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Abstract

The addition of a new function to native proteins is one of the most attractive protein-based designs. In this study, we have con-
verted a C2H2-type zinc finger as a DNA-binding motif into a novel zinc finger-type nuclease by connecting two distinct zinc finger
proteins (Sp1 and GLI) with a functional linker possessing DNA cleavage activity. As a DNA cleavage domain, we chose an ana-
logue of the metal-binding loop (12 amino acid residues), peptide P1, which has been reported to exhibit a strong binding affinity for
a lanthanide ion and DNA cleavage ability in the presence of Ce(IV). Our newly designed nucleases, Sp1(P1)GLI and
Sp1(P1G)GLI, can strongly bind to a lanthanide ion and show a unique DNA cleavage pattern, in which certain positions between
the two DNA-binding sites are specifically cleaved. The present result provides useful information for expanding the design strategy
for artificial nucleases.
� 2005 Elsevier Inc. All rights reserved.
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The complete analysis of the human genome reveals
close relationships between DNA sequences and dis-
eases. Therefore, the application of this knowledge to
gene therapy has become of great importance. In order
to desire high selectivity for a target DNA sequence,
the construction of an artificial nuclease has been inves-
tigated widely as a promising tool [1–12]. One of the most
versatile strategies is the concept that a metal-chelating
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ligand or a catalytic domain of a restriction enzyme is
connected to DNA-binding proteins [1–10] or motifs
[11,12]. In these approaches, the catalytic domains have
been designed to locate at one side of the DNA-binding
domain, and thus the DNA cleavage site was observed in
the vicinity of the DNA-binding site, together with fluc-
tuation in the DNA cleavage. To achieve a highly site-
specific DNA cleavage inside the DNA recognition site,
we first designed novel nucleases in which the catalytic
domain is held by two DNA-binding domains.

A C2H2-type zinc finger motif is one of the most
promising molecules for a DNA-binding domain of a
nuclease for the following reasons [13–15]: (i) artificial
zinc finger motifs for any DNA sequences are easily de-
signed, because each domain strongly recognizes three-
base-pairs with amino acid residues at specific positions
in the a-helix, and (ii) this motif has a tandemly con-
nected structure with the linker region. In our opinion,
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Fig. 1. (A,B) Base recognition mode of Sp1(zf23) and GLI(zf45) determined from NMR or X-ray analysis. Amino acid residues at the N-terminus of
the a-helix in each finger are depicted by their one-letter codes with the number of helical positions below. Solid arrows show the base recognition,
and the bases recognized by amino acids are written in bold characters. (C) Schematic representation of designed zinc finger-type nucleases. The
designation of each zinc finger is shown by the original name. The amino acid residues of each peptide are indicated by their one-letter codes. (D)
Substrate DNAs used in this study.
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the conversion of the linker region into a functional lin-
ker with DNA cleavage ability should result in site-spe-
cific DNA cleavage. Considering steric hindrance, a
short peptide is suitable for the DNA cleavage domain.
The analogue (P1) of a 12-residue calcium-binding loop
(sequence: DKDGDGYISAAE) strongly and specifi-
cally binds to a lanthanide ion [16–19]. On the other
hand, chimeric molecules composed of DNA-binding
domains and a Ce(IV)-based catalytic domain have been
designed, because Ce(IV)-chelates have been reported to
catalyze DNA hydrolysis with high efficiency [7–12]. In
this research, we inserted the P1-Ce(IV) complex as a
linker to connect two different zinc finger motifs. We
previously reported that a peptide segment correspond-
ing to fingers 2 and 3 of the Sp1 zinc finger (Sp1(zf23))
or to fingers 4 and 5 of the GLI zinc finger (GLI(zf45))
has sufficient DNA-binding affinity for their binding
sites (Figs. 1A and B) [20–23]. In this report, based on
these findings, we newly created the unique zinc finger-
type nucleases, Sp1(P1)GLI and Sp1(P1G)GLI (Fig.
1C). In Sp1(P1)GLI, P1 was placed between Sp1(zf23)
and GLI(zf45). In Sp1(P1G)GLI, glycine residues were
inserted at both ends of peptide P1 of Sp1(P1)GLI to
achieve subtle flexibility. This study describes the char-
acteristics of their unique DNA cleavage properties
and the potential of our approach in designing sophisti-
cated metallonucleases.
Materials and methods

Chemicals. Fmoc-amino acid derivatives and peptide resin were
purchased from Novabiochem and Applied Biosystems. The T4
polynucleotide kinase and restriction enzymes were obtained from
New England Biolabs. The Taq DNA polymerase and synthesized
oligonucleotides for cloning each peptide were acquired from Qiagen
and Sigma Genosys, respectively. The labeled [c-32P]ATP compound
was supplied by DuPont. The plasmid pBS-Sp1-fl was kindly provided
by Dr. R. Tjian. All other chemicals were of commercial reagent grade.

Peptide synthesis. The peptide P1 (DKDGDGYISAAE-amide) was
prepared by Fmoc-solid-phase synthesis on a TGS-RAM resin
(Shimadzu). The peptide chain was constructed using a Shimadzu
PSSM-8 synthesizer with a standard protocol including a benzotriaz-
ole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (Py-
BOP)/1-hydroxybenzotriazole (HOBt)/4-methylmorpholine (NMM)
coupling system. The peptide segment was removed from the resin and
deprotected by a treatment with trifluoroacetic acid/1,2-ethanedithiol
(95:5) at room temperature for 2 h, followed by HPLC-purification on
a Cosmosil 5C18-ARII (10 mm · 250 mm) column (Nakalai Tesque).
The fidelity of the product was confirmed by matrix-associated laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) using a Voyager-DE STR system (Applied Biosystems): P1
[M + H+] calcd. 1240.3, observed 1240.2.

Construction of zinc finger-type nucleases and substrate DNA frag-

ments. Sp1(zf23) and GLI(zf45) are coded on the plasmids
pEVSp1(566–623) and pEVGLI(99–160), respectively, as previously
described [21,22]. The fragments of Sp1(zf23) and GLI(zf45) were
amplified and combined with the fragment coded P1 sequence using
the standard PCR technique. The resultant fragments were digested by
restriction enzymes (NdeI and EcoRI) and inserted into pEV3b. Their
sequences were confirmed by a GeneRapid DNA sequencer (Amer-
sham Biosciences). These peptides were overexpressed as a soluble
form in the Escherichia coli strain BL21(DE3)pLysS at 20 �C and
purified according to the following procedure at 4 �C. E. coli cells were
resuspended and lysed in PBS buffer. After centrifugation, the super-
natant containing the soluble form of the zinc finger peptides was
purified by cation-exchange chromatography using a 0.05–2.0 M NaCl
gradient (Mono S HR 5/5; Amersham Biosciences). Final purification
was achieved by a gel filtration technique (Superdex 75; Amersham
Biosciences) using TN buffer [10 mM Tris–HCl (pH 8.0), 50 mM
NaCl, and 1 mM dithiothreitol]. To prepare the substrate DNA, oli-
gonucleotides containing the DNA-binding sites of Sp1(zf23) and
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GLI(zf45) were provided (Fig. 1D); (GCGLI-3G: 5 0-TAGTGG
ATCTGACCACCCAAGATGGGGCGGGGCCTAATTCGATA-3 0,
and GCGLI-3C: 5 0-TATCGAATTAGGCCCCGCCCCATCTTGG
GTGGTCAGATCCACTA-3 0). GCGLI-3G was labeled at the 5 0-end
with 32P using a T4 polynucleotide kinase. After removing the unin-
corporated [c-32P]ATP with a G-50 Probe Quant (Amersham Biosci-
ences), it was annealed with GCGLI-3C.

CD measurements. The CD spectra for all the peptides were re-
corded on a Jasco J-720 spectropolarimeter using a 0.10-cm path
length quartz cell at 20 �C. The CD spectra are averages of 10 scans,
collected at 0.5 nm intervals between 200 and 280 nm. All the CD
samples were diluted to obtain 50 lM of the peptide P1 and 10 lM of
zinc finger proteins in 10 mM Tris–HCl (pH 8.0), 50 mM NaCl, and
1 mM dithiothreitol.

Fluorescence determinations. Tb3+ luminescence sensitized by the
Tyr residue in P1 was used for detecting the lanthanide ion-binding
ability. Fluorescence emission spectra were conducted on a Shimadzu
RF-5300PC using a 5.5-mm path length quartz cell. Aliquots (1 ll) of a
concentrated stock solution of TbCl3 in H2O were added to each
peptide over a range of Tb3+ concentrations from 0 to 40 lM. All
experiments were conducted at 20 �C in 10 mM Tris–HCl (pH 8.0),
50 mM NaCl, and 1 mM dithiothreitol. After excitation of the sample
at 280 nm, Tb3+ emission was recorded at 542 nm.

The data were fit to the following equation [24] using the Kaleida
Graph program (Abelbeck software):

I ¼ Imax½Tb3þ�F=ð½Tb
3þ�F þ KTb3þ Þ;

where I is the Tb3+ emission at a particular Tb3+ concentration, Imax

corresponds to the Tb3+ emission when the system is saturated,
[Tb3+]F is the free or nonbound Tb3+ concentration after each addi-
tion, and KTb3þ is the equilibrium dissociation constant. [Tb3+]F was
determined: [Tb3+]F = [Tb3+]T � [Tb3+]B, where [Tb3+]T and [Tb3+]B
correspond to the total and bound Tb3+ concentrations, respectively.
Based on the assumption that Imax corresponds to 100% protein satu-
ration (30 lM), [Tb3+]B was calculated from [Tb3+]B = (I) (30/Imax).

Gel mobility shift assays. Gel mobility shift assays were carried out
under the following conditions. Each reaction mixture contained
10 mMTris–HCl (pH 8.0), 50 mMNaCl, 1 mM dithiothreitol, 20 lg/ll
sonicated calf thymus DNA, 0.05% Nonidet P-40, 5% glycerol, 40 lg/
ml bovine serum albumin, the 32P-end-labeled substrate DNA fragment
(�50 pM, 500 cpm), and 0–2 lM of the zinc finger protein. After
Fig. 2. CD spectra of P1 and Sp1(P1)GLI at 20 �C, respectively (A,B). In e
indicated by the solid line and dashed line, respectively.
incubation at 20 �C for 30 min, the sample was run on an 8% poly-
acrylamide gel with 89 mMTris–borate buffer at 20 �C. The bands were
visualized by autoradiography and quantified with ImageMaster 1D
Elite software (version 3.01). The dissociation constants (Kd) of pro-
tein–DNA fragment complexes were estimated according to a previ-
ously reported procedure [21].

DNA cleavage analyses. Maxam–Gilbert sequencing reaction speci-
menswere prepared as size and sequencemarkers by standard protocols.
Various concentrations of peptides and 5 lM (NH4)Ce(NO3)6 were
incubatedwith the sample containing 10 mMTris–HCl (pH8.0), 50 mM
NaCl, 1 mM dithiothreitol, 20 lg/ll sonicated calf thymus DNA, and
the 32P-end-labeled substrate DNA fragment (�8 nM, 40 Kcpm) at
37 �C. The reaction was stopped by adding an equivolume of phenol/
chloroform. After ethanol precipitation, the cleaved products were
analyzed on a 15% polyacrylamide/7 M urea sequencing gel. The bands
were visualized by autoradiography.
Results and discussion

CD spectral features of peptides

The CD spectra of peptides at 20 �C are presented in
Fig. 2. The spectrum around 214 nm is changed by the
addition of La3+ to P1, and this result indicates that, un-
der our buffer condition, P1 induced a structural change
in response to La3+ the same as in the previous result
under another buffer condition [19]. Furthermore, we
examined the CD spectra of Sp1(P1)GLI and
Sp1(P1G)GLI to confirm the fact that La3+ does not
have a crucial effect on the structure of zinc finger pep-
tides. Fig. 2B presents the CD spectra of Sp1(P1)GLI.
The characteristic CD pattern of zinc finger peptides,
which shows negative Cotton effects in the far-UV re-
gion with a minimum around 208 nm and a shoulder
around 222 nm [22], is conserved in the presence of ex-
cess La3+.
ach panel, the peptides in free state or with 1 mM La3+ addition are



Table 1
Apparent dissociation constants (Kd) for Sp1(P1)GLI and
Sp1(P1G)GLI bindings to GCGLI-3 and GCGLI-10

Binding siteb Kd (nM)a

Sp1(P1)GLI Sp1(P1G)GLI

GCGLI-3 2.6(±0.4) · 102 2.8(±0.5) · 102

a Apparent dissociation constants were determined by titration using
gel mobility shift assays as described in Materials and methods. Values
are averages of three or more independent determinations with
standard deviations.
b The nomenclature is described in the text (see Fig. 1).
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Detection of lanthanide ion-binding by terbium

luminescence

When terbium (Tb3+) is added to a solution including
a lanthanide ion-binding peptide, strong terbium lumi-
nescence at 542 nm is observed [24,25]. The plots of
the peptide fraction saturated with Tb3+ (I/Imax) versus
Tb3+ concentration are shown in Fig. 3. The designed
proteins, Sp1(P1)GLI and Sp1(P1G)GLI, exhibited an
increase in luminescence at 542 nm according to the
Tb3+ concentration in the same manner as reported
for P1 [16]. Furthermore, fitting with the binding iso-
therms yielded the dissociation constants of both pro-
teins (KTb3þ ¼ 5:4 and 9.1 lM, respectively), which are
in good agreement with the previous KTb3þ values of lan-
thanide ion-binding peptides [8,25]. These results dem-
onstrate that the P1 region in both proteins effectively
binds to a lanthanide ion without steric disturbance by
the zinc finger domains. Additionally, the equivalent
binding of both proteins to Tb3+ reveals that the glycine
spacers play no significant role in binding to a lantha-
nide ion.

DNA-binding affinity of each zinc finger protein

In a preliminary experiment, we found that GA was
needed at the 5 0 site of the GLI(zf45)-binding site for
optimal binding of GLI(zf45). Therefore, we designed
substrate GCGLI-3 by inserting GAT between two
DNA-binding sites (Fig. 1D). Based on the gel mobility
shift assays, the DNA-binding affinity (Kd) of designed
proteins was determined for GCGLI-3 (Table 1).
Sp1(P1)GLI and Sp1(P1G)GLI exhibited a similar
DNA-binding affinity for GCGLI-3 (Kd = 260 and
280 nM, respectively), suggesting that the glycine spac-
ers have no significant effect on DNA-binding affinity.
Based on the previous results in which P1 formed a rigid
structure and dimerized by binding to a lanthanide ion
Fig. 3. (A,B) Represent the Tb3+ luminescence of Sp1(P1)GLI and Sp1(P1G
Tb3+ (I/Imax) was calculated at a peptide concentration of 30 lM as describe
280 and 542 nm, respectively.
[16,17], we compared the DNA-binding ability in the ab-
sence or presence of 5 lM La3+. As a result, a change in
the DNA-binding affinity was not observed under our
experimental conditions (data not shown). In consider-
ation of these results, our designed zinc fingers seem to
have the expected DNA-binding affinity for GCGLI-3
in the presence of a lanthanide ion.

Evaluation of site-specific DNA cleavage of zinc

finger-type nucleases

Several lanthanide ions show effective catalytic activ-
ity for the hydrolytic cleavage of phosphate ester bonds.
In particular, Ce(IV)-complexes are known to exhibit
high cleavage ability [7–12]. Indeed, Ce(IV) was chelated
with P1, Sp1(P1)GLI, and Sp1(P1G)GLI. Fig. 4 shows
the results of the DNA cleavage experiment. First, we
examined the DNA cleavage ability of the Ce(IV)–P1
complex, but no enhanced DNA cleavage pattern was
detected even after a 24-h reaction. On the other hand,
Sp1(P1)GLI and Sp1(P1G)GLI bound to Ce(IV)
showed a clear DNA cleavage pattern inside their
DNA-binding sites, depending on the concentration of
proteins. Especially, the base site between two DNA-
binding sites of the zinc finger domains was strongly
)GLI, respectively. The fraction of peptide molecules saturated with
d in Materials and methods. Excitation and emission wavelengths are



Fig. 4. Polyacrylamide gel electrophoresis for detecting the DNA cleavage of GCGLI-3. (A,B) The results of 24- and 2-h reactions, respectively. The
arrow represents the enhanced sites of cleavage by adding the peptide. Lane 1, intact DNA; lane 2, G + A (Maxam–Gilbert reaction products); and
lane 3, C + T (Maxam–Gilbert reaction products). Peptide concentration is noted in the figure.
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cleaved. We further examined the DNA cleavage pattern
in a shorter reaction time. Surprisingly, only the base
site between two DNA-binding sites was specifically
cleaved at 2 h, although the extent of DNA cleavage
was smaller than that at 24 h. Based on the fact that
the Ce–P1 complex itself has no DNA cleavage activity,
the strong DNA-binding affinity of zinc finger proteins
seems to cooperatively induce DNA cleavage activity
of the Ce–P1 region. Of special interest is the fact that
Sp1(P1G)GLI cleaved DNA more strongly than did
Sp1(P1)GLI, in spite of their similar lanthanide ion
and DNA-binding affinities. Presumably, the glycine-
spacer in the former peptide helps the Ce(IV)–P1 region
to access the substrate DNA effectively.

In contrast to previous protein-based approaches [1–
10], our designed nucleases have high potential for
application to any DNA sequences based on the follow-
ing features: (i) the usefulness of zinc finger domains for
almost all of the DNA triplets [26–31], and (ii) the facil-
itated engineering of multi-zinc finger-type nucleases by
converting any normal linkers into P1 linkers. From our
result in which Sp1(P1G)GLI showed stronger DNA
cleavage activity than did Sp1(P1)GLI, a more effective
nuclease would be produced by optimization of the
spacer region between the DNA cleavage domain and
the DNA-binding domain. Consequently, such novel
zinc finger-type nucleases would provide important
information for the creation of valuable artificial nuc-
leases and for zinc finger-based design.
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