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ABSTRACT. bZip proteins contain a bipartite DNA-binding motif consisting of a “leucine zipper”
dimerization domain and a highly charged “basic region” that directly contacts DNA. These transcription
factors form dimeric complexes with each monomer recognizing half of a symmetric or nearly symmetric
DNA site. We have found that the bZip protein GCN4 can also bind with high affinity to DNA sites
containing only a single GCN4 consensus half-site. Because several recent lines of evidence have suggested
a role for monomeric DNA binding by bZip proteins, we investigated the structure of the &@N4ite
complex. Quantitative DNA binding and affinity cleaving studies support a model in which GCN4 binds

as a dimer, with one monomer making specific contacts to the consensus half-site and the other monomer
forming nonspecific contacts that are nonetheless important for binding affinity. We also examined the
folding transition induced in the basic regions of this complex upon binding DNA. Circular dichroism
(CD) studies demonstrate that the basic regions of both monomers are helical, suggesting that a protein
folding transition may be required for both specific and nonspecific DNA binding by GCN4.

The basic region leucine zipper (bZifamily of DNA- although the isolated basic region of the yeast transcriptional
binding proteins was first identified by McKnight and co- activator GCN4 does not bind to its DNA recognition site,
workers in 1988, on the basis of sequence conservationreplacement of the dimerization region with a flexible
within a group of transcriptional activators and protoonco- disulfide linkage restores DNA bindind.4).

genes{). This motif is now recognized as a bipartite DNA-  As would be expected for a dimeric DNA-binding protein,
binding domain, consisting of a coiled-coil leucine zipper GCN4 recognizes a DNA sequence with approximate 2-fold
dimerization domain and a highly charged basic region that symmetry. The pseudosymmetric sequentd& GA(C/G)-
directly contacts DNA (for reviews, see re2s-4). In the TCA-3 has been identified from a comparison of enhancer
presence of DNA, the bZip domain forms a dimer of sjtes in GCN4-dependent promote$) and from in vitro
uninterruptedx-helices —7). The leucine zipper regionis  selection experiment&{, 28). However, unlike other dimeric
both necessary and sufficient for dimerizatioB—(0), DNA-binding proteins, identical contacts are not made with
forming a stable, two-stranded, parallel coiled cal13). both half-sites of the consensus sequence. In the crystal
The basic region, on the other hand, is largely unstructuredstructure of the GCNAP-1 complex, Arg-243 of one GCN4
in the absence of DNA, but adopts a helical structure upon monomer specifically contacts the central guanine nucleotide
DNA binding (14-22). whereas Arg-243 of the other monomer forms nonspecific
Although the leucine zipper region does not contact the hydrogen bonds with the DNA backbong).( Similarly,
DNA directly, DNA binding has been thought to be mutations in one DNA half-site have stronger effects on
absolutely dependent on dimerization. This assumption is protein binding than symmetrically related mutations both
based on evidence that most mutations that prevent dimer-in vitro and in vivo @6, 27). Taken together, these results
ization also prevent DNA binding9( 23-25). Indeed,  suggest that DNA binding by GCNA4 is inherently asymmetric

: : with respect to the optimal binding site and that specific
T Supported by Grant GM57571 from the National Institutes of

Health and Grant 32029-G4 from the American Chemical Society, recognltlt_)n of a single half-site by one GCN4 monomer may
Petroleum Research Fund. be more important than recognition by the second monomer.

*To whom correspondence should be addressed. Due to the observation that many bZip proteins dimerize

1 Abbreviations: bZip, basic region leucine zipper; CRE, cCAMP- ;
responsive element; CREB, CRE-binding protein; EDTA, ethylenedi- in the absence of DNAl@ 29)’ it has been assumed that

aminetetraacetic acid; CD, circular dichroism; bp, base pair; poly[d! prefqrmed bZip protgi_n dimers are responsible for sequence-
dC], polydeoxyinosinic-deoxycytidylic acid (poly[dI-dgjoly[dI-dC]); specific DNA recognition. Recently, however, several groups

CT DNA, calf thymus DNA; PCR, polymerase chain reaction; IPTG, have observed that bZip peptides can bind to DNA sequen-

isopropyl 1-thiog-p-galactopyranoside; PMSF, phenylmethanesulfonyl .. . -
fluoride; HPLC, high-performance liquid chromatography; MALDI- tially as monomers that subsequently dimerize on the DNA

TOF, matrix-assisted laser desorption ionization time-of-flight; PBS, (30—32). Similarly, footprinting assays have shown that
phosphate-buffered saline; DTL-dithiothreitol; BSA, bovine serum  monomeric Jun basic regions protect the DNA binding site

albumin; fqpp fraction DNA bound; [Lk: total protein monomer — of the jun-Fos heterodimer from cleavage by DNas8), (
COnCentrathnKa, apparent monomeric eqUIllbrlum association constant;

Kgq, apparent monomeric equilibrium dissociation constaitzf, molar suggesting that a 1:1 bZPNA complex can exist. Finally,
ellipticity at 222 nm; NMR, nuclear magnetic resonance. Schepartz and co-workers have demonstrated that when the
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GCN4 basic region residues that contact DNA are incorpo- a. Basic Region
rated into a stable, helical hairpin motif, high-affinity MKDPAALKRARNTEAARRSRARKLQRM
monomeric binding occurs3d). Taken together, these data o )
suggest a role for monom&NA complex formation in vivo. Leucine Zipper Region
We have observed high-affinity, specific binding by the KQLEDKVEELLSKNYHLENEVARLKKLVGER

GCN4 bZip domain to DNA sites containing only a single
consensus half-site, - FGAC-3. High-affinity binding to
DNA half-sites has been observed with other DNA-binding —e———
proteins, including theEscherichia coliLexA repressor §:28§S§;‘§$§§‘;§§§’;§§Z§S§SS:2 AP-1
protein 35) and the rat glucocorticoid receptd@q). In fact,

the observed half-site recognition by GCN4 may be biologi- 5 - AGTGGAGATGACGTCATCTCGTGC-3 CRE

cally significant. A number of promoters that are responsive 3’ -TCACCTCTACTGCAGTAGAGCACG-5"

to bZip transcription factors contain only a single half-site 5 - AGTGGAGATGAGAGCTACTCGTGC-3 CREHS
of their consensus sequence. For example,hik& gene, 3 -TCACCTCTACTGTCGATGAGCACG-5'

the jun proto-oncogene, the HIV-LTR, and the genes for 5 ATCOTTATCCTTAAGGATAAGGAT-3 / NS24

human DNA polymerase. and transforming growth factor 3’ -TAGGAATAGGAATTCCTATTCCTA-5’

p1 (TGF41) contain isolated 'STGAC-3 sequences that  Figure 1: (a) Sequence from the N- to the C-terminus of GCN4-
have been reported to confer responsiveness to GCN4 or56. (b) Sequences of the oligonucleotides used in the mobility shift
AP-1 (37—42). In addition, upon phosphorylation, the bZip assays and CD studies. The consensus half-sites are in bold type,
protein CREB binds with high affinity in vivo to a half-site and the arrows indicate the relative orientations of each half-site

. within the full binding site. The center of the pseudosymmetric
of the cAMP-responsive element (CRE)3( 44). AP-1 site is indicated with a black circle. The sequences of the

We have explored the structure of the GCh&lf-site AP-1, CRE, and CREHS oligonucleotides are identical to those
complex to determine whether GCN4 binds as a monomer Used previously30, 55).

or as a dimer. We have monitored prot&NA complex ] o ) ]
formation at DNA sites containing zero, one, or two half- radioactivity was measured with a Packard Tri-Carb 1600TR

sites by equilibrium electrophoretic mobility shift assays. In  Liquid Scintillation Analyzer. A Molecular Dynamics 400E
addition, we have used the sequence-specific DNA-cleaving Phosphorimager and ImageQuant version 3.3 were used to
molecule FEEDTA-GCN4(226-281) (45) to map the posi- obtain data from storage phosphor screens purchased from
tions of both amino termini in the dimeric GCN4 bzip Molecular Dynamics.

domain relative to this DNA binding site. These studies
indicate that GCN4 binds as a dimer to DNA sites containing

only a single consensus half-site. Plasmid ConstructionDNA manipulations were carried
We have also investigated the structure of the two basic gyt by standard methodd6). All mutations were made by
regions in the GCN+half-site complex. Previous experiments  Kunkel mutagenesisi{?) or PCR mutagenesis (QuikChange
have shown that a coit helix transition is induced in the Site-Directed Mutagenesis K|t' Stratagene). The primary
basic region of bZip peptides upon binding specific DNA  sequence of each construct was confirmed by DNA sequenc-
(14-17,19-22). We therefore used circular dichroism (CD) ing (48). Plasmid pGCN4-56, encoding the basic region and
spectroscopy to compare the degreecshelicity in the  |eucine zipper of GCN4 (residues 22881), was constructed
GCN4 bZip domain in the absence of DNA and in the from vector pGG63 (kindly provided by R. V. Talanian and
presence of AP-1, half-site, and nonspecific DNA duplexes. p_ s, Kim, unpublished observations). pGG63, derived from
Our results suggest that a fully folded GCN4 dimer binds to the pAED4 cloning vector49), contains the coding sequence
an isolated DNA half-site, making specific contacts in one for residues 222281 of GCN4, preceded by a Met residue
major groove and nonspecific contacts to neighboring DNA and followed by C-terminal Gly-Gly-Cys residues. Succes-
bases. sive rounds of mutagenesis were used to replace residues
222—225 with a lysine codon for better expressi@@)(and
to delete the coding sequence for the three C-terminal
residues. The resulting plasmid, pGCN4-56, contains the
coding sequence for a 58-amino acid peptide containing the
Deionized water was further purified with a Corning 96 C-terminal residues of GCN4, preceded by codons for
MegaPure Filtration System. Deproteinized calf thymus DNA Met and Lys (Figure 1a).
was purchased from Sigma and dissolved in TE buffer [L0  Two plasmids containing the DNA binding sites CRE and
mM Tris*HCl and 1 mM EDTA (pH 8.4)] to a concentration CREHS were constructed for FEEDTA-GCN4(226-281)
of 2 mM in base pairs. Polydeoxyinosinic-deoxycytidylic affinity cleaving experiments. The oligonucleotide$ 5
acid (poly[dl-dCtpoly[dI-dC]) was purchased from ICN TATGGATGACGTCAT CG-3 and 3-GATCCGATGAC-
Pharmaceuticals, Inc., and dissolved in water to a concentra-GTCAT CCA-3 containing the CRE sequence (in bold) were
tion of 2 mM in base pairs. Enzymes were obtained from treated with T4 polynucleotide kinase and subcloned into
New England Biolabs and used with the supplied buffers. the multiple cloning site of pGG63. Plasmid pCREHS was
Deoxyadenosine'§o-*P]triphosphate was purchased from subsequently constructed by site-directed mutagenesis. A 186
Amersham, and adenosiné&[y-3?P]triphosphate was pur-  bp fragment containing each binding site was amplified by
chased from ICN Pharmaceuticals, Inc. Oligonucleotides PCR with 3-end-labeled primers and purified by preparative
were supplied by Genosys Biotechnologies, Inc. Cerenkov nondenaturing (5% polyacrylamide, 19:1 acrylamide:bis-

Methods

EXPERIMENTAL PROCEDURES

Materials
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acrylamide) gel electrophoresis. Chemical sequencing A andand the amounts of free and bound DNA were quantified
G reactions were carried out as described previously ( using ImageQuant version 3.3. The fraction of DNA bound
52). (Bapp Was calculated as the volume contained within the band

Protein Expression and PurificatioGCN4-56 was over-  corresponding to the bound DNA divided by the sum of the
expressed ifE. coli strain BL21(DE3) pLysS using the T7 volume presentin the bands correspondlr_ug to the bounq and
expression systent8). Cells derived from a single colony fr_ee DNA_s within each Iar!e_. Data were fit to the modified
were grown in Luria broth containing 2ay/mL ampicillin Hill equation (eq 1) describing formation of a 2:1 GCN4
and 25ug/mL chloramphenicol at 37C. Protein expression ~ DNA complex:
was induced wheAsgo reached 0.4 by addition of isopropy!
1-thio3-p-galactopyranoside (IPTG) to a final concentration KaZ[L] totz
of 0.4 mM. Cells were harvested aft h by centrifugation Oapp= Omin T (Omax— Omin) W
and lysed by freezing and sonication in 10 mM phosphate, al=ltot
1 mM EDTA, and 500 mM NaCl (pH 6.9) in the presence )
of phenylmethanesulfonyl fluoride (PMSF, ca. 5Bl) and where [L}o corresponds to the total protein monomer
DNase | (ca. 2.5:g/mL). Cell lysates were treated with ~COncentrationK, corresponds to the apparent monomeric
polyethyleneimine (0.6% v/v), and the precipitated DNA was €auilibrium association constant, afigh andtmaxrepresent
removed by centrifugation. The protein-containing superna- the e_xp_erlmentally_ determined site saturatlo_n values when
tant was purified by size-exclusion chromatography (Sepha- t_he S|fce is unoccup|ed and saturated, resp_ectwely. Data were
dex G-50), followed by reverse-phase HPLC, using a Vydac fit using the nonlinear Ieast_—squares fitting procedure of
Cas column and a linear water/acetonitrile gradient containing <@l€idaGraph software (version 3.0.5, Abelbeck Software)
0.1% trifluoroacetic acid. The protein concentration was "Unning on a Macintosh PowerPC computer Wi Omax
determined by UV absorbance 6 M guanidinium hydro- and6fnmi, as the adjustable parameters. Data sets that fit eq 1

chloride and 0.02 M phosphate (pH 6.5) assuming an with anR value of<0.97 were discarded; all individual data
extinction coefficient of 1470 Mt o2 for 'i'yr at 275 nm  Points from data sets with dRvalue of>0.97 were retained.

(54). The molecular mass of the purified protein, as Each dissociation constant was determined from the average

determined by MALDI-TOF mass spectrometry, is well ©f three independent data sets. _ _
within experimental error of the calculated mass of GCN4- 1€ AP1, CRE, and CREHS duplexes contain a single

56 (expected [MH+ H]*, 6875.0 Da; observed, 6875.9 Da). site for specific complex formation. In contrast, we estimate

o . o . that the 24 bp NS24 duplex contains-1B4 overlapping
Quantitatie Electrophoretic Mobility Shift AssayBhese  ,nqpecific sites56), assuming a binding site size for the

assays were performed essentially as described by Schepartg ~\na dimer of 112 bp 6-7). Thus, the observed
and co-workers 5), with minor modifications. The se- 1 cr65copic apparent monomeric dissociation constant must
quences of the strands containing DNA binding sites AP-1, o cqrrected by a statistical factor to derive a microscopic
CRE, and CREHS are identical to those described prewouslybinding constant for nonspecific DNA. Because we report
(30, 55). An additional self-complementary oligonucleotide apparent monomeric binding constants, the square of the
(NS24) was synthesized containing the noncognate SeqUenCenicroscopic monomeric association constant is related to the
S-ATCCTTATCCTTAAGGATAAGGAT-3. Each oligo- 4356 of the observed monomeric association constant by
nucleotide was purified by preparative denaturing (19% s statistical factor. Thus, our apparent monomeric dis-
polyacrylamide, 19:1 acrylamide:bisacrylamide) gel electro- gqcjation constant overestimates the affinity of GCN4 for
phoresis and 'send-labeled by standard procedurd$)( nonspecific DNA by a factor of 28—14Y2 or approximately
Radiolabeled oligonucleotides were annealed to their unla- 3 7_¢q|q.

beled complement by heating an equimolar mixture of the  agfinity Cleavage ReactionsReaction conditions included
two fragments in 100_mM KCl and 10_mM phosphate (pPH 30 mMm TrisHCI, 3 mM sodium acetate, 20 mM NaCl, 5
7.4) to 90°C for 2 min and then cooling slowly to room M DTT, 200:M bp calf thymus DNA, 1M Fe-EDTA-
temperature. Double-stranded NS24 was prepared in a S'm'larGCN4(226—281), and 50 000 cpm of labeled DNA (pH 7.9).
fashion. FeEDTA-GCN4(226-281) was generated immediately prior
Complex formation was initiated by adding labeled DNA to use by equilibration of 608M EDTA-GCN4(226-281)
(20 000 cpm) to known concentrations of peptide in PBS (kindly provided by M. G. Oakley and P. B. Dervan) with
binding buffer [137 mM NaCl, 2.7 mM KCl, 4.3 mM sodium  an equal volume of 60@M ferrous ammonium sulfate for
phosphate, 1.4 mM potassium phosphate, 1 mM EDTA, 1 10 min at room temperature. fEDTA-GCN4(226-281)
mM DTT, 0.1% Igepal CA-630, and 0.4 mg/mL BSA (pH was then diluted to a final concentration of 1M and
7.4)] (55). The solutions were allowed to equilibrate for 30 allowed to equilibrate with the DNA for 30 min at room
min at 4 °C followed by addition of & glycerol loading temperature prior to the addition of DTT. Reactions were
buffer (30% glycerol, 0.25% bromophenol blue, and 0.25% quenched after 30 min by ethanol precipitation. Cleavage
xylene cyanole FF). Each sample was loaded on a nonde-products were analyzed by electrophoresis on 6% polyacryl-
naturing 8% polyacrylamide (79:1 acrylamide:bisacrylamide) amide denaturing gels (19:1 acrylamide:bisacrylamide, 3.8
gel pre-equilibrated in 45 mM Tris-borate and 1 mM EDTA M urea). After electrophoresis, gels were dried and analyzed
at 300 V and 4°C. After electrophoresis (1 h), gels were using storage phosphor technology as described above.
dried and analyzed using storage phosphor technology. CD SpectroscopyCD spectra were acquired with a Jasco
Storage phosphor screens were pressed against dried gel$-715 spectropolarimeter. Samples were prepared in 50 mM
and exposed overnight. A Molecular Dynamics 400E Phos- KCI and 12.5 mM potassium phosphate (pH 7.0). To
phorimager was used to obtain data from the storage screengninimize the error in these experiments, a single sample of

1)
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GCN4-56 (3QuM) was prepared, and aliquots of this sample
were mixed with an equal volume of 18/ double-stranded 11 a.
AP-1, CREHS, or NS24 DNAs. For each sample, the
wavelength dependence df][was monitored at 25C in 1

nm increments with a sampling time of 4 s. Spectra were
averaged five times and smoothed using KaleidaGraph
software (version 3.0.5, Abelbeck Software). The CD
spectrum shown for each protddNA complex was obtained

by subtracting the CD spectrum of the corresponding DNA
solution from the CD spectrum of the protddiNA complex.

The self-complementary nonspecifc DNA sample (NS24) 02
was determined to be 90% double-stranded by nondena-

turing polyacrylamide gel electrophoresis before CD spectra 0 | Gmleef
were recorded. The helix content was calculated by the o 1'0_9 1‘04, 1'04 1‘06 o
method of Chen et al5{). We find from repeated measure-

ments that the error ind],2, for protein samples prepared [GCN4-36] (M)

from the same concentrated protein stock solution is ap-
proximately 1%. We estimate that the error in the concentra-
tion determination of the DNA stock solutions is approxi-
mately 5-10%.

08

0.6 -

04

fraction bound (8)

@ 0.8

RESULTS 2
8 0.6

GCN4-56 contains the 56 C-terminal residues (2281) o
of GCN4, including both the leucine zipper dimerization ,5 0.4

domain and the basic region (Figure 1db,(58). This ‘g
peptide also contains a Met-Lys dipeptide at the N-terminus <=,

for efficient translation initiation of the recombinant protein
fragment inE. coli (50). The resulting 58-residue peptide is
the same GCN4 construct that was used for crystallization

0

| 1 | 1

of the peptide complex with AP-1 DNAS]. 10 10° 10°® 107 10° 10°®

We studied the DNA-binding affinity of GCN4-56 for four [GCN4-56] (M)
different DNA sites using a quantitative mobility shift assay.

; _ _ Ficure 2: (a) Equilibrium binding isotherms for GCN4-56 binding
The pseudosymmetric AP-1 sequenceT&A(C/G)TCA {0 AP-1 (®). CRE (0), CREHS #), and nonspecific DNA®) in

3, is the optimal recognition site for GCN£2¢-28). In PBS buffer. (b) Equilibrium binding isotherms for GCN4-56 binding
addition, GCN4 binds with high affinity to the perfectly to AP-1 @), CRE (©), and CREHS ¢) in PBS buffer supple-
symmetric CRE site,' SBATGACGTCAT-3 (59). Equivalent mented with calf thymus DNA (10@M in base pairs). Protein
proteln_DNA contacts are Observed in both Complexes concentrations for both sets of eXpenmentS a’lM 3 IMM, 15
despite the additional & base pair at the center of the CRE g('\)/' 600 nM, 400 nM, 300 nM, 200 nM, 150 nM, 60 nM, 40 nM,

. .- . nM, 20 nM, 15 nM, 6 nM, 3 nM, 1.5 nM, 600 pM, 300 pM,
site 5—7). In addition to the AP-1 and CRE sites, we and 150 pM. Each data point represents the average of the fraction
examined the binding affinity of GCN4-56 for an isolated bound @) values at each concentration of GCN4-56 from three
half-site (CREHS) 5ATGAC-3 (30), and for a fourth data sets, and the binding isotherms were obtained using eq 1 and
duplex containing no specific half-sites (NS24, Figure 1b). the meark, values for each data set.

Oligonucleotides containing the AP-1, CRE, and CREHS Tobie L Bindina Constants for GONA-56 Binding to Four Different

H H H H H H H m, able 1: Inaing Constants tor - Inaing to Four birteren
binding sites are identical to those descrlbed_prewo ( DNA Sites Measured by an Electrophoretic Mobility Shift Assay
55), and the self-complementary nonspecific DNA was

carefully designed to avoid overlap with the AP-1 and CRE Ka (M)*
sites. S without excess with excess
Quantitative Electrophoretic Mobility Shift Assaysve DNA-binding site (nonSpec;f'C DN': nE’nSpe)C'f'C D':A
ilibri i iati AP-1 2.2+ 0.9)x 10~ 9+6)x 10
measured the equilibrium dls_somatlon constants of the_ _four CRE (543) » 10°8 (145 0.3)x 107
GCN4-56DNA complexes using an electrophoretic mobility CREHS (3+ 1) x 10°® (8+2)x 107
shift assay @0, 61). For our initial experiments, we monitored NS24 (1.6+0.5)x 1077

prOtF_"'nDNA complex_ formation in ,the presence of ap- aValues reported are the mean valueghe standard deviation in
proximately physiological concentrations of monovalent salt the values measured from three individual data $6F&e macroscopic
(137 mM NacCl, 2.7 mM KCI, 4.3 mM sodium phosphate, binding constant reported for GCN4-56 binding to NS24 DNA
and 1.4 mM potassium phosphate), but in the absence ofoverestimates the microscopic binding constant for a single nonspecific
nonspecific competitor DNA. The binding isotherms we Sité by a statistical factor of ca. 3.7 (see the text).

obtained are shown in Figure 2a. For each DNA duplex, eq

1, describing formation of a 2:1 peptid@ENA complex, constants are shown in Table 1. GCN4-56 binds AP-1 DNA
provides a good fit to the fraction of DNA bound plotted as with a dissociation constant of (22 0.9) x 108 M, in

a function of total peptide monomer concentration. Calculated agreement with previously published valu&s, (55, 62, 63).
values for the apparent monomeric equilibrium dissociation There appears to be little difference in the affinity of GCN4-
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a.
[GCN4-56] — . |- |-
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Ficure 3: (a) Equilibrium binding of GCN4-56 to four different DNA sequences in PBS buffer in the presence of pdGf¢L100uM

in base pairs): AP-1, lanes-B; CRE, lanes 7#12; CREHS, lanes 1318; and nonspecific DNA (NS24), lanes-124. (b) Equilibrium

binding of GCN4-56 to the CRE and CREHS sequences in PBS buffer in the presence of calf thymus DM [{bOBase pairs): CRE,

lanes 25-30; and CREHS, lanes 386. (¢) Equilibrium binding of GCN4-56 to the CRE and CREHS sequences in PBS buffer in which

the salt concentration has been doubled (274 mM NacCl, 5.4 mM KCI, 8.6 mM sodium phosphate, and 2.8 mM potassium phosphate):
CRE, lanes 3742; and CREHS, lanes 4318. Protein concentrations areu (lanes 1, 7, 13, 19, 25, 31, 37, and 43), M (lanes 2,

8, 14, 20, 26, 32, 38, and 44), 240 nM (lanes 3, 9, 15, 21, 27, 33, 39, and 45), 48 nM (lanes 4, 10, 16, 22, 28, 34, 40, and 46), and 9.6 nM
(lanes 5, 11, 17, 23, 29, 35, 41, and 47). Lanes 6, 12, 18, 24, 30, 36, 42, and 48 cofffaiead-labeled DNA only.

56 for the AP-1, CRE, and CREHS sites. This result is stants are shown in Table 1. The affinity of GCN4-56 for
surprising, as the CREHS site does not contain the futh5  the consensus AP-1 and CRE sites decreases slightly under
3 GCN4 recognition sequence. Similarly, we observe these conditions (34-fold). In contrast, the affinity of
binding to the nonspecific duplex at submicromolar protein GCN4-56 for the CREHS site decreases by a factor 80,
concentrations. Unlike the other three DNA duplexes, in leading to an approximately 10-fold difference in the
which a single specific binding site for GCN4-56 is expected, affinities of GCN4-56 for the AP-1 and CREHS sites. Thus,
NS24 contains 1314 nonspecific binding sites, assuming while high-affinity binding by GCN4 to the CREHS site is
a binding site size of 1212 bp for the GCN4 dimery-7, still observed in the presence of excess nonspecific DNA,
56). The observed macroscopic binding constant for NS24 the full recognition sequence is preferred.
is therefore an overestimate of the microscopic binding Both Coulombic and hydrophobic interactions play an
constant for a single nonspecific site. After a correction for important role in the formation of specific proteDNA
this statistical factor (see Experimental Procedures), we complexes4, 65), while the burial of nonpolar surface area
estimate aKq(nhonspecific) of approximately & 1077 M. appears to be less important for the formation of nonspecific
Thus, we observe only a 30-fold lower affinity for completely complexes §6). Therefore, we would expect higher salt
nonspecific DNA relative to the optimal AP-1 site under concentrations to destabilize nonspecific proeldA com-
these conditions. plex formation preferentially. When the ionic strength of the
ProteirDNA Complex Formation in the Presence of buffer is doubled (274 mM NacCl, 5.4 mM KCI, 8.6 mM
Excess Nonspecific DNAne explanation for this apparent sodium phosphate, and 2.8 mM potassium phosphate), the
lack of specificity is that the conditions of our assay are not affinity of GCN4-56 for the CREHS site appears to be
sufficiently stringent to allow GCN4-56 to distinguish among somewhat reduced relative to the full CRE site (Figure 3c).
specific and nonspecific sites. We therefore examined DNA However, GCN4-568CREHS complex formation is observed
binding by GCN4-56 in the presence of excess nonspecific at lower protein concentrations under these conditions than
DNA (poly[dl-dC] or calf thymus DNA, 10QuM in base in the presence of excess nonspecific DNA (compare lanes
pairs). As expected, only specific protddNA complexes 15 and 16 of Figure 3a, lanes 33 and 34 of Figure 3b with
were observed under these conditions (Figure 3a). Nolanes 45 and 46 of Figure 3c).
complex formation was observed with the NS24 duplex even  Affinity Cleaving Assays with FEDTA-GCN4Data from
at the highest protein concentration 81) (Figure 3a). the electrophoretic mobility shift assays described above are
Furthermore, GCN4-56 can now discriminate between the consistent with dimeric binding by GCN4-56 not only to the
consensus sequences and CREHS, which contains only AP-1 and CRE sites but also to the CREHS site. The
single consensus half-site (Figure 3a,b). The binding iso- electrophoretic mobility of the GCN4-56REHS complex
therms we obtained for these three sites in the presence ofs similar to that of the GCN4-56P-1 and GCN4-56CRE
calf thymus DNA are shown in Figure 2b. Calculated values complexes (Figure 3), to which GCN4 clearly binds as a
for the apparent monomeric equilibrium dissociation con- dimer G—7). Similarly, the shape of the binding isotherms
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for the CREHS complex does not differ from the shapes of less, a very similar tripartite pattern is observed for both DNA

those for the AP-1 and CRE complexes (Figure 2), again sites, suggesting that GCN4 binds to CREHS as a dimer
suggesting that the protein binds all three sites as a dimer.under these conditions (Figure 4e). Importantly, the spacing
However, recent evidence indicates that specific DNA of the three regions of cleavage on each strand is similar for
binding by GCN4 monomers occurs, at least as an intermedi-both sites, indicating that the number of bases in contact with
ate, on the pathway to dim&NA complex formation 80— the protein dimer is approximately the same in each case.
33). These results suggest that it would be possible for a In addition, the ratios of cleavage along each strand are
GCN4 monomer to bind the CREHS site in a sequence- similar for both sites. Along the top strand of the CRE site,

specific manner, resulting in the observed affinity. To as viewed in Figure 4e, the ratio of cleavage intensities for
distinguish more clearly between possible monomeric and each region in the tripartite pattern is 1.5:2:1. For the CREHS

dimeric binding modes for the GCNEGREHS complex, we
have used an affinity cleaving assay.

A sequence-specific DNA-binding molecule can be con-
verted into a sequence-specific DNA-cleaving molecule by
the attachment of the nonspecific DNA-cleaving moiety, Fe
EDTA. In the presence of a reducing agent such as
dithiothreitol (DTT), FeEDTA localized at a specific DNA-
binding site cleaves both DNA strands via a diffusible, non-
sequence-specific radical specig&/<71). The cleavage
pattern generated by a protein appended withEBTA
provides information about the orientation of the bound
protein and the position, relative to the DNA binding site,
of the amino acid residue to which f#DTA is attached
(45, 69—73). Thus, affinity cleaving is a sensitive probe of
changes in the structure of a proteiDNA complex.

FeEDTA has been attached to the N-terminus of the
GCN4 DNA-binding domain to produce the DNA-cleaving
protein, FEEDTA-GCN4(226-281) @5). Reaction of the
FeEDTA-GCN4(226-281) dimer with a DNA fragment
containing AP-1-like binding sites generates a distinct
tripartite cleavage pattern, resulting from the placement of
two FeEDTA moieties in successive major grooves of the
DNA binding site @5). In contrast, abipartite affinity
cleaving pattern, resulting from a single-E®TA species,
would be expected if GCN4 binds to DNA as a monomer.

Such a cleaving pattern has been observed previously for

Jun-Fos heterodimers in which4EDTA has been appended
to only one monomer7@). When the orientation of the Jun-
Fos heterodimer on the DNA is fixed, the -E®TA-Jun-
Fos and the Jun-FEDTA-Fos heterodimers generate bipar-
tite cleavage patterns, resulting from a single BEgTA
moiety bound in the major groove of the DNA3J). The
cleavage sites are localized asymmetrically with respect to
the binding site, reflecting the orientation of the Jun-Fos
heterodimer in the proteiDNA complex (73). Thus, if Fe
EDTA-GCN4(226-281) binds to CREHS as a dimer, a

site, the ratio is 1.4:1.6:1. Importantly, in each case, the two
outer loci resulting from cleavage due to a singleE2TA
moiety on each GCN4 monomer are of roughly equal
intensity. The monomer making nonspecific contacts appears
to bind exclusively to the right of the CREHS site, as would
be expected for a dimer in which the orientation is fixed by
specific contacts with the consensus half-site.

CD Spectroscopyequilibrium mobility shift analysis and
affinity cleaving experiments suggest that GCN4-56 binds
CREHS as a dimer that makes specific contacts to the
sequence'BATGAC-3' and nonspecific contacts to adjacent
DNA base pairs. While we expected the basic region making
specific contacts to be folded in the presence of DNA, it
was not clear if the basic region making nonspecific contacts
would be a-helical or unstructured. We therefore used
circular dichroism (CD) spectroscopy to measure the degree
of a-helicity in GCN4-56 in the absence of DNA and in the
presence of AP-1, CREHS, and nonspecific DNAs. In the
absence of DNA, GCN456 is ca. 80%a-helical at 25°C
based on a mean residue ellipticity f30100 deg crh
dmol! at 222 nm (Figure 5)57). This is consistent with a
helical leucine zipper domain and a largely unstructured basic
region, as others have observéd<19). In the presence of
AP-1 DNA, the basic region folds into a-helical confor-
mation, and the apparent helix content of GCN4 increases
to ca. 97% (Figure 5), in accord with previously published
results (5—17). A change in the CD spectrum of GCN4-56
also occurs in the presence of CREHS DNA,; the CD signal
at 222 nm indicates that the protein is ca. 94% helical in
this complex (Figure 5). Finally, an increase in the magnitude
of the signal at 222 nm is also observed upon addition of
NS24 to the extent that GCN4-56 appears to be fully helical
in this nonspecific complex (Figure 5).

The CD difference spectra shown in Figure 5 were
obtained by subtracting the CD spectrum of the correspond-

tripartite cleavage pattern centered around the consensus halfi"d DNA solution from the CD spectrum of the protérNA
site and the following nonconsensus base pairs would becomplex. The DNA spectra for all three DNA duplexes are

expected. If GCN4-56 binds as a monomer, a bipartite patternconsistent with B-form DNA, with a minimum at ca. 247

localized distinctly around the consensus half-site would be
observed.
Affinity cleaving assays were performed on DNA frag-

ments containing the CRE and CREHS sites. As expected,

FeEDTA-GCN4(226-281) cleavage of the perfectly sym-
metric CRE site results in a tripartite pattern very similar to
the one observed with AP-1-like DNA (Figure 4a,b &%)
When FeEDTA-GCN4(226-281) is allowed to react with

nm and a maximum at ca. 221 nm. Because there is no
change upon complex formation in the CD spectrum at 247
nm, where the protein contributes little, if any, to the
observed signal, it is reasonable to assume that the DNA
conformation is B-form in all three complexes and that the
increased magnitude of the signal at 222 nm is due to a
helix — coil transition in the basic region of GCN4-56.

The change inf].2, upon addition of DNA is significant.

CREHS DNA (Figure 4c,d), the extent of cleavage is A single sample of GCN4-56 was prepared for these
substantially lower than that observed at the full CRE site experiments, and aliquots of this sample were mixed with
(Figure 4a,b), reflecting the reduced binding affinity of each of the three double-stranded DNAs (see Experimental
GCN4-56 for the CREHS site in the presence of high Procedures). The concentration of protein in each sample is
concentrations of calf thymus DNA (2QM bp). Nonethe- therefore the same, and any change in the signal at 222 nm
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Ficure 4: FeEDTA-GCN4(226-281) affinity cleavmg reactions in the presence of CRE (a and b) and CREHS (c and d) DN®. (a
Phosphorimages of denaturing polyacrylamide gels: (left) intact DNA control lane, (center) A- and G-specific chemical sequencing lanes,
and (right) FeEEDTA-GCN4(226-281) cleavage at a concentration of All. The top strands, as shown in panel e, are labeled in panels

a and c; the bottom strands are labeled in panels b and d. () DNA sequences surrounding each of the binding-ditdhéaarows
represent the extent of cleavage at the indicated base position. All DNA strandsesr@:-[abeled; thus, the DNA sequence fromdb3

can be read from the bottom to the top in panetslaThe cleavage intensities at the bracketed base positions were summed to give the
ratios of cleavage intensities along each strand (see the Discussion).

is a result of a conformational change in the complex. CD CREHS complex, presumably due to the inclusion of a
and NMR data in the presence of AP-1 DNA suggest that nonconsensus half-site. However, we observe the largest

this conformational change corresponds to a hetixcoll apparent change inf]z; when GCN4-56 is added to
transition in the basic region of GCN4 upon DNA binding nonspecific DNA (NS24). The simplest interpretation of
(14-19, 74). these results is that a helix coil transition occurs in both

The extent of the change irf]22 upon DNA binding basic regions of the GCN4-56 dimer whether specific or
appears to differ slightly for the three DNA duplexes (Figure nonspecific DNA sequences are bound.
5), although it is not clear if these differences are outside
the expected error associated with these experiments (seQISCUSSDN
Experimental Procedures). The apparent magnitude of the We have examined the interaction of the GCN4 DNA-
change in helical content observed for GCN4-56 upon binding domain with DNAs containing zero, one, or two
binding to the CREHS site is somewhat smaller than that consensus half-sites. In the absence of excess nonspecific
observed for binding to the AP-1 site. On the basis of these DNA, there is very little difference in the affinity of GCN4-
data, we cannot exclude the possibility that this difference 56 for the four DNAs that were studied, with only a ca. 30-
reflects a lower degree of helix formation in the GCN4-56 fold difference in the equilibrium binding constants for the
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10 7 monomers are able to bind DNA specifically as intermediates

I on the pathway to dimeric bZipNA complex formation
(32).

However, our data suggest that GCN4-56 binds to the
CREHS site as a dimer and that the resulting preNA
complex is very similar in overall structure and orientation
to the well-characterized GCNA4P-1 and GCN4ACRE
complexes. Equilibrium mobility shift analyses are consistent
with dimeric binding by GCN4-56 to all four of the duplexes
we tested (Figures 2 and 3). Similarly, affinity cleaving
assays suggest that GCN4-56 binds as a dimer to CREHS
L (Figure 4). The tripartite cleavage pattern observed when Fe

230 240 250 260 EDTA-GCN4(226-281) reacts with CREHS in the presence

[=}

410 |

-20 |

[6] 10° deg cm? dmol’’

-30 |

-40 E

200 210 220
Wavelength (nm) of DTT is indicative of two basic regions bound in successive

Ficure 5: CD spectra of 1xM GCN4-56 in the absenc®] and DNA.r'najor groove§45). As only one basic rggion can make .
presence of 7.5M AP-1 (a), CREHS ©), and nonspecific DNA  SPecific contacts with the consensus half-site, the other basic

(NS24) ©) in 50 mM KCl and 12.5 mM potassium phosphate at region must make nonspecific contacts to neighboring DNA
pH 7.0 and 25C. The DNA signal has been subtracted from each bases. Finally, CD experiments demonstrate that both GCN4

spectrum to compare the protein structures in the presence andy,gnomers are largely helical when bound to CREHS DNA
absence of DNA. Values of],, (deg cn? dmol~t) are —30100 . . . . .
for GCN4-56 alone~—36500 for GCN4-56 bound to AP-1 DNA,  (Figure 5), suggesting that bZip basic regions undergo a

—35500 for GCN4-56 bound to CREHS DNA, areB7700 for random coit— a-helix folding transition to bind both specific
GCN4-56 bound to nonspecific DNA. These values correspond to and nonspecific DNA.

folded peptides that are 80, 97, 94, and 100% helical, respectively  |ndeed, GCN4-56 is largely helical when bound to
(57). In no case did adding more DNA increase the ellipticity of nonspecific (NS24) DNA. Several groups have reported that
the peptide. o . . .

the addition of nonspecific DNA induces an increase in the

optimal AP-1 site and completely nonspecific DNA (Figure helicity of the G_CN4 _basic regi_orl(_5—18z 21, 22)' However, .
2a and Table 1). Under these conditions, GCN4 fails to the extent of this folding transition is quite variable depending
discriminate among the AP-1, CRE, and CR’EHS sites. even©n the specific DNA sequence and structure, the experimental

e ditions, and the GCN4 derivati¥dBecause the nonspe-
though specific contacts can be made by both monomers only®0" e . .
in the AP-1 and CRE complexes. This apparent lack of cific DNA site (NS24) is fu_IIy saturated at micromolar
selectivity is unexpected. For transcription factors such as concentrations of GCN4-56 in the absence of calf thymus

GCN4, the difference between the equilibrium dissociation ?]NA (Fégwe 2), v(\;e_ expect ful cor_nplex forr]mationl _undder
constant for specific binding and the average dissociation € conditions used in our CD experiment. The resulting data

constant for nonspecific binding must be large (a factor of indicate that helix formation correlates well With _protein
>30) to ensure specific DNA binding in viva’®). DNA complex formation, even when nonspecific DNA

We theref decided . . DNA binding b sequences are bound.
GCNe4 t5gre c(ere ect et to m;/estl%g}[t_e | thm Ng by — A folding transition in the presence of nonspecific DNA
of exc;ass ugor?;,;?:a?:irfei}csljnlil]%er:)nﬁ;/msp:elgir;isc. cr:)mglggze;rfae has also been observed with model peptides. Both double-
observed (Figure 3a,b). Under these conditions, GCN4_56:stranded DNA oligonucleotides and mononucleosomal calf

. N o . thymus DNA promote random coit a-helix transitions in
binds with higher affinity to the AP-1 and CRE sites than to : L : :
the CREHS site. Nonetheless, high-affinity, specific binding short peptides that can form positively charged, amphipathic

. . : helices {6, 77). von Hippel and co-workers have suggested
IS observ_ed_for the CREHS site (F'gl.”e 2b and Ta_ble_l). As that the induction oé-helix formation by nonspecific DNA
a transcription factor must bind to its cognate site in the

presence of a large number of possible nonspecific binding 's thermodynamically important for bZip and related tran-

ites. the inclusi ¢ ific DNA losel scription factors for at least two reasongb). First, the
SItes, e Inclusion of excess nonspecitic more closely specificity of DNA binding would be reduced if the free
approximates in vivo binding conditions.

energy diverted to helix formation were only required for
High-affinity, specific binding by GCN4-56 to the CREHS  gpecific binding. In addition, the use of a flexible domain
site is surprising, as specific DNA contacts can be made by for complexation of nonspecific DNA would be expected to
only one basic region in the GCN4-8EREHS complex. One  allow the bZip motif to avoid unfavorable contacts arising
possible explanation for these observations is that monomericat nonspecific sites, again reducing the specificity of DNA
GCN4-56 is able to bind with high affinity to a consensus pinding. Record and co-workers have provided support for
half-site. Recently, footprinting assays have shown that the first argument. They have observed that extended, 17-
monomeric Jun basic regions can protect the DNA binding residue tetracationic peptides bind nonspecifically to DNA
site of the Jun-Fos heterodimer from cleavage by DNase | with lower affinity than do compact, 5-residue tetracationic
(33), and it has been demonstrated that some bZip peptidespeptides. This result suggests an energetic penalty for helix
can bind their DNA sites sequentially as monomers that formation and other conformational changes required for the

subsequently dimerize on the DNA(, 32). These data  17-residue peptides to bind to DNAY). Finally, NMR
suggest that it would be possible for a GCN4 monomer to

bind the 5-ATGAC-3' site in a sequence-specific manner, . . .

L . . Perhaps the presence of the helix-capping residues Asp and Pro at
resulting in the observed affinity for the CREHS site. In fact, he N-terminus of GCN4-56 contributes to the degree of helicity we
Bosshard and co-workers have reported that unfolded GCN4observe in the presence of random sequence DNA.
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studies have demonstrated that the basic region of GCN4contacts, while the other contacts nonconsensus base pairs
has partial, but highly dynamic, helical character in the in a position determined by the dimer interface.

absence of DNA 18, 74). Thus, it is not surprising that

Half-site recognition by bZip proteins may be biologically

nonspecific DNA appears to complete the transition to an significant. Several GCN4- and AP-1-responsive promoters

o-helical conformation in this region.

The optimal DNA binding site for the intact GCN4 protein
(27) as well as the isolated GCN4 DNA-binding doma28,(
78) is the 7 bp symmetric sequenceBEA(C/G)TCA-3.

have binding sites that contain only one-half of the consensus
core sequence3f—42). In addition, binding by the bZip
transcription factor CREB to an isolated half-site occurs in
a phosphorylation-dependent manner. The cAMP-responsive

Interestingly, data from random-sequence selection experi-element (CRE)-binding protein (CREB) recognizes the
ments suggest that one-half of the asymmetrical binding site symmetric CRE sequence with high affinity in vivo. How-
is more tolerant to mutation than the other half of the site. ever, weak binding to sites containing only one-half of the
The majority of deviations from the 7 bp core are observed CRE element, 5SCGTCA-3, has been observed3, 44, 86).

to the right of the central base at positions 1 an@?2, 28,

Interestingly, protein binding to this site in the tyrosine

78). These results are consistent with our observation that,aminotransferase (TAT) gene is phosphorylation-dependent.

although two symmetrical half-sites are required for optimal
DNA binding by GCN4, high-affinity binding may nonethe-
less be achieved with a DNA site containing only the
sequence 'STGAC-3.

Thermodynamic studies of DNA binding by the Lac
repressor and bfzcoRl endonuclease demonstrate that the
first mutation in a DNA half-site can lead to a large decrease
in the stability of a proteifDNA complex (79—81), while a
second mutation in each half-site is less detrimental than the
first (66). In fact, mutation of two base pairs in each half-

The level of CREB binding to TATCRE increases upon
cAMP stimulation 43, 44). However, phosphorylation has
no effect on the binding affinity of CREB for the symmetric
CRE site in the phosphoenolpyruvate carboxykinase (PEP-
CK) gene @4). These results suggest that half-site binding
may play a role in the regulation of gene activation in vivo.
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can be no more deleterious tha 2 bpsubstitution. Given

that one of the two-half-sites in the consensus AP-1 site REFERENCES

appears to be more important for GCN4 binding, multiple
substitutions in the second half-site may have only a modest
effect on complex stability.

Dimeric DNA-binding proteins, in general, bind most
tightly to specific palindromic target sequences. However,
high-affinity binding to a single consensus half-site is not
unprecedented. For example, tBe coli LexA repressor
protein protects an isolated operator half-site from DNase |
cleavage 35). Unlike GCN4, LexA binds to a single half-
site as a monomer, and protection of nonoperator sequences
is not observed 3b). Significantly, LexA is primarily a
monomer in solution at physiologically relevant concentra-
tions B2, 83), and it appears that nonconsensus base pairs
are not sufficient to promote dimerization in this case.

In contrast, a crystal structure has been determined of the
DNA-binding domain of the glucocorticoid receptor in which
one monomer makes specific contacts with a consensus half-
site of the glucocorticoid response element (GRE), while the
other monomer interacts nonspecifically with a noncognate
element 86). Remarkably, the DNA site used for the
structure determination contains two consensus half-sites, but
the spacing between them is not optimal. In this case, then,
although the glucocorticoid receptor is primarily monomeric
in solution @4, 85), maintenance of the appropriate protein
protein contacts appears to be more important for complex
stability than specific interactions by both monomers with
their DNA half-sites. GCN4, which can bind both the AP-1
and CRE sites, is more flexible with regard to spacing
between half-sites than is the glucocorticoid receptor.
Nonetheless, when GCN4-56 binds to a DNA sequence
containing only a single consensus half-site, it appears to
form a complex similar to that observed in the glucocorticoid
receptor structure, in which one monomer makes specific
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