Biochemistry2005,44, 2523-2528 2523

Swapping of thes-Hairpin Region between Spl and GLI Zinc Fingers: Significant
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ABSTRACT. The recent design strategy of zinc finger peptides has mainly focused enrhbkx 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 tfiehairpin regions between the Sp1 and GLI zinc fingers, in this
study, we investigated how thzhairpin region of the gH,-type zinc finger peptides contributes to the
DNA binding properties. Surprisingly, the Spl mutant with the GLI-typkairpin had a higher DNA
binding affinity than that of the wild-type Sp1. The result of the DNase | 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 thehairpin region. These results strongly indicate thatHeairpin

region appears to function as a scaffold and has an important effect on the DNA binding properties of the
C,H,-type zinc finger peptides.

The construction of an artificial DNA binding domain with  significantly lacking. In recent years, several studies on the
a specificity for all of the DNA sequences is the powerful connection regions between two zinc finger domains pro-
tool for gene therapy. Of the DNA binding domains, &g vided useful information for resolving these problerhS-
type zinc finger protein has the most potential as a molecule 21). In our opinion, thes-hairpin region not only stabilizes
for engineering DNA binders with various sequences becausethe zinc finger domain, but also contributes to the DNA
of the following features: (i) a &H,-type zinc finger forms binding specificity by its interaction with phosphates.
a compaciBfa structure by the tetrahedral coodination of  Therefore, we evaluated the effect of fhuairpin region
the zinc ion using the conserved two cysteines and histidines,of the GH,-type zinc finger peptide on the DNA binding
(ii) the zinc finger motif exists as the tandemly linked forms, properties. In this study, the Sp1 and GLI zinc fingers were
and (iii) each domain generally interacts with three base pairsselected because both zinc fingers show distinct base and
by the specific positions of the-helix (1—3). Therefore, it phosphate interactions, and structural and functional informa-
is possible that the long and nonpalindrome sequences ardion is abundantZ1—26). Sp1 zinc finger, which is a DNA
recognized by the artificial multi-zinc finger proteins. Since binding domain of the human transcription factor Spl
the elegant crystal analysis of the Zif268 zinc fing&NA extracted from Hela cells, has three contiguoubl&type
complex @, 5), rational 6—11) and phage display-based zinc finger domains like the Zif268 zinc finge2Z—24). In
designs 12—16) have been conducted in thehelix regions particular, the C-terminal two fingers, Sp1(zf23how the
based on the Zif268 and Zif268-like zinc fingers. As a result, typical three-base-pair recognition mode. On the other hand,
many DNA recognition codes have been established. How- the crystal structure of the GLI zinc fingeDNA complex
ever, complicated problems still remain for the completion revealed that the C-terminal two zinc fingers of GLI
of the tailor-made zinc fingers. For example, (i) some recognize the extensive 10 base pair and also make unusual
sequences cannot be specifically recognizeg 16), and contacts to phosphates in tfehairpin region 25, 26). Our
(i) multi-zinc finger proteins consisting of more than three previous experiments confirmed that only the C-terminal two
zinc finger domains do not gain the expected specificity and fingers, GLI(zf45), bind to the target site with a high affinity
affinity in proportion to the number of zinc finger domains (21). For the purpose of elucidating the effect of fixairpin
(17, 18). regions, we designed and compared frleairpin swapped

The study of the framework of a8,-type zinc finger is mutants between Spl(zf23) and GLI(zf45). As a result,
necessary for overcoming these limitations because knowl- significant changes in the DNA binding affinity and specific-
edge of the regions besides the DNA recognition helix is ity were found.
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Tag DNA polymerase and synthesized oligonucleotides for the®?P-end-labeled methylated DNA fragmentg0 nM, 500
cloning each peptide were acquired from Qiagen and SIGMA Kcpm), and 26-500 nM of the zinc finger peptide. The
GENOSYS, respectively. The labeled$?P] ATP compound reaction and analysis steps were the same as the previous
was supplied by DuPont. The plasmid pBS-Sp1-fl was kindly conditions 21).
provided by Dr. R. Tjian. All other chemicals were of
commercial reagent grade. RESULTS

Preparations of Zinc Finger Peptides and Substrate DNA . . . .
FragmentsSp1(zf23), Sp1(zf123), and GLI(zf45) are coded Designs °f?'”° Finger fiptldes and Sf.ubstratle DhNAna
on the plasmids pEVSp1(53®23), pEVSp1(566623), and  0aSe recognition mode of the Sp1 zinc fing2)(is shown
PEVGLI(99—160), respectively, as previously describa)( in Figure 1A. Flgure 1B shows the recognition mode of GLI-
The other mutants were constructed using the standard PC zf45) determined by an X-ray structural analysi)( Sp1- .
technique with Sp1(zf23) and GLI(zf45) as templates. Their z23)BG and GLI(zf45)BS were prepared by exchanging

sequences were confirmed by a GeneRapid DNA sequencetth(.3 p-hairpin_regions b_etween Spl_(zf23) and GLl(Z.MS)
(Amersham Biosciences). These zinc finger peptides Were(Flgure 1C). For comparison to the wild-type Sp1 zinc finger

: S e Spl(zf123), Sp1(zf123)BG was also constructed by adding
ng()(gés)spﬁ,g E;f (;Igo%eafﬁ:jmgﬂrﬁf: 2&?%?%%?'316 the finger 1 region to Spl(zf23)BG. As for the substrate
previous procedure at 4C (21), except that 1 mM PMSF DNAs, the GC box for the Spl—type_z mutants gnd GLIseq
was added at the step of resuspending and lysing in GI_I_for GLI-type mutants were used as in the previous experi-
(zf45) and GLI(zf45)BG. The substrate DNAs in this ment @1). ) _ )
experiment (GC box and GLIseq) were prepared as in a_ CD Spectral Features of Zinc Finger Peptideshe
previous experiment2(l). The Hind 1ll—Xba | fragments information about the secondary structure of each peptide
(GC box: 41 bp and GLIseq: 50 bp, respectively) were cut Was checked by measurements of the CD spectra. The CD
out and labeled at the'®nd with 32P for the previously features of the peptujes at 2C are presented in Figure 2.
described experimentg)( The CD characteristics for Sp1(zf23) and GLI(zf45) were

CD Measurement&he CD spectra for all the zinc finger ~ Similar to those from the previous experimergl). In
peptides were recorded on a Jasco J-720 spectropolarimeteg€neral, the CD spectrum of ald-type zinc finger peptide
using a 0.10-cm path length quartz cell atZD. The CD shoyvr_s the negative Cotton effects in the far-UV region with
spectra are averages of 10 scans, collected at 0.5-nm interval@ Minimum around 208 nm and a shoulder around 222 nm.
between 200 and 280 nm. All the CD samples were diluted BOth Sp1(zf23)BG and GLI(zf45)BS formed the expected
to obtain 10uM of the zinc finger peptide in 10 mM Tris-  Structures of the &1,-type zinc finger peptides as a result
HCI (pH 8.0), 50 mM NaCl, and 1 mM dithiothreitol. of the 5-hairpin swapping. The values at 222 nm of GLI-

Gel Mobility Shift AssaysGel mobility shift assays were ~ (2f45) ([0] = —7714) and GLI(zf45)BS {f] = —9403) were
carried out under the previous experimental conditi@®.( ~ dreater than those of Sp1(zf23p][= —3029) and Sp1l-
Each reaction mixture contained 10 mM Tris-HCI (pH 8.0), (2f23)BG ([6] = —3084), respectively, suggesting a structural
50 mM NaCl, 1 mM dithiothreitol, 1QM ZnCly, 25 nghL difference in the h_|st|d|n_eh|st|d|ne spacing 41, 31).
poly(dl-dC), 0.05% Nonidet P-40, 5% glycerol, 4@/mL Furthermore, one unique difference was o_bserved at around
bovine serum albumin, th#P-end-labeled substrate DNA 208 nm. The values of the mutants with the GLI-type
fragment (50 pM, 500 cpm), and-84 «M of the zinc finger ~ £-hairpin region, Sp1(zf23)BG €] = —5175) and GLI(zf45)
peptide. After incubation at 26C for 30 min, the sample  ((f] = —8501), were smaller than those of the mutants with
was run on an 8% polyacrylamide gel with 89 mM Tris- the Spl-typg-hairpin region, Sp1(zf23) §] = —8234) and
borate buffer at 20°C. The bands were visualized by CLI(zf45)BS ([f] = —12886), respectively, reflecting the
autoradiography and quantified with ImageMaster 1D Elite Subtle structural change in tifehairpin region.
software (version 3.01). The dissociation constakty ¢f DNA Binding Affinity of Each Zinc Finger Peptid&éo
the Spl and GLI peptideDNA fragment complexes were  €valuate the effect of th@-hairpin region on the DNA
estimated according to a previously reported proced28e ( binding affinity, we performed the gel mobility shift assays.

DNase | Footprinting AnalysesDNase | footprinting Figure 3 shows the representative data, and the determined
experiments were performed according to the method of apparent dissociation constant&) are listed in Table 1.
Brenowitz et al. 29). The binding mixture contained 10 mM  The values of Sp1(zf123), Sp1(zf23), and GLI(zf45) are cited
Tris-HCI (pH 8.0), 50 mM NacCl, 25 ngL poly(dI-dC), from the previous resul2(l). The binding affinity of Sp1-
0.05% Nonidet P-40, 4@g/mL bovine serum albumin, 5  (zf123)BG Ky = 1.0 nM) was 13-fold higher than that of
mM CaCl, 10 mM MgCl, the B-end-labeled substrate DNA ~ Sp1(zf123) K¢=13 nM), while only a subtle change was
fragment 6 nM, 30 Kcpm), and 64 uM peptide. detected between th€; value of Sp1(zf23) for the GC box
According to the previous procedure, the following steps (340 nM) and that of Sp1(zf23)BG (720 nM). For the GLI-
were accomplished2(). type peptide, in contrast, GLI(zf45)BS completely lost the

Methylation Interference Analyse3he recognition of ~ DNA binding ability for GLIseq despite the existence of the
guanines in the primary and secondary strands of the GCrecognition helix. These results provide interesting evidence
box (the G- and the C-strands, respectively) by each peptidefor the role of thes-hairpin regions in DNA binding of the
was investigated by methylation interference assays asC:Hz-type zinc finger peptides.
previously described30). The binding reaction mixture DNA Binding Modes of Zinc Finger Peptides Detected by
contained 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM  Footprinting TechniqueTo determine the DNA binding
dithiothreitol, 10uM ZnCl,, 25 ngiL poly(dI-dC), 0.05% mode of the Spl-type mutants, DNase | footprinting was
Nonidet P-40, 5% glycerol, 4@g/mL bovine serum albumin,  applied. The data from the DNase | footprinting analyses
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A) B)
(GC box) (GLlseq)
| III | 1z | 1 |
110987 654 321 9876 4321
5'-GGCCC CGC CCC-3'! 5'-TTCGTC TTGGG T GGTC CACG-3'
3'-CCGGG GCG\GGG-5" 3'-AAGCAG G GTGC-5"
Pt d
= RN
KTSHLRA RSDELQR RSDHLSK NASDR.AK DPSSLRK
1123456 1123456 1123456 1123456 1123456
Finger 1 Finger 2 Finger 3 Finger 4 Finger 5
C)
Finger 2 Finger 3
| 1 | |
f-hairpin helix Linker f-hairpin helix
| 11 11 1 11 |
sheet sheet sheet sheet
Spl(z£23) FM C TWST C GKRFT RSDELQR H KRT H TGEKK FA C PG C PKRFM RSDHLSK H IKT H
* L] [ ] [
Spl(z£23)BG YM EHEG SKAFS w KLPG TKRYT
Finger 4 Finger 5
| 1 | |
R-hairpin helix Linker f-hairpin helix
| 11 11 I 11 |
sheet sheet sheet sheet
GLI(zf45) YM C EHEG C SKAFS NASDRAK H QNRT H SNEKP YV C KLPG C TKRYT DPSSLRK H VKTV H

GLI(zf45)BS FM TWST GKRFT FA PG PKRFM

Ficure 1. (A) Putative base recognition mode of three zinc fingers of Spl. Amino acid residues at the N-terminug-bithein each

finger are depicted by their one-letter codes with the number of the helical positions below. Solid arrows show the amibasacid
interactions based on the DNA binding mode of Zif268, and the dotted arrows depict the contacts indicated by our previo@8)eport (

The guanine bases, whose methylation interferes with the zinc finger binding, are in bold print. GC box is divided into three subsites
(subsites I, Il, and Ill) 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 tlfehairpin regions, and the positions of the phosphate contacts observed in the Zif268 zinc finger are indicated by
solid circles.

for the G-strand are shown in Figure 4, and the hypersensitivebox (Figure 5). Unfortunately, the Sp1(zf23)BG result was
cleavages by DNase | were labeled (a) to (d) depending onnot obtained due to the low DNA binding affinity of Sp1-
their positions. Sp1(zf23) exhibited an extended footpinting (zf23)BG. Sp1(zf123) made contact with all of the guanines
pattern including subsite Ill, as shown in the previous result at positions 12, although the recognition level was weak
(28). The hypersensitive cleavages (a) and (b) in and nearonly at G7 (Figure 5, lanes 3, 4, 9, and 1@1). The
subsite Il were observed, but the footprint in subsites | and recognition pattern of Sp1(zf123)BG was almost the same
Il of Sp1(zf23)BG was not very evident. In the three-finger- as Sp1(zf123) in both the G- and C-strands, including the
type mutants of Spl, both Sp1(zf123) and Sp1(zf123)BG unique five-guanine base recognition mode of finger 1. From
protected the GC box region, but the positions of the these results, presumably, the enhanced DNA binding affinity
hypersensitive cleavages were changed. Sp1(zf123) presentednd the distinct footprint pattern of Sp1(zf123)BG are not
two hypersensitive cleavages (c) and (d). On the other hand,caused by the change in the base recognition mode.
the hypersensitive cleavages (b) appeared in Sp1(zf123)BG
and the hypersensitive cleavage (d) of Sp1(zf123)BG WasDISCUSSION
weaker than that of Sp1(zf123). These results suggest that To date, more than 10 different types@®furns have been
the DNA binding mode of the Sp1-type mutants is evidently identified and classified. Eagh-turn distinctly affects the
affected by the substitution of th&hairpin regions. local 3-sheet properties, such as the hydrogen-bond register,
Evaluation of Sequence-Specific DNA Recognition Mode S-sheet twist, ang-sheet stability 2—34). In CH -type
of Spl-type Zinc Fingerddethylation interference analyses zinc fingers, several differefi-turns exist depending on the
are available for detecting the guanine base recognition; number and sequence of amino acids between the two ligand
therefore, we performed the methylation interference analysescysteines 85). Sp1(zf23) has type Il and typeg-turns in
for the bindings of Sp1(zf123) and Sp1(zf123)BG to the GC fingers 2 and 3, respectively. On the other hand, GLI(zf45)
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Ficure 2: CD spectra of two-finger-type zinc finger peptides of
Spl and GLI at 20C. 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.
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Ficure 3: Gel mobility shift assays for Sp1(zf23), Sp1(zf23)BG,
Spl(zf123), and Spl (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 12 contain 0, 3.9, 7.8,

Shiraishi et al.

basis of these facts, the structures of the Spl 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 theo-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 Hi& to HX;H (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 | footprinting analyses were performed. The
hypersensitive cleavage appears at theitgd of the binding
region, in the specific binding of £l,-type zinc finger to
the target sited1, 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 IlI
and also showed no hypersensitive cleavage found in the
previous experimen®@). This observation suggests that Sp1-
(zf23) has a low specificity for subsites | and Il. On the other
hand, Spl(zf23)BG produced a hypersensitive cleavage
around subsite Il and the weak footprint in subsites | and
I, indicating that Sp1(zf23)BG binds more specifically to
subsites | and Il, as compared with Sp1(zf23). In addition,
a different footprinting pattern was detected between Spl-
(zf123) and Sp1(zf123)BG. The hypersensitive cleavages (c)
and (d) were induced by Sp1(zf123)/( 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 Spl-

15.6, 31.3, 62.5, 125, 250, 500, 1000, 2000, and 4000 nM peptide, (2f123)BG for the GC box is optimized because of the

respectively. In panels C and D, lanes12 contain 0, 0.5, 1, 2,
3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, and 500 nM peptide,
respectively.

forms type IV and type lI3-turns in fingers 4 and 5,
respectively 24, 26). In our CD spectral results, the
difference between the mutants with the Sp1-tggeairpin
and with the GLI-type3-hairpin was evidently observed at
around 208 nm. From a previous report, fxurns yield
various curve shapes that correlate with fhéurn types,
although these turn spectra have relatively small ellipticities
compared with those of the-helix and j-sheet 84).

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-
nigue. 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 thg-hairpin region.
In general, the gH,-type zinc fingers can be divided into

two types of DNA binding modes, i.e., Zif268-type and non-

Therefore, the alteration of spectral patterns may reflect the Zif268-type. In the Zif268-type zinc fingers, continuous

structural difference g8-hairpin region depending g#+turn
types.

The gel mobility shift assays exhibit a drastic change in
the DNA binding affinity in both the Spl-type and GLI-

domains are connected by a highly conserved TGEKP linker
that forms a stable structure upon DNA binding and
optimizes the zinc fingerDNA orientation for the three-
base-pair recognition mod8&,(36). On the other hand, the

type mutants. The framework of the Spl zinc finger has a non-Zif268-type zinc fingers hold flexible linkers with

structure typical of the Zif268 zinc finger, and then successful

various lengths, and hence, each domain has a unique DNA

rational and selection-based designs based on the Spbinding mode 26, 37, 398). It is still unclear how the DNA

framework have been conductegH©9, 11, 15, 16). On the

binding mode of the non-Zif268-type zinc fingers is deter-
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Table 1: Apparent Dissociation Constanig)(for Spl(zf23), Spl(zf23)BG, Spl(zfl23), and Spl(zf123)BG Bindings to GC Box and for
GLI(zf45) and GLI(zf45)BS Bindings to GLIseq

Kg (NM)2
binding sité Spl(zf23) Spl(zf23)BG Spl(zfi23) Spl(zfl23)BG GLI(zf45) GLI(zf45)BS
GC box 3.4 {0.2) x 17 7.2 (+0.7) x 10 1.3 (0.1)x 10 1.0+ 0.2
GlLlseq 3.8 *0.3) x 1¢? NB¢

a Apparent dissociation constants were determined by titration using a gel mobility shift assay as described in Materials and Methods. Values are
averages of three or more independent determinations with standard deviafibesnomenclature is described in the text (see Figuré NR
denotes not binding.
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- Ficure 5: Methylation interference analyses of the binding of three-
1234567 891011 12131415 16171819

finger-type peptides of Sp1l to the GC box. Spl and Sp1BG denote
Ficure 4. DNase | footprinting analyses of Sp1(zf23), Sp1(zf23)- Sp1(zf123) and Sp1(zf123)BG, respectively. The left (lane§)1

BG, Sp1(123), and Sp1(123)BG bindings to the GC box. This panel and right (lanes #12) panels show the results for the G- and
shows the results for the G strand of the GC box. The charactersC-strands, respectively. Lanes 1 and 12/ (Maxam—Gilbert

(a) through (d) represent the enhanced sites of cleavage caused byeaction products); lanes 2 and 11T (Maxam—Gilbert reaction

the binding of each peptide. Bold bar shows the promising binding products); lanes 3, 5, 8, and 10, free DNA samples; lanes 4, 6, 7,
site of each peptide. Lane 1, intact DNA; lane 2t+& (Maxam— and 9, peptide-bound DNA samples.

Gilbert reaction products); lane 340 (Maxam—Gilbert reaction
products). Every peptide concentration is noted in the figure.

mined. The complete loss of the DNA binding ability of GLI-
(zf45)BS strongly indicates that th&hairpin region sig-
nificantly participates in the DNA binding of the non-Zif268-
type zinc fingers. In addition to the structural change in the
B-hairpin region, the functional effect would be considered
by comparison with the Zif268-type zinc fingers. The GLI
zinc finger exhibits amino acidphosphate interaction pat-
terns different from those of the Zif268-type zinc fingers
(Figure 1C) 6). One interesting fact is that the tyrosine
residue occupies the conserved aromatic positions in the

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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