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ABSTRACT: In the DNA recognition mode of C2H2-type zinc fingers, the finger-finger connection region,
consisting of the histidine spacing (HX3-5H) and linker, would be important for determining the orientation
of the zinc finger domains. To clarify the influence of spacing between two ligand histidines in the DNA
binding, we exchanged the histidine spacing between Sp1 and GLI zinc fingers, which have an HX3H-
TGEKK linker (typical) and an HX4H-SNEKP linker (atypical), respectively. A significant decrease in
the DNA binding affinity and specificity is found in Sp1-type peptides, whereas GLI-type peptides show
a mild reduction. To evaluate the effect of the linker characteristics, we further designed Sp1-type mutants
with an SNEKP linker. As a result, the significant effect of the histidine spacing in Sp1-type peptides was
reduced. These results demonstrate that (1) the histidine spacing significantly affects the DNA binding of
zinc finger proteins and (2) the histidine spacing and the following linker regions are one effective target
for regulating the DNA recognition mode of zinc finger proteins.

A C2H2-type zinc finger has a tandemly repeated structure,
which consists of independent modules with the consensus
sequence (Tyr, Phe)-X-Cys-X2,4-Cys-X3-Phe-X5-Leu-X2-His-
X3-5-His-X2-6. Each domain forms a compactââR structure
held together tetrahedrally by coordination of a zinc ion with
two invariant cysteines and histidines. Typical C2H2-type zinc
fingers recognize the three-base-pair subsite mainly on one
strand using key amino acid residues of theR-helix (1, 2).
On the basis of these features, new zinc fingers with various
sequence specificities have been designed by mutating amino
acid residues in theR-helix by rational structural design (3-
6) and by a phage-display-based method (7-11). To expand
the DNA recognition mode of zinc finger proteins, two
significant factors should be considered: (i) the base
recognition on the complementary DNA strand overlaps the
DNA recognition of the preceding zinc finger (12, 13), and
(ii) the orientation of each zinc finger is restricted by the
structure of the finger-finger connection region consisting
of a histidine spacing and a linker (14). In this study, we
focus on the influence of the histidine spacing for the DNA
binding. The histidine spacing is conserved from HX3H to
HX5H and has various conformations in accordance with the
number of amino acid residues. On the basis of the previous
structural analyses, an HX3H-type spacing forms a 310-helix,
whereas HX4H-type and HX5H-type spacings form helical
structures (15, 16). The local conformational alteration of
the histidine spacing might result in changing the DNA
binding of zinc finger proteins. To evaluate the influence of
the histidine spacing on the DNA binding, we selected

HX3H-type and HX4H-type spacings, because these are the
most common motifs in nature. The Sp1 zinc finger has a
typical DNA recognition mode and structure found in many
C2H2-type zinc fingers, and hence it was chosen as an HX3H-
type zinc finger (17-19). On the other hand, we determined
the GLI zinc finger as an HX4H-type zinc finger from the
following reasons: (i) there are unique HX4H-type zinc
fingers such as Tramtrack and TFIIIA, but these zinc fingers
have distinct linker length from the TGEKP linker (20, 21),
and (ii) the GLI zinc finger has been well studied structurally
and functionally, and it shares the appreciably similar amino
acid sequences in the histidine spacing with the Sp1 zinc
finger (22, 23).

Human transcription factor Sp1 is a sequence-specific
DNA binding protein and has three continuous repeats of a
C2H2-type zinc finger at the C-terminal region (17, 18). Each
zinc finger motif involves an HX3H-type spacing and a
typical TGEKK linker. The previous studies revealed that
the C-terminal two fingers of Sp1, Sp1(zf23), show a typical
binding mode (19). On the other hand, the GLI oncogene
encodes five repeated C2H2-type zinc fingers, and its C-
terminal two fingers, GLI(zf45), have HX4H motifs and an
atypical SNEKP linker (22). The crystal structure of the
GLI-DNA complex demonstrated that GLI(zf45) makes
contact with the extensive 10 bp on both DNA strands (23).
In this study, we converted the HX3H-type spacing of
Sp1(zf23) into the HX4H-type spacing of GLI(zf45) and vice
versa. The alterations of the DNA binding affinity and the
DNA binding mode by these new zinc finger peptides were
investigated, and the effect of the histidine spacing and the
following linker has been discussed.

MATERIALS AND METHODS

Chemicals.The T4 polynucleotide kinase and restriction
enzymes were purchased from New England Biolabs. Taq
DNA polymerase and synthesized oligonucleotides for clon-
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ing each peptide were acquired from Qiagen and SIGMA
GENOSYS, respectively. Labeled compound [γ-32P]ATP
was supplied by DuPont. The plasmid pBS-Sp1-fl was kindly
provided by Dr. R. Tjian. All other chemicals were of
commercial reagent grade.

Preparations of Zinc Finger Peptides and Substrate DNA
Fragments. Sp1(zf123) and Sp1(zf23), the aliases for
Sp1(530-623) and Sp1(566-623), are coded on the plas-
mids pEVSp1(530-623) and pEVSp1(566-623), respec-
tively, as previously described (24). All other peptides were
created by a standard polymerase chain reaction with the
appropriate primer sets using pEVSp1(530-623) or pEVSp1-
(566-623) as templates. Their sequences were confirmed
by a GeneRapid DNA sequencer (Amersham Biosciences).
These zinc finger peptides were overexpressed as a soluble
form in Escherichia colistrain BL21(DE3)pLysS at 25°C
and purified by the following procedure at 4°C. E. coli cells
were resuspended and lysed in PBS buffer. After centrifuga-
tion, the supernatant containing the soluble form of the zinc
finger peptides was purified by cation-exchange chromatog-
raphy 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 Bio-
sciences) using TN1 buffer [10 mM Tris-HCl (pH 8.0), 50
mM NaCl, and 1 mM dithiothreitol]. For preparing the
substrate DNAs, oligonucleotides containing the GC box
sequence or the GLI binding sequence were provided (GC1,
5′-GATCTGGGGCGGGGCCT-3′; GC2, 5′-AATTAGGC-
CCCGCCCCA-3′; GLI1, 5′-GATCTCGTGGACCACCCAA-
GACGAAT-3′; and GLI2, 5′-AATTATTCGTCTTGGGTG-
GTCCACGA-3′). The complementary oligonucleotides were
annealed and inserted between aBamHI site and anEcoRI
site of pBluescript II SK+ (Stratagene, La Jolla, CA). The
HindIII-XbaI fragments (GC box, 41 bp, and GLIseq, 50
bp, respectively) were cut out and labeled at the 5′-end with
32P for the experiments as described previously (5).

CD Measurements.The CD spectra for all of the zinc
finger peptides were recorded on a Jasco J-720 spectro-
polarimeter in 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1
mM dithiothreitol, and 10µM zinc finger peptide at 20°C.

Gel Mobility Shift Assays.Gel mobility shift assays were
carried out under the previous experimental conditions (25).
Each reaction mixture contained 10 mM Tris-HCl (pH 8.0),
50 mM NaCl, 1 mM dithiothreitol, 10µM ZnCl2, 25 ng/µL
poly(dI-dC), 0.05% Nonidet P-40, 5% glycerol, 800µg/mL
bovine serum albumin, the32P-end-labeled substrate DNA
fragment (∼50 pM, 500 cpm), and 0-4 µM zinc finger
peptide. After incubation at 20°C for 30 min, the sample
was run on an 8% polyacrylamide gel with 89 mM Tris-
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
the Sp1 and GLI peptide-DNA fragment complexes were
estimated according to the previously reported procedure
(24).

DNase I Footprinting Analyses.DNase I footprinting
experiments were performed according to the method of
Brenowitz et al. (26). The binding mixture contained 20 mM
Tris-HCl (pH 8.0), 25 mM NaCl, 5 mM CaCl2, 10 mM

MgCl2, 20 ng/µL sonicated calf thymus DNA, the 5′-end-
labeled substrate DNA fragment (∼6 nM, 30 kcpm), and
0-8 µM peptide. To show the evident footprinting patterns,
we selected the maximum protein concentration rather than
the concentration near theKd values in DNase I footprinting
analyses. We conducted the preliminary gel mobility shift
assays with the same reaction buffer as DNase I footprinting
(except for addition of glycerol) and determined the maxi-
mum protein concentration. After incubation at 20°C for
30 min, the sample was digested with DNase I (0.5 milliunit/
µL) at 20 °C for 2 min. The reaction was stopped by the
addition of 20µL of DNase I stop solution (0.1 M EDTA
and 0.6 M sodium acetate) and 100µL of ethanol. After
ethanol precipitation, the cleavage products were analyzed
on a 15% polyacrylamide/7 M urea sequencing gel. The
bands were visualized by autoradiography.

Methylation Interference Analyses.The recognition of
guanines in the primary and secondary strands of the GC
box (the G- and the C-strands, respectively) by each peptide
was investigated by methylation interference assays as
described previously (27). The binding reaction mixture
contained 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM
dithiothreitol, 10µM ZnCl2, 25 ng/µL poly(dI-dC), 0.05%
Nonidet P-40, 5% glycerol, 800µg/mL bovone serum
albumin, the32P-end-labeled methylated DNA fragment (∼60
nM, 500 kcpm), and 20-750 nM zinc finger peptide. After
incubation at 20°C for 30 min, the peptide-bound and free
DNAs were separated on a 10% nondenaturing polyacryl-
amide gel and eluted from the gel with a standard elution
buffer. To examine both the strong and weak base contacts,
we selected the experimental conditions under which the ratio
of peptide-DNA complexes to total probes is about 10-
20%. The recovered methylated DNA was reacted in 100
µL of 1 M piperidine at 90°C for 30 min. The lyophilized
cleavage products were analyzed on a 15% polyacrylamide/7
M urea sequencing gel. The bands were visualized by
autoradiography and quantified with ImageMaster 1D Elite
software (version 3.01). The extent of interference was
estimated for each base by calculating the ratio of the cutting
probabilities in the free and bound lanes.

RESULTS

Designs of Zinc Finger Peptides and Substrate DNAs.
Figure 1A shows the putative base recognition mode of the
Sp1 zinc finger (24), and Figure 1B exhibits the recognition
mode of the C-terminal two fingers of GLI determined by
X-ray structural analysis (23). In pursuit of the effect of the
histidine spacing on the DNA binding, we designed several
zinc finger peptides based on Sp1(zf23) and GLI(zf45). All
of the peptides used in this study are summarized in Figure
1C. We prepared four two-finger-type and six three-finger-
type peptides. Sp1(zf23)HX4H and GLI(zf45)HX3H were
designed by exchanging their histidine spacing. In addition,
we examined the effect on the DNA binding of the total Sp1
zinc finger domain by preparing Sp1(zf123)HX4H, in which
the N-terminal zinc finger (finger 1) of Sp1 is connected to
Sp1(zf23)HX4H. Sp1(SNE) and Sp1(SNE)HX4H were de-
signed by substituting an SNEKP linker for a TGEKK linker
to investigate the effect of the linker. To evaluate the effect
on finger 1, we prepared Sp1(KA) or Sp1(KA)HX4H, in
which lysine at the helical position-1 of finger 1 in
Sp1(zf123) or Sp1(zf123)HX4H was substituted with alanine.

1 Abbreviations: Tris, tris(hydroxymethyl)aminomethane; TN, Tris-
NaCl; CD, circular dichroism; zf, zinc finger; bp, base pair(s).
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It is well-known that this lysine contributes to the base
recognition and the DNA binding affinity of the Sp1 zinc
finger (24).

Two types of substrate DNA were prepared. The GC box
is the substrate for the Sp1-type zinc finger derived from
the mouse dihydrofolate reductase promoter (I and III) (24).
The GLIseq is the substrate derived from the X-ray structure
of the GLI-DNA complex, containing the consensus se-
quence for the binding of the GLI zinc finger (23).

CD Features of HX3H-Type and HX4H-Type Zinc Finger
Peptides.The folding properties of the present peptides were
evaluated by measurements of the CD spectra. Figure 2
shows the CD spectra of the peptides at 20°C. The spectrum
for Sp1(zf23) was similar to those for the single- and three-
finger peptides of Sp1 described previously (13, 28, 29).
Negative Cotton effects in the far-UV region with a minimum
around 208 nm and a shoulder around 222 nm suggest that
all of the two-finger peptides have ordered secondary
structures with helical conformation. However, the HX4H-
type peptides exhibited CD spectra different from those of
the HX3H-type peptides, especially in the ellipticities at 222
nm. The values of Sp1(zf23)HX4H ([θ] ) -9653) and

GLI(zf45) ([θ] ) -6739) were larger than those of Sp1(zf23)
([θ] ) -3840) and GLI(zf45)HX3H ([θ] ) -4325).
Sp1(zf123) and Sp1(zf123)HX4H also showed the spectral
patterns similar to those of Sp1(zf23) and Sp1(zf23)HX4H
(data not shown). In general, the ellipticities at 222 nm

FIGURE 1: (A) Putative base recognition mode of three zinc fingers of Sp1. Amino acid residues at the N-terminus of theR-helix in each
finger are depicted by their one-letter codes with the number of the helical positions below. Solid arrows show the amino acid-base
contacts assumed by the DNA binding mode of Zif268, and dotted arrows depict the contacts indicated by our previous report (24). The
guanine bases, whose methylation interferes with the zinc finger binding, are in bold print. (B) Established base recognition mode of the
C-terminal two zinc fingers of GLI by crystal structure (23). Solid arrows show the base recognition, and the bases recognized by amino
acids are written in bold characters. (C) Primary structures of two-finger-type and three-finger-type zinc finger peptides. The designation
of each zinc finger is shown by the original name (fingers 1-3 and 4-5). The amino acid residues in the linker and theR-helix of each
peptide are indicated by their one-letter codes, and the mutated residues are in bold print.

FIGURE 2: CD spectra of two-finger-type zinc finger peptides of
Sp1 and GLI at 20°C. Respective zinc finger peptides are indicated
in the figure.
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indicate the content ofR-helix. Therefore, the increase in
negative Cotton effects of the HX4H-type zinc fingers mainly
reflects the increase ofR-helix content in the histidine
spacing observed in the previous report (15).

DNA Binding Affinity of Each Zinc Finger Peptide.To
evaluate the effect of the histidine spacing on DNA binding
affinity, we prepared two types of substrate DNAs (GC box
and GLIseq) and determined the apparent dissociation
constants (Kd) of each zinc finger peptide for the substrate
DNA using gel mobility shift assays (Tables 1 and 2).
Sp1(zf23) bound to the GC box withKd ) 340 nM,
consistent with the previous result (24), whereas Sp1-
(zf23)HX4H did not show any shift band even at the
maximum concentration. In general, DNA binding proteins
including the zinc finger have many basic amino acid
residues, and they could bind average sequence DNA with
electrostatic force. Sp1(zf23) has lower specificity for the
GC box compared with Sp1(zf123), and hence the effect of
nonspecific binding is relatively stronger than that of
Sp1(zf123). To remove the effect of nonspecific DNA
binding, we also determined theKd values in the absence of
nonspecific DNA. The Sp1(zf23)-GC box was approximately
7 nM, while that of Sp1(zf23)HX4H was over 750 nM (data
not shown). We further analyzed the effect on the DNA
binding affinities of the three-finger-type zinc fingers of Sp1.
The binding affinity of Sp1(zf123) for the GC box (13 nM)
was comparable with that in the previous report (13). A
drastic reduction in binding affinity was also detected in Sp1-
(zf123)HX4H (840 nM), and thisKd value was 65-fold higher
than that of Sp1(zf123). To evaluate the effect of the
exchanged histidine spacing in finger 2 and finger 3 on finger
1 of Sp1, we determined theKd values of Sp1(KA) (55 nM)
and Sp1(KA)HX4H (970 nM). The 4.2-fold decrease in DNA
binding affinity was found in Sp1(KA) compared with
Sp1(zf123), whereas the binding affinity of Sp1(KA)HX4H
was only 1.2-fold lower than that of Sp1(zf123)HX4H. On
the other hand, theKd values of GLI(zf45) and GLI-
(zf45)HX3H were 380 and 830 nM, respectively. Accord-
ingly, the effect of the change in the histidine spacing on
DNA binding affinity was milder in GLI-type peptides (2.2-
fold reduction) than in Sp1-type peptides. TheKd values of
Sp1(SNE) (17 nM) and Sp1(SNE)HX4H (170 nM) were
determined for examining the effect of the linker. As a result,

Sp1 with an SNEKP linker was less sensitive to the
change of the histidine spacing than Sp1 with a TGEKK
linker. Of special interest is the fact that the DNA binding
affinity of Sp1(SNE)HX4H is 4.9 times higher than that of
Sp1(zf123)HX4H, while those of Sp1(zf123) and Sp1(SNE)
are comparable.

DNA Binding Modes of Zinc Finger Peptides Detected by
Footprinting Technique.In general, DNase I footprinting
analyses are available for detecting not only peptide binding
regions but also conformational changes in the substrate
DNA. In experiments of DNA binding proteins, the selection
of nonspecific DNAs is important for gaining the correct
result. To compare our results with the previous result (24),
we selected calf thymus DNA in DNase I footprinting
analyses. In addition, we also confirmed that the footprinting
patterns were not changed between dI-dC and calf thymus
DNA. The results of Sp1(zf123) and Sp1(zf123)HX4H for
the G-strand are shown in Figure 3. Because the DNA bind-
ing of Sp1(zf23)HX4H was too weak to detect any protected
regions from the DNase I cleavage, three-finger peptides
were used for this assay. Sp1(zf123) exhibited protection of
the GC box region and upstream of the GC box region, and
the hypersensitive cleavage at the 5′-AA-3′ step outside the
GC box region in the guanine-rich strand (G-strand) was
observed as seen in the previous report (24, 25). On the
contrary, Sp1(zf123)HX4H could not protect the GC box
region specifically, and also the hypersensitive cleavage was
not detected at all, even at 4µM. These observations indicate
that Sp1(zf123)HX4H loses the DNA binding mode of
Sp1(zf123). Figure 4 shows the DNase I footprinting patterns
of GLI(zf45) and GLI(zf45)HX3H for GLIseq. GLI(zf45)
protected the region containing the expected 10 bp binding
site of the C-terminal two fingers of the GLI zinc finger in
strands (i) (Figure 4A) and (ii) (Figure 4B), indicating that
the unique binding mode of the GLI zinc finger is probably
maintained even in GLI(zf45). GLI(zf45)HX3H also pro-
tected the same position in strand (ii) as GLI(zf45). Although
the footprinting pattern of GLI(zf45)HX3H was not so
evident in strand (i), both GLI-type variants showed the same
hypersensitive cleavage at the 5′-CG-3′ step outside the
binding region (Figure 4A). These results suggest that both
of the peptides have a similar DNA binding mode despite
the difference in the histidine spacing.

Table 1: Apparent Dissociation Constants (Kd) for Sp1(zf23) and Sp1(zf23)HX4H Binding to the GC Box and for GLI(zf45) and
GLI(zf45)HX3H Binding to the GLIseq

Kd (nM)a
binding

siteb Sp1(zf23) Sp1(zf23)HX4H GLI(zf45) GLI(zf45)HX3H

GC box 3.4 ((0.2)× 102 NDc

GLIseq 3.8 ((0.3)× 102 8.3 ((0.3)× 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 Figure 1).c ND
represents not determined.

Table 2: Apparent Dissociation Constants (Kd) for Sp1(zf123), Sp1(zf123)HX4H, Sp1(KA), Sp1(KA)HX4H, Sp1(SNE), and Sp1(SNE)HX4H
Binding to the GC Box

Kd (nM)a
binding

siteb Sp1(zf123) Sp1(zf123)HX4H Sp1(KA) Sp1(KA)HX4H Sp1(SNE) Sp1(SNE)HX4H

GC box 1.3 ((0.1)× 10 8.4 ((0.6)× 102 5.5 ((0.1)× 10 9.7 ((1.2)× 102 1.7 ((0.3)× 10 1.7 ((0.1)× 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 Figure 1).
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Detection of Specific Base Recognition by Methyla-
tion Interference Assays.Figure 5A displays the results of
the methylation interference analyses for the binding of
Sp1(zf123) and Sp1(zf123)HX4H to the GC box. The extent
of the interference based on a densitomeric analysis is

presented in the histograms (Figure 5B). Sp1(zf123) made
contact with all of the guanines at positions 1-12, although
the recognition level was weak only at G7, consistent with
our previous results (13) (Figure 5A, lanes 4, 5, 10, and 11).
Sp1(zf123)HX4H exhibited almost the same recognition
patterns on the G-strand as Sp1(zf123), including the
recognition of G8 and G9, which are mediated by lysine in
finger 1 (Figure 5A, lanes 6 and 7) (24). The recognitions
of G10′ and G11′ on the C-strand, which are peculiar to the
N-terminal zinc finger of Sp1(zf123) (24), were also
maintained in Sp1(zf123)HX4H (Figure 5A, lanes 8 and 9).
Consequently, each base recognition of Sp1(zf123) was not
influenced by the change in the histidine spacing.

DISCUSSION

C2H2-type zinc fingers have certain histidine spacings from
HX3H to HX5H, which form unique conformations because
two histidine positions are restricted by the binding of a zinc
ion. The CD spectra show that, regardless of sequence
differences outside the histidine spacing, the ellipticities at
222 nm of HX4H-type zinc fingers are larger than those of
the HX3H type. Our study indicates that HX4H-type peptides
have more helical content than HX3H-type peptides. In the
CD spectral results of the HX3H-type and HX4H-type zinc
fingers of ZFY, the same tendency has been observed (30).
This result is consistent with the fact that an HX3H motif
forms a 310-helix and an HX4H motif forms a helical structure
(15). Presumably, Sp1(zf23)HX4H and GLI(zf45)HX3H take
the expected structures as a result of the mutation of the
histidine spacing.

Both the Sp1-type and GLI-type peptides evidently
demonstrate the reduction in the DNA binding affinity as a
result of exchanging the histidine spacing. ADR1 has two

FIGURE 3: DNase I footprinting analyses of Sp1(123) and
Sp1(123)HX4H bindings to the GC box. This panel shows the
results for the G strand of the GC box. The asterisk represents the
enhanced site of cleavage. Lane 1 shows G+ A (Maxam-Gilbert
reaction products). Every peptide concentration is noted in the
figure.

FIGURE 4: DNase I footprinting analyses of GLI(45) and GLI(45)HX3H bindings to GLIseq. Panels A and B show the results for strands
(i) and (ii), respectively. The asterisks represent the enhanced sites of cleavage. Lane 1 in panel A and lane 14 in panel B, intact DNA; lane
2 in panel A and lane 15 in panel B, G+ A (Maxam-Gilbert reaction products); lane 3 in panel A and lane 16 in panel B, C+ T
(Maxam-Gilbert reaction products). Peptide concentration is noted in the figure.
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unique zinc fingers, consisting of HX3H-type and HX4H-
type zinc finger motifs (31). In the case of ADR1, the
mutation of the C-terminal zinc finger from HX4H to HX3H
had no influence on the DNA binding affinity (32). In
contrast to the experiments with ADR1, we changed the
histidine spacing in the finger-finger connection region. On
the basis of the previous structural analysis, the confor-
mational change in the histidine spacing is local within the
zinc finger domain (15). However, the relative orientation
between continuous fingers is probably affected, leading to
a decrease in the DNA binding affinity. Moreover, a drastic
difference in the DNA binding affinity is observed between
the Sp1-type and GLI-type peptides. A significant reduction
is found in Sp1(zf23)HX4H and Sp1(zf123)HX4H, whereas
GLI(zf45)HX3H shows a mild reduction. These results
suggest that the effect of the structural change in the histidine
spacing depends on the surrounding amino acid sequences
and DNA recognition mode.

From the results of DNase I footprinting analyses,
GLI(zf45) binds the expected region from the binding
mode of the five-finger GLI, indicating that the structure of
finger 4 or finger 5 itself contributes to the extensive binding
mode. GLI(zf45)HX3H shows nearly the same binding
pattern as GLI(zf45), consistent with the small difference in
the DNA binding affinity. It is of particular interest that
Sp1(zf123)HX4H exhibits remarkably distinct patterns com-
pared with Sp1(zf123). A hypersensitive cleavage is induced
by the binding of the zinc finger proteins (24, 25). In this

study, Sp1(zf123), GLI(zf45), and GLI(zf45)HX3H also
exhibit the hypersensitive cleavage at the upstream of the
binding site, suggesting that these peptides bind to the target
site. On the contrary, Sp1(zf123)HX4H shows no hypersen-
sitive cleavage, and the protected region from DNase I
digestion becomes nonspecific compared with that of
Sp1(zf123). In addition, the contribution to the DNA binding
affinity of lysine in finger 1 was reduced in Sp1(KA)HX4H.
These changes reveal that the specific binding mode of the
Sp1 zinc finger for the GC box was lost because of the
structural change derived from the histidine spacing. Despite
the drastic changes in the binding affinity and the binding
mode for DNA, the methylation interference analyses show
that Sp1(zf123)HX4H has almost the same base recognition
patterns as Sp1(zf123). Therefore, it is thought that the base
recognition mode is an intrinsic characteristic in a zinc finger
domain, whereas the DNA binding affinity and the binding
mode are dominated by the structure of the finger-finger
connection region.

A recent structural analysis indicates that the TGEKP
linker is highly conserved in C2H2-type zinc finger proteins
and forms a helix-capping structure in binding DNA (14).
Therefore, the stable structure of the finger-finger connec-
tion region, which contributes to the overlapping DNA
recognition mode of Sp1 zinc finger, may be distorted in
the Sp1 mutants with HX4H spacings because of the
structural change in the histidine spacing. This hypothesis
corresponds well to the fact that the HX3H-TGEKP linker

FIGURE 5: Methylation interference analyses of the binding of three-finger-type peptides of Sp1 to the GC box. Sp1 and HX4H mean
Sp1(zf123) and Sp1(zf123)HX4H, respectively. (A) Results of autoradiograms from electrophoresis. The left (lanes 1-7) and right (lanes
8-14) panels show the results for the G- and C-strands, respectively. Lanes 1 and 14, intact DNA; lanes 2 and 13, G+ A (Maxam-Gilbert
reaction products); lanes 3 and 12, C+ T (Maxam-Gilbert reaction products); lanes 4, 6, 9, and 11, free DNA samples; lanes 5, 7, 8, and
10, peptide-bound DNA samples. (B) Histogram showing the extent of methylation interference, which was calculated as the ratio of the
cutting probabilities for the two bands (bound/free).
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exists as the most common motif according to the Transcrip-
tion Factor Database (33, 34). On the other hand, GLI(zf45)
possesses an SNEKP linker which does not form a stable
structure like a TGEKP linker (14). Accordingly, each finger
may have less structural limitations. This structural charac-
teristic of the linker explains the slight influence of the
structural change on the DNA binding affinity and the
conserved extensive binding mode of the GLI zinc finger.
In addition, the different linker characters are reflected in
the following facts: (i) Sp1(SNE)HX4H bound to the GC
box 4.9 times more strongly than Sp1(zf123)HX4H, and (ii)
both Sp1(SNE) and Sp1(SNE)HX4H showed the hypersensi-
tive cleavage from DNase I to be the same as Sp1(zf123),
in contrast to Sp1(zf123)HX4H (data not shown). In ZFY
and TFIIIA, the HX4H motif and the following linker,
HX4HφX3 (φ ) hydrophobic residue), form a “jumping
linker” which spans the minor groove (21, 35). Recently, it
was reported that the C-terminal histidine is unimportant for
R-helix formation and DNA recognition (36, 37). Therefore,
the various structures in this region can be constructed by
introducing unique amino acid sequences. In another case,
Pabo et al. successfully used the HX4H motif instead of the
HX3H motif in the connection of the Zif268 zinc finger to
the helix region of the leucine zipper in consideration of the
structural characteristic of the histidine spacing (38). These
results strongly suggest that the histidine spacing-linker
region plays an important role in DNA binding of a zinc
finger peptide.

Here, we performed the exchange of the histidine spacing-
linker region between Sp1 and GLI zinc fingers and showed
the significant influence of this region on DNA binding
affinity and DNA binding mode. Therefore, the survey of
the continuous structure consisting of the histidine spacing
and the following linker region is useful for regulating the
cooperative recognition mode of zinc finger proteins. In
addition, the selection-based design of a unique zinc finger
such as GLI, which has an independent DNA recognition
mode, reduces the complicated factors between successive
zinc fingers. Our results provide helpful information for
creation of novel zinc finger proteins recognizing more
various DNA sequences.
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