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Arranging quaternary structures by dimerization of monomers
is necessary for many sequence-specific DNA-binding proteins
to become functional. Upon dimer formation, the DNA con-
tacting regions of each monomer are positioned to a proper
orientation that facilitates efficient sequence-specific recognition
of DNA.! Several laboratories have reported model studies that
demonstrate the importance of such steric constraints by using
covalently bonded dimeric peptides.? However, natural proteins
dimerize with noncovalent interactions, and the equilibrium
governing the formation of dimers would be important for
regulation.’ Recent findings on the transcriptional control
mechanisms by heterodimer formation for the basic leucine-zipper
protein and the basic helix-loop-helix protein families also indicate
that the specificity in dimer formation regulates the sequence-
specific DNA binding of such proteins.* We report here synthetic
oligopeptides that bind to specific DNA sequences upon non-
covalent dimer formation. A peptide modified with 8-cyclodextrin
(8-CD) and a peptide withan adamantyl group form a heterodimer
mediated by formation of an inclusion complex between the 3-CD
and the adamantyl group, and the heterodimer binds to a specific
DNA sequence.

A 23-residue peptide (G23) derived from the DN A contacting
region of the transcriptional activator protein GCN4,% one of
the large family of DNA-binding proteins characterized by a
basic leucine-zipper structural motif, was used as a sequence-
specific DNA-binding domain. GCN4 binds tothespecific DNA
sequence upon formation of dimer, which is mediated by a parallel-
coiled coil assembly of each leucine-zipper domain.® Our design
for effecting noncovalent dimer formation is a host—guest inclusion
complex of B-CD and its guest compound. Modification of the
C-terminal cysteine residue of G23 with mono-6-deoxy-6-iodo-
B-cyclodextrin® afforded G23-CD, while modification with
N-(bromoacetyl)-1-adamantanemethylamine gave G23-AD (Fig-
ure 1).7 It has been shown that 1-adamantaneacetic acid forms
a 1:1 inclusion complex in water with 8-cyclodextrin with a
dissociation constant of 5 X 10-5 M.} We have tested whether
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Figure 1. Schematic representation of an inclusion complex of G23-AD
and G23-CD and the amino acid sequence of G23.

this level of interaction could effect the DNA binding of peptides
containing the basic region sequence of GCN4,

Sequence-specific DNA binding of G23-CD and G23-AD are
studied by gel mobility shift assay (Figure 2).* The basic region
peptide with the adamantyl group, G23-AD, did not show any
detectable binding to the 32P-end-labeled DNA fragment con-
taining native GCN4 binding sequence (CRE)!? at the concen-
trations we have studied. Incontrast, binding mixtures containing
a 1:1 mixture of G23-AD and G23-CD show gradual appearance
of a complex with lower electrophoretic mobility than CRE (lanes
8,9, and 10, Figure 2A). The formation of a mobility-shifted
band by the 1:1 mixture of G23-AD/G23-CD was inhibited on
addition of free 3-CD (lanes 14-16) or 1-adamantanemethylamine
(lanes 11-13) to the binding mixture. These results strongly
indicate that G23-AD and G23-CD form a heterodimer mediated
by formation of an inclusion complex between 8-CD and the
adamantyl group.!' Interestingly, G23-CD alone effected ap-
pearance of a mobility-shifted band with lower electrophoretic
mobility than that of G23-AD/G23-CD (lanes 6 and 7), possibly
through binding of G23-CD homodimer to CRE.!? However,
formation of the binding complex was far less efficient than that
observed for the G23-AD/G23-CD mixture (lanes 7 and 10).
Specific binding of the G23-AD/G23-CD complex to CRE was
confirmed by gel mobility shift competition assay® with nonra-
diolabeled CRE, an oligonucleotide containing an AP-1 site,!?
and an oligonucleotide without native GCN4 binding sequence'*
(Figure S2).

Binding of the G23-AD/G23-CD mixture to the CRE sequence
was further characterized by deoxyribonuclease I (DNase I)
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Figure 2. Gel mobility shift assay showing the binding of G23-AD/G23-CD to **P-end-labeled CRE, and inhibitions of the binding of G23-AD/G23-CD
on addition of §-CD or adamantanemethylamine. Lane 1, no peptide; lanes 2, 3, and 4, 10, 50, and 100 nM G23-AD; lanes 5, 6, and 7, 10, 50, and
100 nM G23-CD; lanes 8, 9, and 10, 10, 50, and 100 nM each of G23-AD and G23-CD; lanes 11-17 contain 200 nM each of G23-AD and G23-CD;
lanes 11-13, 1000, 100, and 10 uM adamantanemethylamine; lanes 14-16, 1000, 100, and 10 uM 8-CD. Binding reactions were carried out in the
presence of the indicated peptide with <1 nM labeled CRE in a binding mixture (20 xL) containing 20 mM Tris-HCI (pH 7.5), 4 mM KCl, 2 mM
MgCly, | mM EDTA, 20 uM poly(dI-dC), and 6% sucrose. The binding mixtures were incubated at 4 °C for 30 min, and an aliquot (5 L) of each
binding mixture was directly loaded onto 8% nondenaturing acrylamide gel (29:1 acrylamide/bis-acrylamide), run in 1/5 TBE buffer (20 mM Tris,

20 mM boric acid, and 0.4 mM EDTA) at 4 °C, and analyzed by autoradiography.
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Figure 3. DNase I footprint of the CRE site by G23-AD/G23-CD
complex. Brackets denote the native GCN4 binding sequence. Lanes
1-7,5"-32P-end-labeled 46-mer top strand; lanes 8-14, 5-32P-end-labeled
46-mer bottom strand; lanes 7 and 8, intact DNA; lanes 6 and 9, Maxam-—
Gilbert chemical G+A reaction; lanes 1-5 and 10-14, DNA digested
with DN Asel; lanes 5and 10, no peptide; lanes 4 and 11, 50 mM peptide;
I anes 3 and 12, 100 nM peptide; lanes 2 and 13, 200 nM peptide; lanes
1 and 14,300 nM peptide, Reaction mixture contained 20 mM Tris-HCI
(pH 7.5), 4 mM KCI, 2 mM MgCl;, 1 mM CaCly, 20 uM poly(dI-dC),
20 000 cpm **P-end-labeled DNA, and a 1:1 mixture of G23-AD/G23-
CD, where indicated, in 20 uL total volume. Nuclease digestion was
initiated on addition of 1 unit of DNase I (Takara) 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, run on 12% sequencing acrylamide
gel, and analyzed by autoradiography.

footprinting's and circular dichroism (CD) spectroscopy. As
shown in Figure 3, the G23-AD/G23-CD mixtureshowed distinct
protection at the whole native GCN4 binding sequence (5'-
ATGACGTCAT-3') for bothstrands. The basicregion of GCN4
has disordered structure in the absence of a specific DNA sequence
but is structured upon binding to a specific DNA sequence.22.5.16
The negative CD signal at 222 nm, corresponding to an a-helical
structure, was increased significantly on addition of CRE to the
1:1 mixture of G23-AD/G23-CD (Figure 4). The difference
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Figure 4. Circular dichroism spectroscopy results for the G23-AD/G23-
CD complex bound to CRE. The spectra indicate that the G23-AD/
G23-CD complex is helical when bound to CRE. G23-AD/G23-CD
(®), G23-AD/G23-CD bound to CRE (0), and G23-AD/G23-CD in
the presence of NON (0). Spectra of G23-AD/G23-CD in the presence
of CRE or NON were calculated as the difference between the bound
spectrum and free CRE or NON spectrum. CD spectra were obtained
at4 °Cina l-mm cell. Samples contained 20 mM Tris-HCI (pH 7.5),
4 mM KCI, 2 mM MgCl,, | mM EDTA, 4 gM each of G23-AD and
G23-CD, and 5 uM CRE or NON when present.
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spectrum indicates that G23-AD and G23-CD become almost
helical upon binding to CRE, as has been observed for native
GCNA416 and the covalently bonded GCN4 basic region dimer.22
Nosuch change of CD signal at 222 nm was observed on addition
of the nonspecific oligonucleotide NON.!# Thus the peptide G23
0f G23-AD/G23-CD heterodimer contacts to DNA with the same
recognition mechanisms as observed for the basic region of native
GCN4g bie

in summary, we have shown that §-cyciodextrin and its guest
compound can be used to generate an efficient heterodimerization
module. Our strategy of coupling the host-guest inclusion
complex with small peptides would be quite useful for arranging
functional quaternary structures of artificial proteins in aqueous
solutions.
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