of nuclear protein from UF9 and DF9 cells by sequence-specific DNA-affinity
chromatography. Western blot analysis was performed using an antibody to CREB
as described in materials and methods. Two amounts of sample are loaded (lanes
1 and 3 contained four times as much sample as lanes 2 and 4) to indicate that
visualisation of CREB is in the linear range for the detection method used. (B)
Detection of CREB and ATFl by immunoprécipitation. Nuclear extracts were
prepared from UF9 and DF9 cells and nuclear proteins ^^P-labelled with protein
kinase A, immunoprecipitated as described in materials and methods and analysed
by SDS-PAGE. Cell type is indicated below and the antibody (Ab) used indicated
above.

kD a

PDE2

ZIP

PDE1 PKA PDE2

ZIP

DF9

DF9

1 2

3

CREB
341 aa

ATFl
271 aa

Figure 1. Homology between CREB and ATFl. The known ftinctional regions
of CREB and homologous regions of ATFl are shown. bZIP represents the basic
and leucine zipper domains that are responsible for DNA-binding and dimérisation.
PKA represents a single protein kinase A phosphoacceptor site that is required
for transcriptional activation (7). PDEl and PDE2 represent other conserved
regions that are required for transcriptional activation by CREB in various assays
(4, 5). Together PDEl, PDE2 and the PKA site are referred to as the P box
(5) or the kinase inducible domain (KID) (4). Overall homology between CREB
and ATFl is ~70% while homology within the bZIP region is ~ 95% (23).
CREB contains two other regions towards the amino terminus (the a-peptide (a)
and a glutamine rich activation domain (Q)) both of which contribute to
transcriptional activity (4, 6) and are not present in ATFl.

CREB

ATFl

Figure 3. Detection of bacterially expressed CREB and ATFl by Far Western
blotting. Approximately 5 ng of bacterially expressed CREB (lanes 1-3 ) or ATFl
(lanes 4 -6 ) were resolved by SDS/PAGE transferred to nitrocellulose paper and
probed with ^^P-labelled CREB as described in materials and methods. Blotting
was carried out in the absence of leucine zipper peptide as competitor (lanes 1
and 4), in the presence of 6 iiglm\ CREB leucine zipper peptide (lanes 2 and
5) or 6 /ig/ml JUN leucine zipper peptide (lanes 3 and 6). The autoradiogram
was exposed for 60 minutes at minus 80°C.
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Figure 4. Detection of CREB binding proteins in nuclear extracts from undifferentiated F9 cells. (A) Proteins present in crude nuclear extracts were resolved by
SDS/PAGE transferred to nitrocellulose paper and probed with ^^P-labelled CREB as described in materials and methods. Blotting was carried out in the absence
of leucine zipper peptide as competitor (lanes 1 and 4), in the presence of 6 ^ig/ml CREB leucine zipper peptide (lane 2) or 6 /ig/ml JUN leucine zipper peptide
(lane 3). Nuclear extracts were also immunoprecipitated with anti-CREB antibody (lane 6) or pre-immune serum (lane 5) and probed as above. Molecular weight
standards (Biorad prestained low size range) are shown to the left. (B) Effect of phosphatase treatment on in vitro translated CREB, ATFl and CREM. ^^S-labelled
ATFl (lane 1-3 ), CREM (lanes 4 and 5) and CREB (lanes 6 and 7) were produced by translation in rabbit reticulocyte lysate and treated with calf intestinal phosphatase
in the presence or absence of phosphatase inhibitors as indicated below the figure. (C) Effect of phosphatase treatment on proteins detected by Far Western blotting
in nuclear extracts from UF9 cells. Crude nuclear extracts (lanes 2 and 3) were treated with CIP as described in materials and methods, resolved by SDS/PAGE
and probed using the Far Western assay. Nuclear extracts were also immunoprecipitated with anti-CREB antibody (lane 1) and probed by Far Western.

A general assay for proteins that interact with CREB
The immunoprécipitation assay described above has a limited
potential for detection of CREB binding proteins in general.
Because the assay requires ^^P-labelling of proteins by PKA and
has to be performed on heat denatured nuclear extracts, it is not
necessarily quantitative (because it w ill be affected by the degree
to which the protein is already phosphorylated) and w ill fail to
detect heat labile proteins or proteins that are not substrates for
PKA. Moreover the assay requires immunoprécipitation that
might be detrimental for detection of proteins (other than bZIP
proteins) that only weakly associate with CREB or that might
prevent recognition o f CREB by the CREB antobody. To probe
crude nuclear extracts directly for CREB binding proteins, we
employed a protein blotting or ‘Far Western’ technique. This
approach has recently been described by a variety of investigators
for studying protein/protein interactions in general and leucine
zipper interactions in particular (39-43). To establish the viability
of this approach for probing cmde nuclear extracts we first tested
the ability of ^^P-labelled CREB to detect itself or A T F l that
had been overexpressed in bacteria (figure 3). Bacterially made
CREB (lanes 1- 3 ) or A T F l (lanes 4 - 6 ) present in crude cell
extracts were ran on SDS gels, transferred to nitrocellulose paper,
probed with ^^P-labelled CREB under different conditions and
detected by autoradiography, ^zp-labelled CREB binds to both
CREB (lanel) and A T F l (lane 4). No proteins of similar size
are detected in bacterial extracts not containing CREB or A T F l
(data not shown). Detection of ~ 1 ng of CREB and A T F l is
easily achieved using only a short autoradiographic exposure and
is therefore highly sensitive. To test that detection of CREB and
A T F l is due to leucine zipper (LZ) dependent dimérisation we
performed a competition assay in which synthetically made LZ
peptides of known dimérisation specificity were tested for their
ability to compete for binding. In the experiment shown blots
were incubated in the presence of a large molar excess of CREB
LZ peptide (lanes 2 and 5) or JUN LZ peptide (lanes 3 and 6 ).
JUN was used as a negative control since the JUN LZ does not
dimerise with CREB (28, 45). CREB LZ competes both
CREB/CREB binding (lane 2) and CREB/ATFl binding (lane
5) whereas the same amount o f JUN LZ is not able to compete
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Figure 5. Effect of differentiation on ATFl protein and RNA levels. (A) Proteins
present in nuclear extracts (NE) from undifferentiated F9 cells (U) or differentiated
F9 cells (D) were resolved by SDS/PAGE transferred to nitrocellulose paper and
probed with ^^P-labelled CREB as described in materials and methods. Nuclear
extracts were also immunoprecipitated with CREB antibody (Anti-CREB) or
proteins purified by sequence-specific DNA-affinity chromatography (DNAaffinity) and probed as above. (B) RNA from several different cell lines (indicated
above the figure) was probed by Northern blot for the RNAs indicated to the
left of the figure. j82-M is |32-microglobulin.

(lanes 3 and 6 ). Thus the Far Western technique provides a
sensitive and specific assay for detection of proteins that can
complex with CREB.
Detection of CREB-binding-proteins in extracts from F9 cells
We used the Far Western assay to identify CREB binding proteins
present in nuclear extracts from UF9 cells (figure 4A). This
resulted in detection of two major polypeptides of ~ 47 and 43
kDa and some other more minor polypeptides (lanes 1 and 4).
We have previously shown that CREB and A T F l are present
in UF9 cells (29) and that CREB/ATFl heterodimers are
immunoprecipitated by an antibody that recognises the carboxy
terminal 10 amino acids of CREB (29). To assess the profile o f
CREB binding proteins obtained by probing crude nuclear
extracts we immunoprecipiated material from UF9 extracts with
CREB antibody (lane 6 ) or preimmune serum (lane 5) and probed

Nucleic Acids Research, 1993, Vol. 21, No. 5
A

kDm 1 2

1 2

3

4

1

2

3

4

5

6
plOO

10680r CREB
49-

- ATFl

3227-

1167

the 43 kDa polypeptide and A T F l. From the sum of these results
we conclude that A T F l and CREB are the two major bZIP
proteins that can dimerise with CREB and are present in nuclear
extracts from UF9 cells. We also conclude that CREM is only
present at very low levels (it might correspond to the weak band
observed in figure 4C lane 2) or is not expressed at all in UF9
cells.
Effect of differentiation on A T F l protein and RNA levels

U

D

U

D

U

D

Figure 6. Characterisation of CBPlOO. (A) Proteins present in crude nuclear
extracts were resolved by SDS/PAGE transferred to nitrocellulose paper and probed
with ^^P-labelled CREB as described in materials and methods. Blotting was
carried out in the absence of leucine zipper peptide as competitor (lane 1) or in
the presence of 6 /ig/ml CREB leucine zipper peptide (lane 2). Molecular weight
standards are shown to the left (B) Duplicate crude nuclear extracts from UF9
cells were subjected to Far Western blotting using ^^P-labelled ATFl (lanes 1
and 2) or ^^P-labelled CREB (lanes 3 and 4) as a probe. Molecular weight
standards are shown to the left. (C) Comparison of crude nuclear extracts from
undifferentiated F9 cells (U) and differentiated F9 cells (D) using the Far Western
assay. Three pairs of extracts were probed. Molecular weight standards are shown
to the left and CBPKX), CREB and ATFl are indicated to the right of the figure.

this on the same blot. CREB and A T F l are the only proteins
detected in the immunoprecipitate Qane 6 ) and comigrate with
the two major polypeptides detected in crude extracts. To further
test the specificity of die polypeptides detected in the crude extract
we utilised the LZ competition assay. Incubation o f blots with
a large molar excess o f CREB LZ peptide prevented detection
of the 47 and 43 kDa polypeptides (lane 2) while incubation with
the same amount o f JUN LZ peptide had no effect (lane 3).
Binding of ^^P-labelled CREB to other minor polypeptides of ~
30,20 and 15 kDa was also specifically competed by the CREB
LZ while binding to a faintiy detectable ~ 100 kDa doublet (seen
more clearly in figure 6 ) appeared not to be competed.
The above results indicated that the 47 kDa polypeptide in crude
extracts corresponds to CREB and that the 43 kDa polypeptide
is similar or identical to A T F l. However, A T F l shares many
properties with another bZIP protein termed the cAMP-responseelement-modulator binding protein or CREM (45). These
properties include a high degree o f homology, ability to dimerise
with CREB, similar or identical DNA-binding specificity and
similar size. To distinguish between CREM and A T F l we
examined whether one further property of A T F l is shared by
CREM. It has been shown previously that the mobility o f A T F l
on SDS gels is increased by treatment with phosphatase (29, 30).
This effect is observed using purified A T F l from HeLa cells (29)
or A T F l made by in vitro translation in rabbit reticulocyte lysate
(30). We tested the effect o f phosphatase treatment of A T F l and
CREM in reticulocyte lysate (figure 4B). As previously described
the mobility o f A T F l on SDS gels is significantly increased by
phosphatase treatment and this effect is inhibited by phosphatase
inhibitors (lanes 1 -3 ). In contrast however the mobility of CREB
(lanes 6 and 7) and CREM (lanes 4 and 5) are not significantly
affected by phosphatase treatment. We exploited the differential
effect o f phosphatase treatment on A T F l and CREM to identify
the 43 kDa polypeptide detected in crude nuclear extracts (figure
4C). Nuclear extracts were either treated (lane 3) or mock-treated
(lane 2 ) with phosphatase and then analysed using the blotting
assay. An anti-CREB immunoprecipitate is included for
comparison (lane 1). Treatment of nuclear extracts with
phosphatase results in a comparable increase in the mobility of

To examine the effects o f differentiation on A T F l protein levels
we prepared nuclear extracts from UF9 and differentiated F9
(DF9) cells and compared them using the blotting assay. A
representative result is shown (figure 5A). Comparison o f total
nuclear extracts (NE) demonstrates that CREB and A T F l are
the predominant CREB-binding proteins detected in extracts from
differentiated cells and that no major additional proteins appear
following differentiation. A minor band of approximately 30 kDa
appears to increase in abundance during differentiation and is
also present in CREB immunoprecipitates (figure 5A).
Significantly however, the total amount of A T F l is reduced ( ~ 10
fold) in extracts from DF9 cells compared with UF9 cells. The
same result is obtained by analysis o f CREB and A T F l present
in immunoprecipitates using anti-CREB antibody (Anti-CREB,
see figure 2B) or selected from crude nuclear extracts by
sequence-specific DNA-affinity chromatography (DNA-affinity).
In summary these results demonstrate that both the total amount
of A T F l and the amount o f A T F l that is directly associated with
CREB are reduced following differentiation of F9 cells. The ratio
of ATFl/CREB immunoprecipitated by the CREB antibody gives
an underestimate of A T F l. This is due to release of A T F l during
the washing steps o f the immunoprécipitation (37). It is therefore
likely that the ratio of CREB/ATFl is close to 1:1, indicating
that most o f the CREB present in UF9 cells is associated with
A T F l.
To gain insight into the level at which expression o f A T F l
is controlled during differentiation we performed RNA analysis
by Northern blotting (figure 5B). The same RNA samples from
several cell lines were probed for A T F l RNA, /32-microglobulin
RNA (as a monitor of differentiation (46)) and CREB RNA which
has previously been shown to be present at similar levels in UF9
and DF9 cells (47). Levels of |82-microglobulin RNA were highly
elevated in the RNA sample from DF9 cells indicating that the
cells were efficiently differentiated. In comparison with CREB
RNA that is present at similar levels in all cell types analysed
(the reason for the decreased size of CREB transcripts in F9 cells
relative to other cell types is not known) A T F l RNA is present
at higher levels ( ~ 3 fold) in UF9 cells compared with DF9 cells
or other cell types. The decrease in A T F l mRNA during
differentiation of F9 cells ( ~ 3 fold) appears less than the decrease
in A T F l protein levels ( - 1 0 fold). These results indicate that
a pretranslational mechanism contributes to the reduction in A T F l
protein levels observed during differentiation but may not account
for all o f the reduction.
Identification of a novel CREB binding protein
Although CREB and A T F l are the predominant polypeptides
detected in the blotting assay there are some weaker bands of
unknown identity. The zipper competition assay reveals that some
minor polypeptides o f ~ 30,20 and 15 kDa specifically interact
with the CREB leucine zipper (see figure 4A). These might
represent distinct proteins but may also be degradation products
of CREB or A T F l. Initial LZ competition experiments suggested
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that a weakly detected higher molecular weight doublet of ~ 1 0 0
kDa (PlOO) is not competed by the CREB leucine zipper (figure
4A). This was confirmed in subsequent experiments (figure 6 A).
Under conditions in which binding of CREB to itself or to A T F l
is efficiently competed by the CREB LZ, binding o f CREB to
PlOO is not affected. Thus PlOO binds to CREB independently
o f the CREB leucine zipper. Detection of PlOO is somewhat
variable between experiments (for example compare figures 5A
and 6 A) but is consistent within any one experiment (for example
figure 6 ). This presumably reflects a relatively weak interaction
o f PlOO with CREB that is easily perturbed under blotting
conditions.
To examine the specificity of the PIOO/CREB interaction
further we simultaneously probed equivalent blots with ^^Plabelled A T F l or ^zp-labelled CREB (figure 6 B). A T F l and
CREB probes were prepared simultaneously and were the same
specific activity (data not shown). A T F l interacts with PlOO but
only very weakly compared with CREB (figure 6 B, compare
lanes 1 and 2 (which contain two different extracts) with lanes
3 and 4). Given the degree of homology between CREB and
A T F l this result indicates that PlOO interacts quite specifically
with CREB. Analysis of PlOO levels during differentiation of
F9 cells demonstrates lower detectable levels of PlOO in extracts
from DF9 cells (figure 6 C). Thus either PlOO levels are reduced
or PlOO becomes modified during differentiation. We also detect
a polypeptide with the properties of PlOO in other cell types for
example JEG3 (data not shown). In summary the specificity of
the PIOO/CREB interaction together with the reduction in
detectable PlOO following differentiation suggests that PlOO may
functionally interact with CREB during differentiation of F9 cells.

DISCUSSIO N

We have shown that A T F l and a novel polypeptide (that we refer
to as CREB-binding-protein 100 or CBPlOO) are two proteins
that can directly interact with CREB in undifferentiated F9 cells.
In addition, A T F l is by far the most abundant bZIP protein in
UF9 cells that can dimerise with CREB. We detect small amounts
of other polypeptides ( ~ 30, 20 and 15 kDa) that specifically
interact with die LZ (see figures 3A and 4A) although die identity
o f these polypeptides is unclear. They may be proteolytic
degradation products of A T F l or CREB or may represent novel
bZIP proteins. In the latter case it remains to be determined
whether any of the minor polypeptides detected in our assay are
related to other CRE-binding activities (ECRE-1, ECRE-3 and
ECRE-4) that have previously been shown to be down regulated
during differentiation of F9 cells (48).
Co-immunoprecipitation of A TFl and CREB using a non-cross
reacting antibody demonstrates that A T F l is present as a
heterodimer with CREB in UF9 cells. The CREB/ATFl ratio
in the immunoprecipitate is close to 1 : 1 indicating that most or
all of the CREB is complexed with A T F l. Decrease in A T F l
levels during differentiation results in significant changes to the
dimer population. In UF9 cells CREB is predominantly or
exclusively heterodimerised with A T F l and large amounts of
A T F l exist as a homodimer while in DF9 cells CREB
homodimers are most abundant and A T F l homodimers least
abundant or absent. We can only speculate on the functional
consequences o f these changes at present because differences in
the transcriptional properties of CREB homodimers, A T F l
homodimers and CREB/ATFl heterodimers are far from clear.

However, because the transcriptional properties of A T F l and
CREB are fundamentally different when fused to a heterologous
DNA-binding-domain (30) it is apparent that changes in the
relative proportions of A T F l and CREB w ill have important
consequences. The activation potential of CREB could be directly
affected by A T F l or be a consequence of the ability of CREB
homodimers and CREB/ATFl heterodimers to fiinctionally
interact with distinct target promoters. In this regard it is
significant that CREB/ATFl heterodimers bind less stably to
DNA than CREB homodimers (30) raising the possibility that
CREB/ATFl heterodimers may be relatively poor activators.
Such an effect is likely to be promoter specific since the stability
of A T F l binding is highly variable depending on the DNAbinding site in question (29). Our data indicate that a
pretranslational mechanism accounts for at least part of the
decrease of A T F l during differentiation. It w ill be of interest
to examine whether the A T F l promoter is transcriptionally
repressed during differentiation and if so whether this is a direct
response to retinoic acid or to subsequent events that occur during
differentiation. However the decrease in A T F l RNA is not as
great as the reduction in protein levels, suggesting that other
mechanisms are involved in regulating ATFl protein levels during
differentiation.
We have previously proposed that a negative factor (termed
ICR) contributes to the inability of UF9 cells to support cAMPinducibility of the somatostatin promoter (37). One o f the main
aims of our experiments was to try and detect candidate repressor
proteins that might function through direct interaction with CREB.
By analogy with examples of repressors from other dimeric
transcription factor families (26,49) one likely possibility is that
ICR can heterodimerise with CREB through the leucine zipper.
Our findings appear to rule out a role for CREM but do suggest
that A T F l is a candidate for ICR. However as described above
it is difficult to address the activity of CREB/ATFl heterodimers
and several different approaches have provided evidence that
A T F l itself can be an activator. A gal4/ATFl fusion protein can
mediate cAMP-dependent transcription in JEG3 cells (30) and
A TFl can activate the adenovirus E4 promoter in vitro (33). Most
significantly from the point o f view of this study A T F l can
activate the somatostatin promoter in UF9 cells (32). Since both
CREB and A TFl are able to function as transcriptional activators
it seems more likely that CREB/ATFl heterodimers would be
activators and not repressors. However resolution o f this issue
w ill require a reconstitution o f repression in vitro so that the
potential role o f A T F l can be directly tested.
Using the Far Western assay coupled with the LZ competition
assay we have been able distinguish between bZIP proteins that
dimerise with CREB through the leucine zipper and other proteins
that bind to CREB independently of the leucine zipper. This has
enabled us to identify a novel protein (CBPKX)) that directly
interacts with CREB. Interaction between CBPKX) and CREB
maybe of lower avidity than ATFl/CREB interaction because
detection o f CBPKX) is variable in crude nuclear extracts and
CBPlOO is not usually co-immunoprecipitated with CREB.
CBPlOO is sometimes present in immunoprecipitates from UF9
cells but is not detected following differentiation (data not shown).
We therefore think that CBPlOO is weakly associated with CREB
in extracts from UF9 cells and that this association is disrupted
(or the amount of CBPlOO is reduced) following differentiation.
Two observations suggest that CBPloio may functionally interact
with CREB. First the amount of CBPlOO or its ability to interact
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with CREB (or both) is decreased during differentiation. Second
CBPlOO appears to bind quite specifically with CREB since it
interacts only very weakly with the highly homologous A T F l.
The properties that we have described for CBPlOO suggest
several possible functions, CBPlOO may correspond to ICR and
thereby function as a repressor o f the cAMP response in UF9
cells. Alternatively CBPlOO may be an adaptor protein that
mediates interactions between CREB and the basal transcriptional
machinery. As is emerging for other mammalian transcription
factors the ability o f CREB to activate transcription w ill depend
on highly complex interactions with other transcription factors
and the general transcriptional machinery (5 0 -5 4 ). I f CBPlOO
does play a role in assembly o f active transcription complexes
this could contribute to the different transcriptional properties
o f CREB and A T F l (11,12, 30). The major difference between
the CREB and A T F l probes that we have used to detect CBPlOO
is the inclusion o f two transcriptional activation regions in CREB
(see figure 1) consisting o f an ~ 30 aa glutamine rich region
(4) and the 14-amino acid a-peptide sequence (6 ). It is tempting
to speculate that either o f these regions in CREB might include
the CBPlOO binding site. The Far Western assay should allow
a delineation o f the region o f CREB that interacts with CBPlOO
and provide insight into the above issues.
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The cyclic AMP (cAMP) response elements (CREs) of the somatostatin and vasoactive intestinal peptide
(VIP) promoters contain binding sites for CRE-binding protein (CREB) that are essential for cAMP-reguiated
transcription. Using F9 embryonal carcinoma cells, we show that the somatostatin and VIP promoters exhibit
a differentiation-dependent cAMP response, demonstrating that these promoters are regulated by transcription
factors that become active during differentiation. Lack of cAMP responsiveness of the somatostatin promoter
in undifferentiated cells is not due to the absence of known positive-acting factors (the catalytic subunit of
protein kinase A [cPKA] and CREB) or a general inhibition of protein kinase A activity. Since overexpression
of exogenous cPKA and CREB is sufficient to activate the somatostatin promoter in undifferentiated cells, these
findings suggest that a negative factor(s) represses endogenous cPKA and CREB. In contrast to their effects on
somatostatin, exogenous CREB and cPKA do not activate the VIP promoter. Thus, despite coregulation during
differentiation and the ability to bind CREB, the somatostatin and VIP promoters are not coordinately
activated by CREB in undifferentiated F9 cells.
Cyclic AMP (cAMP) regulates a variety of processes in
mammalian cells by activating protein kinase A (PKA) (10,
38,41), which in turn regulates gene expression by activating
nuclear transcription factors. The cAMP response element
(CRE)-binding protein (CREB) has been directly implicated
in mediating cAMP-inducible transcription (34). CREB binds
as a homodimer to a single site within the somatostatin
promoter (44, 45, 60) and can activate the somatostatin
promoter in vivo (18, 61). CREB transcriptional activity is
dependent on the PKA phosphoacceptor site of CREB (18),
and an increase in intracellular cAMP induces phosphoiylation of this site in vivo (18). Thus, the catalytic subunit of
PKA (cPKA) seems to activate CREB by a direct phosphor
ylation, and it has been proposed that phosphorylation
induces a conformational change in CREB that increases its
transcriptional activity (17, 33).
In addition to activating somatostatin transcription, CREB
may have a broader role in mediating cAMP-inducible
transcription. CREB has been suggested to activate the
vasoactive intestinal peptide (VIP) promoter (42). Further
more, the CREs of many other promoters contain potential
CREB-binding sites and interact with at least one common
factor with a DNA-binding specificity similar to that of
CREB (22,28,37). Despite these observations, it has not yet
been established that CREB binds efficiently to all of the
CREs mentioned above or that CREB can activate transcrip
tion of the corresponding promoters. Moreover, several
considerations point to additional cis- and fra/z5 -acting fac
tors that are likely to influence CRE function. First, the
ability of CREB binding sites to activate transcription is
influenced by flanking sequences and by other promoter
elements (8 , 31, 35). Second, although several (ZREs are
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related by the presence of at least one potential CREBbinding site (28, 37), their overall structures are distinct (Fig.
1). In some cases (for example, somatostatin), there is a
single CREB-binding site, whereas in other cases (VIP),
there are two potential CREB-binding sites. Third, CREB is
a member of the activating transcription factor multigene
family, whose members have similar DNA-binding specific
ities (21) and can interact with CREs (22, 28, 37).
F9 embryonal carcinoma cells provide a system for assess
ing the role of particular factors in mediating cAMP-inducible transcription. To date, undifferentiated F9 (UF9) cells
have been found to be refractory to cAMP and become
cAMP responsive following retinoic acid-induced differenti
ation (40, 55, 56). Transition to cAMP responsiveness has
been demonstrated for the tissue plasminogen activator gene
and shown to occur at the transcriptional level (7, 52).
However, these studies (7, 52) have so far not provided
insight into the cellular transcription factors that are respon
sible for regulation of the tissue plasminogen gene promoter.
In contrast, there is evidence that CREB may play a pivotal
role in determining cAMP inducibility of other promoters in
F9 cells. Expression of exogenous CREB allows UF9 cells
to activate the somatostatin promoter in response to PKA
(18, 61). Activation requires the somatostatin CRE, exoge
nous CREB, and the PKA phosphoacceptor site of CREB
(18). These observations have led to the suggestion that
endogenous CREB protein levels may be too low to function
in UF9 cells. UF9 cells have also been reported to contain
lower levels of PKA activity than do differentiated F9 (DF9)
cells (51), suggesting that lack of PKA may also contribute to
the inability of UF9 cells to respond cAMP.
We demonstrate that the VIP and somatostatin promoters
exhibit a differentiation-dependent cAMP response in F9
cells. Lack of cAMP responsiveness of the somatostatin
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CREB AND PKA IN F9 CELLS
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FIG. 1. Structures of the somatostatin, tyrosine hydroxylase (TH), VIP, and proenkephalin CREs. Promoter coordinates in relation to the
transcription start site (4-1) are indicated in parentheses. The core sequence (CGTCA) of known or predicted CREB-binding sites is shown
in uppercase letters with an arrow to indicate orientation. For somatostatin (45), VIP (12, 59), and proenkephalin (5), the sequences shown
are capable of acting as cAMP-inducible enhancer elements. The proenkephalin CRE contains a single CREB-binding site and an additional
closely related element (TGGCG) that does not appear to bind CREB (28).

promoter in undifferentiated cells is not due to absence of the
known positive-acting factors (cPKA and CREB) or a gen
eral inhibition of PKA activity. Since overexpression of
exogenous CREB and cPKA is sufficient to activate the
somatostatin promoter, these findings indicate that all of the
positive factors required for activation are present in undif
ferentiated cells. We therefore suggest that a negative regu
latory factor(s) represses cAMP induction of the somato
statin promoter in undifferentiated cells. In contrast to their
effects on somatostatin, exogenous CREB and cPKA do not
activate the VIP promoter. Thus, despite coregulation dur
ing differentiation and the ability to bind CREB, the VIP and
somatostatin promoters are not coordinately regulated in
undifferentiated cells.
MATERIALS AND METHODS
Plasmids and constructions. pJ30Luc was constructed by
fusing pJ3H (46) to the firefly luciferase cDNA (9).
pJ30Lucter is derived from pJ30Luc by insertion of a
duplicated simian virus 40 (SV40) terminator region imme
diately upstream of the SV40 promoter sequences. For
construction of pVIPLucter, pVIPRSVLucter, and pAVIP
Lucter, the SV40 promoter sequences in pJ3fiLucter are
replaced with the following sequences: VIP promoter se
quences from -95 to 4-146 (pVIPLucter), the VIP CRE and
Rous sarcoma virus (RSV) promoter sequences from -50 to
4-39 (pVIPRSVLucter), and VIP promoter sequences from
-7 0 to 4-146 (pAVIPLucter). The pBR322 backbones of
these plasmids are replaced by pL II N5 (47) by use of a
unique BamHI site to create the L-factor-linked gene fusions
for establishing stable cell lines containing the L-factor
episome. The VIP promoter-luciferase fusions are in the
opposite transcriptional orientation to the early enhancer/
promoter region of L factor (47). pMtC contains cPKA
coding sequences under the control of the mouse metallothionein 1 promoter (43). pA(-71)CAT contains the so
matostatin promoter to position -71 fused to the chloram
phenicol acetyltransferase (CAT) coding sequences (45).
pJ6 aCREB contains aCREB (CREB containing the a-pep
tide region) cDNA (61) inserted into the pJ6 f l vector and
controlled by the rat |3-actin promoter (46). The rat |3-actin
promoter was chosen since its activity is not affected by
differentiation or by cAMP (data not shown). The plasmid
used (pJATLacZ) to control for transfection efficiency con
tains the P-galactosidase gene in pJ6 ü , modified to contain

SV40 terminator sequences immediately upstream of the
(3-actin promoter. pVIP25CAT (59) is described elsewhere
and contains the VIP CRE fused to the RSV promoter from
positions -50 to 4-39 and to CAT (59).
Stable cell lines and transfections. UF9 cells were trans
fected by calcium phosphate and selected with G418 at 0.75
mg/ml for 3 weeks. After this time, colonies were pooled. All
pools contained at least 100 colonies. Cell lines containing
L-factor episomes were selected and maintained at 35°C.
The presence of episomes was confirmed by analysis of
low-molecular-weight DNA (39) in a slot blot assay using a
random-primed L-factor probe. For transactivation experi
ments, cells were transiently transfected with a reporter
[pA(-71)CAT or pVIP25CAT] alone or in the presence of
combinations of expression plasmids for cPKA (pMtC) and
aCREB (pJ6 aCREB). Variable transfection efficiency was
controlled for by normalization against p-galactosidase ac
tivity expressed from pJATLacZ. For cAMP induction ex
periments, cells were stimulated with 1 mM dibutyryl-cAMP
or 0.5 mM 8 -chlorophenylthio-cAMP (cpt-cAMP) 25 h post
transfection. CAT assays were perform ^ at 40 h posttrans
fection.
Expression analysis. RNA probes were generated by clon
ing the complete promoter fragment from both pVIPLucter
and pVIPRSVLucter and the adjacent luciferase sequences
to 4-101 (the Aba I site in luciferase cDNA) (9) into pGeml.
The mouse c-fos probe (a gift from Richard Treisman [58a])
was generated by cloning {]\cAha\\ fragment spanning c-fos
exon 1 into pSP65. The y-actin probe is described elsewhere
(11). The mouse p^-microglobulin probe contains a 116nucleotide sequence {Hha\ site toAccI) from a cDNA clone
(6 ) cloned into pSP64. The c-myc probe contains nucleotides
517 to 722 {Xhol to EcoRW) of a c-myc cDNA (54) cloned in
to SP65. Optimal induction of c-myc by cAMP was achieved
following serum deprivation (0.5% serum for 36 h). Under
these conditions, the somatostatin promoter remains unre
sponsive to cAMP (data not shown). RNase protection
assays were performed as previously (described (62) except
that the probes were gel purified on a 6 % denaturing acrylamide gel to remove prematurely terminated products. CAT
activity (53), luciferase activity (9), and p-galactosidase
activity (23) were assayed as previously described.
Cell culture. Cells were maintained as monolayers in
Dulbecco’s modification of Eagle’s medium. UF9 and DF9
cultures contained 10% fetal bovine serum (FBS). PC12
cultures contained 10% FBS and 5% horse serum. UF9 and
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DF9 cells were maintained on standard tissue culture dishes
coated with 0.1% gelatin -300 bloom from porcine skin
(Sigma G-2500). UF9 cells were induced to differentiate with
retinoic acid as follows. Eighty percent confluent monolay
ers were split 40-fold in the presence of 1 |xM all-trans
retinoic acid (Sigma). Retinoic acid was freshly prepared as
a 10 mM stock solution in ethanol. After 3 days in the
presence of retinoic acid, cells were split fivefold in fresh
medium and retinoic acid. Experiments were performed on
differentiated cells following 6 days of treatment with retin
oic acid. Differentiation was monitored by cell staining with
monoclonal antibodies LE41 and LE61 against cytokeratins
K 8 and K18 (32). K 8 and K18 are not expressed in UF9 cells
and become strongly induced during differentiation by retin
oic acid (49,50). For the cells used in our experiments, <5%
of UF9 cells and >50% of DF9 cells stained positive for
cytokeratins. Differentiation was also confirmed by the
expression of P2 ‘ ™croglobulin RNA (Fig. 2B), which is
specific for differentiated cells (6 ). For in vivo labelling with
Pj, cells were placed in phosphate-free E4 medium con
taining 5% dialyzed FBS (dialyzed against 50 mM NaCl) and
200 [lCI of
per ml and labelled for 5 h. For in vivo
labelling with ['^^SJmethionine, cells were placed in methio
nine-free E4 medium containing 5% dialyzed FBS (dialyzed
against 50 mM NaCl) and 200 |xCi of [^S]methionine per ml
(specific activity, 1,000 Ci/mmol; in vivo cell labelling grade
from Amersham) and labelled for 12 h.
cAMP assays. Cells were treated with 500 [lM cpt-cAMP
for 3 h, followed by extensive washing with three changes of
PBS and preparation of cell extracts by freeze-thawing.
cAMP assays were performed by using the in vitro assay kit
supplied by Amersham according to the manufacturer’s
instructions.
Small-scale DNA affinity purification of CREB. Preparation
of small-scale nuclear extracts and sequence-specific DNA
afiinity purification of CREB were performed as previously
described (27). For a typical experiment, 900 pi of nuclear
extract (obtained from 5 x 10^ cells) was incubated with 40
pi of affinity resin containing CREB-binding sites. Following
binding for 30 min, the resin was washed with five changes of
affinity column wash buffer (20 mM N-2-hydroxyethylpiperazine-A^'-2-ethanesulfonic acid [HEPES; pH 7.4], 100 mM
KCl), and bound proteins were added directly to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) sample buffer for Western immunoblot analysis.
DNA probes and competitors. Gel-purified DNA fragments
containing the CREs of the somatostatin and VIP promoters
were prepared as follows. Synthetic oligonucleotides (the
CREB core motif [TGACGTCA] or related sequence is
underlined) were cloned into the polylinker site of pGem3.
The oligonucleotide for the somatostatin CRE (CGCCTCC
TTGGCTGACGTCAGAGAGAGAG) contained somato
statin promoter sequences from positions -5 7 to -29. The
oligonucleotide for the VIP CRE contained VIP promoter
sequences from positions -91 to -6 7 IATGGCCGTCATA
CTGTGACGTC ITTT). DNA probes were obtained by di
gestion with PvuW and HinélW and agarose gel purification
of the - 130-bp fragment containing the CREs. P-labelled
DNA probes were prepared by labelling the HinùWl over
hangs with [a-^^P]dATP and reverse transcriptase. Other
oligonucleotides were as follows. E3WT contains E3 pro
moter sequences from positions -67 to -44 containing the
CREB binding site tGGCGGCTTTCGTCACAGGGTGCG).
E3M is the same as E3WT except for a point mutation
(TTTCtTCA) in the CREB-binding site core sequence (26).
Gel mobility shift assays. In vitro synthesis of CREB
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protein and gel mobility shift assays were performed as
previously described (27). For competition experiments,
oligonucleotide competitors were quantitated by ethidium
bromide staining of agarose gels and by measurement of

"^260-

Antibodies. Antipeptide antibodies to CREB and poly
clonal antisera to the cPKA have been previously described.
Antibody AbC was raised against a synthetic peptide corre
sponding to the carboxy-terminal 10 amino acids of CREB
(27). Antibody Ab24G was raised against a synthetic peptide
(amino acids 89 to 101) corresponding to the a-peptide region
of CREB (61). Antibody to bovine heart cPKA was raised in
rabbits (24) and affinity purified on an antigen-agarose col
umn.
Western blotting and immunoprécipitations. Affinity-pu
rified CREB was resolved by 10% SDS-PAGE and trans
ferred to nitrocellulose filters for 90 min at 100 V or 300 mA.
Filters were incubated for 1 h in 1% bovine serum albumin in
phosphate-buffered saline containing 0.05% Tween 20
(PBS-T) to block nonspecific binding, incubated with antiCREB (crude AbC antiserum diluted 1:200) for 3 h, and then
washed six times in PBS-T over 20 min. The second anti
body, which was peroxidase-conjugated swine anti-rabbit
(DAKO) antibody diluted 1:1,000 in blocking solution, was
incubated for 1 h at room temperature and washed as
described above. The same procedure was used to detect
aCREB with antibody (Ab240) directed against the a-pep
tide region of CREB. Crude Ab240 antiserum was diluted
1:50 and incubated overnight with the immunoblot. Immu
noprécipitations from ^^S-labelled nuclear extracts were
performed as previously described (27) except that immuno
precipitates were washed with 600 mM instead of 125 mM
NaCl.
RESULTS

The VIP and somatostatin promoters exhibit a differentia
tion-dependent cAMP response in F9 cells. To identify pro
moter elements that might be critical for a differentiationdependent cAMP response, we initially examined VIP
promoter activity in F9 cells. The VIP promoter was fused to
luciferase cDNA as the reporter (9) in a vector that enables
maintenance of stable episomes in F9 cells (47). Stable
transformants harboring either the intact VIP promoter
(VIP; Fig. 2A) or a truncated VIP promoter lacking the CRE
(AVIP) were differentiated with retinoic acid and induced by
addition of cAMP, and correctly initiated RNA was detected
in a nuclease protection assay (Fig. 2B).
cAMP has no detectable effect on VIP promoter activity in
UF9 cells (Fig. 2B, lanes 13 to 18). In contrast, the VIP
promoter is stimulated by cAMP in DF9 cells (lanes 19 to
24). We also examined cAMP inducibility of the endogenous
c-fos gene, which has been shown to respond to cAMP (3,
13). The endogenous c-fos promoter also exhibits a differen
tiation-dependent cAMP response (compare lanes 1 to 6
[UF9] with lanes 7 to 12 [DF9]). The cAMP response of the
VIP promoter in DF9 cells is dependent on the VIP CRE
(compare VIP [lanes 19 to 24] and AVIP [lanes 25 to 30]). As
a positive control for cAMP induction in the case of AVIP,
we probed the same RNA sample with the c-fos probe (lanes
25 to 30). The activity of the intact VIP promoter is also
illustrated by luciferase assays on cell extracts (Fig. 2C).
Transfer of the VIP CRE onto a heterologous promoter (the
RSV promoter; VIPRSV in Fig. 2A) indicates that the VIP
CRE is sufficient for a differentiation-dependent cAMP re
sponse. We conclude from these results that the VIP CRE
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FIG. 2. Regulation of VIP promoter activity during F9 cell differentiation. (A) Constructs used to obtain pools of stably transfected cells.
VIP contains VIP promoter sequences from -94 to +146, including the CRE (59). AVIP is derived from VIP by precise deletion of the CRE
and contains VIP promoter sequences from -71 to +146. VIPRSV contains the VIP CRE (positions -9 4 to -70) fused to RSV promoter
sequences from position -5 0 to +39. (B) Pools of stably transfected cells were assayed for cAMP-inducible transcription in a nuclease
protection assay. Endogenous y-actin (7A) serves as an invariant control for RNA preparation and gel analysis. Each group of six lanes
represents a time course (0,15, 30, 60,120, and 240 min) for incubation with cAMP. For lanes 1 to 12 and 13 to 24, RNA protection assays
were performed on RNA samples from the same cells containing the intact VIP promoter construct (pVIPLucter). For lanes 1 to 12,
|32-microglobulin ((32M), y-actin, and c-fos riboprobes were used for RNA analysis. For lanes 13 to 24, VIP and y-actin riboprobes were used
for RNA analysis. For lanes 25 to 30, cells contained the truncated VIP promoter construct lacking the VIP CRE (pAVIPLucter), and RNA
probes were for VIP and c-fos. Correctly initiated c-fos (lanes 1 to 12 and 25 to 30), Pj-microglobulin (lanes 1 to 12), y-actin (lanes 1 to 24),
and VIP (lanes 13 to 30) mRNAs are indicated by arrows. (C) Regulation of VIP and somatostatin CRE activity during differentiation. For
the VIP and VIPRSV promoters, luciferase assays were performed on cell extracts from the same cells used for RNA analysis in panel B.
For somatostatin, cells were transiently transfected with pA(-71)CAT. At 25 h posttransfection, cells were stimulated with cAMP; CAT
assays performed 15 h later. Symbols: ^ , undifferentiated; ■ , differentiated.

interacts with a transcription factor(s) that is essential for
cAMP inducibility and is regulated during differentiation.
The VIP CRE also exhibits a differentiation-dependent
cAMP response when introduced transiently into F9 cells by
calcium phosphate coprecipitation (see Fig. 7).
We also tested cAMP inducibility of the somatostatin
promoter during differentiation by using a transient transfec
tion assay. Cells were transfected with pA(-71)CAT (con
taining the functional somatostatin promoter fused to the

CAT gene [45]) induced with cAMP, and promoter activity
was determined in a CAT assay. Similar to the effect
observed for the VIP promoter, the somatostatin promoter
exhibits a differentiation-dependent cAMP response (Fig.
2C). Previous studies have demonstrated that cAMP respon
siveness of the somatostatin promoter is dependent on the
CRE (18, 45), and our data therefore indicate that the
somatostatin CRE interacts with a transcription factor(s)
that is regulated during differentiation.
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FIG. 3. Determination of PKA levels and activity during differ
entiation. (A) Effect of differentiation on cPKA protein levels. In the
experiment shown, cPKA is partially purified from crude UF9 and
DF9 cell extracts by using DEAE-agarose, but the same result is
obtained when total cell extract is used. Catalytic subunit was
quantitated by Western blot analysis using a previously described
antibody (24). Three amounts (9 x , 3 x , and 1x ) of sample are loaded
to indicate that visualization of cPKA is in the linear range for the
detection method used. (B) Induction of c-myc RNA by cAMP. UF9
and DF9 cells were induced with cAMP as described in Materials
and Methods for the times indicated at the bottom, c-myc RNA was
detected by a nuclease protection assay as described in Materials
and Methods, and endogenous y-actin (yA) serves as a control for

UF9 cells contain functional PKA. The experiments de
scribed above and in previous studies (7, 52) demonstrate
that the cAMP response of multiple promoters (somato
statin, VIP, c-fos, and tissue plasminogen activator) does not
occur in UF9 cells. This is not due to a failure of UF9 cells
to accumulate sufficiently high levels of intracellular cAMP.
Following addition of 500 p,M cpt-cAMP to the cell culture
medium, UF9 and JEG3 cells (known to be highly respon
sive to cAMP) accumulate cAMP to similar levels (79 and 92
pmol of cAMP per mg of protein, respectively, versus 0.8
and 2.3 pmol/mg, respectively, in the absence of cAMP
addition). To determine whether the inability of UF9 cells to
respond to intracellular cAMP could be due to the absence of
cAMP-dependent PKA activity, we first determined the
amount of cPKA in a Western blot assay (Fig. 3A). This
assay reveals that cPKA protein levels present in UF9 and
DF9 cell extracts are comparable.
To determine whether endogenous PKA is able to mediate
any effects of cAMP in UF9 cells, we examined the expres
sion of other genes that are known to be regulated by cAMP
in other cell types (15). Of the genes examined, c-myc RNA
levels are rapidly increased by cAMP in UF9 cells and
decrease again within 4 h of cAMP treatment (Fig. 3B).
Significantly, cAMP has no effect on c-myc expression in
DF9 cells, clearly demonstrating that the effects observed in
UF9 cells do not result from the presence of contaminating
spontaneously differentiated cells. As a second means to
probe for effects of cAMP that would indicate the presence
of functional PKA, we analyzed total ^^P-labelled proteins in
UF9 cells by two-dimensional gel electrophoresis (Fig. 3C).
cAMP treatment results in a significant increase in one
■^’ P-labelled polypeptide, while labelling of several other
polypeptides is not affected. The presence of cPKA and the
effect of cAMP on c-myc expression and phosphorylation of
at least one cellular protein indicate that cAMP is able to
activate endogenous PKA in UF9 cells. We therefore con
clude that the inability of UF9 cells to exhibit many re
sponses to cAMP is not due to lack of PKA or to a general
inhibition of PKA. Because PKA is present and can be
functional in UF9 cells, we further conclude that an addi
tional level of regulation prevents PKA from activating the
VIP and somatostatin promoters.
CREB levels in UF9 cells are comparable with those in other
cAMP-responsive cell types and do not increase during differ
entiation. Previous studies have demonstrated that exoge
nous CREB is required to efficiently activate the somato
statin promoter in UF9 cells (18, 61). This finding suggested
that CREB is either physically or functionally deficient in
these cells. To examine this issue, we compared CREB

RNA preparation and gel analysis. Protected c-myc probe is indi
cated by arrows at the left. The presence of multiple bands presum
ably arises as a result of sequence differences between the c-myc
RNA population in F9 cells and the murine plasmacytoma cDNA
used to prepare the RNA probe. The nature of these differences has
not been determined. (C) Analysis of ^"P-labelled phosphoproteins
by two-dimensional gel electrophoresis. Control cells (-cAM P)
were labelled with ^^Pj as described in Materials and Methods, and
total cellular proteins were analyzed by isoelectric focussing (lEF)
in the first dimension and SDS-PAGE (SDS) in the second dimen
sion. The acidic (more negative) end of the isoelectric gradient is to
the right. Induced cells (-t-cAMP) were treated with cAMP 30 min
prior to preparation of extracts for gel analysis. The additional
phosphoprotein observed in induced extracts is indicated with an
arrow.
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f i g . 4. Effect of differentiation on CREB protein levels. (A) Detection of [^^Sjmethionine-labelled CREB by immunoprécipitation. UF9,
DF9 and PC12 cells were labelled with [^^Sjmethionine, and equal amounts of nuclear protein from each cell type were immunoprecipitated
with'anti-CREB (AbC) or preimmune (PRE) serum and analyzed by SDS-PAGE. (B) Detection of DNA-affinity purified CREB by Western
blotting. CREB was purified from equal amounts of nuclear protein from UF9, DF9, and PC12 cells by sequence-specific DNA affinity
chromatography. Western blot analysis was performed by using an antibody (AbC) directed against the carboxy terminus of CREB. Two
amounts (Ix and 4 x) of sample are loaded to indicate that visualization of CREB is in the linear range for the detection method used. Affinity
purification was performed in the presence of 5 p,M oligonucleotide containing a mutated CREB binding site ( - ) or a consensus CREB binding
site (+). CREB is marked with an arrow and consists of a mixture of ACREB and aCREB, since these closely related species are not resolved
by SDS-PAGE (61). (C) Determination of aCREB protein levels. CREB was isolated by DNA affinity chromatography, and aCREB was
detected by Western blotting with an antibody (Ab240) directed against the a-peptide region of CREB (61).

levels in UF9 and DF9 cells by Western blotting, using a
previously described antipeptide antibody (AbC; Fig. 4B)
directed against the carboxy terminus of CREB (27). As a
control, we examined PC12 cells which have abundant
CREB (44). The amounts of CREB are comparable in
nuclear extracts from UF9, DF9, and PC12 cells. We also
examined the cell type abundance of CREB by [^^Sjmethionine labelling in vivo followed by immunoprécipitation (Fig.
4A). The results obtained further demonstrate that CREB
levels are comparable in UF9, DF9, and PC12 cells.
CREB exists in two closely related forms (aCREB and
ACREB) that differ only by the a-peptide region that is
present in aCREB (19,25,61) and is produced by differential
splicing. The a-peptide region is important for activation of
the somatostatin promoter in UF9 cells (61). AbC recognizes
both aCREB and ACREB proteins. To discriminate between
aCREB and ACREB, we used an antibody (Ab240) specific
for the a-peptide region of CREB (61). Detection of aCREB
by using Ab240 in a Western blot assay gives the same result
as does detection with AbC (Fig. 4C). Thus, the form of
CREB with the highest transcriptional activity (aCREB) is
not deficient in UF9 cells. This finding is consistent with the
observation that the ratio of aCREB mRNA to ACREB
mRNA does not change during F9 differentiation (2). We
conclude that lack of aCREB does not contribute to the
inability of UF9 cells to respond to cAMP.
Exogenous CREB and cPKA are both required to activate
the somatostatin promoter in undifferentiated cells, and this
requirement is lost following differentiation. The finding that
UFi) cells are not deficient in cPKA or CREB suggests two
possible explanations for the inability of these cells to
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somatostatin promoter in F9 cells.

alone gives 2-fold activation, cPKA alone gives 4-fold acti
vation, and a combination of CREB and cPKA maximally
activates the somatostatin promoter (25-fold activation) in a
synergistic manner (Fig. 5). Thus, in our assay, the somato
statin promoter behaves as previously described in UF9 cells
(18, 61). To test whether the effect of exogenous CREB is
specific for UF9 cells, we performed the transactivation
assay in DF9 cells (Fig. 5). In contrast to the effects
observed in UF9 cells, exogenous cPKA alone gives the
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FIG. 5. Transactivation of the somatostatin promoter by aCREB
and cPKA. Cells were transiently transfected with the somatostatin
reporter [A(-71)CAT] alone or in the presence of combinations of
expression plasmids for cPKA (pMtC) and aCREB (pJ6aCREB) as
indicated at the bottom. For cAMP induction experiments, cells
were stimulated with cAMP 25 h after transfection. In all cases,
CAT assays were performed at 40 h posttransfection. The graph
shows relative transcription as determined by CAT specific activity
in cell extracts.
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same level of activation as does cAMP, while CREB alone
has no significant effect in DF9 cells. Significantly, the
simultaneous presence of exogenous cPKA and CREB has
no effect over and above the effect of cAMP alone. The
requirement for exogenous CREB observed in UF9 cells is
therefore lost following differentiation.
In the absence of exogenous CREB, there is a small effect
of exogenous cPKA (fourfold activation) but no effect of
cAMP. To examine this difference further, we compared the
effects of cAMP and exogenous cPKA in the presence of
exogenous CREB (Fig. 5). Under these conditions, exoge
nous cPKA gives full activation but cAMP still fails to
activate. Thus, there is a difference in the ability of exoge
nous and endogenous PKA to activate the somatostatin
promoter. As shown earlier, this difference is not due to
insufficient accumulation of intracellular cAMP (see above)
or to an inability of cAMP to activate the PKA holoenzyme
(Fig. 3B and C). The results presented above demonstrate
that exogenous CREB and cPKA are necessary and suffi
cient to activate the somatostatin promoter in UF9 cells.
Since both CREB and cPKA are present at normal levels in
undifferentiated cells, these findings indicate that all of the
positive-acting factors required for activation of the somato
statin promoter are present and that a negative factor(s)
prevents activation.
Characterization of CREB binding to the somatostatin and
VIP CREs. The presence of a CREB-binding site in the
somatostatin CRE (45) and two putative CREB-binding
sites in the VIP CRE (VIPA and VIPB; Fig. 6 A) suggests
that CREB may coordinately control the somatostatin and
VIP promoters during differentiation. This prompted us to
examine the potential interaction of CREB with the VIP
CRE by performing a gel mobility shift assay using CREB
protein produced in vitro from CREB cDNA (27). For
comparison, we examined CREB binding to the somato
statin CRE.
Incubation of CREB with a ^^P-labelled probe containing
the somatostatin CRE results in the formation of a specific
DNA-protein complex (Fig. 6 A, lane 1). Specificity is indi
cated by competition with an oligonucleotide containing a
CREB-binding site but not by the corresponding oligonucle
otide containing a point mutation in the CREB-binding site
(Fig. 6 A, compare lanes 7 and 8 ). Binding of CREB to

10 20 60

VIPA

FIG. 6. Characterization of CREB binding to the somatostatin
and VIP CREs. (A) Gel mobility shift assays performed with in
vitro-translated CREB protein and various ^'P-labelled DNA
probes, as indicated above the lanes (SOM, somatostatin). The
structure of each probe is shown at the bottom. The positions of

unbound DNA (U) and CREB-DNA complexes (C) are indicated at
the left. For lanes 1 to 4 and 7 to 10, assays were performed with
rabbit reticulocyte lysate that had been programmed with CREB
mRNA. For lanes 5 and 6, assays were performed with rabbit
reticulocyte lysate that had not been programmed with CREB
mRNA. For lanes 7 to 10, incubations were in the presence of
excess competitor oligonucleotide (E3WT) containing a consensus
CREB-binding site (+) or the same amount of oligonucleotide (E3M)
containing a mutated CREB binding site ( - ) . (B) Gel mobility shift
assay using a ^'P-labelled DNA probe containing the somatostatin
(SOM) CRE in the presence of increasing amounts of competitor
DNA. The competitor DNA is indicated at the bottom, and the
molar excess (MOL.XS) of competitor is shown at the top. (C)
Stability of CREB binding to the somatostatin (SOM) and VIP
CREs. Gel mobility shift assays were performed by using ^^Plabelled somatostatin and VIPA probes (indicated at the bottom). At
various times before the samples were applied to the gel (indicated
in minutes at the top), an excess of unlabelled competitor oligonu
cleotide (E3WT) was added and incubation continued. For each
labelled DNA probe, a control experiment was performed in which
competitors (E3WT [-I-] and E3M [ - ] ) were added before formation
of complexes.
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contrast to the strong activation of the somatostatin pro
moter under these assay conditions (Fig. 5). We conclude
that despite exhibiting coregulation during differentiation
and the presence of CREB-binding sites that are critical for
this regulation, the somatostatin and VIP promoters are not
coregulated by CREB in undifferentiated F9 cells.

DISCUSSION
4 -

2

-

CAMP
PKA
a-CREB

FIG. 7. Effect of aCREB and cPKA on VIP CRE activity in F9
cells. Transactivation experiments were performed as described for
the somatostatin promoter in the legend to Fig. 5. pVIP25CAT was
used as the VIP reporter plasmid. The graph shows relative tran
scription as determined by CAT specific activity in cell extracts.

^^P-labelled probes containing the intact VIP CRE
(VIPA - I - B), the proximal CREB site only (VIPA) or the
distal CREB site only (VIPB) resulted in formation of a
major complex that comigrates with that formed on the
somatostatin CRE. The amount of CREB binding to VIPA is
comparable to the levels of binding to the intact VIP CRE
and the somatostatin CRE, while binding to VIPB is weak.
A series of competition experiments (Fig. 6 B) confirms
these binding characteristics. Binding of CREB to the so
matostatin CRE is efficiently competed for by an oligonucle
otide containing the somatostatin CRE. VIPA competes for
CREB binding, although less well than does somatostatin,
while VIPB is a poor competitor. To further characterize the
interaction of CREB with the VIP CRE, we examined the
stability of CREB binding (Fig. 6 C). CREB forms a stable
complex with the somatostatin CRE {ty2 of -6 0 min). In
contrast, CREB forms a relatively unstable complex with
either of the two CREB-binding sites within the VIP CRE
(VIPA; ty 2 of -1 0 min). We conclude that CREB binds
efficiently to one of the two CREB-binding sites (VIPA)
present in the VIP CRE but binds inefficiently to the other
site (VIPB) and that binding of CREB to the VIPA site is
relatively unstable.
The somatostatin and VIP promoters are not coregulated by
CREB. The inability of CREB to bind stably to the VIP CRE
suggested that CREB might not be able to activate VIP
transcription. We tested this possibility by using the tran
sient assay for CREB in UF9 cells. The data shown (Fig. 7)
are for the VIP CRE attached to the RSV TATA box (Fig.
2A), but the same result is obtained for the intact VIP
promoter (data not shown). Expression of exogenous cPKA
alone has no effect on VIP CRE activity; CREB alone has a
small effect (twofold activation), and this effect is not signif
icantly stimulated by cPKA. These minimal effects are in

Regulation of CREB activity in UF9 cells. We have shown
that UF9 cells do not lack endogenous CREB and cPKA,
while exogenous CREB and cPKA are sufficient to activate
the somatostatin promoter. We cannot entirely rule out the
possibility that undifferentiated cells are lacking another (as
yet undetermined) positive factor and that activation
achieved by overexpression of exogenous CREB is some
what promiscuous. However, our observation that CREB
fails to activate the VIP promoter demonstrates that activa
tion by exogenous CREB is quite specific. We therefore
favor the idea that the positive factors required for a cAMP
response of the somatostatin promoter are present in undif
ferentiated cells and that a negative regulatory factor(s)
represses this response. We postulate that one level of
control is exerted by a negative regulator of CREB that we
refer to as inhibitor of CREB (ICR). tra«5 -acting factors that
negatively regulate CREs have previously been described.
The glucocorticoid receptor represses the a-gonadotropin
CRE (1), and a factor referred to as TSEl represses the
tyrosine aminotransferase CRE in nonliver cells (4). Signif
icantly, however, the glucocorticoid receptor and TSEl both
lower CRE activity without affecting cAMP inducibility and
therefore differ from ICR. ICR is a dominant inhibitor of
CREB that reduces relay of the cAMP signal to the tran
scription machinery even if PKA is activated.
Because an increase in CREB levels overcomes the neg
ative effect of ICR, ICR must directly interface with CREB
or with another transcriptional component that interacts
with CREB. ICR might be similar to other repressors that
function through direct interactions jvith activators (re
viewed in references 20 and 29), and the most likely possi
bility is that ICR is a protein that can heterodimerize with
CREB through the leucine zipper. Some recent experiments
(10a) support the possibility that the leucine zipper of CREB
is required for negative regulation in undifferentiated cells. A
factor referred to as the cyclic AMP-responsive element
modulator (CREM) can form heterodimers with CREB and
can repress transcriptional activation by CREB when co
transfected with CREB in the transient assay in F9 cells (14).
The CREM therefore has some key properties that suggest it
to be a potential candidate for ICR.
Regulation of PKA activity in UF9 cells. To date, UF9 cells
have been shown not to exhibit many responses to intracel
lular cAMP. The observation that PKA activity (assayed in
vitro) increases during F9 differentiation (51) raised the
possibility that lack of PKA (or PKA activity) may account
for this observation. Our finding that cPKA is present and
can apparently mediate some cAMP responses in UF9 cells
points to the existence of regulatory factors that somehow
prevent cAMP from activating the VIP and somatostatin
promoters. Although we suggest that ICR represses activa
tion of the somatostatin promoter by cPKA indirectly (prob
ably by interaction with CREB), our results indicate that a
second regulatory factor directly prevents endogenous PKA
from activating the somatostatin promoter. This conclusion
is implied by the difference in the ability of exogenous and
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endogenous PKA to activate the somatostatin promoter. An
important implication of these results is that endogenous
PKA is able to phosphorylate some substrates in UF9 cells
(for example, those required for regulation of c-myc expres
sion) but is unable to phosphorylate other substrates (for
example, those required for activation of somatostatin). This
might be achieved by the action of substrate-specific phos
phatases or by the distinct regulatory subunits that are
present in multiple forms of PKA holoenzyme. With respect
to the latter possibility, it is of interest that a specific
regulatory subunit (RII) is required to activate the somato
statin promoter in PC12 cells (58) and that RII levels are
increased during differentiation of F9 cells (51). Together,
these observations suggest that RII may play an important
role in regulating the somatostatin promoter during differen
tiation of F9 cells.
Differential control of somatostatin and VIP transcription.
We show that CREB is not able to efficiently activate
transcription in vivo from all CREs to which it can bind in
vitro. The finding that CREB does not activate the VIP
promoter in F9 cells is in contrast to a previous report by
Meinkoth et al., in which antibodies to CREB were reported
to block activation of the VIP promoter in rat fibroblasts
(42). There are several factors besides cell type that might
account for these differing results. In particular, it should be
noted that Meinkoth et al. used a synthetic promoter con
taining five copies of the VIP CRE (as defined in Fig. 1),
whereas we have examined the activity of a single CRE.
Because we see weak activation of the VIP CRE in our assay
(Fig. 7), it may be that multiple copies of the CRE can
produce an effect of CREB as observed by Meinkoth et al.
Distinct regulation of the somatostatin and VIP promoters is
expected in light of the fact that somatostatin and VIP are
known to be physiologically antagonistic (36, 48) and ex
pressed in different cell types (16, 30). Further characteriza
tion of the requirements for CRE function in F9 cells may
therefore enable insight into the factors that allow appropri
ate expression of somatostatin and VIP.
Our DNA-binding experiments suggest one mechanism to
account for the inability of CREB to activate the VIP
promoter. CREB forms a much more stable complex with
the somatostatin CRE than with the VIP CRE, suggesting
that stable binding of CREB might be critical for a produc
tive interaction with the CRE. Alternative possibilities could
explain the inability of CREB to activate the VIP CRE in
UF9 cells, and our data do not rule out a role for CREB in
activating the VIP CRE in differentiated cells. Although the
somatostatin and VIP CREs contain CREB-binding sites,
the somatostatin CREB site requires an adjacent G+C-rich
element for function (45), whereas the VIP site (VIPA; Fig.
6A) requires an adjacent element (VIPB) with no obvious
homology to the G+C-rich element of the somatostatin CRE
(12, 59). These differences in cis requirements for somato
statin and VIP CRE function presumably reflect the involve
ment of distinct cellular activators. In this event, lack of
the appropriate activator in UF9 cells could account for
the inability of CREB to activate the VIP CRE. Several
distinct factors have been shown to bind to the VIP CRE in
extracts from F9 cells (57), although the role that these
proteins might play in control of the VIP promoter remains
to be examined.
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