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DNA Targets for Certain bZlP Proteins 
Distinguished by an Intrinsic Bend 

David N. Paolella, C. Rodgers Palmer, Alanna Schepartz* 
In spite of the large amount of sequence conservation among the DNA binding segments 
of basic region leucine zipper (bZIP) proteins, these proteins can discriminate differently 
between target sequences that differ in half-site spacing. Here it is shown that the half-site 
spacing preferences of bZlP proteins are the result of (i) the differential intrinsic curvature 
in target binding sites that differ by insertion or deletion of a single base pair and (ii) the 
ability of some bZlP proteins to overcome this intrinsic curvature through a mechanism 
dependent on basic segment residues. 

T h e  bZIP family of eukaryotic transcription 
factors contains (i) a short, helical basic seg- 
ment whose residues participate in DNA con- 
tacts, (ii) a zipper segment responsible for 
protein dimerization (1, 2), and (iii) a six- 
residue spacer of variable sequence connect- 
ing the two (3). X-ray crystallography data 
from two different bZIP-DNA complexes 
show that the dimeric bZIP protein contains a 
pair of uninterrupted a helices that interact 
with each other along the length of the zipper 
segment to form a parallel coiled coil (4). 
These a helices diverge in the vicinity of the 
nucleic acid and interact with the major 
groove of the target DNA (5, 6). 

Like certain other dimeric DNA binding 
proteins (7, 8), bZIP proteins discriminate 
differently between target binding sequences 
that differ only in half-site spacing. For exam- 
ple, proteins related to Fos and Jun (AP-1 
family) bind preferentially to a pseudosym- 
metric 9-base pair (bp) site, which consists of 
two ATGA half-sites arranged in an inverted 
pair separated by a single dC:dG base pair- 
that is, ATGACTCAT. Proteins related to 
cyclic adenosine monophosphate response el- 
ement-binding protein (CREB) and to acti- 
vating transcription factor-2 (ATF-2) 
(CREB-ATF family) have higher affinity for 

the dyad-symmetric CRE site in which the 
same inverted pair of half-sites is separated by 
2 bp (ATGACGTCAT) (9). In contrast to 
the AP-1 and CREB-ATF families, the yeast 
bZIP protein GCN4 binds to both sites with 
comparable affinity (1 0). Within the context 
of B DNA, the additional dG:dC base pair in 
the CRE site displaces the two ATGA con- 
tact surfaces by an axial translation of 3.4 A 
and a twist angle of 34" (5). The ability of 
GCN4 to accept both sequences as specific 
targets could be the result of the flexibility of 
an a-helical segment, which permits a struc- 
tural readjustment that its counterpart in 
CREB and ATF proteins does not permit (6, 
1 I). Alternatively, GCN4 could bind with 
the same structure but there could be an 
induced structural readjustment of one or 
both of the DNA targets (5). A third possi- 
bility is that GCN4 has an equal affinity for 
the two DNA target sites as a result of an 
intrinsic deformation of the B-form structure 
of one target site which compensates for the 
difference in half-site spacing. 

Initially, we used a circular permutation 
assay (1 2) to compare the conformation of the 
CRE and AP-1 target DNA sequences both 
alone and when bound to the bZIP segments 
of GCN4 and CRE-BPI, a member of the 
CREB-ATF familv: we have labeled these , , 

D. N. Paolella and A. Schepartz, Department of Chem- bZIP peptides ggg and ccc, respectively (Fig. 
istry, Training Program in Biophysics, Yale University, 1). The circular assay is based on 
New Haven, CT 0651 1, USA. 
C. R. Palmer, Department of Molecular Biophysics and the position-dependent effects of DNA distor- 
Biochemistry Yale University, New Haven, CT 0651 I, tion on the electrophoretic mobilities of a set 
USA. of isomeric DNA fragments (1 2). Oligonucle- 
*To whom corresoondence should be addressed. otides with conformational distortions near 
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Fig. 1. Amino acid se- 
quences of the bZlP pep- 4 - B  a b 

tides and chimeras used 
here (27). Peptide ggg sAALKRARNTEAARRsmRldRQLEDmELLSKNY 

contains an ~ ~ , - t e r A G l  
serine followed by residues C R P ~ ~ W - Q ~  

228 to 281 of GCN4 (28); ggc PFAFSZQRMK+ -fm~-d 
peptide ccc contains resi- 
dues 354 to 408 of CRE- g a  ---S--smLQ-d 
BPI (29). Shading indi- 
cates amino acid sequence gcg ~ A A L K R A R N T E A A R R ~ ~ ~ E L L S ~ ~ L ~ ~ A R ~ ~ V D E R  

derived from CRE-BPI . Ab- 
breviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  
Ile; K, Lys; L, Leu; M,  Met; N,  Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

the center of the DNA fragment show anom- 
alously slow mobility in a nondenaturing poly- 
acrylamide gel when compared with oligonu- 
cleotides of similar length with distortions 
near the end of the DNA fragment. All of the 
bZIP-DNA com~lexes tested in this assav 
displayed position-dependent variations in 
electrophoretic mobility (Fig. 2), whereas the 
unbound DNA fragments possessed uniform 
mobility regardless of the position of the target 
sequence within the fragment (1 3). 

We investigated the apparent DNA distor- 
tion further using an analvsis based on the - 
phasedependent effects on electrophoretic 
mobilitv. which are caused when a DNA , , 
fragment containing the target sequence also 
contains a reference sequence of defined cur- 
vature (14. 15). Phasing analysis is more 
sensitive than circular permutation analysis, 
and it distineuishes distortions as a result of 
directed benk from those that result from 
isotro~ic flexibilitv or other distortions. It also 
defings the orielitation of a directed bend 
relative to the reference standard incorporated 
into the fragment. Two sets of oligonucleo- 
tides were constructed that contained the 
CRE or AP-1 target sequence separated by a 
variable length linker from a 25-bp sequence 
that contained an A tract of defined curvature 
(16) (Fig. 3A). As expected (5, 6, 17), the 
ggg-CRE complexes (but not the ggg-AP-1 
complexes) showed phase-dependent varia- 
tions in electrophoretic mobility (Fig. 3B). 
To determine the orientation of the bend, we 

plotted the relative mobilities of the ggg-CRE 
complexes as a function of the distance in 
base pairs between the centers of the two sites 
(Fig. 3C). The construct with the slowest 
mobility contained a center-to-center spacing 
of 26 bp, or two and a half helical turns (Fig. 
3C). This result indicates that in solution, 
like in the crvstal (5). the center of the CRE , . ,, 
binding sequence is bent toward the major 
groove in the complex-that is, bent toward 
the zipper. Analysis (1 5, 18, 19) of the differ- 
ences in mobility exhibited by the ggg-CRE 
complexes suggests that there is a bend angle 
of 13", an angle close to the 20" bend ob- 
served in the x-ray structure (5). 

Even in the absence of the ggg-bZIP pep- 
tide, the CRE-containing oligonucleotides 
exhibited variations in mobility that were 
phasedependent. Among the free CRE con- 
structs. the one with the slowest mobilitv 
contained a CRE target site with a center two 
and a half helical turns from the center of the 
A tract (Fig. 3C). No phase-dependent vari- 
ations in mobility were observed with the 
AP-1 constructs, which differed from the 
CRE constructs by deletion of 1 bp. To 
evaluate the extent of CRE curvature in the 
presence and absence of ggg, we compared the 
phase-dependent variations in mobility in the 
presence and absence of bound peptide. We 
define R as the ratio of the normalized mobil- 
ities for the ggg-CRE complexes divided by 
the corresponding free CRE mobilities [p+(rel)/ 
pf(re,)]. The value of R was within 2% of unlty 

Fig. 2. Circular permutation anal- A g- B 
ysls (72) of distort~on In the CRE 
and AP-1 complexes of ggg and f- 

ccc homod~mers (A) The probes e- b 
used for circular permutation d- 
analysis were generated by re- 
striction endonuclease cleavage =- 
at sites within two tandem oolv- b- 

8 ,  

l~nker seauences flankina the a- 
CRE (O~ AP-1) sites (shadedbox), -137 or 138 bp - + 
with the seven enzymes shown (a 
through g) (30). All probes were 
138 bp (1 37 bp for AP-1) in length RN" clal hull Ssp1 

and contained circular permutations of the same sequence (26). (B) Electro- 
phoretic mobility-shift analysis (31) of ggg and ccc homodimers bound to 
circularly permuted probes (32). Peptide ccc did not form a stable complex wit1 
the AP-1 site. 

a b c d e f  g 
-CRE- 

b a b c d e l  y 

-AP-1- 

a b c d e l y  

-CRE- 

i probes containing 

and independent of the phasing between the 
CRE and A tract sequences (Fig. 3D). This 
result indicated that the change in mobility of 
the ggg-CRE complexes that occurred as the 
spacing between the center of the CRE bind- 
ing site and the center of the A tract was 
changed was not caused by binding of the ggg 
homodimer. The lack of change in the con- 
formation of the CRE site upon binding of ggg 
implies that the CRE sequence is bent intrin- 
sically into a conformation suitable for ggg. 
Analysis of the variations in mobility exhib- 
ited by the CRE site estimated an intrinsic 
bend of 1 lo (1 5, 18-20), compared with a 
bend angle of 3" that was estimated for the 
free AP-1 sequence. 

The crystal structure of the GCN4-CRE 
complex shows that DNA bending and un- 
winding places the two dyad-symmetric 
ATGA half-sites in an orientation with 
respect to each other that is approximately 
the same as that observed in the GCN4- 
AP-1 complex (5). Our observations indi- 
cate that these structural adjustments in the 
CRE site are not imposed by the bound 
GCN4 homodimer but are encoded in the 
sequence. Because no binding energy is lost 
in the deformation of the CRE site, our 
observations explain why GCN4 binds 
equally well to the undeformed AP-1 site 
and the bent CRE site. No major changes in 
the structure of GCN4 (6, 1 l) ,  in the CRE 
or AP-1 half-sites (5), or in the interface 
between the GCN4 basic region and the 
target half-site are required to explain the 
target site preferences of GCN4. 

The observation that the bZIP binding 
surface of the 10-bp CRE sequence is de- 
formed intrinsically and thus resembles that 
of the 9-bp AP-1 target sequence poses a 
paradox. If the native conformations of the 
CRE and AP-1 target sequences present 
similar constellations of functional groups 
in the major groove so that GCN4 can 
recognize both, it would be difficult to 
understand how CREB and ATF proteins 
discriminate between them. Phasing analy- 
sis revealed that although the CRE se- 
quence displayed major groove curvature in 
the absence of ccc, it showed no curvature 
when bound to ccc (Fig. 3, B and C). The 
bend angle estimated for the ccc-CRE com- 
plex is 4", an angle similar to that estimated 
for the free AP-1 sequence (3"). The re- 
moval of intrinsic major groove curvature 
in the CRE site upon binding of ccc re- 
quires a protein-induced bend toward the 
minor groove and probably other structural 
adjustments that straighten the DNA. Al- 
though ccc bound the CRE sequence with 
approximately 50 times greater affinity than 
it bound the AP-1 sequence with (21), a 
ccc-AP-1 complex formed at high protein 
concentration showed clear evidence of 
bending toward the minor groove (Fig. 3, B 
and C). 
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CRE-21 I CTGC 1 AP-1-21 
CRE-23 : CTCTGC 

I UJ : AP-1-23 
CRE-26 : CTCGCCTGC I AP-1-26 21 23 2628 30 21 232628 30 21 23 262830 21 232628 30 21 23 2628 30 21 2326 28 30 0 

-AP-1- -CRE- -AP-1- -CRE- -AP-I- -CRE- 
CRE-28 1 CTCGCACCTGC 1 AP-1-28 ggc gcg gCC-"*---- 
CRE-30 CTCGCACTGCTGA; AP-1-30 L 

' 4  
(L 

LsbpJ  2 5 b p  I.-* - I)@- r R 
-164to173bp- * - 

21 23 2628 30 21 2326 28 30 21 23 2628 30 21 23 26 28 30 21 23 2628 30 21 23 26 28 30 
-AP-1- -CRE- -AP-1- -CRE- -AP-1- -CRE- 

Fig. 3. Phasing analysis of DNA bending in the CRE and AP-1 (= 
target sequences in the presence and absence of bound 
bZlP homodimers. (A) The probes used for phasing analysis 
contained a CRE (striped boxes) or AP-1 (dotted boxes) 
binding site separated by a variable length linker from a 
25-bp A tract sequence that is bent intrinsically toward the 
minor groove by approximately 54" (16). The probe names 0 . 9 ~  
refer to the distance in base pairs between the center of the % 

mobility-shift analysis (31, 32) of bZlP homodimers (27) 
bound to phasing analysis probes (33). Both free and 

CRE (or AP-1) site and the 25-bp A tract. With the exception 
0.9020 22 24 26 28 30 20 22 24 26 28 30 20 22 24 26 28 30 32 of the variable linker, all probes were the same size and g 

contained the same sequence (33). (6) Electrophoretic - with ggc Complex with gcc Complex with gcg $ 1' peptide-bound DNAs are shown. (C) Relative mobilities as a 
function of the distance in base pairs between the centers of 

0,95 
the target and the A tract sites. The mobilities of the free and 

1.m -.--&a 9 -  '"m 0.95 9CS 
20 22 24 26 28 30 32 

Distance (bp) 

bound-DNA fragments (b, and k,, respectively) were taken 0.90 
as the distance ~n millimeters from the center of the electro- 20 22 24 26 28 30 20 22 24 26 28 30 20 22 24 26 28 30 32 

phoresis well to the center of the band corresponding to free Distance (bp) 

or protein-complexed DNA, respectively, and were normalized to the exhibited phase-dependent changes in mobility. The relative mobilities of 
average mobility of the fastest and slowest fragments to give relative the complexes represent the average of at least four independent 
mobilities p,,, and p,,,, respectively (p,,, = pd~bla,,,);, p,, = pJpfIavg )). experiments (except for the ccc-AP-1 complex). Error bars represent one 
The complex mobilities were not corrected for changes In the mobilities of standard deviation. The points are connected by the calculated best fit of 
the free probes because of the intrinsic bend in the CRE sequence. The the data to a cosine function ( 19). (0) Ratio of the normalized mobilities for 
curvature in the CRE test fragments was not the result of intrinsic the CRE (@) and AP-1 (0) complexes of bZlP homodimers; R is defined 
curvature of the variable linker, because both sets of CRE (a) and AP-1 as the ratio p,.Jp,,,. Distance is defined as the distance in base pairs 
(0) test duplexes contained identical linkers, and only the CRE set between the centers of the CRE (or AP-1) site and the A tract. 

We interpret these findings: A bend 
toward the major groove and an accompa- 
nying unwinding cause the dyad-symmetric 
CRE target sequence to diminish its appar- 
ent half-site spacing. The intrinsic bend 
toward the major groove compensates struc- 
turally for the 2-bp spacing between half- 
sites and mimics the 1-bp spacing of the 
AP-1 site. For either DNA, a bend toward 
the minor groove and an accompanying 
overwinding cause the opposite effect: an 
increase in both the axial displacement of 
the half-sites and the helical twist angle. 
Thus, the return to unbent DNA imposed 
on the CRE site by ccc binding restores the 
axial and azimuthal separation of 2 bp that 
is appropriate for ccc. If the AP-1 site with 
a 1-bp spacing between half-sites is bent 
toward the minor groove, then it should 
mimic the target with a larger spacing 
between half-sites and should be a suitable 
target for ccc. The difference is that the 
recognition interface of ccc, the natural 
cognate of the CRE site, appears designed 
to straighten the inherently bent CRE site 

with little loss in binding energy, but it is 
not well designed to deform the AP-1 site. 
Either the energy required to induce a 
minor groove bend in the AP-1 sequence is 
higher than the energy required to remove 
the major groove bend in the CRE se- 
quence, or stabilizing interactions between 
the (straight) CRE sequence and ccc are 
not in register in the complex with the 
(bent) AP- 1 site; alternatively, a combina- 
tion of both factors operates to produce the 
observed specificity (22) (Fig. 4). 

To identify which segments within ccc 
might provide the interactions required to 
stabilize the deformed CRE site, we performed 
a phasing analysis of the CRE and AP-1 
complexes of the three chimeric peptides 
shown in Fig. 1. Each peptide contained the 
basic segment sequence of GCN4 (gxx, where 
x is either g or c) and the spacer or zipper 
segment of either GCN4 or CRE-BPI. In the 
case of gcc and gcg, the extent of CRE or 
AP-1 curvature in the complex mirrored the 
extent of curvature in the free DNA (Fig. 3, B 
and D). In the case of ggc, which contains 

only the zipper segment of CRE-BPI, a mod- 
est increase in major groove curvature was 
observed. The absence of induced minor 
groove curvature in the CRE or AP-1 com- 
plexes of any chimeric peptide that lacked the 
CRE-BP1 basic segment suggests that residues 
within the CRE-BPI basic segment stabilize 
the minor groove bend induced by ccc (23). 
These results are consistent with those indi- 
cating that the determinants of CRGAP-1 
specificity, as measured by affinity, are found 
predominantly within the ccc basic segment 
(21). We conclude that residues within the 
CRE-BPI basic segment regulate the prefer- 
ential recognition of the dyad-symmetric CRE 
sequence through interactions with DNA 
that compensate, in whole or in part, for 
losses in free energy sustained through DNA 
distortions. 

Several bZIP proteins induce a bend in the 
AP-1 sequence when they bind (15, 18, 19). 
On the basis of the observation that hetero- 
and homodimeric complexes of bZIP proteins 
induce bends in opposite directions, it was 
proposed that each protein monomer induced 
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Fig. 4. Two lim~ting models to account for the 
preference of the ccc peptide for the CRE target 
site. Shown are the relative free energies of the 
AP-1 target sequence and ~ts protein complexes 
(solid lines) and the CRE target sequence and its 
protein complexes (dotted lines) along the b~nd- 
ing coordinate. The energies of the native CRE 
(bent) and AP-1 (stra~ght) sequences are consid- 
ered to be equal in both models. In model 1 ,  the 
greater stability of the ccc-CRE complex reflects 

4 ,,I Model 11 i + Model 2 i 
1 bent 1 1  1 &D., 1 

CRE bent 

5 Straight 
m 

L~inding coordinate-, 1 L~inding coordinate-, 1 
the difficulty of bending the AP-1 sequence Here, 
the (bending) energy required to distori the intrinsically straight AP-1 sequence is greater than the 
(bending) energy required to straighten the intrinsically bent CRE sequence. The (binding) energy 
gained upon formation of the protein-DNA complex is the same in both cases. In model 2, the greater 
stability of the ccc-CRE complex reflects a poor fit between the recognition interface of ccc and the 
(bent) AP-1 sequence. Here, the (bending) energy required to distort the intrinsically straight AP-1 
sequence is equal to the (bending) energy required to straighten the intrinsically bent CRE sequence 
The (binding) energy gained upon formation of the cccAP-1 (bent) complex is less than that gained 
upon formation of the ccc-CRE (straight) complex. 

an independent DNA bend (15, 18, 19). We 
localized the CRE-BPI residues that induce 
bending to the basic segment. A comparison 
of bZIP proteins reveals a correlation between 
basic segment sequence and the direction of 
protein-induced bending. Proteins that in- 
duce a minor groove bend [CRE-BPI, ATF-2, 
Fos, and Fra (1 5, 18, 19)] contain three basic 
residues (Lys-Arg-Arg or Arg-Arg-Arg) at the 
very NH2-terminus of the basic segment, 
whereas proteins that induce a major groove 
bend Uun and Zta (15, 18, 19)] contain a 
conserved pattern of charged and hydropho- 
bic residues in these positions. GCN4, which 
does not induce a DNA bend (1 7), contains 
the sequence Pro-Ala-Ala. Although these 
basic residues likely contact the DNA far from 
the site of curvature, it has been pointed out 
that interactions that stabilize a bend achieve 
maximum leverage when located far from the 
bend point (24). We propose that the differ- 
ential interactions of these basic segment res- 
idues with DNA regulate the differential 
bending and binding of bZIP proteins. 

Previous studies of DNA-protein inter- 
actions have established two mechanisms 
by which sequence specificity is achieved 
(25). One involves hydrogen bonding and 
van der Waals interaction of DNA base 
pairs with a matrix of protein side chains 
and water molecules that complements only 
the correct DNA sequence. The second 
involves the sequence-dependent ability of 
DNA to distort upon protein binding with 
minimal (or compensated) free energy cost. 
Here, we show that specificity in the forma- 
tion of bZIP-DNA complexes is achieved in a 
third way, by pre-organization of the DNA 
into a distorted structure bound by only the 
appropriate bZIP protein. 
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