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ABSTRACT

The eukaryotic transcription factor CREB (cAMP responsive element
binding protein) enhances the expression of several genes in response to increased
levels of intracellular ;cAMP. CREB, a basic-leucine zipper protein, binds to
specific DNA elements in the promoter regions of certain cAMP responsive genes
and stimulates transcription. CREB is a direct target of the cAMP-dependent
protein kinase A (PKA), and phosphorylation by PKA switches CREB from a
weak to a strong activator. Both the mechanisms by which phosphorylation
activates CREB and by which CREB then increases gene expression are pootly
understood. One approach to elucidating these mechanisms of activation is to
analyze the molecular structure of CREB.

The purpose of this dissertation is to begin the biophysical and extend the
biochemical characterizations of CREB and to test the current models of CREB
activation by PKA phosphorylation. Toward this goal I have (i) characterized the
- secondary structure using circular dichroism; (ii) quantitated the DNA binding
properties using a fluorescence anistropy assay; and (iii) studied the tertiary
structure using analytical ultracentrifugation. In all studies the PKA-
phosphorylated form of CREB was also analyzed and compared to non-
phosphorylated CREB. The results argue against two prevalent models of CREB
activation: (i) that phosphorylation induces a conformational change in CREB

and/or (ii) increases the DNA binding affinity. Instead, phosphorylation by PKA



appears to provide a specific binding site for other proteins such as the coactivator
CBP. In addition, a long term goal of this project is to crystallize and solve the
three-dimensional structure of the CREB:DNA complex. Toward this aim I have
designed and characterized a mutant CREB protein which has improved solubility

and is a promising candidate for crystallographic analysis.



INTRODUCTION

Extracellular signals influence the expression of many genes, and an
intricate network of signalling pathways exists to transmit messages from the cell
surface to the gene. ¢cAMP, for example, mediates various hormone signals, and
increased levels of intraceliular cAAMP stimulates the expression of genes involved
in neuroendocrine peptide production (Goodman, 1990), spermatogenesis
(Foulkes, et al., 1992) and long term memory (Frank and Greenberg, 1994),
among others. Although cAMP signalling involves multiple signal transduction
pathways, one pathway is particularly well characterized because of its directness
and simplicity. This pathway involves the transcription factor CREB (cAMP
Responsive Element Binding Protein) and is initiated at the cell surface when an
extracellular ligand binds to a G-protein coupled receptor and stimulates adenylate
cyclase to convert ATP to cAMP. Cyclic AMP then binds to the regulatory
subunit of protein kinase A (PKA), triggering the release of the active catalytic
subunit. The catalytic subunit translocates to the nucleus (Hagiwara, et al., 1993)
where it phosphorylates CREB (Gonzalez and Montminy, 1989; Lee, et al.,
1990). Phosphorylated CREB is a strong transcriptional activator (Gonzalez, et
al., 1991).

The study of cAMP regulated gene expression provides insight into how

cells respond to their environment in order to develop, survive and perform their



specific functions. The work presented in this dissertation focuses on events at the
downstream end of this signalling pathway, on the processes that immediately
surround gene transcription and involve the transcriptional activator CREB. CREB
is a DNA-binding protein that stimulates transcription in a tightly controlled
manner. By characterizing the biophysical properties of CREB, I aim to elucidate
the structure of this protein and to begin to understand, in chemical terms, how a
eukaryotic transcription factor can specifically regulate the level of gene

expression.

CREB binds the cAMP Responsive Element.

CREB mediates cAMP induced transcription by binding to a specific class
of DNA sequences called the cAMP responsive element or CRE (reviewed by
(Walton and Rehfuss, 1992)). The CRE was first identified in the promoters of
several genes including proenkephalin (Comb, et al., 1986), phosphoenolpyruvate
carboxykinase (Short, ez al., 1986), c-fos (Gilman, et al., 1986) and somatostatin
(Montminy, et al., 1986). The CRE in the somatostatin promoter has been
particularly well characterized and is generally considered the canonical CRE
sequence (reviewed by (Andrisani and Dixon, 1990)). The somatostatin CRE was
defined by making a series of deletions in the 5'-non-transcribed region of the rat
somatostatin gene which had been cloned in front of a chloramphenicol

acetyltransferase (CAT) reporter gene. A small region was mapped that, when



deleted, resulted in the loss of cAMP induced gene expression in several cell lines
(Montminy, et al., 1986; Andrisani, et al., 1987). The insertion of the same DNA
element into an otherwise nonresponsive promoter conferred cAMP inducibility
suggesting that the CRE acted as an enhancer of gene expression (Montminy, et
al., 1986). The CRE had the properties of a traditional DNA enhancer sequence in
that 1t functioned in a distance and orientation independent manner.

The canonical CRE is an eight base pair palindrome (TGACGTCA) which
is conserved among a number of cAMP responsive genes (Table I). All of these
sequences either consist of the entire canonical eight base pair palindrome or
contain the minimal consensus CGTCA region. The CRE sequence is not the only
DNA element that can confer cAMP responsiveness to a gene. Other cAMP
responsive sequences, such as the AP-2 site (CCCCGAGG), have been identified
(Imagawa, et al., 1987). The AP-2 site is unrelated to the CRE and functions
through transcription factors that are distinct from CREB. Another DNA
enhancer sequence, the phorbol ester response element (the TRE or AP-1 site), is
highly related to the CRE (Angel, et al., 1987). This sequence (TGAC_TCA)
differs from the CRE by the absence of one base pair. The TRE is unresponsive
to cAMP stimulation and does not bind CREB. Rather, the TRE mediates gene
expression primarily through mitogen/growth factor response and protein kinase C
pathways via the related fos/jun family of transcription factors (Angel and Karin,

1991).



The somatostatin CRE was used to identify and purify the transcription
factor CREB (the CRE Binding Protein) (Montminy and Bilezikjian, 1987). The
CRE sequence was used to purify CREB conventionally by DNA affinity
chromatography (Gonzalez, et al., 1989) and to clone CREB directly by using a
radiolabelled CRE oligonucleotide to screen a Agtl1 expression library (Hoeffler,
et al., 1988). The protein was first cloned from rat (Gonzalez, et al., 1989) and
human tissues (Hoeffler, ef al., 1988) and is highly conserved across species; there
are only three amino acid differences between rat and human CREB. CREB is
expressed ubiquitously and was the first protein cloned in a family of related
proteins identified by their ability to bind CRE-like sequences (Hai, ef al., 1989;
Maekawa, et al., 1989) . This group of proteins, which includes ATF-1
(Activating Transcription Factor-1) through ATF-6, have homologous DNA-
binding domains, but only CREB, CREM and ATF-1 have so far been shown to be
involved in cAMP pathways. These three proteins and their splice variants form a
distinct subclass of transcription factors and represent three different genes which
show significant conservation of exon structure and amino acid sequence. Because
it was the first identified and is perhaps best characterized, CREB is often
considered the prototype for this CREB/CREM/ATF-1 family of transcription

factors (Fig. 1A).



CREB belongs to the bZIP class of DNA-binding proteins.

The first evaluations of the primary sequence of CREB revealed that it
belonged to the basic leucine zipper (bZIP) class of transcription factors
(Hoeffler, et al., 1988; Gonzalez, et al., 1989). The bZIP motif includes a basic-
charged DNA binding domain and a leucine zipper dimerization domain. Several
transcription factors contain this conserved motif including members of the Fos
and Jun families, the yeast transcriptional activator GCN4, C/EBP and others.
Some representative bZIP amino acid sequences are listed in Table II for
comparison.

The basic DNA binding region is rich in arginine and lysine residues which
are important for making electrostatic contacts with the DNA phosphodiester
backbone. Several conserved residues are contained in this region including an
invariant asparagine residue and an invariant cysteine (or serine)-arginine pair.
The spacing of these residues relative to the first leucine of the zipper is also
invariant (Table IT). The CREB/CREM/ATF family contains additional conserved
residues including two consecutive alanines and the positioning of several basic
residues. This conservation likely reflects the common DNA sequence specificity
of this family of leucine zipper proteins.

DNA binding by bZIP proteins requires dimerization which is mediated by
the leucine zipper motif (Hope and Struhl, 1987). Dimerization in GCN4 was

demonstrated by mixing the wild-type GCN4 protein with a truncated derivative



and examining DNA binding by electrophoretic mobility shift assay (EMSA)
(Hope and Struhl, 1987). The mixture generated three protein-DNA complexes:
two complexes corresponded to those observed when the proteins were present
individually and the third complex, of intermediate mobility, corresponded to the
heterodimer. The composition of the complexes was confirmed by two-
dimensional gel electrophoresis. A similar assay has been used to demonstrate the
heterodimerization properties of different ATF proteins (Hai, et al., 1989; Rehfuss,
et al., 1991) and to monitor the effectiveness of CREB bZIP domains engineered
with altered dimerization specificity (Loriaux, et al., 1993).

The structural features of the bZIP motif have been extensively studied.
The leucine zipper folds as an amphipathic alpha helix which associates as a
parallel coiled coil (O'Shea, et al., 1989; Oas, et al., 1990; O'Shea, et al., 1991).
The leucine residues form a heptad repeat of amino acids that is arranged with the
positions denoted as abcdefg (Fig. 2). Leucine residues typically occupy the d
position and, together with residues in the a position, align along one face of the
helix forming a hydrophobic surface. The hydrophobic surfaces of two
amphipathic helices associate as a parallel coiled coil similar to the coiled coil
structures originally described in proteins such as keratin (Cohen and Parry,
1986). Dimer stability is due largely to the hydrophobic residues in the a and d

positions, but charged residues in the e and g positions of the leucine zipper can



contribute significantly to the specificity of dimerization (Hu, ef al., 1993;
Loriaux, et al., 1993).

The bZIP domain is largely unstructured in the absence of DNA where
electrostatically repulsive interactions between positively charged residues drive
the basic region into a more extended, flexible conformation. Specific binding to
DNA induces alpha helix formation (O'Neil, et al., 1990; Oas, et al., 1990; Weiss,
1990; Weiss, et al., 1990; O'Neil, ef al., 1991; Saudek, ef al., 1991). The induced
structure concept of the bZIP DNA-binding domain distinguishes it from other
DNA binding motifs such as the helix-loop-helix or zinc finger which exist as
stably folded domains even in the absence of DNA. The GCN4 bZIP increases
from 70% to 95% alpha helix content (Weiss, ef al., 1990) in the presence of
DNA, whereas the CREB bZIP increases from 43% to 63% alpha helix content
(Santiago-Rivera, ef al., 1993).

The crystal structures of the bZIP domain of GCN4 bound to the TRE and
to the CRE have been solved (Ellenberger, ef al., 1992; Kénig and Richmond,
1993). The bZIP binds DNA as a dimer of uninterrupted alpha helices. The coiled
coil dimerization interface is oriented almost perpendicular to the DNA axis.
There are no kinks or sharp bends in either bZIP monomer, which contrasts one
postulate of the original "scissors grip" model for bZIP/DNA binding. This early
model, which was otherwise correct, predicted that the invariant asparagine

formed an a-helix N-cap and was the position of a bend or kink in the basic region
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alpha helix (Vinson, et al., 1989). The crystallography data support the related
"induced helical fork" model (O'Neil, et al., 1990). The coiled coil of the leucine
zipper dimer bifurcates with a smooth bend in the alpha helix in the direction of
the DNA axis allowing the a-helix to traverse the major groove where the protein
can make a series of base-specific contacts. GCN4 binds to the TRE site without
inducing any DNA bending (Ellenberger, et al., 1992), whereas binding to the
CRE site requires DNA flexure (Kénig and Richmond, 1993).

The X-ray structure of c-Fos/c-Jun heterodimeric bZIP domain bound to the
TRE has also been recently solved (Glover and Harrison, 1995). The overall
structure resembles that of GCN4 bound to DNA. A significant finding of this
structure was that the Fos/Jun heterodimer can bind the asymmetric TRE site in
either of two orientations related by a 1800 rotation about the dyad axis. This
finding reflects the indifference of the heterodimer to the orientation of the TRE.
The Fos/Jun complex bound to primarily B-form DNA which was bent at most 100
towards the coiled-coil. This lack of bending contrasts electrophoretic mobility
data which indicate that both Fos and Jun significantly bend the DNA but in
opposite directions (Kerppola and Curran, 1991). The reason for this difference
may be because the X-ray structure contained smaller Fos/Jun peptides and a
shorter DNA sequence than those used in the DNA bending study. The regions
critical for bending may not have been included in the crystallographic structure

(Kerppola and Curran, 1995).
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Determining the presence and magnitude of directed DNA bending is an
important aspect of characterizing protein: DNA interactions, as DNA distortion is
one mechanism by which transcription factors can influence the promoter
complex. CREB and CREM have recently been reported to bend DNA (de Groot,
et al., 1994). Using a circular permutation assay (Wu and Crothers, 1984) de
Groot et al. showed altered electrophoretic mobilities for CREB- and CREM-DNA
complexes depending on the location of a specific binding site on a linearized
sequence of DNA. They reported a bend angle of about 730 for both CREB and
CREM. Interestingly they reported a 10° increase following phosphorylation by
PKA implying that a conformational change occurred in the complex.
Unfortunately, these conclusions relied exclusively on the circular permutation
assay which does not distinguish between a directed DNA bend and a region of
increased flexure. Phasing analysis (Zinkel and Crothers, 1987), in which the
flexure is compared in and out of phase with an intrinsically bent DNA sequence,
1s required to confirm site directed bending. Both circular permutation and
phasing analysis were used to measure the bending of a variety of bZIP proteins
when bound to TRE or CRE sites (Kerppola and Curran, 1993). This extensive
study found that CREB and ATF-1 induced significant variation in DNA complex
mobilities as measured by circular permutation analysis suggesting the presence of
structural distortions. However, phasing analysis revealed that this distortion was

not a result of a directed DNA bend.



An explanation for the variation in mobility of CREB-DNA complexes may
come from the results of Paolella et al. (Paolella, et al., 1994). This group also
used the circular permutation assay in conjunction with phasing analysis to
characterize the determinants of GCN4 and CRE-BP1 (or ATF-2, a CREB family
member) DNA binding specificity. They found that the CRE sequence, unlike the
TRE sequence, had an intrinsic curvature in the absence of protein binding. This
curvature was actually straightened following CRE-BP1 binding, implying that
CRE-BP1 must introduce a slight bend toward the minor groove upon binding the
CRE sequence. Like CREB, CRE-BP1 binds to the AP-1 site only with low-
affinity. However, at high protein concentrations binding was detected and a
distinct bend toward the minor groove was detected. The authors postulate that
the intrinsic flexure of the DNA plays a significant role in binding specificity of
CREB family members as well as GCN4. Verification of this model awaits further
structural and biochemical characterization of CREB:DNA complexes.

At this point, the majority of structural characterization has been performed
on the bZIP domains of GCN4 and on Fos/Jun. Because of the homology between
their bZIP domains, GCN4 has often been used as a model for the CREB bZIP
region. While the assumption that GCN4 is a good model for CREB structure
holds for many of the general characteristics of the CREB bZIP, there are several
instances where GCN4 falls short as a model for CREB. GCN4 and Fos/Jun bind

both the CRE and the AP-1 with high affinity, whereas CREB is able only to bind
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the CRE with high affinity (Paolella, ef al., 1994). As mentioned above, the
source of this specificity is not completely understood, although it probably
involves a combination of the intrinsic flexure of the DNA sequences, the amino
acid sequence in the basic region and the sequence of the fork region between the
leucine zipper and basic region (Paolella, et al., 1994). Attempts to use the X-ray
structure of GCN4 as a model to design a CREB bZIP domain with altered
sequence specificity were not successful (M. Loriaux, unpublished results). These
modeling attempts underscore the significant differences in the way GCN4 and
CREB recognize DNA. Why does CREB bind the CRE and not the TRE? The
biophysical characterization of CREB and the eventual three-dimensional structure
of the CREB bZIP domain bound to DNA will help answer this question as well as
clarify how different bZIP proteins control the very specific interactions of

dimerization and DNA binding,

The CREB activation domain contains several functional regions.

The activation domain of CREB encompasses the amino terminal three-
fourths of the protein, and contains several regions that are important for both
basal and PKA inducible function. These regions have been identified by
mutagenesis and deletion analysis. The activity of CREB and the function of
individual CREB domains has generally been monitored by in vivo transfection

assays. There have been two general approaches to these assays, both of which
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circumvent endogenous CREB activity. The first approach is to fuse CREB to the
yeast Gal4 DNA-binding domain and measure the activity of a Gal4 driven
reporter (Lee, ef al., 1990; Quinn, 1993). The second approach is to perform the
transfection assays in undifferentiated F9 cells which lack a functional cAMP
signalling pathway (Yamamoto, et al., 1990; Gonzalez, et al., 1991).

The principle region involved in the cAMP activation of CREB is the
kinase inducible domain (KID, (Gonzalez, ef al., 1991)) or phosphorylation box
(P-Box, (Lee, et al., 1990)). This region contains serine residue 133 which is the
site of phosphorylation by PKA (Fig, 1B). Mutation of this residue to alanine,
aspartate or glutamate eliminates the cAMP responsiveness of CREB without
affecting its basal activity (Lee, ef al., 1990; Gonzalez, et al., 1991). Ser133 can
also be phosphorylated by the calcium/calmodulin kinases CamKI, CamKII and
CamKIV which are likely to regulate CREB function through signal transduction
pathways that are distinct from the cAMP pathway (Dash, et al., 1991; Sheng, et
al., 1991; Sun, et al., 1995). These pathways are discussed further in the next
section. CREB has recently been shown to be a substrate for the glycogen
synthase kinase-3 (GSK-3) (Fiol, et al., 1994). GSK-3 is a hierarchical kinase and
requires prior phosphorylation at Ser133 to phosphorylate Ser129. Mutational
analysis of this site suggests that GSK-3 augments the activation by PKA (Fiol, et
al., 1994). The CREB activation domain also contains a number of potential

phosphorylation sites for other kinases such as PKC and casein kinase II. Most of



these sites are within the KID, but their role in CREB function not well
understood.

Just as phosphorylation has been shown to convert CREB to a strong
activator, dephosphorylation has been shown to down-regulate CREB activity
(Hagiwara, et al., 1992; Wadzinski, et al., 1993; Wheat, et al., 1994). Hagiwara,
et al. demonstrated that, following cAMP stimulation, the attenuation of CREB
activity in PC12 cells corresponded with dephosphorylation of CREB on Ser133.
They attributed this dephosphorylation to protein phosphatase 1 (PP1) (Hagiwara,
etal., 1992). Wadzinski, et al. demonstrated CREB regulation by
dephosphorylation in HEPG2 cells but attributed this regulation to protein
phosphatase 2A (PP2A) (Wadzinski, et al., 1993). They found that CREB
phosphatase activity in nuclear extracts copurified with PP2A and was completely
resolved from PP1. Wheat, et al, further defined PP2A as the primary CREB
phosphatase (Wheat, ef al., 1994). SV40 small t antigen, which binds to nuclear
PP2A but not to PP1, protects P-CREB from dephosphorylation in rat liver
nuclear extracts and enhances cAMP-stimulated transcription from the PEPCK
promoter.

Residues in the KID region other than Ser133 are also important for CREB
function. At least two groups have reported that deletion of the DLSSD sequence
(residues 140-144) in the KID nearly abolishes CREB function (Lee, et al., 1990;

Gonzalez, et al., 1991). Site-directed mutagenesis of Asp140 resulted in 80% loss
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of activity whereas site-directed mutagenesis of any of the other residues resulted
in a 40-50% loss in CREB activity (Gonzalez, et al., 1991). Both groups
speculated that the DLSSD region was important for a PKA-induced
conformational change in CREB. Examining the structural details of the entire
KID domain will be crucial to understanding its role in PKA-induced activation.
Functional regions outside of the KID domain have been identified by
deletion analysis (Fig. 1A). In particular, there are two glutamine rich regions
referred to as Q1 and Q2. Several groups found the amino-terminal Q1 domain to
contribute to basal, but not PKA-induced CREB activity (Lee, et al., 1990;
Gonzalez, et al., 1991; Quinn, 1993), although disagreement existed on the extent
of this contribution. Brindle, et a/. found the Q2 region to be essential for basal
function (Brindle, et al., 1993), whereas Quinn demonstrated that both Q1 and Q2
were essential for full basal activity with Q2 contributing more to basal activity
than Q1 (Quinn, 1993). In addition to deletion analysis, Quinn demonstrated
"gain of function" activity for the independent Q1/Q2 regions and the KID. For
example, the KID domain was fused to a Gal4 DNA binding domain (KID-
Gal4DBD). This construct was not a transcriptional activator in the absence of
PKA stimulation, but became an activator following PKA induction. Similarly,
the Q1/Q2 domains conferred a basal stimulation but did not respond to PKA
activation. Brindle et al. also reported slight "gain of function" activity for KID-

Gal4DBD and Q2-Gal4DBD constructs (Brindle, ef al., 1993). Both groups noted
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that the constitutive region and the PKA-responsive region acted together
synergistically.

The importance of the Q regions in basal activity correlates with the
activities described for different CREM isoforms (reviewed by (Lee and Masson,
1993; Meyer and Habener, 1993)). CREMuo. contains an intact KID region but
lacks both the Q1 and Q2 regions (Fig. 1). CREMa has no basal activity and does
not respond to PKA activation but appears, instead, to be a repressor of CREB
function (Foulkes, et al., 1991). On the other hand CREMr contains both the Q1
and Q2 regions and exhibits both basal and PKA-inducible activity. Similarly, two
CREMr isoforms: CREMz1 (which contains the Q1 but not the Q2 region) and
CREMz2 (which contains the Q2 and not the Q1 region) are transcriptional
activators. The Q2 domain appears to confer a slightly higher activation potential
than the Q1 domain (Laoide, et al., 1993). Therefore, these CREM isoforms
demonstrate that the Q domains, in addition to being involved in basal activation,
contribute to the PKA-inducible activity.

The role of the a-peptide, a 14-amino acid splice insert near the KID that
distinguishes CREB341 from CREB327, has been extensively studied, but its
function has not been resolved. Yamamoto, et al. reported that CREB341 was
more active than CREB327 (Yamamoto, et al., 1988), whereas other groups found
that the two isoforms were equally active (Berkowitz and Gilman, 1990; Ruppert,

et al., 1992; Quinn, 1993). Circular dichroism analysis of the a-peptide showed it
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to be a-helical in the presence of 40% TFE. However, TFE can induce a-helix
structure 1n peptide sequences that have a helical propensity, and this induced
structure does not necessarily represent a fold which is observed in the native,
intact protein (Sonnichsen, et al., 1992). For example, in peptide regions with
both 3-sheet and a-helical propensity, TFE will most likely induce helix
formation. Both the neighboring residues and the environment of the fuil-length
protein have a profound effect on peptide structure. Therefore, the structure and
function of the a-peptide awaits further characterization.

Clearly, some discrepancy exists over the functional significance of the
different CREB regions. Some of this disagreement is probably due to the
different cell systems, protein constructs and assays employed by the different
laboratories. However, there is likely some structural interdependence between
the different regions, and a characterization of the secondary and tertiary structure

of CREB will be necessary to sort out all of its functional domains.

CREB can mediate transcription through non-PKA pathways.

Although isolated as a transcription factor that responds to cAMP signals
via direct phosphorylation by PKA, CREB has also been shown to activate
transcription in response to other signalling pathways. Inducibility by membrane
depolarization and the accompanying increase in intracellular calcium

concentrations was mapped to CRE regions in the c-fos (Sheng, et al., 1990) and
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proenkephalin (Nguyen, et al., 1990) genes. Depolarization of PC12
pheochromocytoma cells correlated with rapid phosphorylation of CREB on
Ser133 (Sheng, et al., 1990) and CREB was subsequently shown to be a calcium
activated transcription factor: a GAL4-CREB fusion construct conferred calcium
inducibility to a c-fos reporter gene (Sheng, et al., 1991). The proposed mediators
of this induction were the calcium-calmodulin protein kinases (CaM kinases)
which are activated by the increased calcium concentrations that accompany
membrane depolarization. Ser133 was found to be a substrate for both CaM KI
and Cam KlI in vitro (Dash, et al., 1991; Sheng, et al., 1991). However, in vivo
studies with CaM KII and CaM KIV demonstrated that CaM KIV was much more
effective than CaM KII in activating CREB in three different cell lines (Sun, et al.,
1995). Mutagenesis and phosphopeptide mapping demonstrated that CaM KIV
phosphorylates CREB only on Ser133, whereas CaM KII phosphorylates both
Ser133 and Ser142. Phosphorylation of Ser142 blocked the activation by CREB in
transient transfection assays that would otherwise occur when Ser133 was
phosphorylated. Thus, CREB not only provides a point of convergence for cAMP
and calcium mediated pathways, but a point at which calcium signals could
modulate cAMP stimulated transcription.

CREB has also been shown to be a target of nerve growth factor (NGF)
mediated transcription. NGF induction of c-fos was found to require CREB, and

NGF treatment of PC12 cells caused a rapid increase in phosphorylation of CREB
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on Ser133 (Ginty, et al., 1994). The authors ruled out the involvement of PKA
and the CaM kinases in this pathway and identified a novel NGF-inducible, Ras-
dependent protein kinase that phosphorylates CREB on Ser133.

Although CREB contains many potential phosphorylation sites which may
help to modulate its function, Ser133 plays a crucial role in integrating numerous
signalling pathways. Defining the structure of this region and determining the
mechanism of transcriptional activation by phosphorylation of Ser133 will be

crucial to our understanding of CREB function.

CREB activates RNA polymerase Il transcription by several possible
mechanisms.

The initiation of transcription is a tightly regulated process which requires
the formation of a multiprotein complex around the promoter. There are several
general mechanisms by which activators could affect the assembly of this complex
and increase transcription. Activators could (1) change the chromatin structure; (ii)
release repression; (iii) increase the rate of complex formation; or (iv) increase the
number of complexes formed.

At least seven general factors have been identified which assemble into the
basal pre-initiation complex around RNA polymerase II promoters: TFIIA, TFIIB,
TFID, TFUE, TFIIF, TFIIH, and TFIIJ. There are two main models of how this

assembly occurs (reviewed by (Hori and Carey, 1994)). The traditional view is
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that these factors assemble in a defined order. TFIID, which includes the TATA-
binding protein (TBP) binds to the promoter forming an initial complex. RNA
polymerase Il in conjunction with TFIIB and TFIIF assemble with TFIID to form
the site-selected complex. TFIIH, TFIIE and TFILJ then bind to form the complete
preinitiation complex. This stepwise assembly has been demonstrated in in vitro
transcription reconstitution assays in the absence of activators. An activator could
influence any step in the process by recruiting a particular factor to the pre-
initiation complex.

An alternative model for preinitiation complex assembly has recently been
suggested based on the discovery of the suppressors of RNA polymerase B
complex in yeast (Koleske and Young, 1994). This model proposes that a
preformed assembly of RNA polymerase II and a subset of the general
transcription factors can enter the pre-initiation complex in one step. The binding
is facilitated by TFIID bound to TATA, which positions the complex near the start
site, and by activators which recruit the complex to TFIID. In this model, the
complex represents a single target with a multitude of potential binding sites for
activators. The role of an activator would be to contact any point along this
surface and recruit the complex to the promoter.

How does CREB activate gene expression? CREB binds to CRE enhancer
sequences that are generally found upstream of the transcription initiation site of

RNA polymerase I promoters. Here CREB, at least in some instances, acts as a
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weak activator and is responsible for basal, or constitutive, levels of transcription
(Xing and Quinn, 1993). Phosphorylation of CREB at Ser133 stimulates a greater
than 10-fold increase in this basal expression. How CREB interacts with the
general transcriptional machinery, and how this phosphorylation event switches
CREB to a strong activator is poorly understood. Early models for CREB
activation assumed that different phosphoryiation events increased the overall
negative charge of the activation domain. In this sense, CREB was thought to
behave like the acidic activators of VP16, GCN4 and Gal4. The negatively
charged regions of these proteins were thought to form unstructured "acid blobs"
or "negative noodles" to recruit binding partners in the preinitiation complex
(Sigler, 1988). Substitution of the phospho-serine residue 133 of CREB with the
negatively charge residues aspartate or glutamate did not mimic phosphorylation
(Lee, et al., 1990; Gonzalez, et al., 1991). This finding suggested that more than

- the presence of a negative charge was required to create a transcriptional activator
and led to a variety of models that relied on a PKA phosphorylation induced
conformational change in CREB. One of these models suggested that
phosphorylation induced secondary structure in regions near the PKA site such as
the DLSSD sequence (Lee, et al., 1990; Meyer and Habener, 1993).
Alternatively, PKA phosphorylation may affect the structure or availability of the

Q2 domain, thus allowing an interaction with the general transcription complex
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that was not previously feasible (Ferreri, et al., 1994). However, no physical data
have yet been presented to support these structural models.

Another model for how PKA phosphorylation activates transcription is that
phosphorylated CREB has a higher affinity for DNA than non-phosphorylated
CREB. Although early reports indicated that CREB and PKA phosphorylated
CREB had similar DNA binding affinities (Yamamoto, et al., 1988), later studies
reported phosphorylation dependent increases in CRE-binding activity in both in
vivo and in vitro footprinting assays (Merino, et al., 1989; Weih, et al., 1990). A
more rigorous electrophoretic mobility shift assay (EMSA) study using purified
recombinant proteins indicated that PKA phosphorylated CREB had a higher
affinity for lower affinity CRE sequences, such as the tyrosine aminotransferase
CRE, but had little affect on the higher affinity CRE sequences, such as the
somatostatin CRE (Nichols, et al., 1992). Subsequent dephosphorylation reduced
DNA binding. The role of PKA phosphorylation on DNA binding remains
controversial as later reports, also using EMSA assays, failed to detect significant
differences in DNA binding between CREB and phosphorylated CREB (de Groot,
et al., 1993; Anderson and Dynan, 1994). Clearly, a more sensitive and
quantitative method is necessary to distinguish whether phosphorylation affects the
affinity of CREB for different DNA sequences.

Yet another emerging model suggests that phosphorylation creates a

specific binding site for other proteins which then activate gene expression. Such
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a candidate protein is CBP (CREB binding protein), a putative coactivator
orginally cloned by its ability to specifically bind phosphorylated CREB (Chrivia,
etal., 1993). CBP is a 265 Kd nuclear protein which contains several CaMKII
phosphorylation sites, a single PKA site, three putative Zn-fingers, a bromodomain
and a carboxy-terminal glutamine rich domain. It is not known whether CBP binds
DNA directly, but CBP behaves as a transcriptional activator when fused to a
heterologous DNA binding domain such as Gal4 (Chrivia, et al., 1993). In
transient transfection assays in F9 cells, co-expression of CBP enhances the
CREB-mediated gene expression in a dose-dependent manner (Kwok, et al.,
1994). Microinjection of CBP antibodies into fibroblasts can inhibit transcription
from a cAMP responsive promoter (Arias, et al., 1994). Together, these data
suggest that CBP acts as a co-activator of CREB, linking CREB to the general
transcription complex.

In addition to communicating with the pol II complex via CBP, CREB may
also contact the general transcription machinery directly. Ferren, et al. reported
that the TFIID complex, but not TBP alone, supported transcriptional activation by
a Q2-Gal4DBD construct. They also reported that Q2 could bind directly to the
Drosophila protein dTAF110, albeit with low efficiency. A direct interaction of
CREB with mammalian general transcription factors remains to be demonstrated.
Nevertheless, CREB is likely involved in multiple interactions that work

synergistically to activate transcription.
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Thesis Objectives.

The work presented in this dissertation details some of the biophysical
chemistry of CREB. The purpose of this work is to gain a better understanding of
the molecular structure of CREB and the underlying mechanisms of transcriptional
activation by this protein. In particular, there are three specific aims to this

project:

1. Begin the molecular characterization of CREB by evaluating its
secondary and tertiary structural properties. What does CREB look like?
2. Test the following models of CREB activation by PKA phosphorylation:
(i) Does phosphorylation induce a conformational change in CREB?
(i) Does phosphorylation increase the DNA binding affinity?
(iii) Does phosphorylation create a specific binding site for other proteins?
3. Establish conditions that will enable X-ray crystallography of the

CREB:DNA and CREB-bZIP:DNA complexes.

Three sets of studies were undertaken to accomplish these aims. First,
circular dichroism (CD) was used to determine the secondary structure content of
full-length CREB and the CREB activation domain. CD was also used to compare
the secondary structure of CREB and P-CREB. Second, a fluorescence anisotropy

assay was used to quantitate CREB binding to different CRE sequences and to



determine whether phosphorylation affected the DNA binding affinity of CREB.

The fluorescence anisotropy assay was also used to monitor the effects of
CBP:P-CREB:DNA binding. Finally, analytical ultracentrifugation was used to
monitor solubility, measure tertiary properties, and determine the effects of

phosphorylation on the tertiary structure of CREB.
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TABLE 1

Examples of CRE Sequences
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Gene

Sequence

Reference

somatostatin, rat

glycoprotein o~ subunit,
human

fibronectin, human
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