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Abstract

This thesis focuses on understanding how dimerization contributes to the function
of basic/leucine zipper (bZIP) transcription factors. Dimerization of factors in this class
is mediated through a leucine zipper motif. The highly conservered nature of the leucine
zipper permits homo- and heterodimerization among related bZIP transcription factors.
While this greatly increases the diversity of complexes that can interact with a single
genetic element (and thereby provides a mechanism for integrating information from
various signaling pathways), it becomes difficult to ascertain the functional and
biochemical properties of individual heterodimer complexes. The prototypic bZIP
protein, CREB, provides an excellent model for the study of cAMP-mediated
transcriptional activation. This protein must bind to a palindromic DNA sequence termed
the CRE (cAMP-responsive element) as a dimer to induce a basal level of transcription.
CREB achieves full transcriptional activity only after phosphorylation by protein kinase
A (PKA). To simplify the functional analysis of CREB, I have substituted residues
within the leucine zipper region to generate proteins that dimerize in selected
combinations. These zippers permit the formation of specific, physiologically relevent
complexes that can be studied in vivo. Using this approach, I show that
hemiphosphorylated CREB complexes are half as active as fully phosphorylated
complexes. This result has several implications for second messenger regulated gene
activation. First, they demonstrate that the process of dimerization contibutes to the level
of transcriptional activition. Second, the distinct responses to unphosphorylated,
hemiphosphorylated and fully phosphorylated CREB dimers suggest that cAMP-directed
transcriptional signals can be modulated according to the degree of CREB
phosphorylation. Finally, the observation that hemiphosphorylated CREB maintains the
ability to respond to PKA supports the concept that heterodimerization may allow the

targeting of distinct second messenger-mediated signals to a single genetic element.



The half-maximal activity af hemiphosphorylated CERB complexes may result
from a decreased association with other proteins required for transcriptional activation.
Alternatively, complexes phosphorylated on a single subunit may function directionally.
Because the CRE sequence is symmetric, the hemiphosphorylated dimer may bind in two
different orientations. It is possible that only one of these orientations is functional.
Directional binding of transcription factors would provide additional diversity in gene
regulation. To test this model, I develop a method for directionally binding CREB
dimers to asymmetric CRE sequences. Using this approach, I show that
hemiphosphorylated CREB complexes are equally active bound in either orientation.
This result indicates that both activation domains contribute additively to gene activation.

Finally, I use the mutant leucine zipper strategy to study the mechanism of action
of negative regulators of transcription. CREMaq., a bZIP transcription factor that blocks
CREB mediated gene activation, may function in two ways: inactive CREMao
homodimers may compete for CREB binding sites, or CREM a0 may combine with CREB
to form inactive heterodimers. The latter model provides a mechanism for greatly
increasing the efficiency and specificity of these negative regulators. Suprisingly,
CREMOo:CREB heterodimers are transcriptionally active indicating that CREMa. can
contibute to PKA-mediated gene activation. Futhermore, CREM ot:CREB heterodimers

are active only when both subunits can be phosphorylated by PKA.



Introduction

Catecholamine and peptide hormones regulate gene expression through the
activation of second messenger signalling pathways. The signal transduction events
leading to the induction of cAMP-responsive genes are, perhaps, the best understood.
Regulation of genes via this pathway occurs through short, frequently palindromic DNA
elements termed the cAMP-responsive enhancers (CREs). The proteins that bind to this
element, such as the CRE-binding protein (CREB), stimulate transcription when the
CAMP second messenger signalling pathway is activated.

The activation of CREB and related proteins occurs as the result of several steps.
Hormones that elevate cellular levels of cAMP are the first messengers in the signalling
pathway. Unable to enter the cell directly, these hormones recognize a receptor molecule
which serves as a link between the exterior and the interior of the cell. Once bound to the
appropriate ligand, hormone receptors activate GTP-binding proteins (G proteins) by
catalyzing the exchange of GTP for GDP on G protein o (G ) subunits (reviewed in
Casey, 1988). Activated G subunits may then activate adenylate cyclase or
phospholipase C which are responsible for the production of the second messengers
cAMP and diacylglycerol, respectively. Elevated levels of cAMP modify the activity of
cAMP-dependent protein kinases. For example, cAMP molecules associate with the
regulatory subunit of protein kinase A (PKA). The catalytic subunit of PKA then
separates from the regulatory subunit and is free to migrate into the nucleus (Meinkoth,
1990). Once in the nucleus, protein kinases regulate the activities of transcription factors
that bind to specific DNA elements (Hunter, 1992). One recently characterized factor in
this pathway is CREB. Unphosphorylated CREB dimers bind to CRE sequences and
activate a low or basal level of transcription (Gonzalez, 1991). CREB stimulates a much

higher level of transcription after phosphorylation by PKA (Gonzalez, 1989b).



The presence of this multistep signalling cascade may serve several functions.
First, signalling cascades transmit and amplify signals initiated by circulating hormones.
The effector molecules activated at each step can, in turn, activate several downstream
effector molecules. As a result, a small number of hormone molecules can have profound
effects on the metabolic processes of the cell. Second, each intermediate in the signalling
pathway may interact with more than one downstream target. cAMP and protein kinases,
for example, play many roles in the regulation of cellular metabolism. Finally, each step
can provide a point of interaction or "cross-talk" between different signalling pathways.

Of all the steps in the cAMP signalling cascade, one of the least understood is
how CREB activates gene expression. A key component of CREB mediated gene
activation, however, is dimerization. CREB contains a highly conserved DNA
binding/leucine zipper region that mediates homodimerization and heterodimerization
with the related proteins CREM and ATF-1. The relative availabilities and
concentrations of proteins with which CREB can dimerize may, to a large degree, confer
tissue specific responses to general hormonal signals. Because individual heterodimer
complexes are difficult to isolate, their contribution to gene activation is not understood.
The work presented in this thesis focuses on developing techniques to isolate specific
heterodimer complexes and then determining their contribution to cAMP-mediated gene

activation.

cAMP and PKA

The role of cAMP as a second messenger was first established in the work of
Sutherland and Rall (Sutherland, 1958). Subsequently, many investigators looked for a
connection between cAMP and increased biosynthetic activity. Byuss and Russell
(Byuss, 1975), for example, hypothesized that cAMP mediates the increase in ornithine
decarboxylase (ODC) activity that results from the administration of hormones that affect

growth processes. Their results indicated that a hormone, most likely adrenocorticotropic



hormone (ACTH), rapidly elevated cAMP levels and subsequently ODC levels in rat
adrenal medulla following exposure to cold. Furthermore, they predicted that cAMP-
dependent protein kinases were most likely phosphorylating nuclear proteins which
increased ODC mRNA synthesis. This prediction was supported by the findings that
both cyclohexamide, an inhibitor of protein synthesis, and actinomycin D, an inhibitor of
RNA synthesis, blocked the increase in ODC activity.

Additional evidence for the role of cAMP in gene regulation came after the
development of PC12 cells, a clonal line derived from a pheochromocytoma tumor in rat
adrenal medulla (Greene 1976). When these cells were exposed to nerve growth factor
(NGF), they underwent an alteration in phenotype that resembled a change from
chromaffin cells to sympathetic neurons. Among the many biochemical changes that
occured, NGF was shown to increase intracellular levels of cAMP (Schubert 1977) and to
increase levels of the enzyme ornithine decarboxylase (ODC) (Greene 1978). Other
laboratories (Hatanaka,1978; van Buskirk,1985), however, were unable to see increased
levels of cAMP in response to NGF treatment in PC12 cells. Though discrepancies in the
relationship between NGF and cAMP remained unresolved, a link was found between
cAMP and ODC activity. Guroff et al. (Guroff,1981), using adenosine analogs to
activate adenylate cyclase, were able to show a marked increase in ODC activity.
Similarly, several laboratories were able to show an increase in tyrosine 3-
monooxygenase (tyrosine hydroxylase) activity, the rate-limiting enzyme in
catecholamine synthesis, by increasing cAMP levels with cholera toxin (Vacarro,1980)
and adenosine analogs (Erny,1981).

The comparison of mRNA levels between uninduced and induced genes provided
conclusive evidence that cAMP could mediate gene expression. After cloning the
vasoactive intestinal polypeptide (VIP) gene, Hayakawa et al. (Hayakawa, 1984) used a

radiolabled fragment of the VIP gene and a filter hybridization assay to quantitate VIP-



encoding mRNA. Neuroblastoma cells treated with a cAMP analog showed an eleven-
fold stimulation in VIP gene transcription.

The role of cAMP in the regulation of gene transcription implicated cAMP-
dependent protein kinase (PKA), which is activated by elevated levels of cAMP, as
having a key role in cAMP-mediated gene activation. Several models were described to
explain the function of PKA. PKA could, for example, phosphorylate ribosomal proteins
allowing for the translation of stored mRNAs (Appleman, 1973). Alternatively, PKA
could phosphorylate nuclear proteins which would allow transcription from specific
genes (Langan, 1971). The results of Byuss and Russell, described previously, supported
the latter model. Several additional lines of evidence also supported that model. First,
microinjection of PKA catalytic subunit into rat hepatoma cells using red blood cell
ghosts as vehicles caused an induction of tyrosine aminotransferase activity similar to
that induced by cAMP analogs (Boney,1983). Direct microinjection of PKA catalytic
subunit into rat glioma cells also increased activity from the cAMP-responsive VIP
promoter (Riabowol, 1988). Second, cAMP regulated gene induction does not occur in
PC12 cell lines that are deficient in cAMP dependent protein kinases. For example, van
Buskirk et al. found that PC12 cells deficient in PKA activity were still able to induce
ODC activity in response to NGF treatment but not in response to adenosine agonists
(van Buskirk, 1985). These results suggested that PKA was activated specifically by
cAMP and that ODC gene activation induced by NGF probably occurred through a
separate pathway. In addition, Montminy e al. (Montminy,1986) showed that the
regulatory region of the cAMP-responsive somatostatin gene was not responsive to
cAMP when transfected into PKA deficient PC12 cells . Third, cotransfection of a
plasmid encoding an inhibitor of PKA activity, PKI, along with a cAMP-inducible
reporter plasmid prevented cAMP induction of the reporter (Grove, 1987). And finally,

Nakagawa et al. found that the catalytic subunit of PKA could activate transcription from



the cAMP-responsive gene urokinase-type plasminogen activator in kidney tissue

extracts (Nakagawa, 1988).

Identification of the CRE

To identify PKA-phosphorylated nuclear proteins which could induce gene
transcription, researchers first examined the promoter-regulatory regions of several
cAMP-responsive genes. Short DNA sequences similar to those in bacterial gene
promoters were hypothesized to mediate the binding of potential transcriptional
regulators. Once the regulatory DNA sequences were identified, the proteins which
bound to them could be determined. To this end, Short ef al. examined the regulatory
regions of the phosphoenolpyruvate carboxykinase (PEPCK) gene (Short, 1986). A
series of deletions in the promoter-regulatory region of the PEPCK gene revealed that a
short DNA sequence approximately one hundred base-pairs upstream from the promoter
conferred cAMP responsiveness to that gene. The regulatory element within that
sequence was also sufficient to confer cAMP inducibility to the Herpes simplex virus
thymidine kinase gene, a gene not normally responsive to cAMP. Comparison of this
sequence to the regulatory regions of four other cAMP responsive genes indicated that
the core sequence 5'-CTTACGTCAGAG-3' contains the cAMP-responsive element or
CRE. Similar experiments were used to identify CRE's in the somatostatin gene
(Montminy,1986), the proenkephalin gene (Comb,1986), and the VIP gene (Tsukada,
1987) (Table 1). The consensus CRE sequence based on those experiments was 5'-
TGACGTCA-3". Andrisani et al. found that in addition to simulating transcription in
response to CAMP, the CRE could also induce a basal level of transcription in
unstimulated cells (Andrisani, 1987). Removal of the CRE from the somatostatin gene

promoter, for example, decreased unstimulated expression ten-fold.



Though there is no apparent sequence homology immediately outside of the
consensus CRE, the activity of the CRE depends on its context. For example, Montminy
et al. (Montminy, 1986) found that the ten base-pair somatostatin CRE was not sufficient
to allow responsiveness to CAMP when inserted 135 base-pairs upstream from the SV40
promoter. In contrast, the seventeen base-pair VIP CRE was able to confer cAMP
responsiveness when placed upstream of the Rous sarcoma virus (RSV) promoter
(Tsukada, 1987). The length of the inserted sequence, the nature of the surrounding
DNA, and the type of promoter may all contribute to the effectiveness of the CRE. To
determine whether the DNA sequence surrounding a CRE could contribute to gene
activation, CREs and adjacent sequences were placed upstream from a
choriogonadotropin promoter coupled to a chloramphenicol acyltransferase (CAT)
reporter (Deutsch, 1988). While an eight base pair consensus CRE was able to promote
basal and cAMP induced transcription in this system, identical CREs and the surrounding
ten to fifteen base pairs from the rat glucagon and the bovine parathyroid hormone genes
were much less active. A slightly longer glucagon CRE was completely inactive. On the
other hand, CREs and surrounding sequences from highly cAMP-responsive genes such
as the somatostatin, VIP, and collagenase genes were all highly and equally active in
these experiments. Thus, these experiments suggested that the sequences immediately
surrounding a CRE could play a key role in determining its transcriptional activity.

Jameson et al. provided evidence that the transcriptional activity of a CRE could
be dependent upon promoter and cell type (Jameson, 1989). The glycoprotein hormone
a-subunit CRE, for example, activated basal expression from an ot-subunit
promoter/CAT construct in human placental JEG-3 cells but not in the rat islet cell line
INR1-G9. However, the a-subunit CRE was active when placed upstream of the
somatostatin promoter in INR1-G9 cells. Cell specific expression of CRE binding
proteins and associated coactivator molecules may explain these differences in CRE

activity.



The activity of the CRE, however, is independent of its position and orientation.
The cAMP responsive region of the human enkephalin gene was able to induce
transcription from an enkephalin promoter when placed either 247 or 494 bases upstream
(Comb, 1986). In addition, the enkephalin CRE was active when placed 1.1 kilobases
downstream from the same promoter. In all three positions, the CRE was active when
inserted in either orientation. Similar experiments demonstrated that the VIP CRE
activity was also position and orientation independent when measured from an RSV
promoter (Fink, 1988). These results indicate that the CRE can behave in much the same
way as viral enhancers.

Other cAMP-responsive elements have been discovered as well. The AP-2 site,
first thought to contribute only to basal transcription of the metallothionine ITA gene, was
found to be a cAMP-inducible enhancer when reiterated and placed downstream of the [B-
globin gene (Imagawa, 1987). The transcription factor AP-2 can also be activated by
protein kinase C indicating that several distinct signalling pathways can function through
this protein. Recently, the nuclear protein C/EBPf3, which binds to the consensus
sequence 5'-TTATGCAAT-3', has been implicated in cAMP-mediated regulation of the
prostaglandin endoperoxide synthase 2 (PGS-2) gene (Sirois, 1993). Removal or
mutation of the C/EBP B binding site diminished forskolin inducibility of a PGS-2/CAT
reporter construct transfected into granulosa cells. A series of cAMP-responsive
sequences (CRSs) distinct from the CRE has also been shown to regulate transcription
from bovine steroid hydroxylase genes in the adrenal cortex (reviewed in Waterman,
1994). The promoter regions of two genes, mitochondrial steroid hydroxylase CYP11A
and adrenodoxin, contain CRSs that are binding sites for Sp1 (Ahlgren, 1990; Momoi,
1992). Because Spl is a general transcription factor that is not cCAMP-responsive, a
second, PKA-activated protein may associate with Sp1 to activate transcription. An
uncharacterized protein that may fulfill this role has been shown to bind to the

adrenodoxin CRS (Waterman, 1994). The microsomal steroid hydroxylase gene, CYP21,
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contains a CRS that binds Sp1 and a recently discovered protein termed ASP (Kagawa,
1994). ASP is required for cAMP-inducibiltiy of this gene. And finally, a second
microsomal steroid hydroxylase gene, CYP17, contains two cAMP-responsive sequences
(Lund, 1990). The first binds several proteins including COUP-TF (Waterman, 1994),
while the second binds four nuclear proteins (Kagawa, 1994). Two of these are PBX-
related homeobox proteins that contain potential PKA phosphorylation sites. These
unique cAMP-responsive systems may allow differential expression of steroid hydroxlase

genes during development (Lund, 1988).

The cloning of the CRE-binding protein CREB and related proteins

Two methods were used to identify proteins which bind to the CRE. Montminy
and Bilezikjian (Mont, 1987) purified CRE-binding proteins from PC-12 cells with a
sequence-specific DNA affinity column. The prominent protein isolated by this method,
CREB, had a molecular weight of 43 kD and could be phosphorylated by the catalytic
subunit of PKA in vitro. In addition, CREB isolated from PC-12 cells labeled with 32P-
orthophosphate was 3-4 times more phosphorylated in cells incubated with forskolin than
in untreated cells. These results indicated that CREB was phosphorylated in response to
activation of the cAMP-signalling pathway. The cDNA which encoded CREB was
isolated from a rat cerebral cortex library using degenerate DNA primers and polymerase
chain reaction (Gonzalez, 1989 Nature). Partial amino-acid sequences were used to
design the oligonucleotide primers.

The ¢cDNA for CREB was also cloned using a second approach. Hoeffler et al.
attempted to identify CRE-binding proteins by screening a human placental cDNA
expression library with a radiolabeled CRE sequence (Hoeffler, 1988). Using this
technique, a cDNA encoding a 38 kD isoform of CREB was isolated. This form of
CREB was identical to the larger isoform isolated from rat cortex except that it lacked a

short amino-acid sequence termed the o-peptide. This approach proved to be effective
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for identifying many CRE-binding proteins. Hai et al., for example, identified eight
additional CREB-related proteins termed ATF-1 through ATF-8 (Hai, 1989). Of these,
one of the best characterized is ATF-1. Like CREB, ATF-1 binds to CRE sequences and
activates transcription after phosphorylation by PKA (Rehfuss, 1991; Liu, 1993).
Though CREB and ATF-1 are structurally similar, CREB:ATF-1 heterodimers have been
reported to be transcriptionally inactive (Ellis, 1995). These inactive heterodimers may
explain the inability of undifferentiated F9 cells to respond to cAMP signaling pathways.
In undifferentiated F9 cells, CREB exists primarily as a heterodimer with ATF-1. After
differentiation, ATF-1 protein levels drop ten-fold allowing the formation of
transcriptionally competent CREB homodimers (Ellis, 1995).

Because the homology between CREB-related transcription factors extends to the
DNA level, additional CREB-related proteins have been isolated through DNA
hybridization protocols. By screening a mouse pituitary library at moderate stringency
with oligonucleotides complementary to the carboxy-terminal region of CREB, Foulkes
et al. identified two isoforms of the CRE-modulator protein termed CREM . and CREMPB
(Foulkes, 1991). The DNA probes used to identify these isofoms of CREM bound to two
regions of a single cDNA species, each of which encoded a basic DNA-binding and
leucine zipper (bZIP) region highly homologous to that of CREB. CREMa. and CREMf
differed from CREB, however, in that they lacked two glutamine-rich regions which have
been proposed to be essential for gene activation. These CREM isoforms were
subsequently found to be negative regulators of gene transcription (Foulkes, 1991).

Subsequent use of various DNA hybridization protocols has revealed a large
family of CREM proteins that serve as both negative and positive regulators of gene
transcription. Foulkes ef al., for example, found that developmentally and functionally
distinct isoforms of CREM are produced during spermatogenesis (Foulkes, 1992). In
premiotic germ cells, small amounts of antagonistic forms of CREM are produced.

However, from the pachytene spermatocyte stage onward, large amounts of an activator
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isoform, CREMT, accumulate. The developmental switch in CREM expression
correlates with the use of a 5' polyadenylation site that stabilizes the CREMT transcript.
The use of this site is mediated by follicle-stimulating hormone (Foulkes, 1993). In
mouse brain, however, the use of an internal translation start codon in the CREM T
transcript generates the negative regulator S-CREM (Delmas, 1992). Thus, both
alternative splicing and alternative translation contribute to the diversity of CREM
isoforms. A third mechanism, alternative transcription from an intronic promoter in the
CREM gene, generates the ICER family of CREM isoforms (Stehle, 1993). Unlike the
promoter for other CREM isoforms, the ICER promoter is regulated by the cAMP signal
transduction pathway (Molina, 1993). Activation of this pathway in the pineal gland is
regulated by diurnal adrenergic signals from the suprachiasmatic nucleus.

Comparison of CREB with the related proteins ATF-1 and CREM reveals a high
degree of amino-acid sequence homology. ATF-1, for example, has a 75% overall
amino-acid similarity with CREB and shares its structural organization (Hai, 1989). The
bZIP regions of CREMo and CREMS are 95% and 75% homologous to those of CREB,
respectively (Foulkes, 1991). These three proteins also share regions of amiﬁo acid
homology indicating that this gene family may have developed through gene duplication.
The amino terminal portion of these proteins contains a transcriptional activation domain
while the carboxy-terminal region contains a highly conserved basic DNA-binding and
leucine zipper region. The leucine zipper (Landshultz, 1988) mediates bZIP transcription
factor dimerization and is required for gene activation. A second gene family consisting
of CRE-BP1 and ATF-a (Gaire, 1990) may also be the result of gene duplication.
Transcription factors in this family contain a more centrally located DNA binding region
and leucine zipper indicating that many of the functional components of bZIP proteins
may function in a modular fashion that is independent of position.

The potential for the bZIP regions of CREB-related proteins to heterodimerize led

to the development of an additional method to clone bZIP proteins. To identify potential
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dimerization partners for CREB-related transcription factors, cDNA expression libraries
have been screened with portions of radiolabled bZIP proteins (Macgregor, 1990;
Hoeffler, 1991). C/EBP-homologous protein (CHOP-10), for example, was isolated from
an adipocyte expression library using a 32P-labeled DNA-binding/leucine zipper region
from the liver-enriched transcriptional activator protein (LAP) (Ron, 1992). CHOP-10
was found to selectively heterodimerize with C/EBP and LAP. However, these
heterodimers were unable to bind to C/EBP DNA sites. Consequently, CHOP was
predicted to function as a dominant-negative regulator of gene activation by C/EBP
family members (Ron, 1992). Interestingly, recent evidence indicates that CHOP-10 may
play arole in preventing cellular proliferation. First, Fornace ef al. found that the CHOP-
10 gene is induced by cellular stresses such as DNA damage (Fornace, 1989). Second,
Barone et al. found that CHOP-10:C/EBP heterodimers induce growth arrest when
microinjected into murine fibroblastic NIH-3T3 cells (Barone, 1994). Growth arrest is
dependent on the presence of the basic region of CHOP indicating that CHOP-10:C/EBP
heterodimers bind DNA. Finally, a chromosomal translocation that fuses the bZIP region
of CHOP to the 5' end of an RNA-binding protein generates the potent oncogene TLS-
CHOP. TLS-CHOP, which may block CHOP induced growth arrest, is present in

myxoid liposarcomas (Crozat, 1993) and can transform NTH-3T3 cells (Zinszner, 1994).

The structure of CREB

Of the many CRE-binding proteins that have been described, most studies have
focused on CREB, which is believed to mediate transcriptional signals directed by
multiple second messenger pathways. Sequence analysis indicated that CREB contained
a consensus phosphorylation site for several protein kinases at serine 133 (Gonzalez,
1989). This prediction was in agreement with results showing the in vitro
phosphorylation of CREB by PKA and protein kinase C (Yamamoto, 1988). An

additional casein kinase II (CK II) phosphorylation site was predicted to exist at serine
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152 (Yamamoto, 1988). These potential sites were found within a portion of CREB's
activator region termed the kinase inducible domain (KID) (Gonzalez, 1989).
Subsequent studies determined that a critical phosphorylation site was serine 133 which
could be phosphorylated by PKA and calcium/calmodulin kinase II and TV (Gonzalez,
1989, Cell; Dash, 1991; Sheng, 1991; Sun, 1994; Enslen, 1994). Mutation of this serine
to acidic residues or to alanine destroyed the ability of CREB to mediate transcriptional
activation (Gonzalez, 1989). Though PKA phosphorylation at serine 133 was shown to
activate CREB, additional phosphorylations were found to be necessary for activation.
Glycogen synthase kinase-3, for example, has been shown to phosphorylate serine 129
only after phosphorylation of serine 133 (Fiol, 1994). Mutation of the GSK-3
phosphorylation site reduced CREB activity by 70%. Phosphorylation, then, of serine
133 may facilitate these additional and subsequent phosphorylations indicating that
several signaling pathways may need to simultaneously contribute to CREB activation
(Roach, 1991).

Recent evidence indicates that an additional kinase can activate CREB through
phosphorylation of serine 133. The nerve growth factor receptor (Trk), a receptor
tyrosine kinase, has been shown to activate CREB through activation of a Ras-dependent
protein kinase (Ginty, 1994). This result explains earlier findings that NGF could
activate transcription from cAMP-responsive genes, such as the c-fos gene (Greenberg,
1985), without raising intracellular levels of cAMP. Several distinct signalling
pathways, then, can increase transcription of cAMP- responsive genes through
phosphorylation of CREB at serine 133.

Three additional regions contribute to the activation of CREB. The short amino
acid sequence DLSSD in the KID region of CREB is critical for transcriptional activity.
CREB proteins lacking this motif are completely unable to enhance transcription from a
CRE-CAT reporter plasmid in F9 cells (Gonzalez, 1991). The negative charge of the first

aspartic acid residue and the spacing of this motif from serine 133 were found to be



critical for CREB activation. Two glutamine-rich regions, Q1 and Q2, surrounding the
KID are also important for CREB function. Glutamine-rich regions, such as those in SP-
1 (Courey, 1988), Oct-1 and Oct-2 (Tanaka, 1990), have been shown to mediate
transcriptional activation. The contribution of glutamine-rich regions to CREB activity
was demonstrated in experiments where deletion of the amino-terminal glutamine-rich
region of CREB reduced both basal and PKA stimulated activity by more than 70%
(Gonzalez, 1991). Because the Q2 region of CREB can function as a constitutive
activator when fused to a GAL4 DNA-binding domain and can be replaced with the
constitutive activation domain of GCN4 with no loss in basal or PKA induced activity,
Brindle et al. have proposed that the KID region regulates the activity of the glutamine-
rich regions (Brindle, 1993). The transcriptional contribution of this domain also can be
inferred from proteins that are highly homologous to CREB that have portions of or no
glutamine-rich regions. ATF-1, for example, is virtually identical to CREB except that it
lacks a portion of the amino-terminal glutamine-rich region, Q1. ATF-1 is readily
activated by PKA phosphorylation, however, it does not have basal activity suggesting
that the missing portion of the activator domain may mediate basal activity (Rehfuss,
1991; Liu, 1993). CREMo which lacks both glutamine-rich regions is transcriptionally
inactive (Foulkes, 1991 Cell) while CREMT which contains both glutamine-rich regions
is at least as active as CREB (Foulkes, 1992 Nature). Studies on two isoforms of
CREMTt, CREM11 and CREM72, which contain one or the other of the glutamine-rich
regions suggest that the two activation domains may work additively (Laoide, 1993).
The transcriptional activity of CREB, then, correlates with the amount of glutamine-rich
sequence it contains. This hypothesis is supported by the observation that deletions in the

Q2 region reduce CREB activity in a size dependent manner (Brindle, 1993).

The function of an additional amino-terminal region, the a-peptide, has yet to be
determined. The ci-peptide is predicted to form a fourteen amino-acid amphipathic o-

helix that may mediate protein:protein interactions (Yamamoto, 1990). It is present
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amino-terminal to the KID of CREB341 but not in the splice variant CREB327.
Consistent with their hypothesis that the a-peptide may be involved in transcriptional
activation, Yamamoto ef al. found that CREB341 had a ten-fold higher transcriptional
activity than CREB327 (Yamamoto, 1990). Three other laboratories, however, found
that both isoforms of CREB had identical transcriptional activities (Berkowitz, 1990;
Ruppert, 1992; Quinn, 1993).

The carboxy-terminal portion of CREB contains a highly conserved basic DNA-
binding/leucine zipper region. The basic region of CREB is part of a continuous o-helix
that includes a leucine zipper. This region of CREB may serve several functions. First,
Waeber et al. have found that a CREB mutant lacking the bZIP region fails to translocate
to the nucleus. Deletion analysis revealed that nine basic amino-acids within the DNA-
binding domain (RRKKKEYVK) serve as a nuclear localization signal (Waeber, 1991).
Second, the basic region mediates sequence specific DNA binding. Each basic region in
a CREB dimer interacts specifically with one half of the palindromic CRE sequence.
Vinson et al. first described the interaction of the bZIP dimer with DNA as a "scissors
grip" (Vinson, 1989). In this model, the leucine zipper regions form a parallel coiled-coil
that aligns itself perpendicular to the DNA at the center of the CRE. The o-helices
gradually diverge at their DNA-binding domains and follow the major grove of the DNA
over each CRE half-site. The basic region consists of two small c-helices angled to
follow the helical path of the DNA. The entire complex would have the appearance of
the letter Y. The crystal structure of the yeast CRE-binding protein GCN4 complexed
with DNA, however, confirmed the "induced helical fork" model (O'Neil, 1990) where
there is no break in the basic region o-helix (Konig, 1993; Ellenberger, 1992). The
binding of GCN4 to the CRE is mediated by basic residues that contact numerous DNA
bases and phosphate oxygens. These amino-acids are conserved in virtually all CRE-
binding transcription factors and are responsible, at least in part, for the specificity of the

interaction (Chapter 3, Figure 1). Mutation of any of these residues can prevent DNA
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binding. For example, based on the GCN4 crystal structure, arginine 287 in CREB341
forms a specific hydrogen bond with the central guanosine in the DNA strand
complementary to the half site 5-TGAC-3". Mutation of this arginine to leucine
eliminates this contact and prevents CREB binding (Walton, 1992). Other mutations also
alter the specificity of binding. Substitution of three residues in GCN4 for those in
C/EBP can alter the specificity of binding from a CRE to a C/EBP binding site (Suckow,
1993a). These residues, in positions -14, -16 and -17, are conserved between GCN4 and
CREB. The alanine in position -14 participates in a van der Waals interaction with the
thymine methyl group near the center of the CRE. This specific interaction is predicted
in the GCN4/DNA crystal structure. Accordingly, Suckow et al. subsequently
determined that mutation of this residue was sufficient to alter GCN4 binding specificity
(Suckow, 1993b).

Several additional characteristics of the bZIP region of CREB contribute to DNA
binding specificity. For example, GCN4 mutants that alter DNA-binding specificity
typically have larger hydrophobic residues in place of GCN4 residues that contact base
pairs (Kim, 1993). Molecular modeling indicated that many of these substitutions could
not be accommodated in the wild-type crystal structures. Kim et al. hypothesized that
small shifts in position and orientation or local changes in the shape of the o-helical
bZIP region could contribufe to binding specificity. These small differences could confer
different binding specificities to an otherwise highly conserved bZIP region. The spacing
of the leucine zipper from the basic region may also contribute to binding specificity (Pu,
1991). Insertion of one to six amino acids between the leucine zipper and the basic
region eliminates DNA binding. Insertion of seven amino acids restores DNA binding
indicating that one full turn of the o-helix again properly orients the basic region with the
DNA. The leucine zippers orient the basic regions with respect to the DNA. The length
or flexibility of the o-helix between the two regions may dictate the allowable spacing

between DNA half-sites. The activator regions of bZIP proteins may also contribute to



18

binding specificity. Phosphorylated CREB, for example, has been shown to bind
asymmetric or low affinity CREs better than unphosphorylated CREB (Nichols, 1992).
A phosphorylation induced conformational change in CREB may be responsible for the
altered binding affinity. Finally, adaptability in the DNA conformation has been shown
to be important in bZIP protein/DNA interactions. GCN4, for example, binds to both
TRE (TGACTCA) and CRE DNA sequences. The crystal structure of the GCN4 bZIP
region/CRE complex shows that both the protein (between the leucine zipper and the
basic region) and the DNA are able to bend to accommodate the additional base-pair
(Konig, 1993). The DNA-binding specificities of bZIP proteins, then, are mediated by
several factors. Specific protein/DNA contacts, small conformational differences, other
protein domains, and protein and DNA adaptability all influence the specificity of DNA-
binding.

Landshultz et al. first identified the leucine zipper after comparison of
homologous regions from five potential regulators of transcription (Landshultz, 1988).
The transcriptional regulators GCN4 and C/EBP and the transforming proteins Myc, Fos
and Jun all contained a hypothetical amphipathic a-helix that displayed a heptad repeat of
leucines over at least four helical turns. They proposed that the leucines would form a
hydrophobic face on one side of the o-helix. Leucines on two antiparallel helices could
interdigitate and lead to dimerization. The results of cross-linking experiments and two-
dimensional NMR studies, however, indicated that leucine zippers have the
characteristics of parallel coiled-coils in GCN4 homodimers (O'Shea, 1989a; Oas, 1990).
A new model to explain the role of leucines in dimerization was based on the structure of
coiled-coils originally proposed by Francis Crick (Crick, 1953). He predicted that the o-
helices in a coiled-coil would wrap around each other with a slight left-handed twist. The
structure could be stabilized by hydrophobic residues every four and then three residues
apart which would allow the packing of "knobs" formed by hydrophobic residues in one

helix into the "holes" between hydrophobic residues in the second helix. Consistent with
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this model, the crystal structure of dimerized GCN4 leucine zippers shows that the
leucines do not interdigitate (O'Shea, 1991). Instead, they interact above and below (in
long axis of the helices) with the alternate, non-leucine, hydrophobic residue in the
opposing helix. Leucines in adjacent helices make side-to-side contacts. End and side
views of dimerized leucine zippers illustrate the interaction of residues in the
hydrophobic face (Chapter 1, Fig. 1). In this diagram, where the seven positions in each
helical turn are labeled a through g, leucines typically occupy d positions while other
hydrophobic residues occupy the a positions four residues downstream. Polar residues in
the a positions are thought to destabilize bZIP dimerization and allow for reversible
binding. They may also serve to align the helices (O'Shea, 1991). Both GCN4 and
CREB contain a highly conserved aspargine at the a3 position, for example. The
destabilizing effect of this polar residue, in part, may be offset by its ability to form a
hydrogen-bond with the a3 asparagine in the adjacent helix. While a number of single
substitutions in the a and d positions of GCN4 are permissive for dimerization (Hu, 1990;
Zhou,1992), additional substitutions may prevent dimerization. For example, the Fos
leucine zipper, which contains two polar residues in a positions, is unable to dimerize at
physiological concentrations or pH (O'Shea, 1989b; Smeal, 1989).

Electrostatic interactions that occur outside of the hydrophobic face may also
determine dimer stability. The Fos leucine zipper, for example, can dimerize at low pH
indicating that ionized acidic residues in the e and g positions may contribute to dimer
destabilization (O'Shea, 1989b; Schuermann, 1991). Indeed, Nicklin et al. found that
substitution of a lysine for a glutamate in the e2 position of the Fos leucine zipper
permitted homodimerization, presumably by replacing a repulsive electrostatic
interaction between glutamate residues in the gl and e2 positions with a favorable
glutamate/lysine interaction (Nicklin, 1991). Favorable electrostatic interactions may
stabilize leucine zipper dimer formation. The existence of these stabilizing salt bridges

was confirmed in the crystal structure of GCN4 leucine zipper (O'Shea, 1991). The
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distances between charged side chains of adjacent dimerized leucine zippers suggested
that three interhelical ion pairs could form. These ion pairs were found between position
g of one heptad and position e of the following heptad in the adjacent helix (e'). Similar
salt bridges presumably stabilize CREB leucine zipper dimers. Electrostatic interactions
can also explain the stability of Jun:Fos heterodimers relative to Fos or Jun homodimers.
O'Shea et al. have shown that the repulsive electrostatic interactions that would occur in
Fos homodimers provides the driving force for the formation of Fos:Jun heterodimers
which are stabilized by four salt bridges (O'Shea, 1992).

In addition to stabilizing or destabilizing leucine zipper dimers, electrostatic
interactions also mediate dimerization specificity. Homodimerization of bZIP proteins
generally leads to the formation of favorable electrostatic interactions between residues in
the g and e' positions. Though the residues in the a and d positions of bZIP protein
leucine zippers are highly conserved, considerable variability exists in the e and g
positions. The ability of bZIP proteins to heterodimerize would depend on the nature of
the electrostatic interactions that would form. Starting with this hypothesis, Vinson et al.
developed an interhelical salt bridge rule to predict and design dimerization partners
(Vinson, 1993). By examining the residues in the e and g positions of various C/EBP
related proteins, they were able to predict that ATF4 and IGEBP1 could form
heterodimers. In addition, they constructed mutant C/EBP leucine zippers that could
form preferential heterodimers with wild-type C/EBP but could not homodimerize.
Subsequently, mutant leucine zippers have been used to examine the in vivo function of

Myc:Max heterodimers (Amati, 1993).

Models of gene activation by CREB
Two models explain CREB activation by PKA. The model proposed by Gonzalez
et al. suggests that phosphorylation of serine 133 can induce an allosteric change that

would allow the glutamine-rich regions of CREB to interact with proteins in the RNA
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polymerase II complex (Gonzalez, 1991). Three lines of evidence support this model.
First, the pattern of protein fragments generated by digestion with trypsin is different for
phosphorylated CREB than for unphosphorylated CREB. The two trypsin cleavage sites
are located near serine 133. Presumably, the structural change induced by
phosphorylation alters the accessibility of these sites to trypsin. Second, phosphorylation
of CREB increases its binding to low affinity CREs. Weih et al., for example, found that
increases in intracellular concentrations of cAMP led to an increase in protein binding to
the tyrosine aminotransferase (TAT) CRE (Weih, 1990). In addition, overexpression of
the PKA regulatory subunit, R1, appeared to eliminate this binding activity (Boshart,
1991). Nichols et al. identified CREB as the TAT CRE-binding protein and found, using
in vivo footprinting experiments, that phosphorylation could increase the binding of
CREB to weak, nonconsensus CRE sites (Nichols, 1992). The change in affinity may
reflect a change in CREB structure induced by phosphorylation. Finally,
phosphorylation-induced activation of CREB is dependent upon the presence of the
adjacent glutamine-rich region Q2. The importance of this domain is illustrated in the
repressor of cAMP-mediated gene expression, CREMa, which contains a kinase
inducible domain but not a Q2 region. Presumably, CREMo. lacks the key element in its
activation domain that mediates the effects of PKA phosphorylation. Consistent with ths
hypothesis, Ferreri et al. have shown that the Q2 region of CREB associates with the
TATA-associated factor isolated from Drosophila, TAF 110 (Ferreri, 1994). The
interaction between the Q2 region and TAF 110 is not phosphorylation dependent,
however, and therefore it does not directly support the model that phosphorylation
induces an allosteric change in CREB. The following points also weaken the validity of
this model. First, the argument that phosphorylation of CREB increases its affinity for
nonconsensus CREs may be incorrect. Binding constants determined at equilibrium
using fluorescence anisotropy show that phosphorylation does not increase the affinity of

CREB for the TAT CRE (Richards, Thesis). And second, no direct biochemical evidence
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for a conformational change in CREB currently exists. Circular dichroism experiments
and sedimentation studies, which can detect changes in secondary and tertiary structure
respectively, do not find structural differences between phosphorylated and
nonphosphorylated CREB (Richards, Thesis).

As an alternative model, Chrivia et al. proposed that phosphorylation of CREB
allows a specific interaction with a co-activator protein (Chrivia, 1993). Consistent with
this model, a 265 kD CREB-binding protein (CBP) was isolated from a lambda cDNA-
expression library using phosphorylated CREB as a probe. CBP shares structural motifs
with other transcriptionally active proteins, including three putative zinc finger
sequences, a bromodomain, and a carboxy-terminal glutamine-rich region. The third
zinc-finger motif, which may be involved in protein:protein interactions, is homologous
to a region of the yeast protein ADA-2, a proposed co-activator for VP-16 (Berger,
1992). Glutamine-rich regions are characteristic of many transcriptional activators and
TAFs (Mitchell, 1989). Though the function of the bromodomain remains unknown, it is
present in several transcriptional co-activators (Haynes, 1992). These include SWI2
(Abrams,1986), a yeast protein that augments the function of several transcriptional
activators, brahma (Tamkun, 1992), a Drosophila regulator of homeotic genes, and
TAF250 (Hisataki, 1993), a component of the TFIID complex. The results of binding
and functional studies also suggest that CBP is a transcriptional co-activator. First, CBP
fused to a GAL4 DNA-binding domain is able to activate expression from a GAL-CAT
reporter plasmid (Chrivia, 1993). In addition, F9 cells transfected with vectors encoding
CBP, CREB, and the catalytic subunit of PKA show higher levels of transcription from a
CRE-CAT reporter than cells transfected with CREB and PKA encoding vectors alone
(Kwok, 1994). Second, Arias et al. have shown that microinjection of antibodies
directed against the CREB-binding domain of CBP prevents cAMP-mediated activation
of a CRE-reporter (Arias, 1994). Finally, Kwok et al. have shown that the third zinc-

finger region of CBP can bind directly to the general transcription factor TFIIB (Kwok,
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1994). CBP, then, may function by specifically linking phosphorylated CREB to the

RNA polymerase Il complex.

Viral proteins that modulate CREB activity

Viral promoters typically contain enhancer sequences that are recognized by
cellular transcription factors. Though several of these factors are activated by second
messenger signalling pathways, a number of viral proteins can also activate the
transcription factors that bind to viral enhancer sequences. Thus, many viral promoters
are inducible by second messenger signalling pathways and by certain viral proteins. The
ATF/CRE sites in adenovirus promoters, for example, are activated by both cAMP and
the adenoviral protein E1A (Sassone-Corsi, 1988). Several laboratories have shown that
13S E1A can activate the ATF/CRE binding protein ATF-2 (Lillie, 1989; Liu, 1990;
Maekawa, 1991). The 12S E1A protein can also activate transcription from c-jun by
interaction with ATF-2:c-Jun heterodimers (van Dam, 1993). Liu et al. have found that
E1A can bind directly to the ATF-2 DNA-binding domain (Liu, 1994). In addition, E1A
fused to a GAL-4 DNA binding domain is a strong activator of transcription (Lillie,
1989). E1A localizes its activation domain to viral promoters by binding to the DNA-
binding domain of ATF-2 in ATF-2 homodimers and ATF-2:cJun heterodimers.

The HTLV-1 transactivator protein, Tax, may activate transcription from CRE
sequences by different mechanisms. Like E1A, Tax is unable to bind DNA but is able to
activate transcription from viral and cellular genes containing CRE enhancer sequences.
Rather than simply tethering its activation domain to DNA-binding transcription factors,
Tax may activate transcription by binding to and enhancing dimerization of several bZIP
proteins including CREB (Wagner, 1993). Wagner ef al. propose that a protein that can
enhance dimerization, the rate limiting step in DNA binding of bZIP transcription factors,
increases the number of complexes available to bind DNA and activate transcription.

Alternatively, Paca-Uccaralertkun ef al. have found that Tax alters the DNA-binding
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specificity of CREB so that it preferentially binds to HTLV-1 CRE sequences (Paca-
Uccaralertkun, 1994). A third viral protein from hepatitis B virus (HBV), pX, also alters
the DNA binding specificity of CREB. CREB and ATF-2 are unable to bind an HBV
CRE-like sequence in vitro (Maguire, 1991). However, the presence of the activator
protein pX allowed both CREB and ATF-2 to efficiently bind the HBV CRE. By altering
the DNA-binding specificity of cellular transcription factors, Tax and pX may activate

selective expression of viral and cellular genes.

Deactivation of CREB by protein phosphatases

In most tissues, the CREB gene is expressed at a constitutive, basal level
(Waeber,1991). Gene activation in response to cAMP is not blocked by inhibitors of
protein synthesis (Sasaki, 1984), and, predictably, the levels of CREB protein remain
invariant for up to twelve hours after forskolin induction (Gonzalez, 1989). As a result of
these observations, Hagiwara et al. hypothesized that the attenuation of CREB activity
following phosphorylation does not occur through proteolysis of CREB protein but
through dephosphorylation by serine/threonine phosphatases (Hagiwara, 1992). In
support of this hypothesis, they found that, after the initial phosphorylation of CREB
following forskolin treatment, CREB was steadily dephosphorylated at serine 133 over a
period of eight hours. In addition, the levels of CREB phosphorylation correlated with
the relative rates of transcription from the somatostatin gene. Dephosphorylation of
CREB was inhibited by okadaic acid indicating that two serine/threonine phosphatases
could deactivate CREB, PP-1 and PP-2A. Only PP-1, however, was able to block
transcription from a CRE-CAT reporter when transfected or microinjected into RAT2
cells, a fibroblast cell line, and WRT cells, a rat thyroid follicular cell line. In addition,
protein inhibitors of PP-1 activity augmented cAMP induced transcription.

A second line of evidence, however, suggests that PP-2A may be the primary

phosphatase responsible for CREB deactivation. Wadinski et al. found that the CREB
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phosphatase activity copurified with PP-2A in anion-exchange chromotography
(Wadinski, 1993). In addition, the phosphatase activity in nuclear extracts was
unaffected by a specific inhibitor of PP-1 activity. PP-2A was also more efficient in
dephosphorylating CREB, and only PP-2A treated phospho-CREB did not stimulate
transcription from the PEPCK promoter in vitro. Furthermore, Wheat et al. found that
SV40 small tumor antigen could inhibit dephosphorylation of PKA-phosphorylated
CREB (Wheat, 1994). SV40 small tumor antigen binds to and inactivates PP-2A but not
PP-1 (Yang, 1991). As a result, SV40 small tumor antigen can potentiate cAMP-induced
gene activation.

The conflicting evidence presented in favor of each model may indicate that both
PP-2A an PP-1 can contribute to CREB deactivation and that the mechanism of CREB

deactivation may be cell specific.

Life without CREB

To understand the function of CREB in a living animal, the CREB gene has been
altered or deleted in strains of transgenic mice. Struthers et al., for example, developed a
strain of mice that expresses a nonphosphorylatable form of CREB, CREB M1,
specifically in anterior pituitary somatotrophic cells (Struthers, 1991). Because cAMP is
a mitogenic signal in these cells (Billestrup, 1986), expression of an inactive CREB may
compete with endogenous CREB and block cellular proliferation. Mice that expressed
the mutant CREB, in fact, exhibited a dwarf phenotype and a marked deficiency of
somatotrophic cells in their pituitary glands.

In contrast, mice that were thought to lack CREB altogether did not show any
impairment in growth or development (Hummler, 1994). Hummler et al. predicted that
proteins closely related to CREB, such as ATF-1 and CREM, could replace CREB as
mediators of cAMP-induced gene activation. Examination of CREM and ATF-1 mRNA

and protein levels showed that both activator and repressor forms of CREM were
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upregulated but levels of ATF-1 did not change. Bourtchuladze et al., however, found
that the CREB deficient mice developed by Hummler still express a third activating
isoform of CREB (Bourtchuladze, 1994). This isoform may, in part, compensate for
deficiencies in the other CREB isoforms. Though mice lacking the prominent activating
isoforms of CREB showed no overt abnormalities, they were found to be deficient in
long-term memory (Bourtchuladze, 1994). CREB mediated protein synthesis has been
linked to the development of long term memory (Dash, 1990). Apparently, CREM, ATF-

1, and the remaining CREB isoform are unable to replace CREB in this regard.

The role of dimerization

While the leucine zipper mediates homodimerization of bZIP transcription
factors, it also allows the formation of specific heterodimer complexes.
Heterodimerization may serve several functions. First, heterodimerization can increase
the diversity of protein complexes that can interact with a single enhancer element. This
diversity can occur within a bZIP family. Hai et al., for example, found that the highly
conserved leucine zippers of the CRE-binding ATF transcription factors allowed specific
heterodimer complexes to form between ATF-2 and ATF-3 (Hai, 1989). CREB, CREM,
and ATF-] also have been found to heterodimerize (Foulkes, 1991 Cell; Rehfuss, 1991).
Because there are many isoforms of CREB and CREM (Hoeffler, 1990; Foulkes, 1992), a
large number of heterodimer complexes could form within this family.
Heterodimerization is not promiscuous, however. CREB has not been found to
heterodimerize with Fos, Jun, or the C/EBP and CRE/BP-1 related transcription factors.
Because the activator regions of transcription factors within a family can vary greatly and
can have strikingly different functional properties, heterodimer complexes may have
unique transcriptional activities. For example, although several CREM isoforms contain
consensus protein kinase A phosphorylation sites, these factors appear to function as

negative regulators of transcription. Heterodimers of CREB and CREM, therefore, may



27

generate complexes with transcriptional activities that are very different from the
homodimer conformations of either of these factors alone. Consistent with this idea, Ellis
et al. have recently shown that CREB:ATF-1 heterodimers are transcriptionally inactive
(Ellis, 1995). This result is surprising because CREB and ATF-1 homodimers are both
strong activators of cAMP-mediated gene expression. The diversity introduced by
heterodimerization may also allow the integration of information from distinct signal
transduction pathways. That is, specific heterodimer complexes may form between
distinct bZIP families activated by different signalling pathways. ATF-2, a protein which
activates transcription from CRE sequences, readily forms heterodimers with Jun, for
example (Macgregor, 1990). The ATF-2:Jun complex, then, may allow "cross-talk"
between PKA and PKC signalling pathways at CRE sequences.

Heterodimerization can also increase the specificity of DNA-binding.
CRE/BP1:Jun heterodimers preferentially bind to CRE sites. In this complex, Jun is
switched from a TRE to a CRE binding protein (Benbrook, 1990; Macgregor, 1990). The
ATF4:C/EBPJ heterodimer also shows DNA-binding specificities distinct from those of
either homodimer. This complex binds preferentially to an asymmetric CRE sequence

found in the promoter of the proenkephalin gene (Vinson, 1993).

Specific Aims

Though many heterodimer complexes are able to form within bZIP transcription
factor families, the functional properties of these complexes are unknown. It is unclear,
for example, whether the negatively-acting CREM transcription factors block
transcriptional activation by forming non-functional heterodimers with the positive
activators CREB and ATF-1, or by forming homodimers that prevent the activators from
binding to the CRE. The former model provides a mechanism that should maximize the

efficiency and specificity of the negative regulators, while the latter mechanism, while
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less efficient, could additionally impinge upon genes that are regulated by proteins that
do not dimerize with CREM, such as ATF-2.

A major problem in the functional analysis of bZIP transcription factors is their
propensity to associate in both homodimeric and heterodimeric complexes. For example,
a mixture of two proteins in this class can generate three distinct dimer combinations --
two homodimer forms and one heterodimer. As a result, it becomes difficult to ascertain
the functional properties of individual heterodimers. In this thesis, I develop a method to
generate specific heterodimer complexes. The transcriptional activities of these
complexes are then determined to understand how dimerization impacts on the function
of bZIP transcription factors. The four specific aims of this proposal are designed to
study the role of dimerization in a prototypical bZIP protein, CREB. The specific aims
are to:

1. Engineer the leucine zipper of CREB to permit the formation of selected heterodimer
complexes. To simplify the functional analysis of CREB, I will substitute residues
within the leucine zipper region to generate proteins that dimerize in selected
combinations. These mutant leucine zippers can be used to determine the transcriptional
activities of specific heterodimer complexes.

2. Determine the activity of hemiphosphorylated CREB complexes.

Heterodimerization may serve several functions in CREB mediated gene activation.
Dimerization may allow the activation domain in each CREB molecule to play a role in
transcription regulation. That is, each activation domain may contribute to the total
activity of a CREB dimer. Using the mutant leucine zippers, I will determine the
contribution of each phosphorylated activation domain in the CREB dimer to the level
the transcriptional activation.

3. Determine the activity of CREM o CREB heterodimers. Dimerization may also
allow CREB to heterodimerize with related factors to form complexes with unique

transcriptional activities. I will use the mutant leucine zipper strategy to study the
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mechanism of action of negative regulators of transcription such as CREM. Specifically,
I will assess the transcriptional activity of selectively formed CREM o:: CREB
heterodimers.

4. Determine whether the activity of hemiphosphorylated CREB complexes is
orientation dependent. Because the CRE sequence is symmetric, the
hemiphosphorylated dimer may bind in two orientations. Only one of these orientations
may be functional. To test this possibility, I will use molecular modeling and
site-directed mutagenesis to generate an asymmetric CRE that will directionally bind

heterodimeric CREB complexes containing mutant and wild-type DNA -binding domains.
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Gene

Sequence

Reference

somatostatin, rat

glycoprotein o~ subunit,
human

tyrosine hydroxylase, rat
glucagon, rat
vasoactive intestinal
peptide, human
tyrosine aminotransferase

c-fos, mouse

proenkephalin

p-enolpyruvate
carboxykinase, rat

TGGCTGACGTCAGAGA

AATTGACGTCATGGGTAA
GCTTTGACGTCAGCCT
CATTTGACGTCA AAAT

TGGCCGTCATACTGTGACGTCTT

TGCAGCTTCTGCGTCAGCGCCAGTAT
CCAGTGACGTAGG

GGCCTGCGTCAGCTG

CTTACGTCAGAGC

Montminy, 1986

Delegeane, 1987
Lewis, 1987

Philippe, 1988

Tsukada, 1987

Boshart, 1990

Gilman, 1986

Comb, 1986

Short, 1986

Kindly provided by Jane Richards (Richards, Thesis)
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Abstract

The ability of bZIP transcription factors to form homo- and heterodimers
potentially increases the diversity of signaling pathways that can impinge upon a single
genetic element. The capacity of these proteins to dimerize in various combinations
complicates the analysis of their functional properties, however. To simplify the
functional analysis of CREB dimers, we mutated selected residues within the leucine
zipper region to generate proteins that could only heterodimerize. These mutants allowed
us to determine if phosphorylation of both CREB subunits was necessary for
transcriptional activation. Our results reveal that hemiphosphorylated CREB dimers are
half as active as fully phosphorylated dimers. It is possible, therefore, that the degree of
phosphorylation of CREB complexes could modulate the transcriptional responses of

specific genes to cAMP.
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Introduction

Transcription factors typically contain distinct DNA-binding and activation
domains. In many cases, the biological activities of these factors depend on their ability
to dimerize, and the various classes of transcriptional activators frequently contain
discrete subdomains that participate in this process. The utility of dimerization is
two-fold: in addition to increasing the specificity of DNA -binding, this process increases
the diversity of protein complexes that can interact with a single genetic element. This
diversity is likely to be important for integrating information from distinct signal
transduction pathways. Our studies were directed toward understanding the functional
properties of heterodimeric complexes that bind to the cAMP-regulated enhancer (CRE;
1,2).

Although several CRE-binding proteins have been described (3), most studies
have focused on CREB (4,5), which is believed to mediate transcriptional signals directed
by the cAMP and calcium second messenger pathways (6-8). Within its activator
domain, CREB contains consensus phosphorylation sites for several protein kinases. The
most critical of these sites is serine 133 which can be phosphorylated by both protein
kinase A (PKA) and calcium/calmodulin kinase II (8,9). Mutation of this serine to
alanine destroys the ability of CREB to mediate transcriptional activation (9).

CREB homo- and heterodimerizes through its leucine zipper, an amphipathic o-
helix containing a heptad repeat of leucine residues at the hydrophobic dimerization
interface (10). Leucines or other non-polar residues occupy most of the a and d positions
of the interface (Fig. 1). As in other basic/leucine zipper (bZIP) proteins, conserved polar
residues within this region of CREB probably affect zipper alignment and stability, while
neighboring charged residues affect dimerization specificity. The asparagine residue,
which occupies the a3 position in the leucine zipper of many b/ZIP proteins, is predicted

to destabilize the dimer complex (11). Charged residues in the g position of one helix
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generally form complementary or repulsive electrostatic interactions with those in the e
position of the adjacent helix (11). These electrostatic interactions have been shown to
be important determinants of the dimerization potential of proteins in the bZIP class (12).

In vitro studies have shown that the various CRE-binding proteins heterodimerize
only in specific combinations (13). Although it is predicted that the formation of such
heterodimers generates complexes with novel binding or transcriptional activities (14,15),
there are relatively few well-documented examples of this mode of regulation in intact
cells. For example, CREB heterodimerizes with related proteins such as ATF-1 and
CREM (16,17), but the functional properties of these dimer combinations are unknown.
It is unclear, therefore, whether the negatively-acting CREM transcription factors block
transcriptional activation by forming non-functional heterodimers with the positive
activators CREB and ATF-1, or by forming homodimers that prevent the activators from
binding to the CRE. The former model provides a mechanism that should maximize the
efficiency and specificity of the negative regulators, while the latter mechanism, while
less efficient, could additionally impinge upon genes that are regulated by proteins that
do not dimerize with CREM, such as ATF-2.

A major problem in the functional analysis of bZIP transcription factors is their
propensity to associate in both homodimeric and heterodimeric complexes. For example,
a mixture of two proteins in this class can generate three distinct dimer combinations --
two homodimer forms and one heterodimer. We addressed this problem by designing
CREB molecules that could only form heterodimers. These molecules could then be used
to determine the functional properties of specific heterodimeric transcription factor
complexes. As a test of this strategy, we asked whether PK A-mediated transcriptional
activity required that both subunits in the CREB dimer were phosphorylated.
Surprisingly, we found that CREB complexes phosphorylated on only one subunit were

precisely half as active as complexes containing two intact PKA phosphorylation sites.
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Materials and Methods

Plasmid construction and expression - A CREB 327 ¢cDNA was isolated from a
Agtl1 human hypothalamic library and was subcloned into the Hind 3/Xba 1 site of
pALTER (Promega) for in vitro mutagenesis. Mutagenesis was carried out as described
in the Altered Sites in vitro Mutagenesis System protocol (Promega). Kpn 1/Sma 1
restriction fragments encoding the DNA-binding domain and the mutant leucine zipper
region of CREB were then subcloned into a pET-11d expression plasmid (Novagen)
containing a full-length CREB 327 insert (provided by T. Usui, Vollum Institute). A
pET-11d plasmid containing a truncated form of wild-type or mutant CREB (designated
short-form) was also constructed to allow visualization of the protein heterodimers in gel
mobility shift assays. These constructions, which encoded a protein with a 60 amino acid
deletion, were generated by removing a Pvu 2/Stu 1 restriction fragment that included
nucleotides between 351 and 531. pET-11d plasmids were resequenced using T7 DNA
polymerase (Sequenase, US Biochemical) to confirm that each contained the correct
mutations. The full-length CREB 341 expression vector used in in vivo transfection
experiments was produced by cloning a rat CREB cDNA (obtained from M. Montminy,
Salk Institute) into the expression vector pRL/RSV (Invitrogen). Mutations were
introduced into this vector by replacing the CREB 341 Kpn 1/Sma 1 fragment (encoding
the DNA -binding domain/leucine zipper region) with the Kpn 1/Sma 1 mutant fragments
generated in the CREB 327 cDNA. A form of CREB 341 that could not be
phosphorylated by PKA (9) was generated by mutating serine 133 to alanine. The
plasmids RSV-luciferase (18) and RSV-PKA (19) were obtained from M. Wilkinson
(Oregon Health Sciences University) and R. Maurer (University of Iowa), respectively.
The plasmid SS-CAT, containing sequences of the rat SS gene from -71 to +53 placed 5'
to the coding region of chloramphenicol acetyltransferase (CAT) was constructed

previously (1).
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Bacterial expression of recombinant CREB proteins - pET-11d plasmids encoding
wild-type, mutant, and CREB short-forms were transformed into the BL.21(DE3) strain of
E. coli. Bacterial cultures were grown to an OD600 = 0.6 in Luria broth containing 100
ug/ml ampicillin. Cells were induced to express recombinant proteins by the addition of
isopropyl-f-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. After 3
hours, 7.5 ml of cells were harvested and lysed by sonication in 300 ul of a solution
containing 50 mM dithiothreitol and 50 mM EDTA in phosphate buffered saline.
Bacterial debris was cleared by centrifugation after the addition of 30 ul of 10% Triton
X-100. The cleared supernatant was heated to 72°C for 2 minutes, and the precipitated
proteins were again cleared by centrifugation. The supernatant was used in gel mobility
shift assays. The concentration of recombinant CREB in each extract was determined by
densitometric analysis of samples electrophoresed on SDS-PAGE gels stained with Fast

Stain (Zoion Research, Inc.).

Gel mobility shift assays - Mixtures of extracts were heated to 72°C, added to a 20
ul reaction buffer (10 mM Tris (pH 7.5), 50 mM NacCl, 10% glycerol, 5 mM MgCl», 1
mM dithiothreitol, | mM EDTA, 1 ug poly d(IC) and 3.9 ug bovine serum albumin) and
incubated at 37°C with 15 fmol of end-labeled somatostatin CRE oligonucleotide.
Reactions were loaded onto a 6% non-denaturing acrylamide gel and were
electrophoresed at 200 volts for 10 hours. Gels were dried and autoradiographed using

Kodak XAR film.

Molecular modeling - Mutant and wild-type CREB leucine zippers were modeled
into the GCN4 leucine zipper using a Silicon Graphics work station and MIDASplus

software. (The coordinates were kindly provided by T. Alber, University of Utah.)
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Cell culture and transfection assays - F9 teratocarcinoma cells (provided by M.
Montminy, Salk Institute) were grown on gelatin-coated plates in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum. Cells (3.5 x 105) were plated
on 10 cm dishes 18 hours before transfection. DNA was transfected using the
TRANSFINITY Calcium Phosphate Transfection System (BRL) in the following
amounts: 5 ug SS-CAT, 2 ug RSV-luciferase, and the indicated amounts of RSV -PKA,
and RSV wild-type and mutant CREBs. The total DNA in each transfection was 20 ug,
the balance consisting of pRC-RSV. Fresh medium was added 24 hours after transfection
and cells were collected for assay 24 hours later. CAT activity was determined by the
method of Seed and Sheen (20) and was normalized to luciferase activity (18) as a

control for transfection efficiency.
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Results

The a3 asparagine of CREB and related proteins is thought to function by
destabilizing the hydrophobic interface of the b/ZIP dimer (11). Thus, we initially
targeted this particular site for mutation. We reasoned that this position could be made
even more destabilizing in the homodimer form if it was substituted with a residue with a
formal positive or negative charge. By site-directed mutagenesis, the wild-type
asparagine was replaced with either aspartic acid, lysine, arginine, or histidine. The
aspartic acid substitution was made to introduce a formal negative charge, and the lysine
and arginine mutations were made to introduce formal positive charges. The histidine
mutation introduced an amino acid that could be charged or uncharged, depending upon
the pH. We proposed that destabilization of the mutant homodimers could occur by
charge -repulsion or by steric hindrance. We additionally hypothesized that the
asparagine:histidine heterodimer could be stabilized by a hydrogen bond between the
histidine and the asparagine and by van der Waal contacts with residues surrounding the
a3 positions.

Recombinant CREB proteins were expressed in bacteria and purified by heating.
This procedure removes most of the bacterial proteins, which precipitate at 72 °C.
Recombinant CREB is extremely heat-stable and returns to its native form, as analyzed
by circular dichroism, after cooling to room temperature (J. Richards, Vollum Institute,
unpublished observations). Samples of each extract were electrophoresed on SDS-PAGE
gels to assess the quantity and purity of recombinant protein in each extract.
Recombinant CREB represented greater than 90% of the protein in each preparation (See
Appendix) and differences in protein expression among individual extracts were less than
10%.

The ability of the recombinant proteins to dimerize in vitro was analyzed by using

gel mobility shift assays. In these assays, full-length proteins were mixed with a
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truncated form of CREB, 60 amino acids shorter, to allow visualization of heterodimer
complexes. Except for the aspartic acid substitution, each of the mutations decreased the
amount of homodimer and increased the amount of heterodimer formed (See Appendix).
The greatest effect was seen after mutating the a3 position to histidine, but proteins
containing this substitution still did not completely prevent formation of homodimers
containing the wild-type asparagine.

To decrease homodimerization of CREB molecules containing the a3 asparagine
further, we additionally mutated amino acids in the e and g positions (Fig. 2A). The
resultant CREB proteins, designated pZIP3 and pZIP12, combined only as heterodimers
when equimolar amounts of the full-length and deleted forms were mixed (Fig. 2B). In
mixtures containing a large excess of pZIP3, a small amount of homodimer was also
seen. This form presumably resulted from retention of the wild-type a3 asparagine. No
homodimerization was detected in mutant proteins that contained a histidine residue in
the a3 position.

The biological activities of the mutated proteins were assessed by transient
transfection assays in F9 teratocarcinoma cells. These cells were chosen because they
have low levels of functional CREB and PKA (9). Cells were transfected with a
somatostatin-chloramphenicol acetyltransferase (CAT) reporter gene and plasmids
encoding PKA, RSV-luciferase (to control for transfection efficiency) and various
amounts of CREB. Reporter activity depended on the amount of wild-type CREB
expression vector used and, in each instance, increased after addition of PKA (Fig. 3).
Activity of the CREB form containing the pZIP12 leucine zipper (34171p12) was
negligible, even in the presence of PKA, at all amounts tested. The slightly higher
activity of 34171p3 is consistent with the results of the binding studies, and indicate that
homodimerization of the mutant proteins can be forced to occur at high expression levels
if the complementary CREB mutant is omitted. When the complementary CREB

mutants were combined, transcriptional activities of the mixtures were indistinguishable



40

from those of wild-type CREB. To minimize background activity from the homodimer
forms, 1.5 ug of each CREB plasmid was used in subsequent studies.

The leucine zipper mutants were next used to determine the biological activities
of CREB dimers that could be phosphorylated on only a single subunit. For these
studies, serine 133 in each of the CREB leucine zipper mutants was substituted with
alanine. This mutation, designated M1, has been used previously to establish the role of
PKA phosphorylation in CREB activation (9). In the absence of PKA, Ml-mutated
CREB containing a wild-type leucine zipper has the same activity as native CREB (Fig.
4; see also 21), suggesting that the serine to alanine substitution does not alter general
aspects of CREB structure. The same level of PKA-independent activity was directed by
wild-type:M1 heterodimers (data not shown). PKA slightly decreased the transcriptional
activity of the M1 homodimers containing either wild-type or mutated leucine zippers.
This apparent decrease in activity is due, at least in part, to the low level of PKA
stimulation of the RSV-luciferase plasmid that is used for normalization. The activities
of heterodimers that contained only a single intact PKA phosphorylation site were
precisely half as high as complexes containing two phosphorylation sites. Thus,
transcriptional activation mediated by PKA does not require phosphorylation of both

subunits of the CREB dimer.
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Discussion

Our strategy for engineering the CREB leucine zipper domains was guided by
several previously reported studies of related bZIP proteins. Two observations in
particular suggested that substitutions at the a3 position might alter the dimerization
properties of these factors. First, the amino acid that typically occupies this position is a
unique polar residue in an otherwise hydrophobic dimerization interface (Fig. 1). An
asparagine is conserved at this position in the leucine zippers of C/EBP-1, c-Jun, GCN4
and CREB, suggesting that this particular residue has an important function in
dimerization specificity (11). By interrupting the continuity of the hydrophobic interface,
this asparagine is thought to destabilize the leucine zipper and may thereby permit
reversible dimerization. This process may be important for allowing factors to exchange
partners under different physiological conditions. Second, although in vivo studies
examining the dimerization properties of GCN4 leucine zipper mutants showed that the
a3 position was relatively tolerant of amino acid substitution, an aspartic acid
substitution, in particular, was able to disrupt dimer formation (22). This finding
suggested that charge repulsion at this position might be particularly effective in
destabilizing homodimer formation. We proposed that mutations that introduce larger
polar or charged residues at this position would further destabilize homodimer formation.
At the same time, it was important to identify an amino acid that would allow
dimerization with CREB molecules containing the wild-type a3 asparagine.

Of the four mutations tested, the a3 asparagine to histidine substitution was most
effective in reducing homodimer formation. To elucidate how this mutation affected
stability of the CREB dimers, we modeled the histidine substitution into the crystal
structure of the GCN4 leucine zipper (11) using a Silicon Graphics work station and
MIDAS plus molecular modeling software. In the histidine homodimer, the best modeled

histidine:histidine interaction is a hydrogen bond that is 3.3 A long and non-planar. It
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was not possible to maintain this hydrogen bond and still make favorable van der Waals
contacts with neighboring residues, however. Thus, we predict that unfavorable
hydrogen bond geometry may destabilize homodimers containing the histidine mutation.

Molecular modeling also suggested the basis for the stability of the
asparagine:histidine heterodimer. The asparagine:histidine contact can be modeled to
have a 2.8 A hydrogen bond between the carbonyl oxygen of asparagine and the histidine
Ne. This bond length is optimal and the proton donor and acceptor are nearly linear. van
der Waals contacts between the histidine N& and an isoleucine within the same zipper
helix, as well as between the histidine Cd and a nearby leucine on the opposite helix, is
predicted to stabilize the heterodimer form.

Amino acid substitutions were also made in the e and g positions of the CREB
leucine zipper. Stabilizing electrostatic interactions between the corresponding residues
have been observed in the GCN4 crystal structure (11). In addition, repulsive
electrostatic interactions between amino acids in these positions are thought to prevent
homodimerization of c-Fos and stabilizing interactions to direct the preferential
heterodimerization of c-Fos with ¢-Jun (12). Nicklin et al. (23) have confirmed this
model by showing that a single amino acid substitution in the gl position, which converts
the repulsive electrostatic interaction between residues in the e and g positions to an
attractive one, allows c-Fos to homodimerize. A strategy similar to the one reported in
this manuscript was used recently to direct heterodimerization of Myc and Max proteins
(24). In that case, mutant proteins with reciprocally modified e and g residues in their
leucine zippers were transformation-defective when transfected individually into
mammalian cells, but transformation-competent when combined. In our studies,
mutations in the e and g positions alone were not sufficient to completely prevent
homodimer formation. Only the mutant leucine zipper pZIP12, which contained a

histidine substitution at the a3 position, was completely inactive in binding and
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transcription assays. Thus, the combination of a3, e, and g substitutions was required to
direct the formation of CREB heterodimers exclusively.

The results of our transfection studies have several general implications for
second messenger regulated gene expression. First, they provide evidence that the
process of dimerization in bZIP proteins contributes to determining the level of
transcriptional activation by juxtaposing two activation domains. These conclusions
differ from those of Oliviero et al. (25) who found that heterodimers containing a GCN4
activation domain had nearly equivalent transcriptional properties whether they contained
one or two activation domains. In their system, the degree of activation depended
primarily on the number of binding sites upstream from the promoter. The difference
between our results and those of Oliviero et al. may reflect differences in the mechanisms
of PKA-inducible and acidic activator transcription factors.

The observation that hemiphosphorylated CREB complexes maintain the ability
to respond to PKA, albeit at a half-maximal level, supports the concept that
heterodimerization may allow the targeting of distinct second messenger-mediated
signals to a single genetic element. If two phosphorylated CREB subunits were required
for transcriptional responsiveness, heterodimers containing distinct subunits that respond
to different second messenger pathways would not be capable of activating transcription.
The approach utilized here should be useful for determining the biological functions of
some of these other heterodimer complexes. Finally, the distinct activities of
unphosphorylated, hemiphosphorylated, and fully phosphorylated CREB complexes
raises the possibility that cAMP-directed transcriptional signals may be modulated
according to the degree of CREB phosphorylation. Three possible mechanisms could
generate CREB dimers that are hemiphosphorylated -- a submaximal response to PKA or
protein phosphatase I (26) or heterodimerization of CREB with another transcription

factor that does not participate in PKA signaling.
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Although the model that hemiphosphorylated CREB complexes are half as active
as fully-phosphorylated dimers is appealing physiologically, there was no reason a priori
to expect this result. Additionally, the mechanism for the half-maximal level of activity
of the hemiphosphorylated CREB complexes is unknown. It is possible that the
hemiphosphorylated complexes may associate less efficiently with other proteins that are
required for transcriptional activation. For example, the binding of a co-activator or
general transcription factor could be enhanced by the presence of a second
phosphorylated CREB subunit. This mechanism would not necessarily lead to a doubling
of the transcriptional activity however. A second possibility is that complexes that are
phosphorylated on a single subunit may function directionally. Because the CREB
binding domain sequence is symmetrical, the hemiphosphorylated dimer can bind to the
CRE in two different orientations. It is possible that only one of these orientations is
functional. In this instance, phosphorylation of the second CREB subunit would
eliminate the inherent polarity of the hemiphosphorylated complex. Experiments are

currently being performed to discriminate between these two models.
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End-view of parallel o-helices in a dimerized leucine zipper. A) Residues in
the a and d positions form the hydrophobic dimerization interface.
Electrostatic interactions (dashed lines) occur between charged residues in
the e and g positions. B) Helical-wheel representation of the CREB leucine
zipper. Substitutions were made for the asparagine residue (N3) within the

dimerization interface and for selected residues in the e and g positions.
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Figure 2B
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Binding properties of mutant CREB proteins. A) Helical wheel diagrams
showing the mutated amino acid residues (bold letters). In the pZIP12
leucine zipper homodimer (top), a negatively charged glutamate (E) replaces
the arginine (R) at the g1 position, and a lysine (K) replaces the glutamate at
the g3 position. These mutations should result in charge -charge repulsions in
the homodimer forms. This homodimer should also be destabilized by the
histidine (H) substitution at the a3 position. In pZIP3 (bottom), a lysine
substitution at the €2 position and a glutamate substitution at the e4 position
destabilize the homodimer form. pZIP3:pZIP12 heterodimers (middle)
regenerate the favorable electrostatic interactions of the wild-type proteins
and contain an additional stabilizing asparagine (N)-histidine configuration
at the a3 position. Thus, this combination should be favored over either
homodimer form. B) Gel mobility shift assays. To visualize the homodimer
and heterodimer complexes, a 60 amino acid fragment was deleted from the
activator domains of the wild-type CREB and pZIP3 isoforms. Proteins
were mixed in the ratios shown and analyzed on 6% non-denaturing
polyacrylamide gels. When equal amounts of the full-length and deleted
wild-type CREB proteins were mixed, homodimers and heterodimers formed
in a 1:2:1 ratio. In contrast, the mutated CREB proteins combined only as

heterodimers when mixed in equimolar concentrations.
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Biological activities of CREB leucine zipper mutants. CREB 341 plasmids
containing wild-type, ZIP3, or ZIP12 leucine zippers were introduced into F9
teratocarcinoma cells along with 5 ug somatostatin-CAT reporter and 5 ug
PKA expression vector as indicated. CAT activity is normalized to
luciferase expression. Numbers refer to the total amount of CREB plasmid
(in micrograms) in each transfection. Mixtures of CREB vectors containing

the complementary leucine zipper mutations reconstitute wild-type activity.
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Transcriptional activity of hemiphosphorylated CREB complexes. F9 cells
were transiently transfected with a somatostatin-CAT reporter and a mixture
of CREB expression vectors. 341 and M1 refer to CREB isoforms
containing either a wild-type serine or mutant alanine at the PKA site within
the activator domain. Subscripts WT, ZIP3, and ZIP12 refer to the wild-type
or mutant leucine zipper domains described above. A total of 3 ug of CREB
expression vector was used in all experiments except those denoted 0, in
which the CREB vector was omitted. Experiments were performed in the
absence or presence of 5 ug PKA expression vector as indicated and results
were normalized to luciferase activity. Complexes containing only one
intact PKA phosphorylation site were half as active as those containing two
phosphorylation sites. Values (from five experiments) represent means +

S-E.
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Summary

The cAMP-responsive element (CRE) modulator protein CREM o has been
proposed to be a negative regulator of the CRE-binding protein (CREB). Precisely how
CREMu inhibits CREB function is unclear, however. CREMo and CREB have highly
related structures, and both proteins bind to consensus CRE sequences with similar
affinities. Furthermore, both proteins can be phosphorylated by the cAMP -dependent
protein kinase A (PKA). Two models have been proposed to explain how CREM o could
prevent the activation of genes by PKA-phosphorylated CREB: inhibitory CREMo
homodimers could prevent occupancy of the CRE by CREB, or CREMa could block
gene activation by forming nonfunctional CREB:CREM o heterodimers. To determine
whether CREB:CREMa heterodimers are indeed nonfunctional, we engineered the
leucine zipper regions of the two proteins to direct the pattern of dimerization. We then
tested the biological activities of the phosphorylated and non-phosphorylated complexes
in in vivo transcription assays. Our results indicate that CREMa can contribute to PKA-
mediated gene activation when selectively heterodimerized with CREB. Furthermore,
this transcriptional activity depends upon the ability of the complexes to be

phosphorylated by PKA.
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Introduction

Of the numerous CRE -binding proteins, CREB, CREM, and ATF-1 appear to
belong to a distinct subclass. Isoforms of these three transcription factors can be
activated by protein kinase A (PKA) and potentially by calcium/calmodulin-dependent
kinases such as calmodulin kinases II and IV (1-5). In CREB, ATF-1, and some isoforms
of CREM, the phosphorylation sites are flanked by one or two glutamine-rich regions,
termed Q1 and Q2, which have been proposed to be essential for gene activation (6).
CREMou, on the other hand, is thought to regulate the CRE in a negative manner, and this
inhibitory function has been attributed to the fact that it lacks either of the glutamine-rich
regions (7). CREB, CREM, and ATF-1 can dimerize with each other through a highly
conserved leucine zipper region. Thus, in addition to CREB, CREM, and ATF-1
homodimers, evidence exists for CREB:CREM and CREB:ATF-1 heterodimers as well
(8,9). The finding that targeted mutations in the CREB gene produce no obvious
phenotypic effects in transgenic mice supports the hypothesis that some of the properties
of this class of CRE-binding proteins are redundant (10). The up-regulation of CREM
mRNA in these mice suggests that this factor may be able to subserve functions normally
fulfilled by CREB.

Our studies addressed the modulation of the activating transcription factor CREB
by the negative factor CREMa. It has been proposed that CREMa inhibits CREB
function by forming inactive CREB:CREM heterodimers (9,11). A significant problem
in examining the properties of such heterodimers, however, is that each of these
individual proteins readily homodimerizes. Thus, it is difficult to determine the
biological activity of the heterodimeric complex alone. We have previously designed a
set of specific leucine zipper mutations in the CREB molecule that selectively direct

heterodimer formation (12). Here, we use a similar strategy to direct the formation of

CREB:CREM heterodimers. This approach allowed us to test how CREMa could



modulate the activity of CREB:CREM heterodimeric complexes. Our results show that
CREB:CREM o heterodimers can be transcriptionally active dependent upon the ability

of CREM o to be phosphorylated.
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Materials and Methods

Plasmid construction and expression - To minimize potential differences in
protein translation, CREM o and CREB expression plasmids both contained the 5'- and
3'-untranslated sequences from the CREB 341 cDNA (13). In addition, the b/ZIP regions
of both proteins were encoded by the CREB ¢cDNA sequence to minimize potential
differences in protein stability. To construct the CREM expression plasmids, the Smal
site in the DNA -binding region of the CREM ot coding sequence (kindly provided by P.
Sassone -Corsi, INSERM) was mutated to an Xhol site using site-directed mutagenesis.
Mutagenesis was carried out as described (altered Sites in vifro mutagenesis system
protocol, Promega). An Ncol/Xhol fragment encoding the amino terminal portion of
CREMo was then subcloned into an Rc-RSV mammalian expression vector (Invitrogen)
containing the 5'-untranslated portion of the CREB 341 cDNA and mutant or wild-type
CREB leucine zipper sequence. The construction of the CREB expression plasmids and
mutant leucine zippers has been described previously (12). To construct epitope tagged
expression vectors, the oligomer
5'-CATGGACTACAAAGACGATGACGATAAAGG-3' and its complementary strand
S'CATGCCTTTATCGTCATCGTCTTTGTAGTC-3' were annealed and ligated into the
5'-Ncol site in the CREM o and CREB protein coding sequences. This sequence encodes
the polypeptide MetAspTyrLysAspAspAspAspLys which is recognized by the
anti-FLAG M2 monoclonal antibody (IBI) (14). The plasmids RSV-luciferase (15) and
RSV-PKA (16) were obtained from M. Wilkinson and R. Maurer (Oregon Health
Sciences University), respectively. The plasmid SS-CAT, containing sequences of the rat
somatostatin gene from -71 to +53 placed 5' to the coding region of chloramphenicol

acetyltransferase, was constructed previously (17).
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Bacterial expression of recombinant CREB proteins - pET-11d plasmids encoding

wild-type and mutant forms of CREB and CREM o were transformed into the
BL21(DE3) strain of Escherichia coli. Protein extracts were prepared as described
previously (12). The concentration of recombinant CREB or CREMa in each extract
was determined by densitometric analysis of samples electrophoresed on SDS-PAGE gels

stained with Fast Stain (Zoion Research, Inc.).

Gel mobility shift assays - Mixtures of extracts were incubated at 37°C for 15
minutes, added to a 20 ul reaction buffer (10 mM Tris (pH 7.5), 50 mM NaCl, 10%
glycerol, 5 mM MgClp, 1 mM dithiothreitol, I mM EDTA, 1 ug poly(di-dC) and 3.9 ug
bovine serum albumin), and incubated at 37°C with 15 fmol of end-labeled somatostatin
CRE oligonucleotide. Reactions were loaded onto a 6% non-denaturing acrylamide gel
and were electrophoresed at 200 volts for 10 hours. Gels were dried and

autoradiographed using Kodak XAR film.

Cell culture and transfection assays - The transfection of F9 teratocarcinoma
cells has been described previously (12). Briefly, DNA was transfected using the
TRANSFINITY calcium phosphate transfection system (Life Technologies, Inc.) in the
following amounts: 5 ug SS-CAT, 2 ug RSV-luciferase, and the indicated amounts of
RSV-PKA, and RSV wild-type and mutant CREB vectors. The total DNA in each
transfection was 20 ug, the balance consisting of pRc-RSV. CAT activity was
determined by the method of Seed and Sheen (18) and was normalized to luciferase

activity (15) as a control for transfection efficiency.

Western blot analysis - 1.0x1 00 F9 embryocarcinoma cells were plated onto 10-
cm dishes 18 hours before transfection. The cells were then transfected with a total of 30

ug of CREB and/or CREMa expression plasmid DNA. Cells from five plates were
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pooled in 1 ml of phosphate buffered saline, pelleted, and resuspended in 100 ul of a
solution containing 50 mM dithiothreitol and 50 mM EDTA in phosphate buffered saline.
Cells were lysed by sonication and debris was cleared by centrifugation after the addition
of 10 ul of 10% Triton X-100. The cleared supernatant was heated to 72°C for 2 minutes,
and the precipitated proteins were again cleared by centrifugation. The proteins in 100 ul
of each extract were separated on 12% SDS-polyacrylamide gels and electroblotted onto
nitrocellulose filter paper (Schleicher & Schuell). The filters were blocked, incubated in
a 1:300 dilution of the anti-FLAG M2 monoclonal antibody, washed, and incubated with
a 1:10,000 dilution of alkaline phosphatase conjugated goat anti-mouse monoclonal
antibody (Novagen). Immune complexes were visualized using the alkaline phosphatase
substrate, 5-bromo-4-chloro-3-indolyl phosphate (Zymed Laboratories, Inc.), as

described in the manufacturer's protocol.
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Results and Discussion

We have shown previously that the leucine zipper region of CREB can be
mutated to generate proteins that preferentially associate as heterodimers (12). A similar
strategy was used to construct the chimeric proteins utilized in the current experiments.
Mutations in the a3, e2, ed, g1, and g3 positions of the CREB leucine zipper were
introduced to promote specific patterns of heterodimerization (Fig. 1A). The histidine
mutation introduced into the a3 position is believed to destabilize the formation of
homodimers by charge repulsion or steric hindrance (12). Additionally, the
histidine/asparagine heterodimer may be stablized by additional hydrogen bond and van
der Waals contacts. Mutations in the e and g positions promote heterodimer formation by
allowing complementary electrostatic interactions (12). Fragments containing these
mutations were fused onto the CREB and CREM activation domains. The binding
properties of the mutated proteins were confirmed by analyzing bacterially expressed
products in electrophoretic gel mobility shift assays. The distinct sizes of the CREB and
CREMa proteins allow the homo- and heterodimeric complexes to be distinguished
easily in these assays. As indicated in Fig. 1B, wild-type CREB and CREMao produce
two homodimeric complexes and one intermediate-sized heterodimer when mixed in a
1:1 ratio. CREMo and CREB containing the mutant leucine zippers, CREM7z1p12 and
CREB7]P3 respectively, combine exclusively as heterodimers when equimolar amounts
of the two proteins are mixed. A small amount of the homodimeric forms of CREB or
CREMo can be seen only when an excess of one or the other protein is added.

Functional analysis of the chimeric CREB and CREM proteins was performed by
introducing expression vectors encoding these factors into F9 teratocarcinoma cells along
with a somatostatin CRE-chloramphenicol acetyl transferase reporter gene and an
expression vector encoding the catalytic subunit of PKA. These cells were chosen

because they contain only low levels of functionally active PKA and CREB (19). Full
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activity of the reporter gene in F9 cells requires the addition of both CREB and PKA, as
reported previously (1, 19) and shown in Fig. 2A. The transcriptional activities of CREB
constructs containing either of the two CREB leucine zipper mutants, CREB ZIp3 or
CREBZ]P12, were negligible when expression vectors encoding these proteins were
introduced independently into F9 cells, even in the presence of PKA (Fig. 2A). These
studies indicate that neither of the non-dimerizing subunits are transcriptionally active
alone, confirming our previous results (12). Mixing the CREBZIp3 and CREBZIP12
vectors restored wild-type activity, as would be expected if the complementary leucine
zipper mutations allow approximately normal levels of dimerization. CREM expression
vectors containing either wild-type or mutated leucine zippers did not promote
PKA -mediated transcription of the reporter (Fig 2B), as shown previously (9,11).

Subsequent experiments used the same DNA-binding domain and leucine zipper
mutations to examine the transcriptional properties of CREB:CREM ot heterodimers (Fig.
2C). These experiments indicated that CREB:CREM o heterodimers had about one-third
the activity of CREB homodimers, but were clearly more active than the CREM
homodimeric forms (Fig. 2B). To insure that the two proteins were expressed equally in
these assays, epitope -tagged forms of CREM o and CREB were constructed. Expression
vectors encoding the two epitope-tagged proteins were mixed, introduced into F9 cells by
calcium phosphate precipitation, and the gene products were quantitated by Western
blotting. Fig. 3 shows the relative amounts of CREM o and CREB in cells transfected
simultaneously with expression vectors encoding each protein. The levels of epitope-
tagged CREB and CREM a expressed were approximately equal, although there was a
slight excess in this experiment of CREB over CREM.

To confirm that the activities of the CREB:CREM o heterodimers did not reflect
the substoichiometric expression of the CREM o component, we performed a CREM«
titration experiment. Various amounts of expression plasmid encoding CREMZIpP3 or

CREMZ7Z1p12 were cotransfected with 1.5 ug of expression plasmid encoding the



66

complementary CREB form (Fig. 4). The levels of activation did not change when the
amount of CREM o vector was doubled, indicating that a 1:1 ratio of the two vectors
produces a maximal response. Presumably, the activity does not decrease when 3.0 ug of
CREMu expression vector is transfected because the mutant leucine zippers do not allow
the excess CREM proteins to homodimerize.

To determine how phosphorylation affected the activities of the transcription
factor complexes, the PKA sites were mutated in selected CREB and CREM vectors.
This mutation (designated M1) has been shown previously to block the PKA-dependent
transcriptional activation mediated by CREB (1). As shown in Fig. 5, the M1-CREB
homodimer was completely inactive in stimulating expression of the CRE-reporter. M1-
CREM was also transcriptionally inactive. The hemiphosphorylated
CREB71p3:M1-CREBZIP12 and CREB7ZIP12:M1-CREBZIP3 complexes were half as
active as the doubly -phosphorylated CREB complexes, as noted previously (12).
Activities of the hemiphosphorylated CREB:CREM o dimers were negligible, regardless
of which subunit, CREM o or CREB, contained an intact PKA site.

In summary, the ability to direct the pattern of association of specific CREB
leucine zipper mutants has allowed us to analyze the biological properties of particular
CREB family member heterodimers. As outlined in Fig. 6, the modulation of
cAMP-regulated gene expression by CREB and CREMa is complex and depends, in
part, on whether CREMu. is capable of being phosphorylated by PKA. Our data indicate
that the phosphorylation of at least one CREB subunit is required to mediate
PKA -induction of a CRE reporter gene. Complexes containing one phosphorylatable
CREB subunit have variable activities, however, and the level of activity appears to be
determined by the identity and phosphorylation status of the dimerizing component. For
example, the doubly -phosphorylated CREB:CREM o heterodimer is considerably more

active than the CREB:M1-CREM dimer and slightly less active than the
hemiphosphorylated CREB homodimer. Thus, phosphorylatable CREMa is almost
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equivalent to non-phosphorylatable CREB when paired with a wild-type CREB subunit,

and non-phosphorylatable CREM « is a dominant negative. These findings indicate that

the patterns of heterodimerization and phosphorylation of just two CRE-binding proteins
can provide multiple levels of transcriptional control.

A further level of transcriptional control, not addressed in the current studies,
could be provided by modulating the amount of CREMa in the cell. Certain CREM
mRNA levels are themselves regulated by cAMP (20), so the ratios of CREB and CREM
are likely to be dynamic. Because even fully phosphorylated CREMot homodimers do
not induce reporter expression, such homodimers could block gene activation by
preventing the binding of CREB to the CRE.

Two models can be proposed to explain the mechanism of CREB transcriptional
activation by PKA. One idea is that phosphorylation-induced intramolecular changes
activate CREB by exposing a glutamine-rich region (6). Accordingly, phosphorylation of
one CREB molecule of a dimer should be sufficient to induce activation. Our finding
that CREB:M1-CREM heterodimers lack activity argues against this model. The other
model involves domains from both monomers of the CREB dimer, i.e. an intermolecular
activation, whereby the phosphorylation of serine 133 of one CREB subunit results,
directly or indirectly, in the availability of the glutamine-rich region(s) of the other
subunit. This model can explain the ability of CREMo. to to contribute to gene activation
and is consistent with our observation that only the fully phosphorylated CREB:CREM .
heterodimer is transcriptionally active. In such heterodimers, CREM may donate the
phosphorylation domain, while CREB donates the glutamine-rich region. That M1-
CREB:CREMa only minimally activates transcription can be ascribed to the different
architectures of the 341-amino acid CREB and 289-amino acid CREM proteins. Clearly,
these proteins may not present the same molecular faces to a phospho-CREB-binding

protein. The mechanism of CREMo modulation of CREB function may be clarified by
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testing how the various CREB:CREM heterodimers interact with the putative CREB co-

activator CBP (21,22).
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