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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/EBRS was tested because chimeric DNA was shown to stabilize CREBBRS heterodimerization.
Despite previous work, no CREBC/EBR3 heterodimer was observed in the presence of chimeric DNA;
only CREB and C/EBP 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/EFhomodimers indicated that they bind the chimeric sites with similar,
high affinity. Whereas the CRE and CEBP sites preferentially interact with CREB and B/E&pectively,

the chimeric sites bind CREB and C/EBRcompetitively. 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 (bZIPproteins are transcrip- DNA to recruit coactivators, such as the CREB-binding
tion factors that specifically bind to DNA to regulate protein (CBP), to augment transcriptio8).(

transcription {). Because of their fundamental role in gene  The pzIP DNA-binding domain is an unusually simple
expression, bZIP proteins are associated with a variety of motif consisting of a continuous helix that binds to double-
biological events. Notably, the bZIP protein cyclic AMP  stranded DNA via a basic region and dimerizes in the form
response element-binding protein (CREB) is involved in 4 coiled-coil leucine zipperlQ, 11). Despite its structural
cellular proliferation ), insulin response in the livei3], simplicity, the bZIP DNA-binding element distinguishes

and. b_rain functions, including .circadian rhy_thms, drug petween a variety of-910 base-pair sequences2). Specif-
addiction, and memory potentiatiod, 5). In addition, the 4y CREB binds with high affinity to the cyclic AMP
bZIP protein CAAT/enhancer-binding proteth(C/EBRS) response element (CRE) site comprised of two ATGA half-
is associated with memory consolidatid), (iver regenera-  gjies in an inverted pair, separated by two G/C base pairs
tion (7), and adipocyte differentiation8). bZIP proteins (ATGA CGTCAT) (13). CREB prefers the CRE site to other
mediate their biological role by interacting with genomic ,7/p pNA sites (4), including the CEBP site, which
contains two inverted ATTG half-siteATTG CGCAAT)

T_Trhis \P/]VOFK was Suppgrted bthfﬂllé/nt‘)a Stgée Uni\éeféity- I oflum@ (14—-16). In contrast to CREB, C/EBP preferentially
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1 Abbreviations: bZIP, basic region leucine zipper; CREB, cyclic their consensus sequences is important for their transcription
AMP response element-binding protein; CBP, CREB-binding protein; gctivity in vivo (18, 19).
CRE, cyclic AMP response element; C/EBP, CAAT/enhancer-binding . : . . .
protein; NAT, serotoniN-acetyltransferase; HBV, hepatitis B virus; Given that CREB is highly specific for the CRE site
HBV pX, HBV X protein; PPT-I, proprotachykinin I; EMSA, electro-  compared to the CEBP site, we were interested to discover

phoretic mobility shift assays; IPTG, isopropg$e-thiogalactopyra- ; i vi
noside; SDSPAGE, sodium dodecyl sulfatgpolyacrylamide gel th"’.‘t multiple DNA sequences bo_und by CREB In vivo "’?re
electrophoresis; DTT, dithiothreitol; PMSF, phenylmethanesulfonyl chimeras of a CRE and CEBP site, comprised of half-sites

fluoride; HTLV-1, human T-cell leukemia virus type 1. from each. For example, the expression of the serotonin
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N-acetyltransferase (NAT) gene, which encodes an enzymewith shaking. The cells were harvested by centrifugation,
necessary for the conversion of serotonin to melatonin, a washed with 10 mM Tris-HCI buffer at pH 8.0 containing 1
hormone linked to regulating sleep cycl@g) is controlled mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithio-
by a CREB-dependent CEBP/CRE chimera DNA sh@&<{ threitol (DTT), and 1 mM phenylmethanesulfonyl fluoride
TGGGTCAGQG) (21, 22). The hepatitis B virus X protein  (PMSF), and lysed by heating to 7& for 10 min. CREB
(HBV pX) gene encodes for the pX protein involved in the was further purified from the lysate supernatant using pre-
development of liver cancer in infected patients and is swollen DE53 (diethylamino)ethyl (DEAE) anion-exchange
regulated by a CREB-dependent chimeric CRE/CEBP site resin (Whatman) and BioRad’s BioLogic LP protein puri-
(CTGACGCAAC) (23, 24). Finally, expression of the fication system at £2C. CREB was eluted using a=®00
proprotachykinin | (PPT-I) gene, which encodes several mM NaCl gradient in 10 mM Tris-HCI buffer at pH 8.0, 1
peptides that have been associated with depression, pain, anchM EDTA, and 1 mM DTT. Fractions containing CREB
other non-neuronal function29), is controlled by a CREB-  were concentrated using Amicon YM-30 Centriplus mem-
dependent chimeric CEBP/CRE sif&[[TG CGTCAT ) (26). branes and dialyzed into 25 mM Tris at pH 7.15, 50 mM
The facts that CRE and CEBP site chimeras bind CREB andNaCl, and 1 mM DDT at £C. The identity and purity of
regulate gene expression suggest a role for chimeric DNA CREB was confirmed by sodium dodecyl sulfafglyacry-
sites in biological events. In fact, a chimeric CEBP/CRE site lamide gel electrophoresis (SBPAGE) (see Supporting
(CTTACTTCAC) was selected in an in vitro assay as a Information), as previously reporte8@). The final protein
potent promoter of gene expression, suggesting that chimericconcentration was determined by Bradford (Biorad) and
DNA sites are relevant for transcriptional activaticir), Advanced Protein (Cytoskeleton) Assays. The protein was
Despite the significance of chimeric DNA sites in CREB- stored at=80°C as a 10% glycerol solution to stabilize the
regulated gene expression, the binding affinity and specificity full-length protein, as previously describeg0j.
of CREB to chimeric DNA sites has been studied only ~ The bZIP element DNA-binding domain of C/EBP
modestly in vitro. CREB was shown to interact with the (amino acids 224285) was prepared using the plasmid pET-
CRE/CEBP (3GACGCAAT ) and CEBP/CRE (GTA CGT- 11a-C/EBIB, as previously describe®l). Briefly, BL21-
CAG) chimeric sites8, 29), although equilibrium binding ~ (DE3)E. colicells were transformed with pET-11a-C/EBP
affinities were not assessed. Interestingly, a chimeric CEBP/ Cells were grown in Luria broth supplemented with ampi-
CRE site (@TACGTCAG) bound to CREB and C/EBP cillin at 37 °C with shaking until the optical density was 0.6
simultaneously, likely as a heterodimé9). Even though absorbance at 595 nm. A final concentration of 0.8 mM of
chimeric DNA sites regulate gene expression, the DNA- IPTG was added to induce protein expression, and the cells
binding affinity and specificity of bZIP proteins to chimeric ~Wwere incubated for 3.5 h at 3T with shaking. The cells
DNA sites has not been rigorously characterized. were harvested by centrifugation and washed with 20 mM
To assess the binding affinity and specificity of CREB to 111S @ PH 7.5, 1 mM EDTA, and 20 mM-mercaptoethanol

chimeric CRE/CEBP and CEBP/CRE sites, electrophoretic (buflft()a_r 'Ar‘])' conta(ijning 1 mM protehase i|r|1hibitor fOCk(tjag
mobility shift assays (EMSA) were performed and binding ﬁCa —— em) a? 1 mM PM%F.th CFSI vx;ere lysed by
isotherms were generated with full-length CREB protein eating to 73C or 10 min, and the insoluble fraction was
(amino acids +341). We also monitored the DNA binding obtained b_y centrlfugajuon for 20 min af 12 000 rpm. Alter
of the bZIP element peptide of C/EBRamino acids 224 resuspension of the insoluble lysate pellet in buffe_r .A
285) to probe the possibility of heterodimerization. We found containirg 6 M urea, the urea-soluble supernatant containing
that CREB and C/EBPhomodimers bound to the chimeric C/EBFB was applied to SP Sepharose |on—§xchange resin
DNA sites with high affinity, indicating that the presence of (Almersharp). f1f'he columr) was washed W'tr? 10 'crt])lumn
only one consensus half-site is sufficient to promote binding. \églﬂmisvglub#]egr (;Af‘ gﬂg‘:r'nf':IO'\:']:rtiargggternﬂ\:‘gt o ;Sn q
Despite previous work indicating that CREB and C/iBBP s
heterodimerize on chimeric DNA20), only CREB and C/EBH?' The renatured C/EEIPeIuted at0.7 M NaCl using
C/EBRS homodimers were observed here. Interestingly, & 9radient of &1 M NaCl in buffer A. The fractions
CREB and C/EBB homodimers bound to the chimeric DNA containing C/EBP were concen?rated using Amicon YM-3
sites with comparable affinities. The results suggest that %e”tf'p'us dmem_branfes /and dialyzed ffiga'SStb water. The
CREB and C/EBP bind competitively to chimeric sites in 1d€ntity and purity of C/EBP was confirmed by SDS

vitro, in contrast with specific binding of CREB and C/EBP PAGE (see the .Supportipg Informatipn), as previqusly
to the consensus sites. reported 80). The final protein concentration was determined

using the Advanced Protein Assay. The purified peptide was
MATERIALS AND METHODS stored at—80 °C as a dry solid.
DNA Purification and®?P-End Labeling Synthesized DNA
Protein Expression and PurificationThe full-length (IDT) was purified on a denaturing 12% (19:1 acrylamide/
protein of CREB (amino acids-1341) was prepared from  bisacrylamide) 0.8 mm polyacrylamide gel wi8 M urea
pET-15b-CREB/Ser as previously report@d) Briefly, the in 1x TBE buffer (45 mM Tris-base, 45 mM boric acid,
plasmid pET-15b-CREB/Ser was used to transform BL21- and 1 mM EDTA at pH 8.0). The running buffer was also
(DE3) Escherichia colicells. Cells were grown in Luria broth  1x TBE. The gel was prerun fdl h prior to the addition of
supplemented with ampicillin and 4 g/L dextrose at°&7 the DNA. Each of the oligonucleotide fragments was
with shaking until the optical density was 0.6 absorbance at combined with an equal volume of formamide loading buffer
595 nm. A final concentration of 0.8 mM isopropgto- (98% deionized formamide, 10 mM EDTA at pH 8.0,
thiogalactopyranoside (IPTG) was added to induce protein 0.025% xylene cylanol FF, and 0.025% bromophenol blue)
expression, and the cells were incubated for 3.5 h 837  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-20 °C.

To radioactively label the'=®end of the DNA, 10 pmol of
gel-purified oligonucleotide, kinase buffer (70 mM Tris-HCI
at pH 7.6, 10 mM MgGJ, and 5 mM DTT), 1Q«Ci of [y-3%P]-
ATP (New England Nuclear), and 10 units of T4 polynucle-
otide kinase (Promega) were incubated foh at 37°C
before purification (QIAquick Nucleotide Removal Kit,
QIAGEN). To produce double-stranded DNA for the DNA-
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I E—
5’ -AGTGGAGATGACGTCATCTCGTGC-3 "
CRE 3’_TCACCTCTACTGCAGTAGAGCACG-5’

—— =
CEBP 5’ -AGTGGAGATTGCGCAATCTCGTGC-3’
3’ -TCACCTCTAACGCGTTAGAGCACG-5"

e 3
5’ -AGTGGAGATGACGCAATCTCGTGC-3"’
CRE/CEBP 3’ -TCACCTCTACTGCGTTAGAGCACG-5"

—/ I
5’ -AGTGGAGATTGCGTCATCTCGTGC-3
CEBP/CRE 3/ _pcACCTCTAACGCAGTAGAGCACG-5'

FiIGure 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

binding experiments, the complementary strands was addechalf-site, while the white boxes above each sequence indicate the

in slight excess to thé’P-end-labeled DNA and annealed
by heating to 95°C for 2 min followed by slow cooling
over 2 h.

Quantitatve EMSA.The assay was performed as previ-
ously described32, 33). Briefly, binding reactions contained
<50 pM duplex®?P-labeled DNA (CRE, CEBP, CRE/CEBP,
or CEBP/CRE) and between 3 and 0.78 nM total
protein (CREB or C/EBP) in phosphate-buffered saline
(PBS)-binding buffer (137 mM NacCl, 2.7 mM KCl, 4.3 mM
N&HPO,, and 1.4 mM KHPQO, at pH 7.4), containing 1
mM EDTA, 1.25 mM DTT, 0.1% Igepal, 0.5 mg/mL BSA
(New England Biolabs), 0.4g/mL poly(di—dC)—poly(dl—
dC) (Sigma), and 5% glycerol. Binding reactions were
incubated for 30 min at room temperature, and the free an
protein-bound DNA were separated using 5% nondenaturing
polyacrylamide gel (79:1 acrylamide/bisacrylamide for CREB
and 29:1 acrylamide/bisacrylamide for C/EBPprepared
in 0.25x TBE. If magnesium was included, a final concen-
tration of 10 mM MgC} was added to the binding and gel
buffers, as previously described@]. The electrophoresis
running buffer was 0.2b TBE. Gels were pre-equilibrated
for 30 min at 350 V and were maintained at 26 hy
immersion in a circulating, temperature-controlled water bath.
The gels were run for 3DV h and dried by vacuum at 8

°C. Dried gels were exposed to a storage phosphor screef29)- Initially,

CEBP half-sites.

C/EBR3 (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’@ys
Cys’9 and Cy8% 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 purificatio8Q, 33, 35,
36).

We also synthesized four double-stranded DNA sites for

0|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.

Quantitatve EMSA To assess the DNA-binding affinity
and specificity of CREB and C/EBHor the four DNA sites,
we employed quantitative EMSA, as previously described
(32, 33). EMSA were selected to facilitate discrimination of

o DNA-bound CREB and C/EBP homo- and heterodimers

EMSA were employed to characterize the

and scanned using a Storm 860 Phosphorimager (Molecular®?NA-Pinding specificity and affinity of CREB and C/EBP

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/EBR3) and fit to an equation describing a 1:2 stoichiometry
of DNA/protein [fraction DNA bound= 1/(1 + Kapd
(protein)oia?)] to determine the equilibrium dissociation
constant, Kapp (32). At least five independent binding
experiments were averaged, and the standard error is show
with error bars 84). AGyys values were calculated from the
equation: AGgps = —RT In(1/Kgpp, WhereR = 0.001 987
kcal mof't K- 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 4341) and bZIP element peptide
of C/EBRS (amino acids 224285) were overexpressed and
purified (see the Supporting Information). The differing sizes
of CREB and CEBP were important to facilitate analysis
of heterodimerization29). The bZIP element domain of
C/EBR3 comprises the C-terminal amino acids of mouse

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 constantKye) of (6.7 &+ 0.4) x 107 M2
corresponding to a Gibbs free energyGony of —23.4 kcal

ﬁn0|_l. 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 sit&(). CREB
binding to the CEBP site was not observed even atv
protein concentration, indicating that CREB prefers the CRE
site to the CEBP site by at least 7.9 kcal molThe affinity

of CREB for the chimeric DNA sites was reduced compared
with the CRE site with &pp0f (7.3 £ 1.3) x 10717 M2 for
CEBP/CRE AGgps= —22.0 kcal mot?) and (8.2+ 2.8) x
10716 M? for CRE/CEBP AGgs = —20.6 kcal mot?).
CREB prefers the CRE target site to the CRE/CEBP or
CEBP/CRE sites with a differential Gibbs free energy
(AAGqpg of 1.4 and 2.8 kcal mot, respectively. However,
CREB binds significantly better to the chimeric sites
compared to the CEBP consensus site. Despite the clear
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A. CREB
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Ficure 2: Equilibrium binding of the four DNA sites shown in Figure 1 with decreasing concentrations of CREB (A; CRE, fares 1
CEBP, lanes 814; CEBP/CRE, lanes 13221; and CRE/CEBP, lanes 228) or C/EBIB (B; CRE, lanes 2935; CEBP, lanes 3642;
CEBP/CRE, lanes 4349; and CRE/CEBP, lanes 586). The concentration (in nanomolars) of CREB or C/BRRed in each binding
reaction is indicated above each lane.

A. 10 ing that the GCN4 bZIP protein interacts with high
A affinity with a DNA site containing only a single half-site
-g 0.8 (37)
& The complex of C/EBP and the CEBP site demonstrated
= 06y an apparent dissociation constald) of (9.5 £ 1.0) x
2 oal 1017 M?, corresponding to &Geps of —21.8 kcal mot™.
g The binding affinity of C/EBB for the CRE site was
£ o2 reduced, with &app of (6.1 0.7) x 10726 M2 (AGgps =
—20.7 kcal mot?). As expected, C/EBPprefers the CEBP
0 = — ‘_7 site to the CRE site by AAGps of 1.1 kcal mot™? (38).
10 CRég ™) 10 C/EBR3 bound to the two chimeric DNA sites with similar
B. 10 affinity or a Kappof (1.4 £ 0.2) x 1016 M2 for CEBP/CRE
' (AGgps = —21.6 kcal mot?) and (1.6+ 0.3) x 10716 M2
<08 for CRE/CEBP AGg,s = —21.5 kcal mott). These data
H indicate that C/EBP bound the two chimeric sites with only
2 0.6 slightly reduced affinity compared to the consensus CEBP
A site or aAAGgps of 0.2 or 0.3 kcal molt. Therefore, the
5047 presence of one CRE half-site only modestly influences the
g affinity of C/EBPS to DNA. The data are consistent with
=02 previous work, indicating that DNA sequence variations are
allowed by C/EBPB (17).

Competitte EMSA with CREB and C/EBP Previous
C/EBP (M) work in nuclear extracts indicated that CREB and C/BBP

Ficure 3: Equilibrium binding isotherm for CREB (A) or C/EBP interact simultaneously with a chimeric CREB/CRE s&8)(

(B) bound to the CRE sitdi(and0]), CEBP site @ andO), CEBP/ In that case, CREBC/EBFS heterodimerization was used

CRE site # and <), and CRE/CEBP sitea( and A). Protein . . . . . .
concentrations are indicated in Figure 2. CREB did not show to rationalize the simultaneous interaction with the DNA.

appreciable binding to the CEBP site au® concentration (see To explore the possibility that CREB and C/EBMRet-
Figure 2A). The binding curves were calculated using the equation erodimerize on chimeric DNA, we performed EMSA with
o oraera Ao epEemt g xpments STimerc DNA ses inth presence of equal concenta
: . tions of CREB and C/EBP (Figure 4). The full-length
were averaged, and the standard error is shown as error bars. CREB protein and the bZIP element peptide of C/BBRre
specificity of CREB for the CRE half-site, CREB maintains useful in theses studies because the presence of a EREB
high affinity for the chimeric sites, which contain one CEBP C/EBP3 heterodimer bound to the DNA would produce a
half-site. Therefore, the presence of only one CRE half-site proteir—~DNA complex of intermediate migration on the gel
is sufficient for high-affinity binding of CREB to DNA. compared with the CREB or C/EBPhomodimers. As
The data are consistent with previous work, demonstrat- observed in Figure 4, the CREB and C/gEBRomodimers
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Table 1: DNA-Binding Constants for the CREB and C/EBRomodimers

CREB
CREB C/IEBB C/EBR
DNA site Kapp (M?)2 AGopd AAGpé Kapp (M?)2 AGopd AAGopé AAGH
CRE 6.7+ 0.4 x 10718 —23.4 6.1+ 0.7 x 10716 -20.7 1.1 2.7
CEBP >4.0x 10712¢ <-155 >7.9 9.5+ 1.0x 10°%7 -21.8 6.3
CEBP/CRE 7.3:1.3x 10°Y7 -22.0 1.4 1.4-0.2x 10716 -21.6 0.2 -0.4
CRE/CEBP 8.2k 2.8 x 10716 ~20.6 2.8 1.6£ 0.3 x 10716 -215 0.3 1.0

2 All values reported represent the mean of at least five determinations, with standard error indidgigdis equal to—RT In(1/Kapp, Where
Tis 298 K andR is 0.001 987 kcal mol K. ¢ AAGopsis equal to—RT IN(1/(KappcrefKappona) for CREB and—RT IN(1/(KappcesriKappona) for
C/EBP3. ¢ AAG is equal to—RT In(1/(Kapp(c/eem)/Kappcres) for each DNA site, where all complexes are compared to the CRERBA complex.
¢ Estimated on the basis of the failure to observe a CREBBP complex at a concentration ofu®1.
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Ficure 4: (A) Equilibrium binding of 100 nM CREB protein with the CRE site (lane 1), 100 nM C/EREptide with the CRE site (lane

2), or a decreasing concentration of equal parts CREB and GIEBRes 3-26) bound to the four DNA sites shown in Figure 1 (CRE,

lanes 3-8; CEBP, lanes 914; CEBP/CRE, lanes 1320; and CRE/CEBP, lanes 226). The individual concentrations of CREB and
C/EBR (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/EBP 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/EBRwhite) bound to the CRE sit@(and), CEBP site ® andO), CEBP/CRE site ¢

and<), and CRE/CEBP sitea( and ).

produced observable protetidDNA complexes on the gel.
However, no proteir DNA complex of intermediate migra-

4A), although CREB homodimers were preferentially seen
at the highest concentration (lane 16 in Figure 4A). Quan-

tion was observed. The data indicate that homodimers of tification of the gels (Figure 4B) confirmed the qualitative

CREB and C/EBP 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/EBB with DNA. As expected, the CREB
homodimer preferentially interacts with the CRE site in the
presence of the C/EBPpeptide (lanes 48 in Figure 4A),
while the C/EBIB 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/EBRS with the chimeric sites were less selective (lanes
15-26 in Figure 4A); CREB and C/EBPhomodimers are
seen with both sites, indicating that the DNA partially

analysis; only at the highest concentration of protein does
the CREB homodimebNA 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/EBP (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/EBP

Quantitatve EMSA in the Presence of MgCECrystal-
lographic data of CREB bound to DNA indicate that a
hexahydrated Mg ion binds between the CREB homodimer
and DNA, making a water-mediated contact with DNIAL,

interacts with each homodimer simultaneously. In the case In addition, previous papers showed that inclusion ofMg

of the CEBP/CRE site, proteirDNA complexes comprised
of CREB and C/EBB homodimers were observed simul-
taneously at lower concentrations (lanes-18 in Figure

salts in the reaction and EMSA gel significantly influenced
the binding affinity and specificity of CREB1(, 16, 35,
39). To assess the influence of Ffgon the DNA-binding
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buffer, as previously reported §). The peptide concentration (in nanomolars) used in each binding reaction is indicated above each lane.
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750, 560, 420, 320, 240, 130, 100, 75, 42, 32, 24, 18, 13, 10, 7.

show appreciable binding to the other DNA sites even gtV

concentration (see Figure 5A). Please see the caption of Figure
for additional details.

affinity and specificity of CREB for the chimeric sites, we

5
5.6,4.2,3.2,24,1.8,1.3,1.0,0.75, and 0.56 nM). CREB did no

DISCUSSION

Chimeric DNA comprised of abutted half-sites from CRE
and CEBP are found upstream of multiple genes regulated
by CREB Q1—24, 26). Despite the likely significance in
gene expression, the binding affinity and specificity of CREB
to chimeric DNA sites has not been rigorously explor2g (

29).

We began the assessment of DNA binding by comparing
the affinities of CREB and C/EBPfor the consensus CRE
and CEBP sites. The data indicated that CREB discriminates
the CRE and CEBP sites to a larger extent than C/EBP
CREB prefers the CRE site to the CEBP site bxAG =
7.9 kcal mot?, while C/EBRS binds to the CEBP site in
preference to the CRE site byAG = 1.1 kcal mot™. In
t fact, the CREB protein binds the CRE site with the highest

affinity of all combinations testedAGeys = —23.4 kcal
3mol. The data are consistent with previous work, demon-

strating the relatively high affinity and specificity of CREB
for its CRE consensus sit8@, 33, 40). In addition, the data
showed that the CRE and CEBP consensus sites predomi-

performed electrophoretic mobility assays in the presencenantly bind their bzIP subfamily protein. Specifically, the

of MgCl,, as previously described §). Binding isotherms

CRE site prefers binding with CREB to a greater extent than

are displayed in Figure 5, and the binding curve is shown in c/EBP3 by AAG = —2.7 kcal mot?, while the CEBP site

Figure 6.

In the presence of Mgglthe affinities of C/EBPB and
CREB for DNA were significantly reduced. In fact, the only
complex observed was the CREBRE complex, with &app
of (2.34+ 0.5) x 10 M2 (AGgps= —21.3 kcal mot?). No
other complexes with DNA were observed even with\2
CREB or 3.2uM C/EBPS. The data indicated that the affinity
of CREB for the CRE site was reduced BAG = 2.1 kcal
mol~1, while the affinity of C/EBIB for the CEBP site was
reduced by at leashAG = 6.9 kcal mot™. The results
suggest that MgGhas a significant influence on the affinities
of CREB and C/EBP for DNA.

binds with higher affinity to C/EBP than CREB byAAG
= 6.3 kcal mot!. 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 GFEBP
Likewise, C/EBIP preferentially binds to the CEBP site, even
in the presence of equal concentrations of CREB. Therefore,
the data suggest that CREB and C/EBBRteract preferen-
tially with their subfamily consensus sequences to regulate
transcription.

In contrast to data with the consensus CRE and CEBP
sites, CREB and C/EBPbind to the chimeric sites with
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relatively similar affinities. CREB binds the CEBP/CRE site C/EBP5 do not form stable heterodimers via their bZIP
with a slight preference compared with C/EB8r AAG = element 42, 43). The combined data suggest that DNA has
—0.4 kcal mot?, In the case of the CRE/CEBP site, C/HBP  the potential to stabilize bZIP element-mediated heterodimer-
binds with modestly higher affinity compared to CREB or ization. To test the possibility that DNA and particularly
AAG = 1.0 kcal mott. Whereas the CRE and CEBP chimeric DNA has the ability to stabilize CREEC/EBRS
consensus sites predominantly bind their respective subfamilyheterodimerizers, we incubated full-length CREB protein and
protein AAG = 2.7 and—6.3 kcal mot?), the chimeric the bZIP element peptide of C/EBmvith the consensus CRE
DNA sites bind competitively to CREB and C/EBP and CEBP sites and the chimeric CRE/CEBP and CEBP/
Interestingly, dependent upon the half-site positioned at the CRE sites. In contrast to previous studies indicating that
3 end of the binding site, either CREB or C/EBBinds CREB and C/EBPB heterodimerize in the presence of a
with modestly higher affinity. When the CRE half-site is CEBP/CRE chimeric site29), no evidence of CREBC/
positioned at the '3end (CEBP/CRE), CREB binds with EBPS heterodimers was observed with any DNA site tested;
slightly higher affinity; when the CEBP site is present at homodimers formed preferentially in all cases. One possible
the 3 end (CRE/CEBP), C/EBPbinds with modestly higher  reason for the discrepancy is the use of different DNA sites;
affinity. previous work involved a minimal CEBP/CRE site T&
Crystallographic analysis of CREB bound to the CRE site TACGTCAG) compared to studies performed herer{
indicated that a Mg ion is positioned in the proteinDNA TGCGTCAT). In addition, the DNA sequences flanking the
interface of the complexi@). In addition, in vitro binding CEBP/CRE sites were variable. The discrepancy suggests
experiments demonstrated that inclusion of 10 mM MgCl that the role of base pairs at thieds 3 termini or the flanking
in the binding reactions resulted in a significant alteration regions of the DNA may influence the stability of protein
in proteinr—DNA complex stability (1, 16, 35, 39). Specif- DNA complexes. Another possible explanation is the identity
ically, several studies noted that 10 mM MgQicreases  of the CREB and C/EB® proteins used. The proteins were
CREB binding to the CRE site by-25-fold (11, 35, 39), prepared using reticulocyte lysates in previous w@® énd
while the most recent work reported that the presence of 10in bacteria in the present work. It is possible that protein
mM MgCl, decreases the binding of CREB to the CRE site post-translational modification or associated proteins only
by 3-fold (16). Because unbound Mg concentrations are  available using eukaryotic expression systems influence
known to fluctuate in vivo between 0.5 and 2 mM, previous heterodimerization. Consistent with this possibility, CREB
data suggest that My may influence DNA binding and and C/EBIB are known to interact in a phosphorylation-
transcription regulation1(). dependent manne44). In fact, the phosphorylation-depend-
Because of the likely role of Mg in DNA affinity and ent CREB-C/EBR3 complex is attributed to interactions
selectivity, we performed guantitative EMSA in the presence with the CREB activation domain, Q1, as well as the leucine
of MgCl,. As expected, 10 mM Mg@Glsignificantly influ- zipper @4). Therefore, a third explanation for the variability
ences the DNA-binding affinity of CREB and C/EBPIn in CREB—C/EBR3 heterodimerization is cooperative inter-
this case, the binding affinity of CREB for the CRE site is actions between areas of the proteins outside of the bZIP
reduced by 15-fold o0AAG = 2.1 kcal mot™. Because no  element. In fact, CREBC/EBRS heterodimerization was
DNA complexes were observed even atu®! protein observed previously using the full-length CREB and C/BEBP
concentration, the binding selectivity of the CREBRE proteins 29). In this scenario, it is possible that the bZIP
complex compared to all other proteiDNA complexes element peptide alone is not sufficient to mediate het-
tested is greater thahAG = 5.8 kcal mot?. The data here  erodimerization. Because heterodimerization propensities
are consistent with recent work demonstrating that 10 mM likely influence bZIP-mediated transcriptional regulation,
MgCl, decreases the binding of CREB to the CRE sli§) dissecting DNA-dependent from DNA-independent bZIP
but contrary to previous work showing enhanced CREB heterodimerization will enlighten the role of bZIP proteins
CRE stability in the presence of 10 mM MgQGlL1, 35, 39). in gene expression.
A possible explanation for the observed differences is the While binding assays in the presence of CREB and
varying concentrations of salt included in the buffers in these C/EBR3 were not useful for validating bZIP heterodimer-
papers; however, no correlation in results exists between theization, they were helpful by providing insights into the
studies using 50 mM NaCl1¢, 39) and those using 150 competitive interactions of CREB and C/EBRomodimers
mM NaCl (16, 35), suggesting that salt cannot explain the with the chimeric DNA sites. Consistent with quantitative
disparities. Similar to the salt concentration, the discrepancy EMSA, the competitive binding assays revealed that chimeric
also does not correlate with the method of analysis, EMSA DNA sites bind CREB and C/EBPcompetitively; in both
(16, 35 or fluorescence anisotropyll, 39). Another cases, the homodimeric CREB®NA and C/EBBF—DNA
difference is the use of double-stranded hairpin loops in two complexes are observed simultaneously (Figure 4). Interest-
of the papers demonstrating increased CREBRE affinity ingly, a greater fraction of the CEBP/CRE chimeric site binds
in the presence of Mgg(11, 39), instead of linear sequences CREB at high concentrations, consistent with the slight
(16, 35). Perhaps the flanking regions of DNA significantly selectivity of CREB for the CEBP/CRE site observed in the
influence the DNA-binding affinities of CREB and CEBP  quantitative EMSA analysisNAG = —0.4 kcal mof?). In
in the presence of Mg@lDespite the differences, all papers addition, a greater proportion of the CRE/CEBP chimeric
consistently demonstrate that MgGlgnificantly influences  site binds C/EBP, consistent with quantitative EMSA data,
the CREB-CRE complex stability. demonstrating that C/EBPbinds the CRE/CEBP site with
Previous work documented that a CREB/EBR3 com- modest selectivity AAG = 1.0 kcal mot?). In total, the
plex binds to chimeric DNAZ9, 41). In contrast, multiple competition data provide corroborating evidence that CREB
studies in the absence of DNA indicated that CREB and and C/EBIB homodimers bind the chimeric sites with
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comparable affinity in vitro, suggesting that competitive SUPPORTING INFORMATION AVAILABLE
binding of CREB and C/EBP to chimeric sites occurs in
Vivo to regulate gene expression.
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