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An artificial six-zinc finger peptide with polyarginine linker:
Selective binding to the discontinuous DNA sequences ™
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Abstract

Artificial DNA binding peptides recognizing separated sequences would expand varieties of the target genes for desirable tran-
scriptional control. Here we demonstrated that polyarginine linker between two 3-zinc finger domains gives DNA binding selectivity
to the separated target sequences. We created a six-zinc finger peptide, Sp1ZF6(Arg)8, by connecting two DNA binding domains of
transcription factor Spl with a bulky and cationic polyarginine linker. The DNA binding properties to continuous and discontin-
uous target sequences were examined and compared to those of Sp1ZF6(Gly)10 containing a flexible and neutral polyglycine linker.
The dissociation constants indicate that Sp1ZF6(Arg)8 has an obvious DNA binding preference to discontinuous target sequences
but not Spl1ZF6(Gly)10. Footprinting analyses also showed that Spl1ZF6(Arg)8 binds properly only to the discontinuous target
sites, while Sp1ZF6(Gly)10 does not distinguish them. The results provide helpful information for linker design of future zinc finger
peptides to various states of DNA as gene expression regulators.
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Artificial DNA binding proteins with desired se-
quence specificities are useful tools to control gene
expressions. A zinc finger motif of the C,H, type, one
of the most common DNA binding motifs in eukary-
otes, presents an attractive framework for the design
of such peptides [1-4] because of its characteristic
DNA binding manner as follows [5]: (i) recognition of
three bases per one zinc finger motif, (ii) the structure
of tandemly connected zinc finger motifs, and (iii) bind-
ing to non-palindrome sequences. So far, artificial zinc
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finger peptides have been created by engineering amino
acid residues important for base recognition [6-12] and/
or by connecting multiple zinc finger domains to extend
the length of the target DNA sequence [12-15]. Six-zinc
finger peptides, in which two 3-zinc finger peptides are
connected with the consensus linker, have succeeded in
regulating the gene expression by binding to continuous
18 bp of DNA even in plants [16,17].

In order to expand the targetable DNA sequences,
artificial peptides that could bridge discontinuous bind-
ing sequences are required. We have previously con-
nected two 3-zinc finger motifs of transcription factor
Spl with different numbers of glycine residues and have
shown that the six-zinc finger peptides with long linkers
could bind to discontinuous targets by 10 bp [18,19].
Other groups have also demonstrated binding to discon-
tinuous targets using artificial dimeric zinc finger pep-
tides [20,21] or six-zinc finger peptides with long
structured linkers [22]. However, no peptide has
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succeeded in strictly distinguishing the discontinuous
targets from the continuous ones. In this study, we
aim to create a six-zinc finger peptide which has prefer-
ence to separated target sequences rather than continu-
ous ones. Arginine is known to be the most basic
amino acid. A previous report suggested that the linker
region of a six-zinc finger peptide, which consists of
alternate residues of arginine and glycine, non-specifi-
cally interacts with the phosphate backbone of DNA
[19]. We thought that bulky and cationic side chains in
a linker could change the DNA binding mode of a six-
zinc finger peptide dependent on the distribution of
two target DNA sequences. Therefore, an artificial six-
zinc finger peptide with polyarginine residues as a linker,
SplZF6(Arg)8, was created. The DNA binding proper-
ties for the discontinuous and continuous targets were
examined and compared to those of a six-zinc finger
protein with a flexible and neutral polyglycine linker,
SplZF6(Gly)10.

Materials and methods

Chemicals. The T4 polynucleotide kinase and restriction enzymes
were purchased from New England Biolabs (Beverly). The labeled
[y->*P]JATP compound was supplied from DuPont, and dimethyl sul-
fate was obtained from Aldrich (Milwaukee). The plasmid pBS-Spl-l
was kindly provided by Dr. R. Tjian. All other chemicals were of
commercial reagent grade.

Preparations of zinc finger peptides and substrate DNA fragments.
Sp1ZF6(Arg)8 is coded on the plasmids pEV/SplZF6(Arg)8. pEV/
SplZF6(Arg)8 was constructed by exchanging the region coding the
TGEKP linker of pEV/Spl1ZF6 [15] with the oligonucleotide coding
GRRRRRRRRQ. SplZF6(Arg)8 and SplZF6(Gly)10 were overex-
pressed as a soluble form in Escherichia coli BL21(DE3)pLysS at 20 °C
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and purified as following procedure at 4 °C. E. coli cells were resus-
pended and lysed in PBS buffer. The soluble form was purified by
cation-exchange chromatography using a High S Cartridge (Bio Rad)
followed by a Mono S 5/50 column (Amersham). Final purification
was achieved by a gel filtration technique (Superdex 75; Amersham)
using TN buffer (10 mM Tris—HCI (pH 8.0), 50 mM NaCl, and 1 mM
dithiothreitol). For the substrate DNA, complementary oligonucleo-
tides containing 1GC (5'-GGGGCGGGGC-3'), 2GC(0) (5'-GGGGC
GGGGGGGGCGGGGC-3'), and 2GC(10) (5'-GGGGCGGGG
CTATA ATTATAGGGGCGGGGC-3') sequences (Fig. 1) were
purchased from Amersham Pharmacia Biotech.

Gel mobility shift assays. The 37 and 48 bp oligonucleotides con-
taining the 2GC(0) and 2GC(10) sequences, respectively, were >2P-la-
beled and annealed with the complementary oligonucleotide. For the
substrate 1GC, the HindIII- Xbal fragment (41 bp) of pBS-GC [23]
was >2P-labeled. Gel mobility shift assays were carried out under the
following conditions. Each reaction mixture contained 10 mM Tris—
HCI (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol, 0.05% Nonidet P-40,
5% glycerol, 5 mM MgCl,, 25 ng/uL poly(dI-dC) (Amersham Phar-
macia Biotech), the 5’-end-labeled DNA fragment (<20 pM), and
different concentrations of the zinc finger peptides. After incubation at
20 °C for 1 h, the sample solutions were electrophoresed on an 8% non-
denaturing polyacrylamide gel with Tris—borate buffer (88 mM Tris—
HCI (pH 8.0) and 88 mM boric acid) at room temperature. The bands
were visualized using a STORM instrument (Amersham Pharmacia
Biotech) and analyzed by ImageQuant software (Molecular Dynam-
ics). The equilibrium dissociation constants (Ky) of each peptide-DNA
fragment complex were evaluated by fitting the experimentally ob-
tained values of 60, (0y; the fraction of labeled DNA bound to the
peptide) to the binding isotherm equation (1) using the Kaleida Graph
program (Abelbeck software)

0 = [peptide]/([peptide] + Kq). (1)

DNase I footprinting analyses. DNase 1 footprinting experiments
were performed according to the method of Brenowitz et al. [24]. The
substrate DNA fragment was prepared by labeling the 5'-end of the
Xbal fragment of 2GC(0)/pBS [15] or HindIIl fragment of 2GC(10)/
pBEND [18] and digesting with HindIII or EcoRI, respectively. The
binding mixture contained 10 mM Tris—=HCI (pH 8.0), 50 mM NaCl,

(\ (5 (6

GO (0 GO
J \J \J

COOH

Sp1ZF6(Arg)8: '~ GRRRRRRRRQ !
Sp1ZF6(Gly)10: | GGGGGGGGGG |

B : GC |

1GC: 3'-CGGG GCG GGG-5"
' 5'-GCCC CGC ccc-3

| GCIN] T

9'8'7' 6'5'4' 3'2'1' 987
3 CGGG GCG GGG GGG
5'-GCCC CGC CccC ccc

2GC(0):

, GCIN] ,
918'7' 6'5'4' 3'2'1"

GCIC]—
654 321

GCG GGG-5"
CGC ccc-3'!

—— GC[C] ——
987 654 321

2GC(10):3'-CGGG GCG GGG ATATTAATAT CGGG GCG GGG-5'
5'-GCCC CGC CCC TATAATTATA GCCC CGC CCC-3!

Fig. 1. Schematic representation of Sp1ZF6(Gly)10 and Spl1ZF6(Arg)8 (A), and their target DNA sequences, 1GC, 2GC(0), and 2GC(10) (B). The
1GC, 2GC(0), and 2GC(10) sequences contain single GC-box (5'-GGGGCGGGGC-3’), two continuous GC-box sequences, and two discontinuous

GC-box sequences with 10 bp intervening, respectively.



M. Imanishi et al. | Biochemical and Biophysical Research Communications 333 (2005) 167173 169

I mM dithiothreitol, 0.05% Nonidet P-40, 5% glycerol, 25 ng/pL
poly(dI-dC), 5 mM CaCl,, 10 mM MgCl,, the 5’-end-labeled substrate
DNA fragment, and 0-1 uM peptide. After incubation at 20 °C for 1 h,
the following steps were accomplished according to the previous pro-
cedure [15]. The bands were visualized using a STORM instrument
(Amersham Pharmacia Biotech).

Methylation interference assays. Methylation interference assays
were performed as previously described [25]. The binding reaction was
performed under the same conditions as the gel mobility shift assay.
After incubation at 20 °C for 1 h, the peptide-bound and free DNAs
were separated on a 10% non-denaturing polyacrylamide gel and
eluted from the gel with a standard elution buffer. In order to examine
both the strong and weak base contacts in the methylation interference
experiment, we selected the experimental condition such that the
fraction of the labeled DNA bound to the peptide is about 10%. The
recovered methylated DNA was reacted with 100 pL of 1 M piperidine
at 90 °C for 30 min. The cleavage products were analyzed on a 15%
polyacrylamide/7 M urea sequencing gel. The bands were visualized
using a STORM instrument (Amersham Pharmacia Biotech).

Results

Creation of a six-zinc finger peptide with a polyarginine
linker and substrates

A novel six-zinc finger peptide, Spl1ZF6(Arg)8, was
created by linking two 3-zinc fingers of the transcrip-
tion factor Spl, SplZF3, with polyarginine (GRR
RRRRRRQ) and the DNA binding properties were
compared with those of SplZF6(Gly)10, which has a
polyglycine (GGGGGGGGGG) linker with the same
number of residues as the SplZF6(Arg)8 linker (Fig.
1). SplZF3 strongly binds to the dsDNA containing
the GC (5-GGGGCGGGGC-3') sequence called the
GC-box [23,26] and Sp1ZF6(Gly)10 has a sufficient lin-

A Sp1ZF6(Gly)10 / 2GC(0)

12345678 9101112

C Sp1ZF6(Gly)10 / 2GC(10)

12345678 9101112

ker length to bind to two discontinuous GC-box regions
with one helical turn (10 bp) intervening (2GC(10)) [18].
As the targets of the artificial six-zinc finger peptides, the
DNA sequences containing two continuous GC-box se-
quences (2GC(0)) or two discontinuous GC-box se-
quences (2GC(10)) were used (Fig. 1). We name the
5’- and 3'-portion GC-boxes as GC[C] and GC[N],
respectively, as shown in Fig. 1.

DNA binding affinities of artificial six-zinc finger peptides

Gel mobility shift assays were performed using
SplZF6(Arg)8 and SplZF6(Gly)10 for the duplex
DNA fragments containing the 2GC(0) or 2GC(10) se-
quences (Fig. 2, Table 1), and also for the 1GC sub-
strate. SplZF6(Gly)10 showed a single shifted band
against both the 2GC(0) and 2GC(10) substrates depen-
dent on the concentration (Figs. 2A and C), suggesting
the formation of a single 1:1 complex with the two

Table 1
Apparent dissociation constants (Ky) for SplZF6(Gly)l0 and
SplZF6(Arg)8 bindings to 2GC(0), 2GC(10), and 1GC

Binding site” Ky (nM)?

Sp1ZF6(Gly)10 SplZF6(Arg)8
2GC(0) 0.96 +0.36 71+£7.7
2GC(10) 1.5+0.14 3.1+£09%4
1GC 75+0.12 68 +4.5

@ Apparent dissociation constants were determined by titration using
the gel mobility shift assay as described in Materials and methods.
Values are averages of three or more independent determinations with
standard deviations.

® The nomenclature is described in the text (see Fig. 1).

B Sp1ZF6(Arg)8 / 2GC(0)

12345678 9101112

D  Spi1ZF6(Arg)8 / 2GC(10)

12345678 9101112

Fig. 2. Gel mobility shift assays for SplZF6(Gly)10 binding to the 2GC(0) substrate (A), SplZF6(Arg)8 binding to the 2GC(0) substrate (B),
SplZF6(Gly)10 binding to the 2GC(10) substrate (C), and SplZF6(Arg)8 binding to the 2GC(10) substrate (D). Lanes 1-12 contain 0, 0.3, 0.6, 1.3,

2.5, 5.0, 10, 20, 40, 80, 160, and 320 nM peptides, respectively.
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GC-box sequences. On the other hand, Sp1ZF6(Arg)8
showed an ambiguous shifted band for the 2GC(0) sub-
strate (Fig. 2B), and a clear single shifted band against
the 2GC(10) substrate (Fig. 2D). The obtained
dissociation constants (K4) to the 1GC substrate were
75+ 0.12 and 68 £4.5nM for SplZF6(Gly)10 and
SplZF6(Arg)8, respectively (Table 1). Those of
SplZF6(Gly)10 to the 2GC(0) and 2GC(10) substrates
were 0.96 £ 0.36 and 1.5 4 0.14 nM, respectively, show-
ing more than 50-fold higher affinity than that to the
IGC substrate. The Ky of SplZF6(Arg)8 to the
2GC(10) substrate was 3.1 £0.94 nM, which shows
22-fold higher affinity than that to the 1GC substrate.
On the other hand, that of SplZF6(Arg)8 to the
2GC(0) substrate was 71 = 7.7nM, which is almost
the same as the affinity to the 1GC.

DNA binding region of artificial six-zinc finger peptides

Figs. 3A and B demonstrate the results of the DNase
I footpriniting analyses against the 2GC(0) and 2GC(10)
substrates, respectively. The entire 2GC(0) sequence was
protected by the binding of Sp1ZF6(Gly)10, though the
binding of Sp1ZF6(Arg)8 to 2GC(0) induced weak pro-
tection. In both cases, the hypersensitive cleavages at the
3’-outside of the GC[N], typically induced by binding of
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the Spl zinc finger [15,23,27], were detected. Regarding
the 2GC(10) sequence, both GC-box regions were pro-
tected by binding of Sp1ZF6(Arg)8 and Spl1ZF6(Gly)10,
and the hypersensitive cleavages at the 3’-outside of each
GC-box sequence were detected.

Zinc finger-base interaction of Spl1ZF6(Gly)10 and
SplZF6(Arg)8

Fig. 4 shows the results of methylation interference
assays. This method detects specific guanine bases play-
ing an important role in the formation of the peptide—
DNA complex. Targeting the 2GC(0) sequence (Fig.
4A), SplZF6(Gly)10 showed strong contacts with the
guanine bases, G(2), G(3), G(4), G(6), G(9), G(1'),
G(2'), G(3'), G(4'), and G(6'), that ranged through both
GC[N] and GC[C]. On the other hand, Sp1ZF6(Arg)8
made strong contacts mainly with the guanine bases in
the GC[N], G(9), G(1"), G(2), G(3), G(4'), and G(6'),
and no strong contact was observed in the GC[C]. In
the case of binding to the 2GC(10) sequence (Fig. 4B),
Spl1ZF6(Gly)10 demonstrated base contacts with G(1),
G(2), G(3), G(4), G(6), G(I), G(2'), G(3'), G(4'),
G(6'), G(8), and G(9'), and Spl1ZF6(Arg)8 showed con-
tacts with G(2), G(3), G(4), G(6), G(2'), G(3'), and
G(4') included in both GC[N] and GC[C].
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Fig. 3. DNase I footprinting analyses of SplZF6(Gly)10 and SplZF6(Arg)8 binding to the 2GC(0) substrate (A) and the 2GC(10) substrate (B).
Lane 1, G + A (Maxam-Gilbert reaction products). Every peptide concentration is noted in the figure (lanes 1-9). The vertical lines indicate the
protected regions. The analyses were repeated more than three times and consistent footprinting patterns were obtained.



M. Imanishi et al. | Biochemical and Biophysical Research Communications 333 (2005) 167-173 171

A Sp1ZF6 Sp1ZF6
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Fig. 4. Methylation interference assays of the binding of Sp1ZF6(Gly)10 and SplZF6(Arg)8 to the 2GC(0) substrate (A) and 2GC(10) substrate (B).
Lane 1, G + A (Maxam-Gilbert reaction products); lanes 2 and 4 marked with F, free DNA samples; and lanes 3 and 5 marked with B, peptide-
bound DNA samples. The assays were repeated more than three times and consistent results were obtained.

Discussion

The gel mobility shift assays revealed an obvious
preference to the 2GC(10) sequence versus the 2GC(0)
sequence for the binding of Sp1ZF6(Arg)8 but not for
that of SplZF6(Gly)10. Previous reports showed that
six-zinc finger peptides that consist of two 3-zinc finger
units have more than 10-fold higher affinity to its full
target site than that to the single target site for the ori-
ginal three-zinc finger peptide [11,14,22]. The observed
significant increase in binding affinity as compared with
those to the 1GC substrate supports that the binding
modes of SplZF6(Gly)10 to the 2GC(10) and 2GC(0)
substrates and of Spl1ZF6(Arg)8 to the 2GC(10) sub-
strate have almost the same binding pattern as that of
a six-zinc finger peptide to its full target site. In the case
of the binding of Spl1ZF6(Arg)8 to the 2GC(0) sub-
strate, however, it is suggested that not all six zinc finger
motifs function to bind to the 2GC(0) substrate.

According to the previous reports on DNase I foot-
printing experiments, Spl1ZF3 covers the GC-box se-
quence and its 5'-outside region, and induces
hypersensitive cleavages at the 3’-outside region of a
GC-box [15,23,27]. Therefore, the footprinting pattern
of SplZF6(Gly)10 to the 2GC(0) substrate indicates
that Sp1ZF6(Gly)10 binds to the whole 2GC(0) region.

On the contrary, the weak protection of the 2GC(0) by
SplZF6(Arg)8 suggests that DNA binding of Spl1ZF6
(Arg)8 is mostly non-specific. In the case of binding
to the 2GC(10) sequence, SplZF6(Gly)l0 and
SplZF6(Arg)8 are demonstrated to bind to both GC-
box sites.

The methylation interference assays for the 2GC(0)
substrate revealed that Sp1ZF6(Arg)8 mainly recognizes
guanine bases only in the GC[N], while SplZF6(Gly)10
shows recognition of the guanine bases within both
GC[N] and GC[C]. The result supports the hypersensi-
tive DNA cleavages at the 3’-outside region detected
by the DNase I footprinting assay of SplZF6(Arg)8 to
the 2GC(0) substrate. The interference patterns of the
2GC(10) sequence also support that SplZF6(Arg)8
binds to both GC-box sites of the 2GC(10) as well as
SplZF6(Gly)10.

A linker of the zinc finger proteins plays an important
role in DNA binding as shown by the fact that linker
phosphorylation reduces the DNA binding affinity of
the zinc finger peptides [28,29]. In our previous report,
SplZF6(GR)4, which has the GRGRGRGRGQ se-
quence as a linker, binds to the 2GC(10) [19] and also
to the 2GC(0) (data not shown). The kinetic analysis
suggested that the (GR)4 linker makes contact with
the DNA phosphate backbone during the initial stage
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of DNA binding [19]. In the case of Sp1ZF6(Arg)8, the
following reasons might cause DNA binding selectivity
to the 2GC(10) not to the contiguous targets, 2GC(0):
(1) electrostatic repulsion between cationic side chains
within the polyarginine linker, (ii) low conformational
freedom of the polyarginine linker, and/or (iii) non-se-
quence-specific electrostatic interaction between the pol-
yarginine linker and DNA phosphate backbone at the
contiguous target sequence.

To establish the binding to two discontinuous sites,
Moore et al. [22] prepared six-zinc finger peptides with
a non-sequence-specific zinc finger as a linker, which
consists of about 30 amino acid residues and folds into
a compact globular structure. In comparison to the
six-zinc finger peptides with flexible linkers, the peptides
with structured linkers display increases in the DNA
binding affinity. However, the difference in affinity be-
tween the continuous and discontinuous two target se-
quences is only a few-fold. In this study, the novel
peptide, Spl1ZF6(Arg)8, obviously discriminated be-
tween the continuous and discontinuous two GC-box
sequences. Of special interest is that such a short linker
could give the DNA binding selectivity of a six-zinc fin-
ger peptide.

Recent progress in understanding the DNA binding
mechanism of the zinc finger proteins has enabled us
to create artificial zinc finger peptides with desired se-
quence specificities by targeting specific amino acid res-
idues important for base recognition [6-12]. However,
information on the linker region is still developing
[13,18,19,22,28-31]. Toward universal regulation of the
gene expression, more adaptability to various DNA se-
quences and structures such as bending or looping is re-
quired for the artificial zinc finger peptides. Our results
provide helpful information for the linker design of fu-
ture zinc finger peptides targeting various DNA states
in addition to the sequence.
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