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ABSTRACT: Basic region leucine zipper (bZIP) proteins are transcription factors that interact selectively
with duplex DNA to regulate gene expression. Specifically, the cAMP response element-binding protein
(CREB) interacts with the cAMP response element (CRE) DNA site with high affinity, while it binds the
CAAT/enhancer-binding protein (CEBP) DNA site with low affinity. Despite the selectivity of CREB for
the CRE site, CREB-dependent transcription is observed via chimeric DNA sites with similarities to both
CRE and CEBP sites. Because CRE/CEBP and CEBP/CRE chimeric DNA are relevant for transcription
regulation but have not been rigorously characterized, quantitative electrophoretic mobility shift assays
were used to characterize the binding affinity and specificity of CREB to the sites. In addition to CREB,
C/EBPâ was tested because chimeric DNA was shown to stabilize CREB-C/EBPâ heterodimerization.
Despite previous work, no CREB-C/EBPâ heterodimer was observed in the presence of chimeric DNA;
only CREB and C/EBPâ homodimers were seen. The CREB homodimer bound to the chimeric sites with
high affinity, demonstrating that the presence of one CRE half-site is sufficient for high-affinity interaction.
A comparison of CREB and C/EBPâ homodimers indicated that they bind the chimeric sites with similar,
high affinity. Whereas the CRE and CEBP sites preferentially interact with CREB and C/EBPâ, respectively,
the chimeric sites bind CREB and C/EBPâ competitively. Because DNA binding correlates with
transcription regulation, the results suggest that gene expression from chimeric sites can be altered by
small changes in relative bZIP concentrations or bZIP accessory factors.

Basic region leucine zipper (bZIP)1 proteins are transcrip-
tion factors that specifically bind to DNA to regulate
transcription (1). Because of their fundamental role in gene
expression, bZIP proteins are associated with a variety of
biological events. Notably, the bZIP protein cyclic AMP
response element-binding protein (CREB) is involved in
cellular proliferation (2), insulin response in the liver (3),
and brain functions, including circadian rhythms, drug
addiction, and memory potentiation (4, 5). In addition, the
bZIP protein CAAT/enhancer-binding proteinâ (C/EBPâ)
is associated with memory consolidation (6), liver regenera-
tion (7), and adipocyte differentiation (8). bZIP proteins
mediate their biological role by interacting with genomic

DNA to recruit coactivators, such as the CREB-binding
protein (CBP), to augment transcription (9).

The bZIP DNA-binding domain is an unusually simple
motif consisting of a continuousR helix that binds to double-
stranded DNA via a basic region and dimerizes in the form
of a coiled-coil leucine zipper (10, 11). Despite its structural
simplicity, the bZIP DNA-binding element distinguishes
between a variety of 9-10 base-pair sequences (12). Specif-
ically, CREB binds with high affinity to the cyclic AMP
response element (CRE) site comprised of two ATGA half-
sites in an inverted pair, separated by two G/C base pairs
(ATGA CGTCAT ) (13). CREB prefers the CRE site to other
bZIP DNA sites (14), including the CEBP site, which
contains two inverted ATTG half-sites (ATTG CGCAAT )
(14-16). In contrast to CREB, C/EBPâ preferentially
interacts with the CEBP site compared with the CRE site
but with significantly less specificity; variations in the CEBP
sequence are tolerated with C/EBPâ (17). Because bZIP
DNA-binding specificity correlates with transcriptional ac-
tivation, the specificity of CREB and C/EBPâ to recognize
their consensus sequences is important for their transcription
activity in vivo (18, 19).

Given that CREB is highly specific for the CRE site
compared to the CEBP site, we were interested to discover
that multiple DNA sequences bound by CREB in vivo are
chimeras of a CRE and CEBP site, comprised of half-sites
from each. For example, the expression of the serotonin
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N-acetyltransferase (NAT) gene, which encodes an enzyme
necessary for the conversion of serotonin to melatonin, a
hormone linked to regulating sleep cycles (20), is controlled
by a CREB-dependent CEBP/CRE chimera DNA site (AT-
TGGGTCAG) (21, 22). The hepatitis B virus X protein
(HBV pX) gene encodes for the pX protein involved in the
development of liver cancer in infected patients and is
regulated by a CREB-dependent chimeric CRE/CEBP site
(CTGACGCAAC) (23, 24). Finally, expression of the
proprotachykinin I (PPT-I) gene, which encodes several
peptides that have been associated with depression, pain, and
other non-neuronal functions (25), is controlled by a CREB-
dependent chimeric CEBP/CRE site (ATTG CGTCAT ) (26).
The facts that CRE and CEBP site chimeras bind CREB and
regulate gene expression suggest a role for chimeric DNA
sites in biological events. In fact, a chimeric CEBP/CRE site
(CTTACTTCAC) was selected in an in vitro assay as a
potent promoter of gene expression, suggesting that chimeric
DNA sites are relevant for transcriptional activation (27).

Despite the significance of chimeric DNA sites in CREB-
regulated gene expression, the binding affinity and specificity
of CREB to chimeric DNA sites has been studied only
modestly in vitro. CREB was shown to interact with the
CRE/CEBP (GTGACGCAAT ) and CEBP/CRE (GTTACGT-
CAG) chimeric sites (28, 29), although equilibrium binding
affinities were not assessed. Interestingly, a chimeric CEBP/
CRE site (GTTA CGTCAG) bound to CREB and C/EBPâ
simultaneously, likely as a heterodimer (29). Even though
chimeric DNA sites regulate gene expression, the DNA-
binding affinity and specificity of bZIP proteins to chimeric
DNA sites has not been rigorously characterized.

To assess the binding affinity and specificity of CREB to
chimeric CRE/CEBP and CEBP/CRE sites, electrophoretic
mobility shift assays (EMSA) were performed and binding
isotherms were generated with full-length CREB protein
(amino acids 1-341). We also monitored the DNA binding
of the bZIP element peptide of C/EBPâ (amino acids 224-
285) to probe the possibility of heterodimerization. We found
that CREB and C/EBPâ homodimers bound to the chimeric
DNA sites with high affinity, indicating that the presence of
only one consensus half-site is sufficient to promote binding.
Despite previous work indicating that CREB and C/EBPâ
heterodimerize on chimeric DNA (29), only CREB and
C/EBPâ homodimers were observed here. Interestingly,
CREB and C/EBPâ homodimers bound to the chimeric DNA
sites with comparable affinities. The results suggest that
CREB and C/EBPâ bind competitively to chimeric sites in
vitro, in contrast with specific binding of CREB and C/EBPâ
to the consensus sites.

MATERIALS AND METHODS

Protein Expression and Purification. The full-length
protein of CREB (amino acids 1-341) was prepared from
pET-15b-CREB/Ser as previously reported (30). Briefly, the
plasmid pET-15b-CREB/Ser was used to transform BL21-
(DE3)Escherichia colicells. Cells were grown in Luria broth
supplemented with ampicillin and 4 g/L dextrose at 37°C
with shaking until the optical density was 0.6 absorbance at
595 nm. A final concentration of 0.8 mM isopropyl-â-D-
thiogalactopyranoside (IPTG) was added to induce protein
expression, and the cells were incubated for 3.5 h at 37°C

with shaking. The cells were harvested by centrifugation,
washed with 10 mM Tris-HCl buffer at pH 8.0 containing 1
mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithio-
threitol (DTT), and 1 mM phenylmethanesulfonyl fluoride
(PMSF), and lysed by heating to 75°C for 10 min. CREB
was further purified from the lysate supernatant using pre-
swollen DE53 (diethylamino)ethyl (DEAE) anion-exchange
resin (Whatman) and BioRad’s BioLogic LP protein puri-
fication system at 4°C. CREB was eluted using a 0-500
mM NaCl gradient in 10 mM Tris-HCl buffer at pH 8.0, 1
mM EDTA, and 1 mM DTT. Fractions containing CREB
were concentrated using Amicon YM-30 Centriplus mem-
branes and dialyzed into 25 mM Tris at pH 7.15, 50 mM
NaCl, and 1 mM DDT at 4°C. The identity and purity of
CREB was confirmed by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) (see Supporting
Information), as previously reported (30). The final protein
concentration was determined by Bradford (Biorad) and
Advanced Protein (Cytoskeleton) Assays. The protein was
stored at-80 °C as a 10% glycerol solution to stabilize the
full-length protein, as previously described (30).

The bZIP element DNA-binding domain of C/EBPâ
(amino acids 224-285) was prepared using the plasmid pET-
11a-C/EBPâ, as previously described (31). Briefly, BL21-
(DE3)E. coli cells were transformed with pET-11a-C/EBPâ.
Cells were grown in Luria broth supplemented with ampi-
cillin at 37 °C with shaking until the optical density was 0.6
absorbance at 595 nm. A final concentration of 0.8 mM of
IPTG was added to induce protein expression, and the cells
were incubated for 3.5 h at 37°C with shaking. The cells
were harvested by centrifugation and washed with 20 mM
Tris at pH 7.5, 1 mM EDTA, and 20 mMâ-mercaptoethanol
(buffer A), containing 1 mM protease inhibitor cocktail
(Calbiochem) and 1 mM PMSF. The cells were lysed by
heating to 75°C for 10 min, and the insoluble fraction was
obtained by centrifugation for 20 min at 12 000 rpm. After
resuspension of the insoluble lysate pellet in buffer A
containing 6 M urea, the urea-soluble supernatant containing
C/EBPâ was applied to SP Sepharose ion-exchange resin
(Amersham). The column was washed with 10 column
volumes of buffer A containing 6 M urea and then with 10
column volumes of buffer A alone to renature the bound
C/EBPâ. The renatured C/EBPâ eluted at 0.7 M NaCl using
a gradient of 0-1 M NaCl in buffer A. The fractions
containing C/EBPâ were concentrated using Amicon YM-3
Centriplus membranes and dialyzed against water. The
identity and purity of C/EBPâ was confirmed by SDS-
PAGE (see the Supporting Information), as previously
reported (30). The final protein concentration was determined
using the Advanced Protein Assay. The purified peptide was
stored at-80 °C as a dry solid.

DNA Purification and32P-End Labeling. Synthesized DNA
(IDT) was purified on a denaturing 12% (19:1 acrylamide/
bisacrylamide) 0.8 mm polyacrylamide gel with 8 M urea
in 1× TBE buffer (45 mM Tris-base, 45 mM boric acid,
and 1 mM EDTA at pH 8.0). The running buffer was also
1× TBE. The gel was prerun for 1 h prior to the addition of
the DNA. Each of the oligonucleotide fragments was
combined with an equal volume of formamide loading buffer
(98% deionized formamide, 10 mM EDTA at pH 8.0,
0.025% xylene cylanol FF, and 0.025% bromophenol blue)
and loaded onto the gel without an electric current. The gel
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was then run for 130 W h. The largest band (as visualized
with UV light) was eluted with 1 mL of water for 12 h at
room temperature. Each DNA strand was dialyzed, individu-
ally, with water. The DNA concentration was determined
by absorbance at 260 nm and stored at-20 °C.

To radioactively label the 5′ end of the DNA, 10 pmol of
gel-purified oligonucleotide, kinase buffer (70 mM Tris-HCl
at pH 7.6, 10 mM MgCl2, and 5 mM DTT), 10µCi of [γ-32P]-
ATP (New England Nuclear), and 10 units of T4 polynucle-
otide kinase (Promega) were incubated for 2 h at 37°C
before purification (QIAquick Nucleotide Removal Kit,
QIAGEN). To produce double-stranded DNA for the DNA-
binding experiments, the complementary strands was added
in slight excess to the32P-end-labeled DNA and annealed
by heating to 95°C for 2 min followed by slow cooling
over 2 h.

QuantitatiVe EMSA.The assay was performed as previ-
ously described (32, 33). Briefly, binding reactions contained
<50 pM duplex32P-labeled DNA (CRE, CEBP, CRE/CEBP,
or CEBP/CRE) and between 3.2µM and 0.78 nM total
protein (CREB or C/EBPâ) in phosphate-buffered saline
(PBS)-binding buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, and 1.4 mM KH2PO4 at pH 7.4), containing 1
mM EDTA, 1.25 mM DTT, 0.1% Igepal, 0.5 mg/mL BSA
(New England Biolabs), 0.4µg/mL poly(dI-dC)-poly(dI-
dC) (Sigma), and 5% glycerol. Binding reactions were
incubated for 30 min at room temperature, and the free and
protein-bound DNA were separated using 5% nondenaturing
polyacrylamide gel (79:1 acrylamide/bisacrylamide for CREB
and 29:1 acrylamide/bisacrylamide for C/EBPâ), prepared
in 0.25× TBE. If magnesium was included, a final concen-
tration of 10 mM MgCl2 was added to the binding and gel
buffers, as previously described (16). The electrophoresis
running buffer was 0.25× TBE. Gels were pre-equilibrated
for 30 min at 350 V and were maintained at 25°C by
immersion in a circulating, temperature-controlled water bath.
The gels were run for 300 V h and dried by vacuum at 80
°C. Dried gels were exposed to a storage phosphor screen
and scanned using a Storm 860 PhosphorImager (Molecular
Dynamics). The amount of complexed and free DNA was
quantified using ImageQuant 5.0 software (Molecular Dy-
namics). The fraction of protein-bound DNA was plotted
versus the total concentration of bZIP protein (CREB or
C/EBPâ) and fit to an equation describing a 1:2 stoichiometry
of DNA/protein [fraction DNA bound) 1/(1 + Kapp/
(protein)total

2)] to determine the equilibrium dissociation
constant, Kapp (32). At least five independent binding
experiments were averaged, and the standard error is shown
with error bars (34). ∆Gobs values were calculated from the
equation: ∆Gobs ) -RT ln(1/Kapp), whereR ) 0.001 987
kcal mol-1 K-1 andT ) 298 K.

RESULTS

To assess the DNA-binding affinity and specificity of bZIP
protein binding to chimeric DNA sites, the full-length protein
of CREB (amino acids 1-341) and bZIP element peptide
of C/EBPâ (amino acids 224-285) were overexpressed and
purified (see the Supporting Information). The differing sizes
of CREB and CEBPâ were important to facilitate analysis
of heterodimerization (29). The bZIP element domain of
C/EBPâ comprises the C-terminal amino acids of mouse

C/EBPâ (31), and contains all of the amino acids necessary
for DNA binding (12). The CREB protein is a rat/human
hybrid, where the human bZIP element DNA-binding domain
with three cysteine to serine mutations at residues Cys300,
Cys310, and Cys337 was subcloned into the full-length rat
CREB341 gene (30). The CREB mutant demonstrated
indistinguishable structural and DNA-binding properties
compared to wild-type CREB but displayed improved
solubility and yield during bacterial purification (30, 33, 35,
36).

We also synthesized four double-stranded DNA sites for
the binding assays (Figure 1). The two consensus DNA sites
(CRE and CEBP) maintain similar half-site spacing but
contain different inverted half-sites, as previously reported
(32, 33). Chimeric DNA sites (CRE/CEBP and CEBP/CRE)
are comprised of half-sites from each consensus DNA site
in inverted pairs.

QuantitatiVe EMSA. To assess the DNA-binding affinity
and specificity of CREB and C/EBPâ for the four DNA sites,
we employed quantitative EMSA, as previously described
(32, 33). EMSA were selected to facilitate discrimination of
DNA-bound CREB and C/EBPâ homo- and heterodimers
(29). Initially, EMSA were employed to characterize the
DNA-binding specificity and affinity of CREB and C/EBPâ
homodimers. Binding isotherms are displayed in Figure 2,
and binding curves fit to an equation describing a 2:1 protein/
DNA complex are shown in Figure 3. Calculated values for
dissociation constants and Gibbs free energy are shown in
Table 1.

The CREB-CRE complex exhibited an equilibrium dis-
sociation constant (Kapp) of (6.7 ( 0.4) × 10-18 M2,
corresponding to a Gibbs free energy (∆Gobs) of -23.4 kcal
mol-1. The EMSA data are consistent with previous solution
fluorescent anisotropy experiments showing a half-maximal
binding of 2( 1 nM for CREB and the CRE site (30). CREB
binding to the CEBP site was not observed even at 2µM
protein concentration, indicating that CREB prefers the CRE
site to the CEBP site by at least 7.9 kcal mol-1. The affinity
of CREB for the chimeric DNA sites was reduced compared
with the CRE site with aKapp of (7.3( 1.3)× 10-17 M2 for
CEBP/CRE (∆Gobs ) -22.0 kcal mol-1) and (8.2( 2.8)×
10-16 M2 for CRE/CEBP (∆Gobs ) -20.6 kcal mol-1).
CREB prefers the CRE target site to the CRE/CEBP or
CEBP/CRE sites with a differential Gibbs free energy
(∆∆Gobs) of 1.4 and 2.8 kcal mol-1, respectively. However,
CREB binds significantly better to the chimeric sites
compared to the CEBP consensus site. Despite the clear

FIGURE 1: Sequences of consensus (CRE and CEBP) and chimeric
(CEBP/CRE and CRE/CEBP) DNA sites used in this study are
shown. The black boxes above each sequence indicate the CRE
half-site, while the white boxes above each sequence indicate the
CEBP half-sites.
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specificity of CREB for the CRE half-site, CREB maintains
high affinity for the chimeric sites, which contain one CEBP
half-site. Therefore, the presence of only one CRE half-site
is sufficient for high-affinity binding of CREB to DNA.
The data are consistent with previous work, demonstrat-

ing that the GCN4 bZIP protein interacts with high
affinity with a DNA site containing only a single half-site
(37).

The complex of C/EBPâ and the CEBP site demonstrated
an apparent dissociation constant (Kapp) of (9.5 ( 1.0) ×
10-17 M2, corresponding to a∆Gobs of -21.8 kcal mol-1.
The binding affinity of C/EBPâ for the CRE site was
reduced, with aKapp of (6.1 ( 0.7) × 10-16 M2 (∆Gobs )
-20.7 kcal mol-1). As expected, C/EBPâ prefers the CEBP
site to the CRE site by a∆∆Gobs of 1.1 kcal mol-1 (38).
C/EBPâ bound to the two chimeric DNA sites with similar
affinity or a Kapp of (1.4 ( 0.2)× 10-16 M2 for CEBP/CRE
(∆Gobs ) -21.6 kcal mol-1) and (1.6( 0.3) × 10-16 M2

for CRE/CEBP (∆Gobs ) -21.5 kcal mol-1). These data
indicate that C/EBPâ bound the two chimeric sites with only
slightly reduced affinity compared to the consensus CEBP
site or a∆∆Gobs of 0.2 or 0.3 kcal mol-1. Therefore, the
presence of one CRE half-site only modestly influences the
affinity of C/EBPâ to DNA. The data are consistent with
previous work, indicating that DNA sequence variations are
allowed by C/EBPâ (17).

CompetitiVe EMSA with CREB and C/EBPâ. Previous
work in nuclear extracts indicated that CREB and C/EBPâ
interact simultaneously with a chimeric CREB/CRE site (29).
In that case, CREB-C/EBPâ heterodimerization was used
to rationalize the simultaneous interaction with the DNA.

To explore the possibility that CREB and C/EBPâ het-
erodimerize on chimeric DNA, we performed EMSA with
the chimeric DNA sites in the presence of equal concentra-
tions of CREB and C/EBPâ (Figure 4). The full-length
CREB protein and the bZIP element peptide of C/EBPâ were
useful in theses studies because the presence of a CREB-
C/EBPâ heterodimer bound to the DNA would produce a
protein-DNA complex of intermediate migration on the gel
compared with the CREB or C/EBPâ homodimers. As
observed in Figure 4, the CREB and C/EBPâ homodimers

FIGURE 2: Equilibrium binding of the four DNA sites shown in Figure 1 with decreasing concentrations of CREB (A; CRE, lanes 1-7;
CEBP, lanes 8-14; CEBP/CRE, lanes 15-21; and CRE/CEBP, lanes 22-28) or C/EBPâ (B; CRE, lanes 29-35; CEBP, lanes 36-42;
CEBP/CRE, lanes 43-49; and CRE/CEBP, lanes 50-56). The concentration (in nanomolars) of CREB or C/EBPâ used in each binding
reaction is indicated above each lane.

FIGURE 3: Equilibrium binding isotherm for CREB (A) or C/EBPâ
(B) bound to the CRE site (9 and0), CEBP site (b andO), CEBP/
CRE site ([ and ]), and CRE/CEBP site (2 and 4). Protein
concentrations are indicated in Figure 2. CREB did not show
appreciable binding to the CEBP site at 2µM concentration (see
Figure 2A). The binding curves were calculated using the equation
(fraction bound ) 1/(1 + Kapp/(protein)2), where Kapp is the
adjustable parameter. At least five independent binding experiments
were averaged, and the standard error is shown as error bars.
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produced observable protein-DNA complexes on the gel.
However, no protein-DNA complex of intermediate migra-
tion was observed. The data indicate that homodimers of
CREB and C/EBPâ preferentially formed stable complexes
with the DNA; no heterodimeric complexes were seen.

Although heterodimerization was not observed, the DNA-
binding data offer a view of the competitive interaction of
CREB and C/EBPâ with DNA. As expected, the CREB
homodimer preferentially interacts with the CRE site in the
presence of the C/EBPâ peptide (lanes 4-8 in Figure 4A),
while the C/EBPâ homodimer preferentially binds to the
CEBP site in the presence of the CREB protein (lanes 10-
14 in Figure 4A). In contrast, the interactions of CREB and
C/EBPâ with the chimeric sites were less selective (lanes
15-26 in Figure 4A); CREB and C/EBPâ homodimers are
seen with both sites, indicating that the DNA partially
interacts with each homodimer simultaneously. In the case
of the CEBP/CRE site, protein-DNA complexes comprised
of CREB and C/EBPâ homodimers were observed simul-
taneously at lower concentrations (lanes 17-18 in Figure

4A), although CREB homodimers were preferentially seen
at the highest concentration (lane 16 in Figure 4A). Quan-
tification of the gels (Figure 4B) confirmed the qualitative
analysis; only at the highest concentration of protein does
the CREB homodimer‚DNA complex predominate. With the
CRE/CEBP site, while both homodimers are observed
simultaneously at all concentrations, a significantly greater
fraction of DNA is bound by C/EBPâ (lanes 22-26 in Figure
4A), particularly at higher concentrations. The competitive
binding assays confirm the observation with quantitative
EMSA that the chimeric sites differ from the consensus sites
in their ability to discriminate CREB and C/EBPâ.

QuantitatiVe EMSA in the Presence of MgCl2. Crystal-
lographic data of CREB bound to DNA indicate that a
hexahydrated Mg2+ ion binds between the CREB homodimer
and DNA, making a water-mediated contact with DNA (11).
In addition, previous papers showed that inclusion of Mg2+

salts in the reaction and EMSA gel significantly influenced
the binding affinity and specificity of CREB (11, 16, 35,
39). To assess the influence of Mg2+ on the DNA-binding

Table 1: DNA-Binding Constants for the CREB and C/EBPâ Homodimers

CREB C/EBPâ
CREB

C/EBPâ

DNA site Kapp (M2)a ∆Gobs
b ∆∆Gobs

c Kapp (M2)a ∆Gobs
b ∆∆Gobs

c ∆∆Gd

CRE 6.7( 0.4× 10-18 -23.4 6.1( 0.7× 10-16 -20.7 1.1 -2.7
CEBP >4.0× 10-12e < -15.5 >7.9 9.5( 1.0× 10-17 -21.8 6.3
CEBP/CRE 7.3( 1.3× 10-17 -22.0 1.4 1.4( 0.2× 10-16 -21.6 0.2 -0.4
CRE/CEBP 8.2( 2.8× 10-16 -20.6 2.8 1.6( 0.3× 10-16 -21.5 0.3 1.0
a All values reported represent the mean of at least five determinations, with standard error indicated.b ∆Gobs is equal to-RT ln(1/Kapp), where

T is 298 K andR is 0.001 987 kcal mol-1 K-1. c ∆∆Gobs is equal to-RT ln(1/(Kapp(CRE)/Kapp(DNA)) for CREB and-RT ln(1/(Kapp(CEBP)/Kapp(DNA)) for
C/EBPâ. d ∆∆G is equal to-RT ln(1/(Kapp(C/EBPâ)/Kapp(CREB)) for each DNA site, where all complexes are compared to the CREB-DNA complex.
e Estimated on the basis of the failure to observe a CREB-CEBP complex at a concentration of 2µM.

FIGURE 4: (A) Equilibrium binding of 100 nM CREB protein with the CRE site (lane 1), 100 nM C/EBPâ peptide with the CRE site (lane
2), or a decreasing concentration of equal parts CREB and C/EBPâ (lanes 3-26) bound to the four DNA sites shown in Figure 1 (CRE,
lanes 3-8; CEBP, lanes 9-14; CEBP/CRE, lanes 15-20; and CRE/CEBP, lanes 21-26). The individual concentrations of CREB and
C/EBPâ (in nanomolars) included in the competitive binding reactions are indicated above each lane. For example, 100 indicates that 100
nM CREB and 100 nM C/EBPâ were included in the binding reaction, for a combined total of 200 nM protein. (B) Equilibrium binding
isotherm of gels in A for CREB (black) or C/EBPâ (white) bound to the CRE site (9 and0), CEBP site (b andO), CEBP/CRE site ([
and]), and CRE/CEBP site (2 and4).
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affinity and specificity of CREB for the chimeric sites, we
performed electrophoretic mobility assays in the presence
of MgCl2, as previously described (16). Binding isotherms
are displayed in Figure 5, and the binding curve is shown in
Figure 6.

In the presence of MgCl2, the affinities of C/EBPâ and
CREB for DNA were significantly reduced. In fact, the only
complex observed was the CREB-CRE complex, with aKapp

of (2.3( 0.5)× 10-16 M2 (∆Gobs ) -21.3 kcal mol-1). No
other complexes with DNA were observed even with 2µM
CREB or 3.2µM C/EBPâ. The data indicated that the affinity
of CREB for the CRE site was reduced by∆∆G ) 2.1 kcal
mol-1, while the affinity of C/EBPâ for the CEBP site was
reduced by at least∆∆G ) 6.9 kcal mol-1. The results
suggest that MgCl2 has a significant influence on the affinities
of CREB and C/EBPâ for DNA.

DISCUSSION

Chimeric DNA comprised of abutted half-sites from CRE
and CEBP are found upstream of multiple genes regulated
by CREB (21-24, 26). Despite the likely significance in
gene expression, the binding affinity and specificity of CREB
to chimeric DNA sites has not been rigorously explored (28,
29).

We began the assessment of DNA binding by comparing
the affinities of CREB and C/EBPâ for the consensus CRE
and CEBP sites. The data indicated that CREB discriminates
the CRE and CEBP sites to a larger extent than C/EBPâ.
CREB prefers the CRE site to the CEBP site by a∆∆G )
7.9 kcal mol-1, while C/EBPâ binds to the CEBP site in
preference to the CRE site by∆∆G ) 1.1 kcal mol-1. In
fact, the CREB protein binds the CRE site with the highest
affinity of all combinations tested,∆Gobs ) -23.4 kcal
mol-1. The data are consistent with previous work, demon-
strating the relatively high affinity and specificity of CREB
for its CRE consensus site (30, 33, 40). In addition, the data
showed that the CRE and CEBP consensus sites predomi-
nantly bind their bZIP subfamily protein. Specifically, the
CRE site prefers binding with CREB to a greater extent than
C/EBPâ by ∆∆G ) -2.7 kcal mol-1, while the CEBP site
binds with higher affinity to C/EBPâ than CREB by∆∆G
) 6.3 kcal mol-1. Consistent with the consensus site
selectivity, competitive binding experiments (Figure 4)
indicated that CREB preferentially interacts with the CRE
site, even in the presence of equal concentrations of C/EBPâ.
Likewise, C/EBPâ preferentially binds to the CEBP site, even
in the presence of equal concentrations of CREB. Therefore,
the data suggest that CREB and C/EBPâ interact preferen-
tially with their subfamily consensus sequences to regulate
transcription.

In contrast to data with the consensus CRE and CEBP
sites, CREB and C/EBPâ bind to the chimeric sites with

FIGURE 5: Equilibrium binding of a decreasing concentration of CREB bZIP element homodimers (A) to the four DNA sites shown in
Figure 1 (CRE, lanes 1-7; CEBP, lanes 8-14; CEBP/CRE, lanes 15-21; and CRE/CEBP, lanes 22-28) or C/EBPâ homodimers (B) to
the DNA sites shown in Figure 1 (CRE, lanes 29-35; CEBP, lanes 36-42; CEBP-CRE, lanes 43-49; and CRE/CEBP, lanes 50-56) in
the presence of 10 mM MgCl2. MgCl2 was included in the reaction binding buffer and gel buffer but not in the electrophoresis running
buffer, as previously reported (16). The peptide concentration (in nanomolars) used in each binding reaction is indicated above each lane.

FIGURE 6: Equilibrium binding isotherm for CREB bound to the
CRE site in the presence of 10 mM MgCl2. The protein concentra-
tions range from 1000 to 0.56 nM with 0.75 serial dilutions (1000,
750, 560, 420, 320, 240, 130, 100, 75, 42, 32, 24, 18, 13, 10, 7.5,
5.6, 4.2, 3.2, 2.4, 1.8, 1.3, 1.0, 0.75, and 0.56 nM). CREB did not
show appreciable binding to the other DNA sites even at 2µM
concentration (see Figure 5A). Please see the caption of Figure 3
for additional details.
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relatively similar affinities. CREB binds the CEBP/CRE site
with a slight preference compared with C/EBPâ or ∆∆G )
-0.4 kcal mol-1. In the case of the CRE/CEBP site, C/EBPâ
binds with modestly higher affinity compared to CREB or
∆∆G ) 1.0 kcal mol-1. Whereas the CRE and CEBP
consensus sites predominantly bind their respective subfamily
protein (∆∆G ) 2.7 and-6.3 kcal mol-1), the chimeric
DNA sites bind competitively to CREB and C/EBPâ.
Interestingly, dependent upon the half-site positioned at the
3′ end of the binding site, either CREB or C/EBPâ binds
with modestly higher affinity. When the CRE half-site is
positioned at the 3′ end (CEBP/CRE), CREB binds with
slightly higher affinity; when the CEBP site is present at
the 3′ end (CRE/CEBP), C/EBPâ binds with modestly higher
affinity.

Crystallographic analysis of CREB bound to the CRE site
indicated that a Mg2+ ion is positioned in the protein-DNA
interface of the complex (11). In addition, in vitro binding
experiments demonstrated that inclusion of 10 mM MgCl2

in the binding reactions resulted in a significant alteration
in protein-DNA complex stability (11, 16, 35, 39). Specif-
ically, several studies noted that 10 mM MgCl2 increases
CREB binding to the CRE site by 2-25-fold (11, 35, 39),
while the most recent work reported that the presence of 10
mM MgCl2 decreases the binding of CREB to the CRE site
by 3-fold (16). Because unbound Mg2+ concentrations are
known to fluctuate in vivo between 0.5 and 2 mM, previous
data suggest that Mg2+ may influence DNA binding and
transcription regulation (16).

Because of the likely role of Mg2+ in DNA affinity and
selectivity, we performed quantitative EMSA in the presence
of MgCl2. As expected, 10 mM MgCl2 significantly influ-
ences the DNA-binding affinity of CREB and C/EBPâ. In
this case, the binding affinity of CREB for the CRE site is
reduced by 15-fold or∆∆G ) 2.1 kcal mol-1. Because no
DNA complexes were observed even at 2µM protein
concentration, the binding selectivity of the CREB-CRE
complex compared to all other protein-DNA complexes
tested is greater than∆∆G ) 5.8 kcal mol-1. The data here
are consistent with recent work demonstrating that 10 mM
MgCl2 decreases the binding of CREB to the CRE site (16)
but contrary to previous work showing enhanced CREB-
CRE stability in the presence of 10 mM MgCl2 (11, 35, 39).
A possible explanation for the observed differences is the
varying concentrations of salt included in the buffers in these
papers; however, no correlation in results exists between the
studies using 50 mM NaCl (11, 39) and those using 150
mM NaCl (16, 35), suggesting that salt cannot explain the
disparities. Similar to the salt concentration, the discrepancy
also does not correlate with the method of analysis, EMSA
(16, 35) or fluorescence anisotropy (11, 39). Another
difference is the use of double-stranded hairpin loops in two
of the papers demonstrating increased CREB-CRE affinity
in the presence of MgCl2 (11, 39), instead of linear sequences
(16, 35). Perhaps the flanking regions of DNA significantly
influence the DNA-binding affinities of CREB and CEBPâ
in the presence of MgCl2. Despite the differences, all papers
consistently demonstrate that MgCl2 significantly influences
the CREB-CRE complex stability.

Previous work documented that a CREB-C/EBPâ com-
plex binds to chimeric DNA (29, 41). In contrast, multiple
studies in the absence of DNA indicated that CREB and

C/EBPâ do not form stable heterodimers via their bZIP
element (42, 43). The combined data suggest that DNA has
the potential to stabilize bZIP element-mediated heterodimer-
ization. To test the possibility that DNA and particularly
chimeric DNA has the ability to stabilize CREB-C/EBPâ
heterodimerizers, we incubated full-length CREB protein and
the bZIP element peptide of C/EBPâ with the consensus CRE
and CEBP sites and the chimeric CRE/CEBP and CEBP/
CRE sites. In contrast to previous studies indicating that
CREB and C/EBPâ heterodimerize in the presence of a
CEBP/CRE chimeric site (29), no evidence of CREB-C/
EBPâ heterodimers was observed with any DNA site tested;
homodimers formed preferentially in all cases. One possible
reason for the discrepancy is the use of different DNA sites;
previous work involved a minimal CEBP/CRE site (GT-
TACGTCAG) compared to studies performed here (AT-
TGCGTCAT ). In addition, the DNA sequences flanking the
CEBP/CRE sites were variable. The discrepancy suggests
that the role of base pairs at the 5′ or 3′ termini or the flanking
regions of the DNA may influence the stability of protein-
DNA complexes. Another possible explanation is the identity
of the CREB and C/EBPâ proteins used. The proteins were
prepared using reticulocyte lysates in previous work (29) and
in bacteria in the present work. It is possible that protein
post-translational modification or associated proteins only
available using eukaryotic expression systems influence
heterodimerization. Consistent with this possibility, CREB
and C/EBPâ are known to interact in a phosphorylation-
dependent manner (44). In fact, the phosphorylation-depend-
ent CREB-C/EBPâ complex is attributed to interactions
with the CREB activation domain, Q1, as well as the leucine
zipper (44). Therefore, a third explanation for the variability
in CREB-C/EBPâ heterodimerization is cooperative inter-
actions between areas of the proteins outside of the bZIP
element. In fact, CREB-C/EBPâ heterodimerization was
observed previously using the full-length CREB and C/EBPâ
proteins (29). In this scenario, it is possible that the bZIP
element peptide alone is not sufficient to mediate het-
erodimerization. Because heterodimerization propensities
likely influence bZIP-mediated transcriptional regulation,
dissecting DNA-dependent from DNA-independent bZIP
heterodimerization will enlighten the role of bZIP proteins
in gene expression.

While binding assays in the presence of CREB and
C/EBPâ were not useful for validating bZIP heterodimer-
ization, they were helpful by providing insights into the
competitive interactions of CREB and C/EBPâ homodimers
with the chimeric DNA sites. Consistent with quantitative
EMSA, the competitive binding assays revealed that chimeric
DNA sites bind CREB and C/EBPâ competitively; in both
cases, the homodimeric CREB-DNA and C/EBPâ-DNA
complexes are observed simultaneously (Figure 4). Interest-
ingly, a greater fraction of the CEBP/CRE chimeric site binds
CREB at high concentrations, consistent with the slight
selectivity of CREB for the CEBP/CRE site observed in the
quantitative EMSA analysis (∆∆G ) -0.4 kcal mol-1). In
addition, a greater proportion of the CRE/CEBP chimeric
site binds C/EBPâ, consistent with quantitative EMSA data,
demonstrating that C/EBPâ binds the CRE/CEBP site with
modest selectivity (∆∆G ) 1.0 kcal mol-1). In total, the
competition data provide corroborating evidence that CREB
and C/EBPâ homodimers bind the chimeric sites with
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comparable affinity in vitro, suggesting that competitive
binding of CREB and C/EBPâ to chimeric sites occurs in
vivo to regulate gene expression.

The fact that CREB and C/EBPâ interact with chimeric
DNA sites with comparable affinities has implications for
transcription. The data are consistent with a model where
C/EBPâ contributes to transcription regulation from chimeric
DNA sites by competing for CREB binding. According to
this model, the relative in vivo concentrations of CREB and
C/EBPâ ultimately dictate which protein is binding and
regulating transcription. The proposed model is distinct from
the scenario with CRE or CEBP consensus sites, where each
site preferentially interacts with specific subfamily members
to regulate transcription. Consistent with the proposed model,
chimeric DNA comprised of half-sites from the CRE and
PAR sites were shown to interact with members of the PAR
bZIP subfamily with high affinity, suggesting that competi-
tive interactions between CREB and PAR bZIP proteins
regulate transcription from CRE and PAR chimeric sites (45).

The proposed model also suggests that minor alterations
in the DNA-binding ability of CREB or C/EBPâ can
profoundly influence the fraction of chimeric DNA-bound
CREB or C/EBPâ. Previous work indicated that bZIP
accessory factors influence the DNA-binding affinities and
specificities of bZIP proteins. For example, the HBV pX
perturbs the binding affinity and specificity of CREB for
the CRE site (18, 23, 24). In addition, the Tax protein from
the human T-cell leukemia virus type 1 (HTLV-1) influences
the DNA-binding ability of CREB (46, 47). The data
presented here suggest that viral accessory factors alter gene
expression by perturbing the competitive binding of bZIP
proteins, such as CREB and C/EBPâ, to chimeric DNA
enhancer sites. Interestingly, the DNA enhancer sequence
controlling the expression of HBV pX is a chimeric CRE/
CEBP site (23, 24). Therefore, it is attractive to speculate
that HBV pX perturbs the competition between CREB and
C/EBPâ for binding to the chimeric DNA site, ultimately
resulting in changes in its own gene expression. Because
HBV pX is associated with heptocellular carcinoma (48),
deciphering the role of HBV pX in dictating DNA-binding
specificity and gene expression from chimeric sites will aid
in the characterization of HBV-induced liver cancer.

In addition to the HBV pX enhancer sequence, several
other chimeric CRE and CEBP sites are associated with
CREB-dependent transcription regulation. For example, CRE
and CEBP site chimeras direct the transcription of various
neuronal genes, including the NAT gene, which encodes an
enzyme necessary for the conversion of serotonin to mela-
tonin (20), and the PPT-I gene, which encodes several
peptides associated with depression, pain, and other non-
neuronal functions (25). With a role in the transcription of
such diverse genes, characterizing the transcriptional regula-
tory functions of chimeric bZIP DNA sites will enhance the
understanding of bZIP protein-mediated gene expression.
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