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Abstract

The central three-zinc finger connection of the native nine-zinc finger protein transcription factor IIIA (TFIIIA) is composed of

unique linker sequences, –NIKICV–, –TQQLP–, –AG–, and –QDL–. New artificial nine-zinc finger proteins, Sp1ZF9TC and

Sp1ZF9TN, which use the TFIIIA-type linker for their C- and N-terminal three-zinc finger connections have been created. To

investigate the influence of TFIIIA-type linker sequences by their different locations in the proteins, gel mobility shift assays

(GMSA), DNase I footprinting assays, methylation interference analyses, and hydroxyl radical footprinting assays were performed.

The GMSA revealed similar DNA-binding affinities of these two proteins. The footprinting analyses indicated that the two zinc

finger proteins recognize the same part of GCII or GCIII DNA. Moreover, the specific base contacts were observed in the same sites

of the substrate DNA. In the present proteins, Sp1ZF9TC and Sp1ZF9TN, the four zinc fingers (fingers 1–4 or 5–9) situated in the

site opposite to the TFIIIA-type linker position participate in their DNA bindings. The position of the TFIIIA-type linker is im-

portant in DNA recognition by multi-zinc finger proteins.

� 2002 Elsevier Science (USA). All rights reserved.
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The Cys2His2-type zinc finger motif consists of tan-

dem repeats of zinc-binding mini-domains connected by

short linker sequences. Each mini-domain is folded as a

bba conformation by the coordination of a zinc ion with

the invariant two cysteines and two histidines [1]. In

natural zinc finger proteins, the short linker sequence,

Thr–Gly–Glu–Lys–Pro, is the most typical linker se-

quence (Kr€uuppel-type linker) between each finger do-
main [2,3]. Zinc finger proteins recognize a specific DNA

sequence by locating its a-helix in the major groove of

DNA [4]. The utilization of zinc finger proteins for

DNA sequence recognition has been investigated from

the recognition helix experiments of zinc finger proteins

by several design- [5,6] and phage-display-based [7–11]

mutational analyses. Some natural zinc finger proteins

control their DNA- and/or RNA-binding mode by the

unique linker sequences [12,13]. The transcription factor

TFIIIA derived from Xenopus oocyte is one of the most

famous nine-zinc finger proteins [14,15]. As revealed by

an X-ray crystallographic study of the TFIIIA-5S rRNA

gene complex, the characteristic DNA-binding mode of
the TFIIIA zinc finger protein is based on the unique

linker sequences that connect the central five-zinc finger

domains [16]. Recently, we designed and created a new

artificial nine-zinc finger protein, Sp1ZF9T, which con-

tains the TFIIIA-type linker sequences in the central

part of the nine-zinc finger protein, Sp1ZF9 [17,18].

Sp1ZF9T showed a DNA-binding mode different from

that of Sp1ZF9 containing only the (Kr€uuppel-type lin-
ker), and this result strongly indicated that the linker

sequences have a significant effect on the DNA-binding

mode in a multi-zinc finger protein. By modification

of the linker sequences [19] and adjustment of the

linker length [20,21], several efforts to improve the

Biochemical and Biophysical Research Communications 300 (2003) 87–92

www.elsevier.com/locate/ybbrc

BBRC

qThis study was supported in part by a Grant-in-Aid for the COE

Project ‘‘Element Science’’ (12CE2005) and Scientific Research

(12793008, 13557210, and 14370755) from the Ministry of Education,

Culture, Sports, Science and Technology, Japan. W.N. is a research

fellow of the Japan Society for the Promotion of Science.
* Corresponding author. Fax: +81-774-32-3038.

E-mail address: sugiura@scl.kyoto-u.ac.jp (Y. Sugiura).

0006-291X/02/$ - see front matter � 2002 Elsevier Science (USA). All rights reserved.

PII: S0006-291X(02 )02792-4

mail to: sugiura@scl.kyoto-u.ac.jp


DNA-binding affinity have also been performed. How-
ever, it is unknown whether the position of the linker

sequences in multi-zinc finger protein has any effect on

DNA bindings. We newly created the artificial nine-zinc

finger proteins, Sp1ZF9TC and Sp1ZF9TN, which

contain the TFIIIA-type linker sequence in the C- and

N-terminal sites (see Fig. 1). Herein, our artificial nine-

zinc finger proteins use only the four-finger domains for

DNA recognition and also recognize the same site of
substrate DNA. In the control of the numbers of the

zinc finger domains utilized for DNA recognition and

the recognition specificity for the desired sequences, the

present results would provide useful information for the

design and engineering of artificial multi-zinc finger

proteins.

Materials and methods

Chemicals. T4 polynucleotide kinase was obtained from New En-

gland Biolabs. The labeled compound [c-32P]ATP was supplied by

DuPont. The synthetic oligonucleotides for mutagenesis were pur-

chased from Amersham Pharmacia Biotech. All other chemicals used

were of commercial reagent grade.

Construction of genes and protein expression. To prepare the gene

for Sp1ZF9TN and Sp1ZF9TC, the gene for Sp1ZF9T constructed

previously was used [18]. For the gene of Sp1ZF9TN, the sequence for

the region of fingers 1–6 for Sp1ZF6 was amplified by a polymerase

chain reaction (PCR) with appropriate primers for fingers 4–9 of

Sp1ZF9TN. On the other hand, the region of fingers 4–6 of Sp1ZF9T

was used for fingers 1–3 of Sp1ZF9TN. These two fragments were

digested by AvaII restriction enzyme and ligated. The resultant frag-

ment was inserted into pEV3b as a BamHI/EcoRI fragment. For the

gene of Sp1ZF9TC, the sequence for the region of fingers 1–6 of

Sp1ZF9T was amplified by a PCR with appropriate primers for fingers

4–9 of Sp1ZF9TC and then inserted into pEV3b. We renamed this

plasmid pEVStyIdel. The gene coding the region of fingers 1–3 for

Sp1ZF9TC was cut out by StyI from pUCSp1OL, which was con-

structed previously [18]. This fragment was inserted into pEVStyIdel.

These proteins were expressed in an Escherichia coli strain BL21(DE3)

pLysS and purified according to the previous method [5]. The purified

peptides, Sp1ZF9TN and Sp1ZF9TC, were dialyzed as previously

described [17] and used in the experiments.

Gel mobility shift assays. Gel mobility shift assays were carried out

under the following conditions. As the substrate DNAs, GCIII DNA

and GCII DNA were utilized. Each reaction mixture contained 10mM

Tris buffer (pH 8.0), 100 ng/ll poly(dI–dC), 5% glycerol, the 50-end

labeled SacI–KpnI fragment of substrate DNA (�100 pM), and 0–

1000 nM protein. After incubation at 20 �C for 0.5 h, the samples were

run on a 10% polyacrylamide gel with 1� TB buffer at 20 �C. The

bands were visualized by autoradiography and analyzed using Im-

ageQuant software (Amersham Bioscience).

DNase I footprinting analyses. DNase I footprinting experiments

were performed according to the method of Brenowitz et al. [22]. The

reaction mixture contained 10mM Tris buffer (pH 8.0), 50mM NaCl,

5mM CaCl2, 20 ng/ll sonicated calf thymus DNA, the 50-end labeled

SacI–KpnI fragment of substrate DNA (approximately 20Kcpm),

and 0–500 nM protein. After incubation at 20 �C for 30min, the

samples were digested with DNase I (70mU) at 20 �C for 2min. The

reaction was stopped by the addition of 30ll DNase I stop solution

(0.1M EDTA and 0.6M sodium acetate) and 50ll phenol/chloro-

form. After ethanol precipitation, the cleavage products were ana-

lyzed on a 10% polyacrylamide/7M urea sequencing gel. The bands

were visualized by autoradiography and quantified with ImageQuant

software.

Methylation interference analyses. Methylation interference analy-

ses were carried out as described previously [23]. The reaction mixture

contained 10mM Tris buffer (pH 8.0), 100 ng/ll poly(dI–dC), 5%

glycerol, the 50-end labeled methylated SacI–KpnI fragment of sub-

strate DNAs (approximately 20Kcpm), and 500nM protein. To ex-

amine both the strong and weak base contacts, we selected the

experimental conditions in which the peptide/DNA molar ratio in the

binding reaction was about 10–20% bound. The electrophoresis bands

were visualized by autoradiography and analyzed using ImageQuant

software (Amersham Bioscience).

Hydroxyl radical footprinting analyses. Hydroxyl radical foot-

printing experiments were carried out according to the method re-

ported by Tullius et al. [24]. The binding reaction mixture contained

20 ng/ll sonicated calf thymus DNA, the 50-end labeled methylated

SacI–KpnI fragment of substrate DNA (approximately 20Kcpm), and

250 nM protein. After incubation at 20 �C for 30min, the samples were

cleaved by additions of 100mM ferrous ammonium sulfate, 200mM

EDTA, and 0.003% hydrogen peroxide at 20 �C for 1min. The reaction

was quenched by adding 20ll hydroxyl radical stop solution (0.135M

thiourea, 0.135M EDTA, and 0.6M sodium acetate). After phenol

extraction and ethanol precipitation, the cleavage products were ana-

lyzed on a 15% polyacrylamide/7M urea sequencing gel. The bands

were visualized by autoradiography and quantified with ImageQuant

software.

Fig. 1. Schematic representations of the new artificial nine-zinc finger proteins Sp1ZF9TC (A) and Sp1ZF9TN (B), and their substrate DNA se-

quences, GCII DNA (C) and GCIII DNA (D). Amino acid residues of the linker sequences are indicated by one-letter abbreviations. GCII DNA

consists of sites 1–6 and GCIII sites I–IX. The numbers indicate the position of the bases.
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Results and discussion

Comparison of DNA-binding affinity between Sp1ZF9TC

and Sp1ZF9TN

The DNA bindings of the new artificial nine-zinc

finger proteins, Sp1ZF9TC and Sp1ZF9TN, were de-

termined by gel mobility shift assays. Fig. 2 shows
the DNA-binding properties of Sp1ZF9TC and

Sp1ZF9TN. The two shifted bands, namely B-1 and B-

2, were detected for binding to GCIII DNA (Figs. 1D,

2C, and D). These bands were similarly observed in the

previous case of Sp1ZF9T [18]. As shown in the previ-

ous study, B-1 indicates the long-lived DNA–protein

Fig. 2. Gel mobility shift assays for Sp1ZF9TC and Sp1ZF9TN bindings to GCII and GCIII DNAs. The panels (A–D) depict the results for bindings

of Sp1ZF9TC–GCII DNA (A), Sp1ZF9TN–GCII DNA (B), Sp1ZF9TC–GCIII DNA (C), and Sp1ZF9TN–GCIII DNA (D). The lanes 1–9 in each

panel present 0, 5, 10, 20, 50, 100, 200, 500, and 1000 nM protein, respectively. F, B-1, and B-2 show free DNA, long-lived protein–DNA complex

species, and short-lived species, respectively.

Fig. 3. DNase I footprinting analyses for Sp1ZF9TC and Sp1ZF9TN binding to GCII and GCIII DNAs. (A) Autoradiograms of electrophoresis

gels. The left (lanes 1–13) and right (lanes 14–26) panels show the results for GCII and GCIII DNAs, respectively. Lanes 1 and 14, intact DNA; lanes

2 and 15, GþA (Maxam–Gilbert reaction products); lanes 3 and 16, Cþ T (Maxam–Gilbert reaction products); lanes 4–8, 9–13, 17–21, and 22–26,

protein-bound DNA samples. The protein concentrations for each sample are 0, 50, 125, 250, and 500 nM, respectively. (B) Densitometric analyses of

the autoradiograms. The results with 500 nM protein and without protein are represented by dotted and solid lines, respectively.
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complex and B-2 the short-lived complex. This was
confirmed by the same experiments after 72 h of the

binding reaction (data not shown). The binding affinities

for GCIII DNA of the two proteins were almost the

same. GCII DNA was also used as the substrate for the

Sp1ZF9TC and Sp1ZF9TN, because these two proteins

contain the part to which six-zinc finger domains are

connected by the canonical linker sequences (Fig. 1C).

In the binding experiment for GCII DNA, our zinc
finger proteins Sp1ZF9TC and Sp1ZF9TN showed the

formation of a stable 1:1 complex with the GCII DNA

(Figs. 2A and B).

Differences in DNA-binding mode of nine-zinc finger

proteins

To estimate the detailed DNA-binding mode of the

present proteins, DNase I footprinting analyses were
performed. As clearly shown in Fig. 3, the two kinds of

proteins, Sp1ZF9TC and Sp1ZF9TN, bind to the 30-

portion of the GCII and GCIII DNA. However, there is

a difference in the enhancement of the DNA digestion by

DNase I nuclease that indicates a DNA conformational
change caused by the protein binding. In the DNA

binding of Sp1ZF9TN, the stronger enhancement of

DNA digestion was clearly observed at the 30-external

region of the target GC-rich DNA sequences (Fig. 3A,

lanes 13 and 26). Probably, this difference in enhance-

ment suggests the different location of proteins on the

substrate DNAs due to the different positions of

TFIIIA-type linker sequences.
Fig. 4 shows the results of the methylation interfer-

ence analyses for bindings to the GCII and GC III

DNAs of the proteins. To confirm the DNA base con-

tacts for the G- and C-strand (data not shown), exper-

iments were performed for both of the DNA strands.

The two proteins form the same specific DNA base

contacts with substrate DNA at sites 3–6 for GCII DNA

and sites VI–IX for GCIII DNA (Fig. 4B). These results
indicate that our nine-zinc finger proteins, Sp1ZF9TC

and Sp1ZF9TN, use only four-zinc finger domains to

recognize the specific DNA base contacts. In addition,

the results of the bindings to the C-strand also support

the fact that the DNA base contacts of these zinc finger

Fig. 4. Methylation interference analyses for Sp1ZF9TC and Sp1ZF9TN bindings to GCII and GCIII DNAs. The reaction mixture was incubated at

20 �C for 30min. (A) Autoradiograms of electrophoresis gels. The left (lanes 1–7) and right (lanes 8–16) panels show the results for the GCII and

GCIII DNAs, respectively. Lanes 1 and 8, intact DNA; lanes 2 and 9, GþA (Maxam–Gilbert reaction products); lanes 3 and 10, Cþ T (Maxam–

Gilbert reaction products); lanes 4, 6, 11, and 13, protein-free DNA; lanes 5 and 7, protein–GCII DNA complexes; and lanes 12 and 14, B-1 complex

species, respectively. (B) Histograms showing the extent of methylation interference by Sp1ZF9TC and Sp1ZF9TN bindings to GCII and GCIII

DNAs. The autoradiograms of the gels were scanned with a densitometer, and the extent of interference was calculated as the ratio of the cutting

probabilities for the two bands (bound/free).
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proteins are the same. The guanine bases which are

situated in the opposite strand of C-14, -19, and -20 in

GCII DNA and C-22, -28, and -29 in GCIII DNA are

recognized by both of the nine-zinc finger proteins, re-

spectively. The X-ray crystallographic analyses of cer-

tain zinc finger–DNA complexes revealed that the zinc

finger binds to DNA in a monomeric and anti-parallel

binding mode and also recognizes a three-base-pair
subsite by the one finger module [1,4]. In general, the

four zinc finger domains should recognize specifically

12-bp-long DNA sequences. However, the results of

methylation interference analyses show that G-12 and

-13 in site 3 of GCII DNA and G-21 and -22 in site VI of

GCIII DNA are not recognized in the bindings of the

present two proteins. This result corresponds to the fact

that, among the four successive zinc finger proteins, only
the terminal zinc finger domain evidently makes a

weaker contact with the guanine base [25]. Fig. 5A

shows the footprinting patterns of the hydroxyl radical

digestion on the substrate DNA for the bindings of the

two proteins. The patterns of the DNA digestion be-

tween these two proteins were not substantially different

(Fig. 5B). In the bindings of both proteins, the DNA

sequences at sites 3–6 for GCII DNA and at sites VI–IX
for GCIII DNA are fully protected from hydroxyl

radical digestion by the protein bindings.

Fig. 5. Hydroxyl radical footprinting analyses for Sp1ZF9TC and Sp1ZF9TN bindings to GCII and GCIII DNAs. (A) Electrophoretic results of

hydroxyl radical footprinting analyses. The left (lanes 1–7) and right (lanes 8–14) panels show the results for G-strand of GCII DNA and GCIII

DNA, respectively. Lanes 1 and 8, intact DNA; lanes 2 and 9, GþA (Maxam–Gilbert reaction products); lanes 3 and 10, Cþ T (Maxam–Gilbert

reaction products); lanes 4, 5, 11, and 12, Sp1ZF9TN; and lanes 6, 7, 13, and 14, Sp1ZF9TC. Protein concentrations are noted in the figures. (B)

Densitometric analyses of the electrophoretic results. Solid and dotted lanes denote the cleavage intensities in the absence and presence of the protein,

respectively.

Fig. 6. Schematic representations of Sp1ZF9TN and Sp1ZF9TC

bindings to GCIII DNA; (A) Sp1ZF9TC–GCIII DNA complex and

(B) Sp1ZF9TN–GCIII DNA complex. The solid and dotted thick lines

represent canonical (Kr€uuppel-type) and TFIIIA-type linker sequences.

The boxed area represents the GCIII DNA sites that the nine-zinc

fingers recognize.
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Effect of position of TFIIIA-type linker on DNA binding

The native nine-zinc finger protein, TFIIIA, contains

the unique linker sequences between fingers 3–4, 4–5,

5–6, and 6–7, respectively. Here, we rename these un-

ique linker sequences as TFIIIA-type. These linker se-

quences play an important role in DNA and RNA

bindings of TFIIIA zinc finger protein [26]. However, it

is unclear whether the positions of the linker sequence
in the nine-zinc finger proteins affect DNA binding or

DNA recognition. The three-zinc finger proteins that

contain TFIIIA-type linker sequences (–NIKICV–, –

TQQLP–, –AG–, and –QDL–) do not bind to the GC

box DNA (unpublished data). In the present nine-zinc

finger proteins, the finger portions containing TFIIIA-

type linker sequences do not participate in DNA

bindings. The TFIIIA-type linker sequences may in-
hibit the DNA binding of the zinc-finger domain be-

cause of its hydrophobic property [16]. The recognized

regions of the substrate DNA suggest that our nine-

zinc fingers use only four zinc finger domains for the

DNA binding. Presumably, the domains of zinc fingers

1–4 and 5–9 participate in the DNA bindings of

Sp1ZF9TC and Sp1ZF9TN, respectively (Fig. 6).

These zinc finger domains are situated at the site op-
posite to the domains containing TFIIIA-type linker

sequences. In the multi-zinc finger proteins, the posi-

tion of the introduced TFIIIA-type linker sequence has

an important effect on their DNA base recognitions.

As well as the kind of the linkers, such as (Kr€uuppel-

type) and TFIIIA-type, therefore, the position of the

linker is also pivotal in the design of multi-zinc finger

proteins.
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