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Al~tract--DNA binding of covalently bonded peptide dimers was studied by using enantiomeric and C2-symmetric templates as 
a dimerization module. Amino acid sequence of the peptide is derived from that of DNA contact region of the basic leucine 
zipper protein GCN4. These peptide dimers were designed to possess different constraints with respect to the orientation of two 
peptides. The basic region peptides were covalently linked to the enantiomeric template at the C-terminal ends. Two peptides 
are arranged either in a right-handed or left-handed geometry depending on the chirality of the template. The GCN4 basic region 
dimers with both right-handed and left-handed geometries show equal affinity to the native GCN4 binding DNA sequences, 5'- 
ATGACTCAT-Y and 5'-ATGACGTCAT-3', as revealed by the gel mobility shift assay. Specific recognition of the palindromic 
DNA sequence by the peptide dimers was confLrmed by the DNase I footprinting. Circular dichroism spectroscopic study 
indicates that the basic region peptides bound the target DNA sequence in a helical conformation. The degree to which a chiral 
constraint effects may depend on the geometry of two DNA binding domains in the parent protein-DNA complex and on a 
position to apply the chiral constraint. 

Introduction 

One of the fundamental questions in understanding gene 
regulation is the mechanism by which transcription 
factors recognize particular DNA sequences. Despite 
recent progress in structural and biochemical studies of 
the sequence-specific DNA binding proteins, a 
universal code for the recognition between proteins and 
nucleic acids has yet to be generalized, t However, 
these studies have revealed several features of how the 
proteins recognize specific DNA sequences. For 
example, the proteins use relatively small regions to 
directly contact several base pairs of DNA, and most of 
the sequence-specific DNA binding proteins become 
functional in dimeric or oligomeric forms. The first 
characteristic is well demonstrated by the discovery of 
growing numbers of DNA-binding motifs, such as helix- 
turn-helix, 1"2 homeo-domains, 1"3 basic-leucine zippers 
(bZIP)/'4 basic-helix-loop-helix (bHLH), t'5 and at least 
three types of zinc fingers) '6 These motifs tend to use 
a-helices in the direct-contact to the DNA major 
groove. Because most of the direct contacts between 
the amino acids and nucleic acid bases are made 
within such recognition helices, the rest of the proteins 
can be regarded as an architecture to position the 
recognition helices at a proper geometry with respect to 
the specific DNA sequences. Ib Formation of a well 
ordered dimer would determine the relative orientation 
of each monomer. Thus, positioning of the recognition 
helices is further constrained by such a quaternary 
structure formation. The shape and size of the 

dimerization module would be critical for the final 
positionings of the recognition helices. 

We are interested in the question of how the three- 
dimensional shape of the dimerization module could 
contribute to sequence-specific DNA recognition by 
protein dimers. 7 In the simplest case, the direct DNA- 
reading head can be regarded as a simple a-helix. 
There are at least two types of constraints possible for 
arranging two a-helices upon formation of a dyad 
symmetric protein dimer. One is a constraint of the 
polarity that allows two orientations, either in an N- 
terminal to N-terminal (N-N) or in a C-terminal to C- 
terminal (C-C) arrangement for two helices. Another 
one is a chiral constraint that defines a right-banded or 
a left-handed arrangement of two helices with respect 
to the C2 axis perpendicular to the major groove of 
DNA. Combination of these constraints results in four 
different types of dimers (Fig. 1). Our approach to the 
evaluation of the role of the three-dimensional 
constraints on dimer formation uses enantiomeric 
templates as a covalently bonded dimerization module. 7 
By using the enantiomers of C2 chiral template and 
tethering either at the C-terminal or N-terminal of 
peptides, four differently constrained peptide dimers are 
obtained. We have used this approach to evaluate the 
DNA binding of peptide dimers derived from the basic 
region of bHLH protein, MyoD. 7 It has been 
demonstrated that only one of the four differently 
constrained peptide dimers binds specifically to a DNA 
sequence that is recognized by native MyoD. 
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Specifically, both right-and left-handed C--C dimers 
bind the DNA sequence recognized by the native 
MyoD. However, competition experiments with the non- 
specific competitor DNA have revealed that the peptide 
dimer with right-handed and C-C constraints binds 
more specifically to the native MyoD binding sequence. 
In fact, a recent report on a crystal structure of MyoD 
bHLH domain-DNA complex proved that the basic 
region of the MyoD dimer lies in the major groove of 
DNA in the C--C orientation and right-handed 
geometry) 

A B C D 

Figure 1. Schematic diagram showing the left-handed (A and C) and 
right-handed (B and D) arrangements and N-terminal to N-terminal 
(A and B) and C-terminal to C-terminal (C and D) arrangements d 
geometrically constrained peptide directs. Arrows represent the 

peptides with N-terminal to C-terminal polarity. 

In order to study the role of chiral constraint of protein 
dimers for sequence-specific DNA binding further, it is 
desirable to use a peptide derived from other 
structurally well characterized DNA binding proteins. 
The basic-leucine zipper (bZIP) motif contains a DNA 
contact region rich in basic amino acid residues (basic 
region) and a dimerization element (leucine zipper 
domain)? '4"9 Dimerization is mediated by a parallel 
coiled-coil formation of the leucine zipper domain, and 
the basic region contains sufficient information for 
specific DNA binding) ° Several synthetic DNA-binding 
peptides have been reported by using the basic region 
of bZIP protein. These include GCN4 basic region 
peptide dimers with disulfide linkages, I° with a metal 
complex as a dimerization module) I and with a non- 
covalent dimerization module, n DNA binding of 
disulfide-bonded basic region dimers with reversed 
polarity I~ and with tandem configuration ~3b has also 
been reported. Because most of the dimer models are 
constrained only by the distance between two 
monomers, it would be interesting to compare our 
system by using the same bZIP type DNA binding 
peptides. We report here the synthesis and DNA binding 
studies of geometrically constrained peptide dimers 
derived from the basic region of a yeast transcriptional 
activator GCN4. Peptide dimers with different three- 
dimensional shapes are obtained by changing the 
chirality on the covalent dimerization module. The 
peptide dimers with native-like configuration bind the 
DNA sequences that are recognized by GCN4. Unlike 
the case of the geometrically constrained dimers with 
the DNA binding region of MyoD, the peptide dimer 
with either right-handed or left-handed geometry binds 
equally to the GCN4 binding sequences. Thus, the 
effect of the chiral constraint for the DNA binding of 
peptide dimers may vary depending on the three- 
dimensional structures of the parent protein-DNA 
complexes and on a position to apply the chiral 
constraint. 

Experimental 

Materials 

R,R-and S,S-DHP (la and lb) were synthesized as 
described previously. TM Pentafluorophenyl esters of 
protected Fmoc (9-fluorenylmethoxycarbonyl) amino 
acid were obtained from Novabiochem. 1- 
Hydroxybenzotriazole (HOBO was from Nakaraitesque. 
PAL resin (0.36 mraol g-~) were from Milligen. 
Dimethylformamide was dried over Call2, distilled from 
ninhydrine at 55 °C under reduced pressure, and stored 
over molecular sieves 4 A. Protected nucleoside 
phosphoramidites were from Milligen. 1"4 polynucleo- 
tide kinase was obtained from Toyobo. DNase I was 
from Takara. Poly(dI-dC) was from Pharmacia. [T- 
32P]ATP was from Amersham. BSA was from 
Clonetech. HPLC grade acetonitrile (Nakaraitesque) 
was used for both analytical and preparative HPLC. A 
reagent grade Milli-Q water was used throughout the 
experiments. Gel electrophoresis grade acrylamide, 
bisacrylamide, and urea were obtained from Wako 
Chemicals. All other chemicals were reagent grade and 
used without further purification. Sephadex G-10 and G- 
25 were obtained from Pharmacia. A reverse-phase C 18 
column (20 x 250 ram, Ultron VX-Peptide, Sinwa 
Chemical Industry) was used for purification of peptides 
and the peptide dimers for preparative purposes. 
Analytical HPLC were carried out on a reverse-phase 
C18 column (4.6 x 150 mm, Ultron VX-Peptide, Sinwa 
Chemical Industry). Oligonucleotides were purified on a 
reverse-phase C18 column (6 x 150 mm, Ultron VX- 
Nucleotide, Sinwa Chemical Industry). Proton NMR 
spectra were recorded at 500 MHz on a Bruker ARX500 
in D20. Chemical shifts are represented in parts per 
million relative to residual HOD. 

Synthesis of oligopeptide G23/C 

Oligopeptide G23/C was prepared from a single 
stepwise manual solid-phase peptide synthesis using 
pentafluorophenyl esters of Fmoc (9-flUOrenyl- 
methoxycarbonyl) amino acids (Novabiochem) and 1- 
hydroxybenzotriazole. ~5 Coupling reaction was 
performed with 0.3 g of PAL resin (0.36 mmol equiv, g-i) 
and Fmec amino acid pentafluorophenyl ester (0.25 
mmol) in the presence of 1-hydroxybenzotriazole (0.25 
mmol) in anhydrous DMF for 45 min. Completion of the 
coupling was monitored by the Kaiser test, 16 and the 
coupling reaction was repeated until completion. 
Removal of the Fmoc group was performed by 
treatment with 20% piperidine-DMF. The amino 
termini were acetylated with acetyl-imidazole and the 
peptides were c~eaved from the resin with a cleavage 
mixture containing bromotrimethylsilane (1.35 mL), 
thioanisole (1.2 mL), 1,2-ethanedithiol (0.6 mL) and m- 
cresol (0.2 mL) in trifluoroacetic acid (7.48 mL), then 
desalted by Sephadex G-10 chromatography in 5% 
acetic acid. Purification was done by reverse-phase 
HPLC with an Ultron VX-Peptide column (Sinwa 
Chemical Industry; 20 x 250 mm) and linear gradient of 
acetonitrile-water with 0.2% trifluoroacetic acid (8 to 



Sequence-specific DNA binding 779 

30% acetonitrile in 50 min; flow rate: 5 mL min-~). 
Amino acid sequence of G23/C is, Ac-DPAALKRARN- 
TEAARRSRARKLQC-NH 2. 

[Abbreviations for the amino acids are: A, Ala; C, Cys; 
D, Asp; E, Glu; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gin; 
R, Arg; S, Ser; T, Thr.] 

Reaction of chiral templates (la and lb) with 
oligopeptide G23/C 

A dimethylformamide solution (200 ~tL) of la  (3.7 mg, 
5 nmol) was added to an aqueous solution (0.1 M 
NaHCO3, pH 8.0, 800 ~tL) containing oligopeptide 
G23/C (15 nmol) at 0 °C under nitrogen atmosphere. 
The resulting solution was kept at 0 °C for 3 h, then 
allowed to warm up to room temperature and quenched 
with addition of acetic acid. Purification of the crude 
product by Sephadex G-25 (5% acetic acid as an 
eluent) and reverse-phase HPLC on an Ultron VX- 
Peptide column (Sinwa Chemical Industry; 20 x 250 
mm) with 0.2% trifluoroacetic acid-acetonitrile as an 
eluent yielded the disulfide-bonded dimer (G23/C)2, di- 
substituted CR (2a) and mono-substituted l a  (order of 
appearance in the chromatogram). Reaction of lb  with 
the peptide was carried out in a similar manner. CR 
(2a) ~H NMR (D20) 8 0.89 (m, 24H), 1.22 (d, 6H, J = 
6.2 Hz), 1.43 (m, 44H), 1.64 (m, 36H), 1.81 (m, 42H), 
2.06 (m, 16H), 2.02 (s, 6H), 2.35 (m, 2H), 2.39 (t, 4H, J 
= 7.6 Hz), 2.51 (t, 4H, J = 7.7 Hz), 2.90 (m, 16H), 3.19 
(m, 36H), 3.83 (m, 8H), 4.01 (d, 2H, J = 16.1 Hz), 4.15 
(d, 2H, J = 15.4 Hz), 4.30 (m, 46H), 4.48 (dd, 2H, J = 
7.2 Hz, 5.4 Hz), 4.75 (s, 2H), 4.95 (t, 2H, J = 6.9 Hz), 
7.45 (t, 2H, J = 7.4 Hz), 7.53 (d, 2H, J --- 7.3 Hz), 7.58 
(t, 2H, J = 7.2 Hz), 8.02 (d, 2H, J = 7.3 Hz). Amino 
acid analysis (cysteine was not determined); expected: 
D4T2S2E4AI2L4K4RI2P2, found: D4.00 TI.92 SL85 E3.99 AI2.28 L4.0~- 
K3.99Rpa4PL89. CS (2b) IH NMR (D20) 8 4.01 (d, 2H, J 
= 15.8 Hz), 4.13 (d, 2H, J = 15.8 Hz), 4.75 (s, 2H), 7.41 
(t, 2H, J = 7.5 Hz), 7.52 (d, 2H, J = 7.2 Hz), 7.59 (t, 
2H, J = 7.3 Hz), 8.00 (d, 2H, J = 7.3 Hz) (only signals 
derived from the template are listed). Amino acid 
analysis (cysteine was not determined); expected: 
D4T2S2E4At2L4K4RI2P2, found: D4.00TI.91St.~sE3.gaAI2.34L4.|2 - 
K4.00R|2.18 PL92 • 

Synthesis and 5'-end labeling of oligonucleotides GRE20, 
CRE21 and CRE46 

Oligonucleotides were synthesized on a Milligen DNA 
synthesizer with standard method and purified by 
reverse-phase HPLC on an Ultron VX-Nucleotide 
column (Sinwa Chemical Industry; 6 x 150 ram) with 
0.1 M triethylammonium acetate-acetonitrile as an 
eluent. The oligonucleotides were labeled by kinase 
reaction '7 using [y-32p]ATP (5000 Ci mmol -I) and T4 
polynucleotide kinase, followed by removal of 
unincorporated label over Sep-pak (Millipore Waters). 
The oligonucleotide was then denatured and annealed 
to a 2-fold molar excess of the opposite strand in 
25 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA at 
pH 8.0. Nucleotide sequences of the oligonucleo- 
tides used in the present study are CRE21 (5'- 

CGGATGACGTCAqHtTII rC-3 ' ) ,  GRE20 (5'- 
CGGATGACTCATITI'IqTFC-3'), and CRE46 (5'- 
TCGAATI'CCACAGTGAGA A ATGACGTCATC CAGA 
CTTAGGATCCGC-3': top strand). Sequences of only 
single strand are shown. 

Gel mobility shift assay 

Binding reactions were carried out in the presence of 
the indicated peptide dimer with -20 pM 5'-~2P-labeled 
oligonucleotide (double-stranded) in a binding mixture 
containing 20 mM Tris-HCl (pH 7.5), 4 mM KCI, 2 
mM MgC12, 2 mM EDTA, 10 ~tg mL -t BSA, 0.1% NP- 
40 and 5% glycerol. The binding mixtures were 
incubated at 4 °C for 30 rain, and an aliquot (8 gL) of 
each binding mixture was directly loaded onto an 8% 
nondenaturing acrylamide gel (29:1, acrylamide:bis- 
acrylamide), run in TBE buffer (20 mM Tris, 20 mM 
boric acid, and 0.1 mM EDTA) at 4 °C, and analyzed 
by autoradiography. Increasing concentration of the 
peptide dimer was used for the direct titration of band- 
shift. The increase of the mobility-shifted band was 
quantitated by the densitometry of the autoradiogram. 
Concentration of the peptide dimer was determined 
with an extinction coefficient at 270 nm (e270) of 17,000 
M -t cm-t, 7 and was confirmed by quantitative amino 
acid analysis with et-aminobutyric acid as an internal 
standard (Waters AccQ-Tag Chemistry Package, 
Millipore). 

Determination of dissociation constants 

Using an assumption that the peptide dimer binds with 
1:1 stoichiometry to the single recognition site present 
in each DNA, the binding may be represented by 
equations 1 and 2, 

K~ 
PD " P+D (1) 

PD 
K d = (2) 

(P)(D) 

where P represents the peptide dimer, D represents the 
DNA fragment, PD represents the peptide dimer-DNA 
complex, and Kd is the dissociation constant that 
governs the reaction. The ratio of bound to total DNA, 
represented as 0, can be written as: 

PD 
0= 

PD + D 
Substituting PD from equation 2 gives: 

(3) 

PT 
O = (4) 

r ,+PT 

where Pr is the total concentration of the peptide dimer. 
The Kd was obtained by fitting the experimentally 
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obtained binding data 0 to the theoretical equation 4 
with a nonlinear least-squares fitting program (Igor 1.25; 
WaveMetrics Inc., Lake Oswego OR). 

DNase l footprinting 

46-mer Double-stranded oligonucleotides, CRE46 were 
prepared as described above. Reaction mixture 
contained 20 mM Tris-HCl (pH 7.5), 4 mM KCI, 2 mM 
MgCI 2, 1 mM CaCI v 20 IxM poly(dI--dC), -20000 cpm 
singly 5'-32P-end-labeled CREA6, and peptide dimer 
where indicated, in 20 IlL total volume. Nuclease 
digestion was initiated on addition of 1 unit of DNase I 
on ice and was quenched by addition of 20 I~L of 0.6 M 
NaOAe, 10 mM EDTA and 0.4 mM calf thymus DNA 
after 30 s. Samples were purified by phenol--chloroform 
extraction and ethanol precipitation, suspended in 80% 
formamide loading dye, run on a 12% sequencing 
acrylamide gel, and analyzed by autoradiography. 

Measurement of CD spectra 

Spectra of the peptide dimers in the presence of 
oligonucleotides were calculated as the difference 
between the bound spectrum and a spectrum of the 
respective free oligonucleotide. CD spectra were 
obtained with a Jasco J-720 CD spectrometer at 4 °C in 
a 1 nun cell. Samples contained 20 mM Tris-HCl (pH 
7.5), 4 mM KCI, 2 mM MgCI2, 1 mM EDTA, 4 [tM 
peptide dimer, and 5 ~tM oligonucleotide duplex when 
present. Spectra were the average of 32 scans and were 
corrected with a spectrum of buffer alone but not 
smoothed. 

Results and Discussion 

Synthesis of geometrically constrained peptide dimers 

The dimerization domain of protein dimers, the helix- 
loop--helix module in the previous study 7 and the 
leucine zipper module in the present study, was 
replaced with C2-symmetric templates la  and lb  to 
synthesize geometrically constrained peptide dimers. 
These chiral templates are synthesized from (9R, IOR)- 
and (9S, 10S)-trans-9,10-dihydrophenanthrene-9,10-diol 
as previously r epor t ed .  7'14 Assuming that the biphenyl 
chromophore faces toward the groove of DNA, rather 
than being exposed to a solvent, t4 the (9R, lOR)-isomer 
would achieve a right-handed geometry of two DNA 
binding peptides, while (9S,10S)-isomer would achieve 
a left-handed geometry. The iodoacetyl group of l a  and 
lb  was used to generate a covalent linkage between 
the peptide and each chiral template through a specific 
reaction with a SH group of unique cysteine residue in 
the peptides. 

The amino acid sequence of 24-mer peptide G23/C is 
derived from that of the DNA contacting region (basic 
region) of the yeast transcriptional activator GCN4. 9 
Unique cysteine residue is incorporated at the C- 
terminal of the peptide. G23/C was synthesized as C- 

terminal amide and the N-terminal was acetylated. 
GCN4 is known to bind DNA as a homodimer with each 
basic region directly contacting the major groove of 
DNA. The dimerization is mediated through a coiled- 
coil structure at the leucine-zipper domain that is 
located at the C-terminal of the basic region. Since the 
three-dimensional structures of the complexes of GCN4 
and its cognate DNA binding sites are available, ~8 using 
the basic region of GCN4 for our system would be ideal 
to investigate an effect of different constraint induced 
by the chiral templates. Kim and co-workers have 
reported a minimum amino acid length required for the 
sequence-specific DNA binding of the basic region 
peptide dimer) °b According to their results, G23/C has a 
sufficient length to bind the GCN4 binding sequence at 
4 °C when arranged into a dimeric form through a (Gly- 
Gly-Cys-) 2 linkage at the C-terminal of the peptide. 

The coupling reaction between the sulfhydryl group of 
G23/C peptide and the iodoacetyl group of 
enantiomeric template ( la  and lb)  was carded out in 
an aqueous alkaline solution under nitrogen atmosphere 
at 0 °C. 7 The crude reaction mixture was purified with 
gel filtration and reverse-phase HPLC to give two 
differently constrained peptide dimers CR (2a) and CS 
(2b) (Fig. 2). Each dimer possesses different chirality 
in the arrangement of the G23/C peptide. Specifically, 
peptide dimer CR is expected to bind in a right-handed 
geometry, and the dimer CS to bind in a left-handed 
geometry. 

~:R=G2.VC 2b:l/ffiGl,.VC 

Figure 2. Structures of the GCN4 basic region dimers CR 
CS (2b~ 

( 2a ) and 

DNA binding of the basic region peptide dimers CR and 
CS 

It has been demonstrated that the native GCN4 dimer 
specifically binds 5'-ATGACTCAT-Y (GRE) and 5'- 
ATGACGTCAT-3' (CRE) sequences in a similar 
affinity. 19 Sequence-specific DNA binding of CR and 
CS dimers to the GRE and CRE sequences was 
compared by gel mobility shift assay. 2° Typical binding 
titration experiments are shown in Figures 3A and 4A. 
Equilibrium dissociation constants of the complexes 
formed between CR or CS and either CRE21 or GRE20 
were obtained by fitting a theoretical curve to the gel 
mobility shift titration data (Figs 3B and 4B). 

The results are summarized in Table 1. Apparent 
dissociation constants of the peptide dimers CR and CS 
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for the CRE sequence are almost identical. This is also 
the case for the GRE sequence. Thus, each GCN4 basic 
region dimer with either the right-handed (CR) or left- 
handed (CS) geometry shows almost identical affinity 
to the native GCN4 binding sequences. In the case of 
MyoD basic region dimers with the same chiral 
templates, the right-handed dimer showed slightly 
higher affinity to the native MyoD binding sequence. 7 
Possible explanations for the reason why these two 
systems yielded different results come from an 
inspection of the X-ray crystal structures of GCN4 and 
MyoD bound to their cognate DNA sequences, s'ts Both 
bHLH and bZIP proteins juxtapose the (x-helices rich in 
basic amino acid residues to contact DNA major 
groove. However, the way in which two basic regions 
are positioned in the GCN4 dimer is different from that 
in the MyoD dimer. The C-terminal portions of two 
basic regions of the GCN4 dimer are positioned next to 
each other because of the structural constraint induced 
by the leucine zipper coiled-coil. On the other hand, the 
C-terminal portions of two basic regions are separated 
further in the MyoD dimer. Such differences in the 
arrangements of DNA contacting regions in the parent 
protein-DNA complexes could yield different results for 
the MyoD system and GCN4 system. The C-terminal 
cysteine of G23/C corresponds to Arg249 in the native 

A 
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Figure 3. Determination of the dissociation constants for CRE2I-CR 
and CRE21--CS complexes using the gel mobility shift assay. A. 
Titration with increasing amounts of CR. Each reaction contained 
-20 pM 32p end-labeled CRE21 DNA. No CR was added to the 
reaction in lane I. CR concentrations in lanes 2--10, respectively, 
were: 0, 5, 20, 50, 200, 400, 500, 800, 1000, 2000 and 7000 pM. B. 
Quantitation of data for CRE21-CR and CRE21---CS complexes. 
Symbols represent average data from panel A and companion 
experiments. Open circles represent data for CR and the filled circles 
for CS. The solid curve is the best fit binding titration isotherm 
obtained from a nonlinear least-squares algorithm using 

equation 4 for CR and the dotted curve is for CS. 

A 
1 2  3 4 5  6 7  8 91011  

B 
1,0" 
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Figure 4. Determination of the dissociation constants for GRE20-CR 
and GRE20--CS complexes using the gel mobility shift assay. A. 
Titration with increasing amounts of CR. All reactions contained -20 
pM 32p end-labeled GRE20 DNA. No CR was added to the reaction in 
lane I. CR concentrations in lanes 2-10, respectively were: 0, 5, 20, 
50, 200, 400, 500, 800, 1000, 2000 and 7000 pM. B. Quantitation 
data for GRE20-CR and GRE20-CS complexes. Symbols represent 
average data from panel A and companion experiments. Open circles 
represent data for CR and the filled circles for CS. The solid curve is 
the best fit binding titration isotherm obtained from a nonlinear least- 
squares algorithm using equation 4 for CR and the dotted curve 

is for CS. 

Table 1. Dissociation constants obtained for binding 
complexes of CR and CS dimers to CRE21 and GRE20 

CR (nM)' CS InM)" 
CRE21 0.26 0.25 
GRE20 0.35 020 

"Obtained by fitting the experimentally obtained binding 
data at 4 °C to the theoretical equation. 

GCN4. It is notable that Arg249 of each monomer 
locates almost parallel in the complex between GCN4 
dimer and DNA. This parallel orientation of the C- 
terminal cysteine would make CR and CS dimers less 
sensitive to the effect of chiral template. 

Native GCN4 dimer binds both CRE and GRE 
sequences with comparable affinity. I~. Although 
structure of the dimerization domain is apparently 
different from that of the native GCN4, CR and CS 
dimers also bind the CRE and GRE sequences with 
almost identical affinity. Selective binding to the CRE 
sequence over the GRE sequence is reported for a 
metal complex mediated dimer of the GCN4 basic 
region peptide." In this case, the bulky metal complex 
itself would contribute significantly to the binding site 
selectivity. The GCN4 basic region dimers with 
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disulfide linkage, which would not possess any 
structural constraint other than the distance between 
two C-terminal ends, showed 2 to 3 fold greater affinity 
to the CRE sequence than that to the GRE sequence. ~°b 
It has been demonstrated that six amino acid residues 
in between the basic region and the leucine zipper, 
termed spacer segment, contribute to the CRE/GRE 
selectivity. 2m'22'23 The G23/C peptide contains only the 
fast three residues of the spacer segment. Thus, the 
basic region itself and structure of the enantiomeric 
template would be responsible for the observed 
selectivity of CR and CS dimers to the CRE and GRE 
sequences. 

DNase I footprinting study 

Sequence-specific DNA binding of CR and CS was 
analyzed at nucleotide resolution by using DNase I 
footprinting assay, u A 46-mer double-stranded DNA 
containing unique CRE sequence (CRF_.46) was used as 
a binding substrate. Figure 5 shows an autoradiogram of 
the footprinting study with the 46-mer DNA fragment 
that was 5'-32P end-labeled either at the top or bottom 
strand. A distinct footprinting pattern was marked at the 

CRE sequence in the presence of CR dimer (Fig. 5, 
lanes 4 to 6 and 13 to 16). Similarly, clear footprints 
were observed for CS as well (Fig. 5, lanes 1 to 3 and 
16 to 18). In addition, the size of footprint is almost 
equivalent to that observed for the GCN4 dimer, m°'nt~ 
The enhanced cleavage near the binding site, which is 
often observed in the DNase I footprinting experiments 
of DNA binding molecules, was also observed at the 
equivalent position to that observed for GCN4. Results 
from the gel mobility shift assay and the DNase I 
footprinting experiments clearly indicate that (i) both 
CR and CS bind the specific DNA sequences that are 
recognized by the native GCN4 dimer and (ii) the way 
in which the basic region peptide of CR and CS lies on 
the major groove of specific DNA sequence is quite 
similar to that observed for the native GCN4. 

Structure of the basic region peptides in the presence of 
specific DNA sequences 

The basic region of GCN4 gets structured in an c¢- 
helical conformation upon binding to the specific DNA 
sequence. Changes in the secondary structure of the 
peptides could be monitored from a differential CD 
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Figure 5, DNase I footprinting experiments with CR and CS on the 5'-aaP-labeled CRE46 at the top and at the bottom strand: lanes 1-9, labeled 
at top strand; lanes 10-18, labeled at bottom strand; lanes 9 and 10, intact DNA; lanes 8 and 1 I, G + A chemical reaction marker; lanes 7 and 
12, DNase I standard; lanes 4-6  and 13-15, 50, 100and 200nM CR, respectively; lanes 7-9 and 16-18, 50, 100 and 200 nM CS, respectively. 

The 5'-ATGACGTCAT-3' binding site is shown on the left and right sides of the autoradiogram. 
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Experimental section. 

spectrum that is obtained by subtracting the CD signal 
of free DNA from that of the peptide dimer-DNA 
complex. I°'H'12 The helical structure of peptides is easily 

27  
characterized by monitoring the CD signal at 222 nm, 
which is attributable to the helical band. Figures 6A 
and B show CD spectra of CR and CS, respectively, in 
the absence or presence of various oligonucleotides. 
The chiral templates show strong CD bands around 220 
nm which reflect the helicity of the bridged-biphenyl 
chromophore of l a  and l b )  4 The ehiral template l a  
exhibits a positive CD signal at 235 nm and a negative 
signal below 220 nm, while lb  displays signals with the 
opposite sign. Although the CD signal from the chiral 
template interferes with the calculation of an exact 
helical content of  the bound peptide, we can judge the 
conformational change of the peptide at least in a 
qualitative manner. The DNA-bending properties of 
many bZIP proteins, including Fos and Jun, have been 
reported.TJHowever, it has been shown that binding of 
GCN4 to the CRE sequence does not accompany the 
DNA-bending. 23" Because little change was observed in 
the differential CD spectra above 260 nm (Figs 6A and 
6B), it is likely that no major DNA structural distortion 
occurred upon binding of CR and CS to the CRE 
sequence. The CD signal at 222 nm changed little in 
the presence of the oligonucleotide NON. In contrast, 
intensity of the helical band increased significantly in 
the presence of a stoichiometric amount of CRE21 for 
both CR and CS. The helical band increased only in the 
presence of the CRE and/or GRE sequences. These 
results indicate that the G23/C peptide of CR and CS 
dimers recognize DNA sequences in a similar 
mechanism as observed for the native GCN4 dimer. 

C o n c l u s i o n  

We have synthesized geometrically constrained dimers 
of a peptide derived from GCN4 by using enantiomeric 
templates. These peptide dimers show the sequence 
specific DNA binding identical to that of GCN4. 

Changing the chirality for the arrangement of the 
peptide did not show any effect on the DNA binding of 
the GCN4 basic region peptide dimer. The result is 
different from that observed for the peptide dimers 
derived from MyoD. Our results on the DNA binding of 
the MyoD basic region dimers and GCN4 basic region 
dimers indicate that an effect of changing the chirality 
for the arrangement of a pair of peptides is rather small 
as compared to that of changing the polarity. However, 
the degree to which the chiral constraint effects may 
depend on (i) the geometry of two DNA binding 
domains in the native protein-DNA complex and (ii) a 
position to apply the chiral constraint. 
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