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ABSTRACT

Many nucleic acid binding proteins use short
peptide sequences to provide specificity in recog-
nizing their targets, which may be either a specific
sequence or a conformation. Peptides containing
alternating lysine have been shown to bind to
poly(dG–d5meC) in the Z conformation, and
stabilize the higher energy form [H. Takeuchi,
N. Hanamura, H. Hayasaka and I. Harada (1991)
FEBS Lett., 279, 253–255 and H. Takeuchi,
N. Hanamura and I. Harada (1994) J. Mol. Biol.,
236, 610–617.]. Here we report the construction of
a Z-DNA specific binding protein, with the peptide
KGKGKGK as a functional domain and a leucine
zipper as a dimerization domain. The resultant
protein, KGZIP, induces the Z conformation in
poly(dG–d5meC) and binds to Z-DNA stabilized by
bromination with high affinity and specificity. The
binding of KGZIP is sufficient to convert poly(dG–
d5meC) from the B to the Z form, as shown by
circular dichroism. The sequence KGKGKGK is
found in many proteins, although no functional
role has been established. KGZIP also has potential
for engineering other Z-DNA specific proteins for
future studies of Z-DNA in vitro and in vivo.

INTRODUCTION

The use of structurally separate domains to make up the
function of a protein may be best illustrated by the general
class of nucleic acid binding proteins. Domains providing
target specificity are clearly separable from other domains.
Specificity and affinity for a target may be provided by a
properly arranged stretch of basic residues (1,2). For example,
the basic leucine zipper family (bZIP), one of the best-
characterized families of DNA binding motifs, consists of a

N-terminal basic region and a C-terminal leucine zipper
dimerization region (3,4). Mix-and-match experiments have
demonstrated that the sequence specificity of bZIP depends
entirely on the N-terminal basic region (5–7). This region
retains some sequence specificity even when the leucine
zipper is removed (8). Thus, the bZIP family is ideal for pro-
tein engineering designed to obtain new sequence-specific
DNA-binding proteins.

In another example, arginine-rich RNA binding regions of
RNA binding proteins are found in many viruses, as in the
Rev protein of human immunodeficiency virus (HIV). This
region is not only responsible for target specificity, but also
retains binding affinity as tight as that of the isolated intact
protein (9–11). Short a-helical peptides corresponding to
the arginine-rich RNA binding domain from the Rev protein
of HIV are able to bind the rev responsive element (RRE)
specifically, and are sufficient for a high binding affinity,
comparable to that of Rev (10).

Many small peptides, either artificially designed or derived
from natural nucleic binding proteins, have been tested for
sequence or conformational specificity (8,12–17). One such
family, short peptides of alternating lysine, has been shown
to bind to and stabilize poly(dG–d5meC) in the Z confor-
mation under nearly physiological conditions (12,13). These
peptides can also stabilize triplex-helical nucleic acids at
millimolar concentrations and low pH (18).

Not all amino acids alternating with lysine result in Z-DNA
binding peptides. Only peptides containing small and
relatively flexible amino acids such as alanine and glycine
have an ability to induce the B–Z transition. Bulky amino
acids such as tyrosine, phenylalanine or valine interfere
with binding (13). Proper spacing between the positively
charged lysines is therefore important to the activity of the
peptide. A model for the binding of peptide can be derived
from the conversion of poly(dG–d5meC) to the Z form in
the presence of high salt or small positively charged
molecules such as spermidine (19). Both multivalent cations
and spermidine stabilize the Z-DNA conformation of
poly(dG–d5meC) because they shield the more closely

*To whom correspondence should be addressed. Tel: +1 617 253 4710; Fax: +1 61 258 8299; Email: kytsing@mit.edu

� 2006 The Author(s).
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Published online 18 September 2006 Nucleic Acids Research, 2006, Vol. 34, No. 17 4937–4942
doi:10.1093/nar/gkl607

http://creativecommons.org/licenses/


spaced phosphates in the Z-DNA backbone (20). Takeuchi
et al. (12,13) have proposed that the cooperative shielding
of phosphate backbones of Z-DNA by properly spaced lys-
ines can stabilize the Z-DNA conformer, and thereby alter
the B–Z equilibrium of poly(dG–d5meC).

In this report, we replaced the basic region of the con-
sensus bZIP with the heptamer KGKGKGK to produce
an artificial Z-DNA binding domain, KGZIP. The Z-DNA
binding activity of the peptide was characterized by circular
dichroism, gel mobility shift assay and surface plasmon res-
onance (Biacore AB). KGZIP binds to Z-DNA specifically
and with high affinity, even in the presence of a large excess
of B-DNA competitor. Binding of poly(dG–d5meC) by
KGZIP is sufficient to convert the DNA to the Z conforma-
tion. The heptapeptide (KGKGKGK) may be sufficient to
provide Z-DNA specificity to many proteins that contain it.

MATERIALS AND METHODS

Preparation of peptides

An alternating lysine heptamer, Lys-Gly-Lys-Gly-Lys-Gly-
Lys (KGKGKGK), was synthesized using F-Moc chemistry.
KGZIP, consisting of KGKGKGK and the consensus leucine
zipper sequence deduced from the work of O’Neil et al. (21)
connected by a four-glycine linker (Figure 1), was synthes-
ized by the same method. Peptides were further purified
by HPLC. The quality of the peptides was confirmed by
MALDI mass spectroscopy. The concentrations of peptides
were determined by amino acid analysis.

Circular dichroism spectra measurement

Peptides were dissolved in TE buffer [10 mM Tris–HCl
(pH7.4) and 1 mM EDTA]. Poly(dG–d5meC) (Pharmacia)
was dissolved in TE buffer and its concentration determined
by absorbance at 255 nm (Gill et al., 1974). DNA was diluted
at least 20-fold in buffer A [10 mM Tris–HCl (pH 7.4) and
10 mm KF] for analysis. CD spectra were taken on an
AVIV model 202. The background CD spectrum of buffer
A was taken for base line calibration, before adding nucle-
otides and peptides. The measurements were carried out
using 100 mM (nucleotide) of DNA at 25�C in a 5 mm quartz
cell. Spectra were recorded at 1 nm interval averaged over
3 s. The peptide was then added to the sample from the con-
centrated stock solution. The maximum volume of peptide
added to the sample did not exceed 5% of the total volume.
For equilibrium measurements, samples were heated at 50�C
for 5 min then cooled to 25�C for 10 min before CD spectra
were taken. As described elsewhere (12,13), heating is essen-
tial to achieve quick conformational equilibration. Kinetic
measurements of time-dependent conformational change of
the polynucleotides by KGZIP were carried out using
100 mM DNA and 16 mM KGZIP. After mixing the DNA

and peptide, CD spectra were taken at 25�C immediately
and after several time intervals.

Gel mobility shift assay

The assay was carried out using d(5BrC-G)20 as a Z-DNA
substrate, which is stable in the left-handed Z-DNA con-
formation under all conditions uses in these studies, as deter-
mined by circular dichroism spectroscopy (22,23). Briefly,
a short DNA primer, d(G-5BrC)6, was end-labeled with
[g-32P]ATP using T4 polynucleotide kinase (New England
Biolab) for 1 h at 37�C. The synthetic DNA oligomer,
d(G-5BrC)20 served as a template. Typically, primer and tem-
plate were mixed at 25�C for 20 min prior to adding Klenow
DNA polymerase. DNA polymerization was then carried out
in the presence of d5BrCTP (Roche) and dGTP at 25�C for
1 h. The labeled Z-DNA was separated from unincorporated
nucleotides and short DNA species by nondenaturing PAGE
in a 6% gel. The labeled Z-DNA typically migrates as a sin-
gle band and comigrates with 40–60 bp markers. The labeled
Z-DNA was purified from the gel and used for gel mobility
shift assays in this study.

Various concentrations of KGZIP (7.8–1000 nM) were
mixed with <10 pM of Z-DNA substrate in binding buffer
B [10 mM Tris–HCl (pH 8.0), 50 mM KCl, 5 mM DTT,
5% glycerol and 50 mg/ml BSA]. The reaction was incubated
at 22�C for 30 min. Then the mixture was analyzed on a 5%
native polyacrylamide gel run in 0.5· TBE buffer (22.5 mM
Tris–borate and 1 mM EDTA). After electrophoresis, the
gel was dried and autoradiographed at �70�C on Kodak
X-OMAT film.

BIAcore measurement

The binding affinity of artificial Z-DNA binding peptides
(KGZIP) was measured using a BIAcore 2000 (Biosensor
Inc.). Response units (RU) (450) of biotinylated
poly(dG–dC), stabilized in the Z-DNA conformation by
chemical bromination (24), were immobilized on a strep-
tavidin coated SA chip (Biosensor Inc.). All measurements
were performed as described in Herbert et al. (24). Specific-
ally, KGZIP was injected for 180 s at 20 ml/min, followed
by a dissociation step without KGZIP at the same flow rate.
Four different concentrations of KGZIP (100, 200, 500 and
1000 nM) were applied to measure kinetic constants. The
equilibrium binding constant (KD) was calculated from the
association rate constant (kon) and the dissociation rate
constant (koff) using BiaEVAL software (Biosensor Inc.).

B-DNA competition assay

KGZIP (50 nM) and <10 pM Z-DNA substrate were incub-
ated in binding buffer B in the presence of sheared salmon
sperm DNA (B-DNA competitor) at various concentrations
(0.56 mM to 3.67 mM of base pairs, 3-fold serial dilution).
The reactions were analyzed under the same conditions used
for the gel mobility shift assay. After electrophoresis, gels
were dried, exposed to a phospho-imager screen and the
signals were quantified (Molecular Dynamics). The binding
affinity of KGZIP in competition with B-DNA was calculated
indirectly as described by Greisman and Pabo (25). The
experiments were replicated three times and averaged to
determine the binding affinity.

KGZIP

KGKGKGKGGGGMQKLEDKVKELEEKLKALEEKLKALEEKLKALA

Figure 1. The sequence of KGZIP. The glycine linker (not boldface) connects
KGKGKGK (boldface and underlined) to the leucine zipper (boldface).
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RESULTS

Design of a Z-DNA specific peptide, bZIP

We were interested in whether KGKGKGK could function as
an autonomous domain and direct Z-DNA binding in the con-
text of a larger sequence. This heptapeptide has been shown
by Takeuchi et al. (12,13) to induce the formation of Z-DNA
by poly(dG–d5meC). The bZIP family of DNA-binding
motifs includes a basic subdomain that provides binding
specificity; therefore it was reasonable to determine the spe-
cificity and affinity of a synthesized bZIP motif including the
KG peptide. KGZIP is made up of the alternating lysine
sequence connected via a Gly4 linker to an idealized leucine
zipper (21) (Figure 1). KGZIP is highly soluble and forms
a a-helix as demonstrated by negative peaks at 208 and
222 nm in a CD spectrum (Figure 2A). The basic domains
of members of the bZIP family often form a-helices when
the protein is bound to DNA (1,26,27). Examination of the
signature wavelengths for a-helix, 222 and 255 nm, reveal
no increase in the amount of ellipticity for KGZIP in the
presence of Z-DNA (data not shown).

Z-DNA formation by poly(dG–d5meC) in the presence
of KGZIP, as measured by circular dichroism

When poly(dG–d5meC) is incubated with KGZIP, a protein
dependent change in the CD spectrum is observed
(Figure 2B). This change is indicative of a shift of the
DNA from the B to the Z conformation. At a protein:DNA
ratios of 0.16, the spectrum is identical to that of Z-DNA
induced in poly(dG–d5meC) by 3M NaCl (data not shown).
KGZIP behaves very similarly to the KGKGKGK peptide
in its ability to induce the B–Z transition. The midpoint
of the transition is effected at a protein:DNA ratio of 0.06
(KGZIP versus:nucleotide DNA) (Figure 2C). This is the
same as that seen for KGKGKGK (data not shown) under
the same conditions, and as previously reported result by
Takeuchi et al. (12,13).

The B–Z transition of a sample of poly(dG–d5meC) in the
presence of KGZIP proceeds slowly at room temperature,
and is accelerated by heat. The kinetics of the B–Z transi-
tion induced by KGZIP at 25�C is shown in Figure 3. The
transition has a half-life of �75 min under the conditions
studied in here. This is in striking contrast to another

Figure 3. (A) Kinetics of Z-DNA formation by KGZIP. CD spectra of 100 mM poly(dG–d5meC) in the presence of 16 mM KGZIP incubated at 25�C.
(B) Ellipticity change at 292 nm as a function of time. Negative ellipticity is a measure of Z-DNA formation.

Figure 2. (A) CD spectra of KGZIP between 190 and 320 nm with increasing amounts of KGZIP (b, 2 mM; c. 4 mM; d, 8 mM; e, 12 mM; f, 16 mM). The spectra
show increasing negative peaks at 208 and 222 nm, both indicative of an a-helix. (B) CD spectra of 100 mM (in nucleotides) of poly(dG–d5meC) in the absence
of KGZIP (a) and with the addition of KGZIP (b, 2 mM; c, 4 mM; d, 8 mM; e, 12 mM; f, 16 mM). (C) Ellipticity change at 292 nm as a function of peptide/DNA
(in nucleotides) molar ratio (P/N).
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well-characterized naturally occurring Z-DNA binding pro-
tein domain, Zab (22), which induces the B–Z transition
in this substrate almost instantaneously (data not shown).
The difference in the conversion kinetics of KGZIP and
Zab may be related to the necessity for structural rearrange-
ment of the peptide. Unlike Zab, which has a well-defined
and fixed Z-DNA binding site (22), KGZIP must reposition
the lysine residues as it binds to Z-DNA, in order to maxim-
ize contacts and enhance binding energy. That process is
likely to contribute to the longer time required for KGZIP
to convert B-DNA to Z-DNA It is likely that KGZIP induces
the B–Z transition by binding to Z-DNA formed transiently
by Brownian motion, thereby shifting the B–Z equilibrium;
a similar model has been suggested for an anti-Z-DNA
antibody (28).

Z-DNA binding by KGZIP, as measured by
gel mobility shift assays and BIAcore

CD studies confirm that KGKGKGK retains its ability to bind
Z-DNA when fused to a leucine zipper. The affinity of that
binding was measured by the gel mobility shift assay. A pre-
formed Z-DNA substrate, d(5BrC-G)20, was incubated with
KGZIP under nearly physiological conditions, 50 mM KCl,
pH 8.0, at 22�C. Under these conditions, KGZIP binds
Z-DNA with a KD of �30 nM (Figure 4).

Real-time kinetics of binding and an accurate measure of
binding affinity can be determined using the BIAcore system.
Poly(dG–dC), stabilized in the Z conformation by chemical
bromination (29) was attached to a SA-chip using a biotin-
streptavidin linkage. KGZIP binding was monitored
(Figure 5), showing that both association and dissociation
are fast. In these experiments a KD of 27 nM was measured.
The affinity and kinetic constants of KGZIP are similar to
those of Za, a Z-DNA binding domain whose specificity is
the result of a well-tailored binding (24,30). The affinity of
KGZIP is striking in light of the relative simplicity and
small size of the binding domain and the few possible
protein–nucleic acid contacts.

The heptapeptide KAKAKAK is also capable of binding to
Z-DNA (12). KAZIP has a KD of binding to brominated
poly(dG–dC) comparable to that of KGZIP, as measured by
BIAcore (data not shown); however, the association and
dissociation rates are faster, suggesting that a slight differ-
ence in the position of the lysines may affect the interaction
with DNA.

B-DNA competition assay

Most DNA is right-handed. For a Z-DNA binding peptide to
be biologically relevant, it must not only bind Z-DNA with
high affinity, but also exhibit high specificity for Z-DNA
over B-DNA. The binding of KGZIP to Z-DNA was assayed
in the presence of increasing amounts of sheared salmon
sperm DNA, a non-specific B-DNA competitor (Figure 6).
When 50 nM KGZIP is incubated with radio-labeled
Z-DNA probe in the absence of competitor, >50% of the
probe migrates as a complex (Figure 6, +). In the presence
of increasing B-DNA competitor, the binding is gradually
reduced. However, a significant amount of KGZIP is still
bound to Z-DNA probe in the presence of B-DNA up to
1.23 mM. Using the method of Greisman and Pabo (25),

Figure 6. B-DNA competition assay. The P32-labeled Z-DNA probe was
incubated with 50 nM of KGZIP as described in Figure 4, in the presence
of increasing amounts of B-DNA competitor (from 0.56 to 3.67 mM, 3-fold
serial dilutions). The reactions without KGZIP (�) and with KGZIP in
absence of B-DNA competitor (+) are shown.

Figure 5. Kinetics of binding between KGZIP and Z-DNA. Biacore
sensorgrams of the binding of KGZIP (100, 200, 500 and 1000 nM dimer,
as marked) to poly(dG–dC), stabilized in the Z-DNA conformation by
chemical bromination. The binding was modeled by one to one molecule
binding, and the on and off rates calculated. The equilibrium binding constant
(KD) is calculated from the association rate constant (kon) and the dissociation
rate constant (koff).

Figure 4. Gel mobility shift assay of KGZIP with a Z-DNA substrate. KGZIP
was incubated with a Z-DNA substrate, d(G-5BrC)20 labeled with 32P,
(open arrow) in absence of B-DNA competitor. Decreasing concentrations
of KGZIP (from 1 mM to 7.8 nM, in 2-fold serial dilutions) were incubated
with the probe. A control lane (�) without KGZIP is shown in the same gel.
KGZIP:Z-DNA complexes are indicated by solid arrows.
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a KD of �50 mM can be calculated for the binding of KGZIP
to B-DNA. This is a difference of more than three orders
of magnitude from the binding to Z-DNA. Therefore it is
reasonable that KGKGKGK can recognize Z-DNA even in
the context of a vast excess of B-DNA, as is found in cells.

Molecular modeling studies of peptide binding to Z-DNA
were also carried out, revealing both hydrophobic and
hydrogen bond interactions. These results, which will be pub-
lished elsewhere, suggest that KGZIP changes conformation
to accommodate binding to Z-DNA.

DISCUSSION

Basic peptides containing alternating lysines have been shown
to stabilize the Z-DNA conformation of poly(dG–d5meC)
under physiological conditions and at neutral pH by binding
preferentially to Z-DNA. This binding has been proposed to
be the result of the alignment of the peptide to the distinctive
zigzag phosphate backbone in the Z conformation (12,13,20).
Modeling suggests that favorable hydrogen bonding between
the peptide and the backbone of the nucleic acid substrate can
occur (H.-J. Park and Y.-G. Kim, unpublished data). KGZIP
binds Z-DNA with an affinity and specificity comparable to
that of human ZaADAR1, a Z-DNA binding domain of the
editing enzyme double-stranded RNA adenosine deaminase.
This is striking because Za is a highly organized 77 amino
acid domain, which makes multiple contacts with Z-DNA
in the context of a precisely fitted binding surface (30). In
contrast, the binding site of KGZIP is only seven amino
acids, and both the number and the nature of protein–DNA
contacts are limited by this size. There are differences
between the binding of KGZIP and Za, most notably the kin-
etics of the conversion of poly(dG–d5meC) from the B-form
to the Z-form in the presence of protein. This may reflect a
difference in the mechanism of these reactions such as the
difference between the key and lock model and the induced
fit model, respectively.

In naturally occurring members of the bZIP family, the
basic region is responsible for specific binding to a target,
while the leucine zipper dimerizes, thereby locating two
binding domains near each other. Dimerization increases
binding affinity and specificity (31). The binding affinity
of KGKGKGK for d(5BrC-G)20 observed by affinity co-
electrophoresis is above 10 mM (data not shown). In
KGZIP, dimerization does not appear to increase the rate at
which the Z-conformation of poly(dG–d5meC) is formed
but does add to the affinity of KGKGKGK for Z-DNA. By
linking KGKGKGK to the N-terminus of a leucine zipper,
we have created a novel Z-DNA specific binding protein.

In order to determine whether alternating lysine sequences
occur in nature, the protein database was searched with
BLAST. KGKGKGK is found in a wide variety of proteins
from Arabidopsis, Drosophila and vertebrates. Fibrillarin
from Euglena contains an unusual nine repeats of Lys-Gly.
KAKAKAK is less common than KGKGKGK, and is
found most often in ribosomal proteins. The most striking
occurrence of KG repeats is in the family of eukaryotic
DNA (cytosine-5-)-methyltransferases as indicated previous
reports (13,32). A conserved region of (KG)5–7 K found
in the linker region between the two domains is found
in enzymes from human, mouse, rat, chicken, sea urchin,

zebrafish and frog (Figure 7). In addition, the region just
N-terminal to the KG repeats is also highly conserved. This
region maps between the two defined functional domains of
DNA cytosine methyltransferase, the N-terminal regulatory
domain and the C-terminal catalytic domain. This occurrence
of the KG repeat differs from the peptide tested here because
it is embedded within the protein sequence. However, protein
structure predictions using PROF (33) suggest that the con-
served region N-terminal to the KG repeat, as well as the
repeat itself are part of a large loop. Interestingly, a program
that identifies conformational switch regions (34) predicts
that the KG repeat is in the middle of a long, extensively
solvent exposed, confomationally variable region. Therefore
it is reasonable that the KG repeat is flexible and able to
bind Z-DNA. Although the conservation of the KG repeat
domain suggests a functional role, no such role has been
identified to date. This enzyme is involved in maintaining
the methylated state of cytosines after DNA replication. It
is possible that interaction with Z-DNA formed by super-
coiling of CpG islands is involved in targeting the enzyme.
In the experiments reported here, we have used completely
methylated poly(dG–d5meC) in order to stabilize the Z con-
formation. In vivo, negative supercoiling would have the
same stabilizing effect. KGZIP would be likely to bind the
stabilized Z-form.

The possibility that the sequence KGKGKGK is sufficient
to form a Z-DNA binding domain raises a number of interest-
ing possibilities. This is an unusually compact domain, and is
found in a wide variety of proteins. In addition, KGZIP is a
starting point for the creation of Z-DNA specific reagents, for
the study of or manipulation of this unusual conformation
in vitro and in vivo.
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