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Abstract: Transcriptional regulation by bZIP proteins in the CREB/ATF family requires that these proteins
discriminate between the CRE and AP-1 target sites, two DNA sequences that differ by a single G+C base pair.
We reported recently that CRE-BP1, one member of the CREB/ATF family, prefers the CRE target site to the AP-
I target site by 2.3 kcalomol-! and straightens the intrinsic bend in its specific CRE target site upon binding. Of
all well-characterized members of the CREB/ATF family, the cyclic-AMP response-element binding protein
(CREB) is among the most divergent from CRE-BP1 in primary sequence. Here we show that CREB, like CRE-
BP1, (1) displays high selectivity (AAG®ps= 1.5 kcalemol-!) for the CRE target site and (2) straightens the
intrinsically bent CRE target site upon binding. Although the effect of CREB on DNA conformation is
comparable to that of CRE-BP1, the relative affinities of these two proteins for the CRE and AP-1 target sites are
not. These results indicate that CRE/AP-1 specificity, the hallmark of the CREB/ATF transcription factor family,
cannot be explained solely on the basis of differential DNA flexibility.

bZIP proteins' contain the simplest element of protein structure able to recognize DNA sequence-
specifically.>? The bZIP DNA-binding region (the bZIP element) is composed of fewer than sixty amino acid
residues* (Figure 1). Each bZIP element contains a basic segment responsible for DNA binding connected
through a six residue spacer to a zipper segment responsible for protein dimerization.! X-ray crystallographic
data from three bZIPsDNA complexes show a pair of uninterrupted o—helices that interact with each other to form

a parallel coiled coil and then diverge to interact with the DNA major groove.?:

3 In spite of the simplicity of
their DNA binding regions, bZIP proteins recognize a diverse set of inverted half sites within a 9-10 base-pair
sequence, a length of DNA no smaller than that recognized by proteins containing more complex DNA binding
domains.® In addition to their ability to discriminate between target sites that differ in half-site sequence, bZIP
proteins discriminate between target sites of identical half-site sequence but different half-site spacing. bZIP
proteins in the AP-1 family prefer a nine base-pair AP-1 target site (ATGACTCAT) comprised of two ATGA half
sites arranged in an inverted pair and separated by a single dC+dG base pair. bZIP proteins in the CREB/ATF
family prefer a ten base-pair CRE target site (ATGACGTCAT) in which the same inverted pair of half sites is
separated by two base pairs. The CRE and AP-1 target sites differ by just a single GeC base pair, yet they are the
nuclear end-points of two different signal transduction pathways.’

We reported that the CRE target site recognized by CREB/ATF bZIP proteins bends intrinsically toward
the major groove by 10-15°.8 When CRE-BP1, onc member of the CREB/ATF family, binds the CRE target
site, it removes the intrinsic bend and effectively "straightens” the DNA; binding to the AP-1 site is accompanied
by an induced bend toward the minor groove.® Based on these observations, we proposed two limiting models to
account for the differential affinities of CREB/ATF family members for the CRE and AP-1 target sites.’ In one
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model, specificity is controlled by differential DNA flexibility;!? the greater stability of protein®CRE complexes
reflects a high free energy cost for bending the AP-1 target site. In a second model, specificity is controlled by
differential proteineDNA contacts; the greater stability of protein®*CRE complexes reflects a poor fit between the
CREB/ATF protein and the AP-1 target site. Here we have studied the cyclic—AMP response-element binding
protein (CREB),!! another member of the CREB/ATF family, to assess the relative contributions of these two
models. Of all well-characterized CREB/ATF family members, CREB is among the most divergent from CRE-
BP1 in its primary sequence. CREB differs from CRE-BP1 at 14 of 26 positions within the basic and spacer
segments, the region whose residues contact DNA directly (Figure 1). Here we show that the effect of CREB on
the conformations of the CRE and AP-1 target sites is comparable to the effect of CRE-BP1. However, the
relative affinities of CREB and CRE-BP1 for these two DNA sequences are markedly different. Taken together,
these results indicate that CRE/AP-1 specificity, the hallmark of the CREB/ATF transcription factor family,
cannot be explained solely on the basis of differential DNA flexibility, and must involve differential proteineDNA
contacts. In addition, our data support a model in which DNA bending is controlled by a set of two basic
residues located at the very NHp-terminus of the basic segment (Figure 1).
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ATF-1 TDDPQLKREIRLMRKNREAARECRRKKKEYVKCLENRVAVLENQNKTLIEELKTLKDLYSNKSV
ATF-2 NEDPDEKRRKVLERNRAAASRCROKRKVWVQSLEKKAEDLSSLNGQLQSEVTLLRNEVAQLKQ
ATFa DEDPDERRQRFLERNRAAASRCROKRKLWVSSLEKKAEELTSQNIQL SNEVTLLRNEVAQLKQ
ATF-3 APEEDERKKRRRERNKIAAAKCRNKKKEKTECLQKESEKLESVNAELKAQLEELKNEKQHLIY
LRF~-1 APEEDERKRRRRERNKIAAAKRCRNKKKEKTECLQKESEKLESVNAELKAQIEELKNEKQHLIY
ATF-4 KGEKLDKKLKKMEQNKRAATRYRQRKRAEQEALTGECKELEKKNEALKERADSLARELQYLKD
C/ATF KTEKLDRKLKKMEQNKTAATRYRQKKRAEQEALTGECKELEKKNEALKEKADSLAKEIQYLKD
ATFx  ASTRGDRKQKKRDQNKSAALRYRQRKRAEGEALEGECQGLEARNRELRERAESVEREIQYVKD
ATF-5 TISRRRREKENPKERNKMAAAKCRNRRRELTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEF
ATF-6 SDIAVLRRQORMIKNRESACQSRKKKKEYMLGLEARLKAALSENEQLKKENGRLKRQLDELVS
CREB-2 KGEKLDRKLKKMEQNKTAATRYRQKKRAEQEALTGECKELEKKNEALKERADSLAKEIQYLKD
CREM-1 AEEATRKRELRLMKNREAARECRRKRKKEYVKCLENRVAVLENQNKTLIEELKALKDLYCHKVE
CREM-2 AEEATRKRELRLMKNREAAKECRRRKKEYVKCLESRVAVLEVONKKLIEELETLKDICSPKTD
TREB-5 TLSPEEKALRRKLKNRVAAQTARDRKKARMSELEQQVVDLEEENQKLLLENQLLREKTHGLVV
BBF-2 AEEKSLKKIRRKIKNKISAQESRRKKRKEYMDQLERRVEILVTENHDYKKRLEG LEETNANLLS
ACR-1 NEEQERKRKEFLERNRVAASKFRKRKKEYIKKIENDLQFYESEYDD LTQVIGKLCGIIPSSSS

CRE-BP1 KRRKFLERNRAAASRCROQRRKVWVQSLEKKAEDLSSLNGQLQSEVTLLRNEVAQL
CREB AEEAARKREVRLMKNREAARECRRRKKRKEYVKCLENRVAVLENQNKTLIEELKALKDLYCHKSD
| ok ok

Figure 1. The bZIP elements of CREB/ATF family members. Bold face type indicates highly conserved
residues. The residues above the stars have been proposed to be required for DNA bending by CREB/ATF
family members.® Sequences were obtained from the following sources: ATF 1-6, ref. 12; ATFa, ref. 13; LRF-
1, ref. 14; C/ATF, ref. 15; ATFx, ref. 16; CREB-2, ref. 17, CREM-1, ref. 18,19; CREM-2, ref. 19,20; TREB-
5, ref. 21; BBF-2, ref. 22,23; ACR-1, ref. 24; CRE-BP], ref. 25; CREB, ref. 11,26.

The CREB bZIP element displays high CRE/AP-1 specificity. The bZIP element of human
CREB (residues 273-341), referred to here as bbb, was expressed from pCREBj59.327%7 in E. coli strain
BL21(DE3)pLys S?* and purified to homogeneity.?’ We used an electrophoretic mobility shift assay to quantify
the affinity of bbb for the CRE and AP-1 target sites.>30 A typical binding experiment is illustrated in Figure 2A,
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and binding isotherms showing the fraction of DNA bound (©) as a function of total bbb concentration are
illustrated in Figure 2B.>! In each case, the data fit an equation describing the formation of a 2:1 peptidesDNA
complex.530 The bbb*CRE complex exhibited an equilibrium dissociation constant (Kapp) of (2.8 £0.3) x 10-18
M2 corresponding to AGOgbs= -23.9 kcalsmol-! whereas the bbbeAP-1 complex exhibited Kapp of (3.5 £ 0.4) x
10-17 M2 (AGOghs= -22.4 kcal-mol‘l). Thus, under these conditions, bbb preferred the CRE target site to the
AP-1 target site with a differential binding energy (AAG®gbs) of 1.5 kcalemol-1. The CREB bZIP element bbb
was less CRE-selective than was the CRE-BP1 bZIP element ccc, which displayed a differential binding energy
(AAGOgbs) of >2.3 kealsmol-! under identical conditions.®30
B
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Figure 2. Equilibrium binding of CREB bZIP peptide (bbb) homodimers to DNA. (A) Autoradiogram
illustrating the binding of 32P end-labeled CRE74 and AP-123 to increasing concentrations of bbb at 25 °C. The

total bbb concentration is shown above each lane. (B) Plots illustrating the fraction of DNA bound (©) as a

function of [bbb]ioeal concentration at 25 °C. The fraction CRE24 bound is depicted with open symbols; the
fraction AP-173 bound is displayed with closed symbols. The curves represent the best fit of the data to the

equation © = 1/(1+ Kapp/[bbb]mtal2) where Kapp is an adjustable parameter. The binding isotherms shown
represent the average of at least 9 independent determinations. Error bars denote the standard error.3?

CREB273.341 straightens the intrinsically bent CRE target site. We employed a helical
phasing analysis to determine the conformations of the CRE and AP-1 target sites when free and when in complex
with bbb.33 We used two sets of DNA test fragments containing a reference A-tract of defined curvature?*
separated from a CRE or AP-1 target site by a linker that varied the distance between the two sites in five steps
over one helical turn.*3 As expected, the free CRE test fragments exhibited phase-dependent variations in
mobility whereas the AP-1 test fragments did not # (Figure 3A). However, once bound to bbb, only the AP-1
test fragments exhibited phase-dependent changes in mobility ~ the CRE test fragments did not. The change in
the relative mobility of the two sets of test fragments upon binding to bbb is clear evidence of a peptide-induced
DNA bend. To determine the orientations of the induced bends, we plotted the relative mobility of each complex,
uncorrected for the mobility of the free DNA, as a function of the distance in base pairs between the center of the
A-tract and the test target site (Figure 3B). These plots show that, in both cases, the binding of bbb caused the
DNA to bend toward the minor groove. In the case of the CRE target site, this minor groove bend neutralized the
intrinsic major groove bend and effectively "straightened” the DNA (estimated bend angle® = 09). In the case of
the AP-1 site, the bend was toward the minor groove (estimated bend anglt:36 = —69). These results are consistent
with previous studies on the conformation of the AP-1 target site in complex with a related CREB bZIP peptide.3®
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Figure 3. Phasing analysis of the conformations of the CRE and AP-1 target sites when in complex with the
CREB bZIP peptide bbb. (A) Electrophoretic mobility-shift analysis*73# of bbb homodimers bound to phasing
analysis probes.®3* (B) Relative mobilities plotted as a function of the distance in base pairs between the center
of the test DNA site (CRE or AP-1) and the A-tract site. The CRE*bbb complexes are depicted with open
symbols; the AP-1+bbb complexes are displayed with closed symbols. The mobilities of the bound DNA
fragments were taken as the distance in millimeters from the center of the electrophoresis well to the center of the
band corresponding to the bound DNA. These values were normalized to the average mobility of the fastest and
slowest fragments to give relative mobilities. Complex mobilities were not corrected for the changes in the
mobilities of the free DNA test fragments because of the intrinsic bend in the CRE target site. The relative
mobilities of the complexes represent the average of at least 3 independent experiments. Error bars indicating the
standard error are shown.*? The points are connected by the calculated best fit of the data to a cosine curve.3

Implications for the structural determinants of CRE straightening. Several other bZIP family
members bend the AP-1 target site when they bind.’¢ We compared the sequences of these bZIP proteins and
noticed a correlation between certain residues in the basic segment and the direction of protein-induced bending.®
Proteins that induce a minor groove bend contain three adjacent basic residues (Lys-Arg-Arg or Arg-Arg-Arg) at
the amino terminus of the basic segment, whereas proteins that induce a major groove bend contain a conserved
pattern of charged and hydrophobic residues in these positions. GCN4, which does not induce a DNA bend,
contains the sequence Pro-Ala-Ala and this sequence does not contact DNA .23 [The locations of these residues
are indicated with stars in Figure 1 underneath the sequence of CRE-BP1.] On the basis of these comparisons,
we proposed that the differential interactions of these basic segment residues with DNA may regulate the
differential bending and binding of bZIP proteins.> CREB contains only two of these residues, vet it is still able
to straighten the CRE target site (Figure 1). This result suggests that only two basic residues (four per complex)
may be necessary to distort the CRE target site into the a conformation that is more appropriate for binding. It is
interesting to note that these two basic residues are entirely conserved within members of the CREB/ATF family,
consistent with the idea that the function of CREB/ATF proteins, that is, the preferential recognition of CRE target
sites in response to cAMP, requires a protein-induced DNA bend.

Implications for the origin of CRE/AP-1 specificity. Previously we proposed two limiting models to
account for the CRE/AP-1 target-site specificity of CREB/ATF family members (Figure 4).2 In Model 1, the
stability of CRE<bZIP complexes when compared with AP-1bZIP complexes reflects a high cost for bending the
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AP-1 target site. Here, the energy required to distort the intrinsically straight AP-1 target site is greater than that
required to straighten the intrinsically bent CRE target site; the energy gained upon formation of the two
proteinDNA complexes is the same. Specificity in this case is determined solely by the differential energy cost of
bending the CRE and AP-1 target sites; this model therefore predicts that all CREB/ATF proteins will exhibit
identical CRE/AP-1 specificities. In Model 2, the higher stability of CREeprotein complexes reflects a poor fit
between the recognition interface of the CREB/ATF protein and the AP-1 target site. Here, the energy required to
distort the intrinsically straight AP-1 target site is equal to the energy required to straighten the intrinsically bent
CRE target site; the free energy gained upon formation of the CRE*bZIP complex is greater than that gained upon
formation of the AP-1<bZIP complex. This model predicts that the CRE/AP-1 specificities of CREB/ATF
proteins may vary.

Figure 4. Two limiting
models to account for the
preference of CREB/ATF
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Here we show that the effect of the CREB bZIP peptide on the conformations of the CRE and AP-1 target
sites is comparable to that of the CRE-BP1 bZIP peptide. Both peptides remove the intrinsic major groove bend
in the CRE target site and induce a comparable minor groove bend in the AP-1 target site. However, the CRE-
BP1 bZIP ccc is more selective for the CRE target site than is the CREB bZIP bbb by a differential AAGOgpg of
almost 1 kcalemol-!.® The observation that CREB induces the same DNA distortion as CRE-BP1 but displays
markedly lower CRE/AP-1 specificity places a 1.5 kcal*mol-! upper limit on the differential binding energy that
may be derived from differential DNA tlexibility. Further work will be necessary to define precisely how much
models 1 and 2 contribute to the control of specificity in these proteins, and how accessory factors that bind these
protein complexes in vivo modulate specificity.
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