J. Am. Chem. Soc. 1994, 116, 11137—11138 11137

Communications to the Editor

Recognition of Nonpalindromic DNA Sequence by a
Peptide Heterodimer with Artificial Dimerization
Module

Masaru Ueno, Mamoru Sawada, Keisuke Makino, and
Takashi Morii”

Department of Polymer Science & Engineering
Kyoto Institute of Technology
Matsugasaki, Sakyo-ku, Kyoto 606, Japan

Received July 6, 1994

Sequence-specific DNA binding of the gene regulatory protein
is often mediated by dimeric species. Recent studies on the
action of basic-helix-loop-helix and basic-leucine-zipper (bZIP)
proteins have demonstrated an important role of the heterodimers
in the conuol of specific gene activation.! While the mecha-
nisms by which protein homodimers recognize the palindromic
DNA sequences have emanated from the X-ray crystallographic
studies of many protein—DNA complexes,”? it has yet to be
established whether the protein heterodimers could recognize
nonpalindromic DNA sequences.* The heterodimer formation
is a consequence of the specific protein—protein interaction
between two different monomers. Thus, a prerequisite for DNA
binding of the heterodimer is a module that appropriately
controls such specific protein—protein interactions. We report
here a sequence-specific DNA binding of peptide heterodimers
with an artificial dimerization module’® consisting of a f-cy-
clodextrin (5-Cd) and its guest compound. Because it is the
host—guest inclusion complex that regulates the dimerization,
attaching 3-Cd to one peptide and a guest molecule to another
peptide will allow a specific formation of peptide heterodimer.

We used peptides corresponding to the basic region of the
yeast transcriptional activator GCN4® (G23) and an enhancer
binding protein C/EBP7 (C23) to study the DNA binding of
heterodimer, since the basic region peptides of bZIP proteins
alone are sufficient for the sequence-specific DNA binding when
covalently®~!" or noncovalently dimerized.” Modification of
the C-terminal cysteines of the peptides with mono-6-deoxy-
6-iodo-f-cyclodextrin (Cd) or N-bromoacetyl-1-adamantanem-
ethylamine (Ad) afforded four different peptides (G23Ad,
G23Cd, C23Ad, and C23Cd) that are capable of forming specific
homo- (G23Ad/G23Cd and C23Ad/C23Cd) and heterodimers
(C23Ad/G23Cd and C23Cd/G23Ad).*'* GCN4 and C/EBP are
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Figure 1. DNase I footprinting'* pattern of the nonpalindromic CE/
CR sequence by the homo- and heterodimers, indicating specific binding
of the heterodimers C23Ad/G23Cd and C23Cd/G23Ad at the CE/CR
sequence. The bracket denotes the nonpalindromic CE/CR sequence.
Lane 1, no peptide; lane 2, Maxam—Gilbert chemical G + A reaction;
lanes 3, DNase I digestion with no peptide; lanes 4—6, C23Ad/G23Cd
(50, 150, and 300 nM); lanes 7—9, C23Cd/G23Ad (50, 150, and 300
nM); lanes 10—12, G23Ad/G23Cd (50, 150, and 300 nM); and lanes
13—15, C23Ad/C23Cd (50, 150, and 300 nM). DNA was 5"-end-
labeled with polynucleotide kinase."” Reaction mixture contained 20
mM Tris-HCI (pH 7.5), 4 mM KCI, 2 mM MgCl, 1 mM CaCl,, 20
#M poly(dI-dC), 20 000 cpm singly 5'-"*P-end-labeled 46-mer DNA
(5-TCGAATTCCACAGTGAGAAATGACGCAATCCAGACTTA-
GGATCCGC-3', double-stranded) containing CE/CR sequence, and 1:1
peptide dimer where indicated, in 20 uL total volume. Nuclease
digestion was initiated on addition of 1 unit of DNase I on ice and was
quenched by addition of 20 uL of 0.6 M NaOAc, 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.

known to recognize palindromic sequences with a half-site of
5'-ATGAC-3" (CRE) and 5-ATTGC-3" (CE), respectively."?
Combination of these half-sites gives a nonpalindromic sequence
(CE/CR), 5'-ATGACGCAAT-3’, for the target of the peptide

‘heterodimer.

Specific recognition of the nonpalindromic DNA sequence
by heterodimers was tested by using deoxyribonuclease (DNase)
1 footprinting'* (Figure 1). Both C23Ad/G23Cd (lanes 4—6)
and C23Cd/G23Ad (lanes 7—9) show specific protection at the
CE/CR sequence. In contrast, G23Ad/G23Cd partially protects
the canonical ATGAC half-site of the CE/CR sequence (lanes
11 and 12), and no protection is observed at the 3"-side of the
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Figure 2. Titration of gel shift!” for the basic region heterodimer
C23Cd/G23Ad (A) and the homodimer C23Ad/C23Cd (B) to CECR21
(@), CRE21 (O), and CE21 (a) oligonucleotides. Extent of satur-
ation for double-stranded oligonucleotides CECR21 (5-CGG-
ATTGCGTCATDTTITTTTC-3"), CRE21 (5-CGGATGACGTCAT-
TTTTTTTC-3"), and CE21 (5-CGGATTGCGCAATTTTTTTTC-3')
was obtained by averaging data from duplicate experiments. Binding
reactions were carried out in the presence of the indicated peptides
with <100 pM 5’-32P-labeled oligonucleotide in a binding mixture
containing 20 mM Tris-HC! (pH 7.5), 4 mM KC], 2 mM MgCl, 1
mM EDTA, and 6% sucrose. The binding mixtures were incubated at
4 °C for 30 min, and an aliquot (5 uL) of each binding mixture was
directly loaded onto an 8% nondenaturing acrylamide gel (29:1
acrylamide/bisacrylamide) and run in TBE buffer (20 mM Tris, 20 mM
boric acid, and 0.4 mM EDTA) at 4 °C, and the increase of the mobility-
shifted band was quantitated by the densitometry of the autoradiogram.

nonmatched ATTGC sequence.!6 Another homodimer, C23Ad/
C23Cd, shows no obvious protection against the DNase I
digestion at the CE/CR sequence (lanes 13—15).

Binding selectivity of the homo- and heterodimers to the
palindromic and nonpalindromic DNA sequences was compared
by titration of the gel shift!” (Figure 2). The heterodimer
C23Cd/G23Ad preferentially binds to the CE/CR sequence over
the palindromic CRE and CE sequences (Figure 2A). Ho-
modimers G23Ad/G23Cd and C23Ad/C23Cd bind to the
palindromic CRE? and CE sequences, respectively. However,
both homodimers bind to the nonpalindromic CE/CR sequence
as well, and, especially, C23Ad/C23Cd shows comparable
affinity to the CE/CR and CE sequences (Figure 2B).13 These
results, together with the partial footprinting obtained for the
G23 homodimer at CE/CR sequence, indicate an existence of
half-matched binding complexes for DNA binding of the homo-
and heterodimers.

Peptide structures of the matched and half-matched binding
complexes were next analyzed by circular dichroism (CD)
spectroscopy. Homodimers G23Ad/G23Cd’ and C23Ad/C23Cd
(Figure 3B) bind to each palindromic binding site, CRE and
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Figure 3." Circular dichroism difference spectra for the heterodimer
C23Cd/G23Ad (A) and the homodimer C23Ad/C23Cd (B). The spectra
indicate that the C23Cd/G23Ad complex is helical when bound to the
nonpalindromic CE/CR sequence. Spectra in the absence of DNA
(- - -) and in the presence of CECR21 (@), CRE21 (O), and CE21 (&)
at4 °C. Spectra of the dimers in the presence of oligonucleotides were
calculated as the difference between the bound spectrum and a spectrum
of the respective free oligonucleotide.>®® Samples contained 20 mM
Tris-HCI (pH 7.5), 4 mM KCl, 2 mM MgCl,, 1 mM EDTA, 4 uM
each of Ad and Cd peptides, and 5 uM oligonucleotide duplex when
present. {6}, the mean residue elipticity (deg cm? dmol™!). Spectra
were the average of 32 scans and were corrected with a spectrum of
buffer alone but not smoothed.

CE, respectively, predominantly in the &-helical conformation
as observed for the native bZIP proteins.!»? With C23Cd/
G23Ad, the intensity of the CD signal at 222 nm attributable
to the helical band increased significantly in the presence of
CECR21 (Figure 3A). The intensity of the helical band for
C23Cd/G23Ad in the presence of CECR21 is comparable to
that observed for C23Cd/C23Ad in the presence of CE21 (Figure
3B), suggesting that each monomer of C23Cd/G23Ad binds the
CE/CR sequence in the a-helical conformation. The helical
band intensity of the heterodimer in the presence of the
palindromic sequence (CRE21 or CE21) is about half that
observed for the CE/CR sequence (Figure 3A). This is also
the case with the C23Ad/C23Cd in the presence of CECR21
(Figure 3B). Thus, the structure of the half-matched binding
complex is partially helical, and most likely only the monomer
at the matched half-site is in the a-helical conformation.

In summary, our results demonstrate that the heterodimer of
basic region peptides specifically recognizes the nonpalindromic
DNA sequence in the helical structure. Efficiency of the
sequence discrimination by the peptide dimers depends on a
stability of the half-matched binding complex. However,
structures of the matched and half-matched binding complexes
differ from one another. Such subtle differences in structures
would be critical for the subsequent specific protein—protein
interactions that control the gene activation events.
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