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Effects of linking 15-zinc finger domains on DNA binding
specificity and multiple DNA binding modes
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Abstract—To assess the possibility of multi-connection of zinc finger domains for understanding of DNA binding mechanisms and
gene regulation, the longest artificial zinc finger protein, Sp1ZF15, has been constructed. This zinc finger consists of 5 units of Sp1
zinc finger peptide connected by canonical short linker sequences (TGEKP). Recognition of the 50 base pairs of DNA and potential
binding to shorter targets by Sp1ZF15 were determined. Sequence alterations of the GCG triplet to ATA at a target site clearly
showed that Sp1ZF15 changes its DNA binding mode depending on the target sequences. Of special interest is the fact that
Sp1ZF15 controls the number of finger domains active in DNA binding corresponding to the length and sequence of the target
DNA. These results suggest that artificial transcription factors based upon these multi-zinc finger proteins have great potential
for the regulation of a vast number of cellular processes.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc finger protein is the key DNA binding module for
transcription factor complexes.1,2 The Cys2His2-type
zinc finger protein is universal in eukaryotes, and hence
its structural and functional studies have been devel-
oped.3–7 The numbers of zinc finger domains in natural
multi-zinc fingers vary up to 37.8 Among the zinc finger
proteins maintaining more than nine-zinc finger do-
mains, some finger domains are separated by long ami-
no acid sequences. 9 In such a form of connection, zinc
finger domains play roles other than DNA binding. In
typical zinc finger proteins, the canonical short linkers
connect the zinc finger domains and assist DNA bind-
ing. These facts suggest that the canonical linker is crit-
ical for DNA binding of zinc finger proteins by
wrapping around the DNA major groove.10,11

Recognition of a long DNA sequence is a rare function
in the natural DNA binding proteins. Restriction en-
zymes recognize target DNA sequences in the 3–8 bp
range.12 Although there are several proteins such as
homing endonucleases13 and the Transcription Factor
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IIIA (TFIIIA) zinc finger protein from Xenopus lae-
vis14,15 whose recognition sequence is relatively long,
they recognize some parts of the target sequences. Our
artificial zinc finger protein, Sp1ZF9, indicates that the
zinc finger modules effectively serve as a binding module
for successively longer DNA sequences.16

We have designed and created the longest artificial zinc
finger protein, Sp1ZF15, consisting of 5 units of Sp1
zinc finger connected by the canonical linker (TGEKP)
(Fig. 1A). Our results indicate that increasing the num-
ber of zinc finger units is a feasible strategy to recognize
a long DNA target. Moreover we found that multi-zinc
finger proteins show various DNA binding modes
depending on the target sequence. There is much interest
in building sequence-specific binding proteins that bind
to longer regions of DNA and the present results make
a contribution in that direction.

1.1. Creation of Sp1ZF15

The coding DNA of Sp1ZF15 was inserted into a
pET42b plasmid (Novagen) and the protein was overex-
pressed as a soluble form in an Escherichia coli strain
BL21(DE3) at 20 �C. The first purification of the protein
was performed by using a HisTrap purification kit
(Amersham Biosciences). In the second step, a GSTrap
purification column (Amersham Biosciences) was uti-
lized. Purification procedures were followed as protocols
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Figure 1. (A) A schematic representation of Sp1ZF15. The amino acid sequences are shown in the box of the figure. (B) Purified samples of Sp1ZF15

as GST fusion protein at lane 2, Sp1ZF15 cleaved by thrombin from the GST moiety at lane 3, and the GST moiety cleaved at lane 4. Protein marker

is at lane 1 as the sizes are indicated at the left of the panel. Samples of Sp1ZF15 were analyzed by SDS-PAGE. Proteins were visualized by

Coomassie blue staining. (C) The CD spectrum of Sp1ZF15. The spectrum was recorded on a Jasco J-720 spectropolarimeter in Hepes buffer (20 mM

Hepes (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, and 10% glycerol) at 20 �C. The protein concentration was 3 lM.
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of the manufacturer except for the buffer contents. The
protein was cleaved from the GST moiety by 10 units
of thrombin at 22 �C for 30 min. The fidelity of purified
Sp1ZF15 was confirmed by SDS-PAGE (Fig. 1B) and
time-of-flight mass spectroscopy (TOFMS), using a
Voyager-DE STR system (Applied Biosystems): [MH+]
calcd. 570,97.6 and observed 569,70.2. The sample was
further purified by HPLC on a COSMOSIL 5C18-AR-
II (10 mm · 250 mm) column. The purified protein was
lyophilized and dissolved in the buffer just before the
experiment was conducted. The secondary structure of
Sp1ZF15 was examined by circular dichroism (CD)
spectroscopy (Fig. 1C). The value of [h]222 was approxi-
mately �20,000 (deg cm2 dmol�1), corresponding to
that of Sp1ZF15 consisting of 5 units of Sp1 three-zinc
finger peptide.17

1.2. DNA binding of Sp1ZF15 to various lengths of
DNA

The Sp1 zinc finger specifically recognizes and binds to
GC box, 5 0-GGG GCG GGGCC-3 0.19–22 DNA binding
of Sp1ZF15 for GC-, 3GC-, and 5GC-boxes (Fig. 2A)
were evaluated. The dissociation constants (Kd) were
determined by gel mobility shift assays (Fig. 2B). In
these results, the binding to GC-box showed single shifted
band, and to 3GC- and 5GC-boxes showed several
shifted bands on protein binding. To determine Kd val-
ues, quantity of shifted band was evaluated. The Kd val-
ues were 68 ± 0.7, 21 ± 1.1, and 7.0 ± 0.3 (nM) for GC-,
3GC-, and 5GC-boxes, respectively. Compared to the
Kd value for GC-box, those for 3GC- and 5GC-boxes
presented 3- and 10-fold increase in binding affinities,
respectively. In general, the length of DNA binding se-
quence increases in proportion to the length of zinc fin-
ger motif.16 In this study, we demonstrated that the
affinity of a multi-zinc finger for DNA is increased as
the length of the DNA is increased.

1.3. DNA binding modes of Sp1ZF15 to 3GC- and
5GC-box DNA

The DNA binding modes of Sp1ZF15 for 5GC- and
3GC-boxes was assessed by DNase I footprinting analy-
ses. The footprint was clearly observed at 5GC-box site
(Fig. 3A). This result strongly indicates that Sp1ZF15
specifically binds to 5GC-box site. However, the foot-
print was weak around three base pairs at the both ends
of the site. The enhancement of cleavage by DNase I was
observed at the 3 0-external region of 5GC-box. This
cleavage suggests that Sp1ZF15 recognizes the 3 0-end
of the site as exhibited in the binding of the Sp1 zinc fin-
ger to GC-box.19,20 Evidently, the footprint on the C-
strand was also exhibited on the entire 5GC-box site
(data not shown). For binding to 3GC-box, the clear
footprint similarly occurred at the binding site, but the
enhancement of cleavage was not observed (Fig. 3B).
In addition, as the same with binding to 5GC-box
DNA, the weak footprint was observed at the both ends
of the site. In this DNA binding, Sp1ZF15 is presumed to
use about nine-zinc finger domains for recognition on
3GC-box site. Although it is not clear which finger do-
mains of Sp1ZF15 are employed for this recognition, this
15-zinc finger protein distinguishes the length of the
binding sites by employing the finger domains of corre-
sponding numbers in DNA binding. As suggested by



Figure 2. (A) A DNA sequence alignment of target DNA, GC- (a),

3GC- (b), and 5GC- (c) boxes. The sequences displaced by units are

represented. The upper and lower sequences are designated as the G-

and C-strands, respectively. (B) Gel mobility shift assays of Sp1ZF15

for binding to GC- (a), 3GC- (b), and 5GC- (c) boxes. The lanes 1–12

in the panels (a) and (b) represent the protein concentrations 0, 0.244,

0.488, 0.977, 1.95, 3.91, 7.81, 15.6, 31.3, 62.5, 125, and 250 (nM),

respectively. The lanes 1–10 in the panel (c) represent the protein

concentrations 0, 1.95, 3.91, 7.81, 15.6, 31.3, 62.5, 125, 250, and 500

(nM), respectively. The reaction time was 24 h for GC- and 3GC-

boxes, and 72 h for 5GC-box. Each reaction mixture contained 20 mM

Hepes (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 10 lM ZnCl2,

25 ng/lL poly(dI-dC), 0.05% Nonidet P-40, 5% glycerol, 40 ng/lL
bovine serum albumin, the 32P 5 0-end-labeled substrate DNA fragment

(�50 pM), and protein. The binding reactions were performed at

20 �C. The dissociation constants (Kd) are averages of three indepen-

dent determinations with standard deviations.

Figure 3. DNase I footprinting analyses of Sp1ZF15 for binding to

5GC- (A) and 3GC- (B) boxes. DNase I footprinting experiments were

performed according to the method of Brenowitz et al.18 Sites

indicated in the panels correspond to the DNA sequence in Figure 1.

The panels are the reactions for the G-strand. Lanes 1 and 8, intact

DNA; lanes 2 and 9, G + A (Maxam–Gilbert reaction product); lanes

3 and 10, C + T (Maxam–Gilbert reaction product); lanes 4–7 and 11–

14 are DNase I reaction products at the protein concentrations 0, 0.25,

0.50, and 1.0 (lM), respectively. The triangle indicates the enhance-

ment site of cleavage by DNase I. The thick bars at the side of the

panels exhibit the region of the footprint.
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the results of DNase I footprinting, the differences in
binding affinities depending on the length of target sites
reflect the altered finger numbers active in DNA binding.

1.4. Alteration of DNA binding of Sp1ZF15 to ATA
permutated DNA

To elucidate the binding mode of Sp1ZF15 in the se-
quence alteration from GÆC to AÆT base pairs, 5GCatI-
and 5GCatII-boxes, which have the ATA permutated
targets, were prepared (Fig. 4A). The dissociation con-
stants (Kd) of Sp1ZF15 were determined to be 8.5 ± 0.1
and 11 ± 0.1 (nM) for 5GCatI- and 5GCatII-boxes,
respectively (Fig. 4B). Sp1ZF15 exhibited a slight de-
crease in binding affinities to these sequences compared
with that to 5GC-box. Surprisingly, the DNA footprint
pattern was changed depending on the positions of the
ATA triplet (Fig. 4C). In both sequences, a distinct foot-
print was detected at the 5 0-side residue of the ATA trip-
let. In addition, a weak footprint was observed at the 3 0-
side. In both fragments, cleavage enhancement occurred
at the 5 0-side adenine of the ATA triplet. Presumably,
this result indicates a local distortion of the DNA helix
at different positions on protein binding. Interestingly,
the observed enhancement sites of cleavage by DNase I
were changed depending on the positions of the ATA
triplet. The binding to the ATA permutated fragments
reveals that Sp1ZF15 binds to the entire sequence, but
no finger domains of Sp1ZF15 were used for binding
to the ATA site. These results show that Sp1ZF15 recog-
nizes the ATA permutated site in 5GC-box, and that the
permutation to the ATA triplet and its positions affects
the binding modes and affinities of Sp1ZF15. The versa-
tile recognition on altered DNA sequences is characteris-
tic of Sp1ZF15, which is remarkably unique among
natural DNA binding modules.

Engineered zinc finger domains have the potential to
mediate sequence-specific protein–DNA interaction for
all possible codon combinations or unique sites from
the human genome.7 The results presented here suggest
that Sp1ZF15 can bind to various lengths of DNA with
considerable affinity and can also recognize changes in
the DNA sequence. These properties may allow us to
engineer Sp1ZF15 type zinc finger proteins to recognize
several sets of target sites or to bind in different modes.
The zinc finger module is able to locate as the effector
domains on adequate DNA sites for the gene activation
(or repression) and DNA cleavage.23,24 The various
binding modes of 15-zinc finger proteins would offer
new functional control of such domains.

In summary, the longest artificial zinc finger protein,
Sp1ZF15, has control of the number of finger domains
active in DNA binding corresponding to the length
and sequence of the target DNA. In our opinion, artifi-



Figure 4. (A) Base sequences of 5GCatI- (a) and 5GCatII- (b) boxes. Designations of each strand are exhibited in the figure. (B) Gel mobility shift

assays of Sp1ZF15 for binding to 5GCatI- (a) and 5GCatII- (b) boxes. The reaction time was 72 h. The lanes 1–10 in panels represent the protein

concentrations 0, 1.95, 3.91, 7.81, 15.6, 31.3, 62.5, 125, 250, and 500 (nM), respectively. (C) DNase I footprinting analyses of Sp1ZF15 for binding to

5GCatI- (a) and 5GCatII- (b) boxes. The panels are the reactions for the G-strands. Lanes 1 and 10, intact DNA; lanes 2 and 11, G + A (Maxam–

Gilbert reaction product); lanes 3 and 12, C + T (Maxam–Gilbert reaction product); lanes 4 and 13, G (Maxam–Gilbert reaction product); lanes 5

and 14, C (Maxam–Gilbert reaction product). DNase I reaction products at the protein concentrations 0, 0.25, 0.50, and 1.0 (lM) are shown in lanes

6–9 and 15–18. The triangles indicate the enhancement site of cleavage by DNase I. The thick bars at the side of the panels exhibit the region of the

footprint. The ATA permutated sites are shown at the side of the boxes for sequence indication.
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cial transcription factors based upon these multi-zinc
finger proteins have great potential for the regulation
of a vast number of cellular processes.
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