
Swapping of theâ-Hairpin Region between Sp1 and GLI Zinc Fingers: Significant
Role of theâ-Hairpin Region in DNA Binding Properties of C2H2-type Zinc Finger

Peptides†

Yasuhisa Shiraishi, Miki Imanishi, Tatsuya Morisaki, and Yukio Sugiura*

Institute for Chemical Research, Kyoto UniVersity, Uji, Kyoto 611-0011, Japan

ReceiVed October 15, 2004; ReVised Manuscript ReceiVed NoVember 24, 2004

ABSTRACT: The recent design strategy of zinc finger peptides has mainly focused on theR-helix region,
which plays a direct role in DNA recognition. On the other hand, the study of non-DNA-contacting regions
is extremely scarce. By swapping theâ-hairpin regions between the Sp1 and GLI zinc fingers, in this
study, we investigated how theâ-hairpin region of the C2H2-type zinc finger peptides contributes to the
DNA binding properties. Surprisingly, the Sp1 mutant with the GLI-typeâ-hairpin had a higher DNA
binding affinity than that of the wild-type Sp1. The result of the DNase I footprinting analyses also showed
the change in the DNA binding pattern. In contrast, the GLI zinc finger completely lost DNA binding
ability as a result of exchanging theâ-hairpin region. These results strongly indicate that theâ-hairpin
region appears to function as a scaffold and has an important effect on the DNA binding properties of the
C2H2-type zinc finger peptides.

The construction of an artificial DNA binding domain with
a specificity for all of the DNA sequences is the powerful
tool for gene therapy. Of the DNA binding domains, a C2H2-
type zinc finger protein has the most potential as a molecule
for engineering DNA binders with various sequences because
of the following features: (i) a C2H2-type zinc finger forms
a compactââR structure by the tetrahedral coodination of
the zinc ion using the conserved two cysteines and histidines,
(ii) the zinc finger motif exists as the tandemly linked forms,
and (iii) each domain generally interacts with three base pairs
by the specific positions of theR-helix (1-3). Therefore, it
is possible that the long and nonpalindrome sequences are
recognized by the artificial multi-zinc finger proteins. Since
the elegant crystal analysis of the Zif268 zinc finger-DNA
complex (4, 5), rational (6-11) and phage display-based
designs (12-16) have been conducted in theR-helix regions
based on the Zif268 and Zif268-like zinc fingers. As a result,
many DNA recognition codes have been established. How-
ever, complicated problems still remain for the completion
of the tailor-made zinc fingers. For example, (i) some
sequences cannot be specifically recognized (15, 16), and
(ii) multi-zinc finger proteins consisting of more than three
zinc finger domains do not gain the expected specificity and
affinity in proportion to the number of zinc finger domains
(17, 18).

The study of the framework of a C2H2-type zinc finger is
necessary for overcoming these limitations because knowl-
edge of the regions besides the DNA recognition helix is

significantly lacking. In recent years, several studies on the
connection regions between two zinc finger domains pro-
vided useful information for resolving these problems (19-
21). In our opinion, theâ-hairpin region not only stabilizes
the zinc finger domain, but also contributes to the DNA
binding specificity by its interaction with phosphates.

Therefore, we evaluated the effect of theâ-hairpin region
of the C2H2-type zinc finger peptide on the DNA binding
properties. In this study, the Sp1 and GLI zinc fingers were
selected because both zinc fingers show distinct base and
phosphate interactions, and structural and functional informa-
tion is abundant (21-26). Sp1 zinc finger, which is a DNA
binding domain of the human transcription factor Sp1
extracted from HeLa cells, has three contiguous C2H2-type
zinc finger domains like the Zif268 zinc finger (22-24). In
particular, the C-terminal two fingers, Sp1(zf23),1 show the
typical three-base-pair recognition mode. On the other hand,
the crystal structure of the GLI zinc finger-DNA complex
revealed that the C-terminal two zinc fingers of GLI
recognize the extensive 10 base pair and also make unusual
contacts to phosphates in theâ-hairpin region (25, 26). Our
previous experiments confirmed that only the C-terminal two
fingers, GLI(zf45), bind to the target site with a high affinity
(21). For the purpose of elucidating the effect of theâ-hairpin
regions, we designed and compared theâ-hairpin swapped
mutants between Sp1(zf23) and GLI(zf45). As a result,
significant changes in the DNA binding affinity and specific-
ity were found.

MATERIALS AND METHODS

Chemicals.The T4 polynucleotide kinase and restriction
enzymes were purchased from New England Biolabs. The
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Taq DNA polymerase and synthesized oligonucleotides for
cloning each peptide were acquired from Qiagen and SIGMA
GENOSYS, respectively. The labeled [γ-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.

Preparations of Zinc Finger Peptides and Substrate DNA
Fragments.Sp1(zf23), Sp1(zf123), and GLI(zf45) are coded
on the plasmids pEVSp1(530-623), pEVSp1(566-623), and
pEVGLI(99-160), respectively, as previously described (21).
The other mutants were constructed using the standard PCR
technique with Sp1(zf23) and GLI(zf45) as templates. Their
sequences were confirmed by a GeneRapid DNA sequencer
(Amersham Biosciences). These zinc finger peptides were
overexpressed as a soluble form in theEscherichia colistrain
BL21(DE3)pLysS at 25°C and purified according to the
previous procedure at 4°C (21), except that 1 mM PMSF
was added at the step of resuspending and lysing in GLI-
(zf45) and GLI(zf45)BG. The substrate DNAs in this
experiment (GC box and GLIseq) were prepared as in a
previous experiment (21). The Hind III-Xba I fragments
(GC box: 41 bp and GLIseq: 50 bp, respectively) were cut
out and labeled at the 5′-end with 32P for the previously
described experiments (7).

CD Measurements.The CD spectra for all the zinc finger
peptides were recorded 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 10µM of the zinc finger peptide in 10 mM Tris-
HCl (pH 8.0), 50 mM NaCl, and 1 mM dithiothreitol.

Gel Mobility Shift Assays.Gel mobility shift assays were
carried out under the previous experimental conditions (27).
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, 40µg/mL
bovine serum albumin, the32P-end-labeled substrate DNA
fragment (∼50 pM, 500 cpm), and 0-4 µM of the 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 a previously reported procedure (28).

DNase I Footprinting Analyses.DNase I footprinting
experiments were performed according to the method of
Brenowitz et al. (29). The binding mixture contained 10 mM
Tris-HCl (pH 8.0), 50 mM NaCl, 25 ng/µL poly(dI-dC),
0.05% Nonidet P-40, 40µg/mL bovine serum albumin, 5
mM CaCl2, 10 mM MgCl2, the 5′-end-labeled substrate DNA
fragment (∼6 nM, 30 Kcpm), and 0-4 µM peptide.
According to the previous procedure, the following steps
were accomplished (21).

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
previously described (30). 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, 40µg/mL bovine serum albumin,

the32P-end-labeled methylated DNA fragment (∼60 nM, 500
Kcpm), and 20-500 nM of the zinc finger peptide. The
reaction and analysis steps were the same as the previous
conditions (21).

RESULTS

Designs of Zinc Finger Peptides and Substrate DNAs.The
base recognition mode of the Sp1 zinc finger (28) is shown
in Figure 1A. Figure 1B shows the recognition mode of GLI-
(zf45) determined by an X-ray structural analysis (26). Sp1-
(zf23)BG and GLI(zf45)BS were prepared by exchanging
the â-hairpin regions between Sp1(zf23) and GLI(zf45)
(Figure 1C). For comparison to the wild-type Sp1 zinc finger
Sp1(zf123), Sp1(zf123)BG was also constructed by adding
the finger 1 region to Sp1(zf23)BG. As for the substrate
DNAs, the GC box for the Sp1-type mutants and GLIseq
for GLI-type mutants were used as in the previous experi-
ment (21).

CD Spectral Features of Zinc Finger Peptides.The
information about the secondary structure of each peptide
was checked by measurements of the CD spectra. The CD
features of the peptides at 20°C are presented in Figure 2.
The CD characteristics for Sp1(zf23) and GLI(zf45) were
similar to those from the previous experiment (21). In
general, the CD spectrum of a C2H2-type zinc finger peptide
shows the negative Cotton effects in the far-UV region with
a minimum around 208 nm and a shoulder around 222 nm.
Both Sp1(zf23)BG and GLI(zf45)BS formed the expected
structures of the C2H2-type zinc finger peptides as a result
of the â-hairpin swapping. The values at 222 nm of GLI-
(zf45) ([θ] ) -7714) and GLI(zf45)BS ([θ] ) -9403) were
greater than those of Sp1(zf23) ([θ] ) -3029) and Sp1-
(zf23)BG ([θ] ) -3084), respectively, suggesting a structural
difference in the histidine-histidine spacing (21, 31).
Furthermore, one unique difference was observed at around
208 nm. The values of the mutants with the GLI-type
â-hairpin region, Sp1(zf23)BG ([θ] ) -5175) and GLI(zf45)
([θ] ) -8501), were smaller than those of the mutants with
the Sp1-typeâ-hairpin region, Sp1(zf23) ([θ] ) -8234) and
GLI(zf45)BS ([θ] ) -12886), respectively, reflecting the
subtle structural change in theâ-hairpin region.

DNA Binding Affinity of Each Zinc Finger Peptide.To
evaluate the effect of theâ-hairpin region on the DNA
binding affinity, we performed the gel mobility shift assays.
Figure 3 shows the representative data, and the determined
apparent dissociation constants (Kd) are listed in Table 1.
The values of Sp1(zf123), Sp1(zf23), and GLI(zf45) are cited
from the previous result (21). The binding affinity of Sp1-
(zf123)BG (Kd ) 1.0 nM) was 13-fold higher than that of
Sp1(zf123) (Kd)13 nM), while only a subtle change was
detected between theKd value of Sp1(zf23) for the GC box
(340 nM) and that of Sp1(zf23)BG (720 nM). For the GLI-
type peptide, in contrast, GLI(zf45)BS completely lost the
DNA binding ability for GLIseq despite the existence of the
recognition helix. These results provide interesting evidence
for the role of theâ-hairpin regions in DNA binding of the
C2H2-type zinc finger peptides.

DNA Binding Modes of Zinc Finger Peptides Detected by
Footprinting Technique. To determine the DNA binding
mode of the Sp1-type mutants, DNase I footprinting was
applied. The data from the DNase I footprinting analyses
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for the G-strand are shown in Figure 4, and the hypersensitive
cleavages by DNase I were labeled (a) to (d) depending on
their positions. Sp1(zf23) exhibited an extended footpinting
pattern including subsite III, as shown in the previous result
(28). The hypersensitive cleavages (a) and (b) in and near
subsite III were observed, but the footprint in subsites I and
II of Sp1(zf23)BG was not very evident. In the three-finger-
type mutants of Sp1, both Sp1(zf123) and Sp1(zf123)BG
protected the GC box region, but the positions of the
hypersensitive cleavages were changed. Sp1(zf123) presented
two hypersensitive cleavages (c) and (d). On the other hand,
the hypersensitive cleavages (b) appeared in Sp1(zf123)BG
and the hypersensitive cleavage (d) of Sp1(zf123)BG was
weaker than that of Sp1(zf123). These results suggest that
the DNA binding mode of the Sp1-type mutants is evidently
affected by the substitution of theâ-hairpin regions.

EValuation of Sequence-Specific DNA Recognition Mode
of Sp1-type Zinc Fingers.Methylation interference analyses
are available for detecting the guanine base recognition;
therefore, we performed the methylation interference analyses
for the bindings of Sp1(zf123) and Sp1(zf123)BG to the GC

box (Figure 5). Unfortunately, the Sp1(zf23)BG result was
not obtained due to the low DNA binding affinity of Sp1-
(zf23)BG. Sp1(zf123) made contact with all of the guanines
at positions 1-12, although the recognition level was weak
only at G7 (Figure 5, lanes 3, 4, 9, and 10) (21). The
recognition pattern of Sp1(zf123)BG was almost the same
as Sp1(zf123) in both the G- and C-strands, including the
unique five-guanine base recognition mode of finger 1. From
these results, presumably, the enhanced DNA binding affinity
and the distinct footprint pattern of Sp1(zf123)BG are not
caused by the change in the base recognition mode.

DISCUSSION

To date, more than 10 different types ofâ-turns have been
identified and classified. Eachâ-turn distinctly affects the
local â-sheet properties, such as the hydrogen-bond register,
â-sheet twist, andâ-sheet stability (32-34). In C2H2-type
zinc fingers, several differentâ-turns exist depending on the
number and sequence of amino acids between the two ligand
cysteines (35). Sp1(zf23) has type II and type Iâ-turns in
fingers 2 and 3, respectively. On the other hand, GLI(zf45)

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
interactions based on the DNA binding mode of Zif268, and the dotted arrows depict the contacts indicated by our previous report (28).
The guanine bases, whose methylation interferes with the zinc finger binding, are in bold print. GC box is divided into three subsites
(subsites I, II, and III) for convenience. (B) DNA recognition mode of the C-terminal two zinc fingers of GLI determined by X-ray crystal
structure (26). 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 zinc finger peptides. 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. Solid lines under Sp1(zf23) and GLI(zf45) present the residues that make
phosphate contacts in theâ-hairpin regions, and the positions of the phosphate contacts observed in the Zif268 zinc finger are indicated by
solid circles.
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forms type IV and type IIâ-turns in fingers 4 and 5,
respectively (24, 26). In our CD spectral results, the
difference between the mutants with the Sp1-typeâ-hairpin
and with the GLI-typeâ-hairpin was evidently observed at
around 208 nm. From a previous report, theâ-turns yield
various curve shapes that correlate with theâ-turn types,
although these turn spectra have relatively small ellipticities
compared with those of theR-helix and â-sheet (34).
Therefore, the alteration of spectral patterns may reflect the
structural difference ofâ-hairpin region depending onâ-turn
types.

The gel mobility shift assays exhibit a drastic change in
the DNA binding affinity in both the Sp1-type and GLI-
type mutants. The framework of the Sp1 zinc finger has a
structure typical of the Zif268 zinc finger, and then successful
rational and selection-based designs based on the Sp1
framework have been conducted (6-9, 11, 15, 16). On the

basis of these facts, the structures of the Sp1 and Zif268
zinc finger seem to be the most sophisticated and suitable
motif. However, the DNA binding affinity of Sp1(zf123)-
BG is increased about one order over that of Sp1(zf123).
The result reveals that zinc fingers in nature still have room
for improving the DNA binding ability. Furthermore, GLI-
(zf45)BS showed no DNA binding for GLIseq, despite the
fact that theR-helix region and linker region, which play a
significant role in DNA binding, are unchanged. SNEKP
linker of GLI(zf45) has flexible conformation, and the DNA
binding affinity for GLIseq is hardly affected by exchanging
of the histidine spacing from HX4H to HX3H (21, 36).
Therefore, our previous proposal that the unique extensive
DNA recognition mode of GLI(zf45) is sustained by the
character of each zinc finger domain is strongly supported
by the present result.

To clarify the relationship between the increase in the
DNA binding affinity and the alteration of the DNA binding
mode, DNase I footprinting analyses were performed. The
hypersensitive cleavage appears at the 3′ site of the binding
region, in the specific binding of C2H2-type zinc finger to
the target site (21, 27). The distinct footprint patterns were
detected between Sp1(zf23) and Sp1(zf23)BG, although these
DNA binding affinities were nearly the same. Sp1(zf23)
protected the overall GC box region including subsite III
and also showed no hypersensitive cleavage found in the
previous experiment (28). This observation suggests that Sp1-
(zf23) has a low specificity for subsites I and II. On the other
hand, Sp1(zf23)BG produced a hypersensitive cleavage
around subsite III and the weak footprint in subsites I and
II, indicating that Sp1(zf23)BG binds more specifically to
subsites I and II, as compared with Sp1(zf23). In addition,
a different footprinting pattern was detected between Sp1-
(zf123) and Sp1(zf123)BG. The hypersensitive cleavages (c)
and (d) were induced by Sp1(zf123) (27, 28). In Sp1(zf123)-
BG, both of these cleavages were also detected. However,
the strength of cleavage (d) was evidently weakened instead
of the appearance of cleavage (b). The hypersensitive
cleavage (b) was also observed in Sp1(zf23)BG. On the other
hand, the position of cleavage (b) was protected in Sp1-
(zf123). In our opinion, the DNA binding mode of Sp1-
(zf123)BG for the GC box is optimized because of the
specific binding of the Sp1(zf23)BG region, leading to the
enhancement of the DNA binding affinity. Furthermore, the
base recognition mode between Sp1(zf123) and Sp1(zf123)-
BG was compared using the methylation interference tech-
nique. Despite the significant difference in the DNA binding
affinity and DNA binding mode, the base recognition pattern
was identical to each other. This result indicates that the
base-amino acid interactions are hardly affected by the
structural change in theâ-hairpin region.

In general, the C2H2-type zinc fingers can be divided into
two types of DNA binding modes, i.e., Zif268-type and non-
Zif268-type. In the Zif268-type zinc fingers, continuous
domains are connected by a highly conserved TGEKP linker
that forms a stable structure upon DNA binding and
optimizes the zinc finger-DNA orientation for the three-
base-pair recognition mode (3, 36). On the other hand, the
non-Zif268-type zinc fingers hold flexible linkers with
various lengths, and hence, each domain has a unique DNA
binding mode (26, 37, 38). It is still unclear how the DNA
binding mode of the non-Zif268-type zinc fingers is deter-

FIGURE 2: CD spectra of two-finger-type zinc finger peptides of
Sp1 and GLI at 20°C. Sp1(zf23), Sp1(zf23)BG, GLI(zf45), and
GLI(zf45)BS are indicated by a bold solid line, bold dashed line,
solid line, and dashed line, respectively.

FIGURE 3: Gel mobility shift assays for Sp1(zf23), Sp1(zf23)BG,
Sp1(zf123), and Sp1 (zf123)BG binding to GC box, respectively
(A-D), and for GLI(zf45) and GLI(zf45)BS binding to GLIseq (E
and F). In panels A, B, E, and F, lanes 1-12 contain 0, 3.9, 7.8,
15.6, 31.3, 62.5, 125, 250, 500, 1000, 2000, and 4000 nM peptide,
respectively. In panels C and D, lanes 1-12 contain 0, 0.5, 1, 2,
3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, and 500 nM peptide,
respectively.
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mined. The complete loss of the DNA binding ability of GLI-
(zf45)BS strongly indicates that theâ-hairpin region sig-
nificantly participates in the DNA binding of the non-Zif268-
type zinc fingers. In addition to the structural change in the
â-hairpin region, the functional effect would be considered
by comparison with the Zif268-type zinc fingers. The GLI
zinc finger exhibits amino acid-phosphate interaction pat-
terns different from those of the Zif268-type zinc fingers
(Figure 1C) (26). One interesting fact is that the tyrosine
residue occupies the conserved aromatic positions in the
â-hairpin region of GLI and makes hydrogen bonds with
the phosphate backbone. In contrast, phenylalanine is
conserved in the Zif268-type zinc fingers. The same tendency
is also observed in other non-Zif268-type zinc fingers such
as the TFIIIA and TTK zinc finger (37, 38). In our opinion,
therefore, the Zif268-type zinc fingers establish a three-base-
pair recognition mode by virtue of the structural characteristic
of the TGEKP linker, whereas the non-Zif268-type zinc
fingers construct a unique DNA binding mode by making
use of various phosphate contacts. The change in the DNA
binding mode of the Sp1-type zinc finger would also reflect

the distinct orientation for the substrate DNA depending on
the change in the phosphate contacts. Of course, further
structural analyses using NMR and X-ray must be carried
out. Judging from the fact that Sp1(zf123)BG gained a higher
DNA binding affinity than the wild-type Sp1, a more precise
strategy including the framework is required for the new
design of zinc finger proteins.
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