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ABSTRACT. Cys-His,-type zinc finger proteins have a tandemly repeated array structure consisting of
independent finger modules. They are expected to elevate the DNA binding affinity and specificity by
increasing the number of finger modules. To investigate the relation between the number and the DNA
binding affinity of the zinc finger, we have designed the two- to four-finger peptides by connecting the
central zinc finger (finger 2) of Sp1 with the canonical linker sequence, Thr-Gly-Glu-Lys-Pro. Gel mobility
shift assays reveal that the cognate three- and four-finger peptides, Sp1(zf222) and Sp1(zf2222), strongly
bind to the predicted target sequences, but the two-finger peptide, Sp1(zf22), does not. Of special interest
is the fact that the dissociation constant for Sp1(zf2222) binding to the target DNA is comparable to that
for Sp1(zf222). The methylation interference, DNase | and hydroxyl radical footprintings, and circular
permutation analyses demonstrate that Sp1(zf2222) binds to its target site with three successive zinc fingers
and the binding of the fourth zinc finger is inhibited by DNA bending induced by the binding of the
three-finger domain. The present results strongly indicate that the zinc finger protein binds to DNA by
the three-finger domain as one binding unit. In addition, this information provides the basis for the design
of a novel multifinger protein with high affinity and specificity for long DNA sequences, such as
chromosomal DNAs.

A zinc finger motif of the CygsHis, type is one of the In this study, novel peptides with two to four central zinc
most ubiquitous DNA binding motifs found in eukaryotes fingers of transcription factor Sp1 connected by ktnéppel-
and has a tandemly repeated structure consisting of inde-type linker were designed, and the increase in their DNA
pendent modules with the consensus sequence (Tyr, Phe)binding affinities was examined. The gel mobility shift assays
X-Cys-X, 4 Cys-Xs-Phe-X-Leu-X-His-X3-s-His-X,—. Each revealed that the dissociation constants for target DNA are
finger domain is mostly connected by the well-conserved comparable in the cognate three- and four-finger peptides.
linker (Krlippel-typdinker, Thr-Gly-Glu-Lys-Pro) and holds ~ Methylation interference and DNase | footprinting analyses
as a compact globulgfa structure by zinc binding with  also clarified that the three- and four-finger peptides bind to
invariant cysteines and histidines. This zinc finger structure DNA with three successive zinc fingers and that the finger
also provides the following characteristic DNA binding at the N-terminal end of the four-finger peptide cannot
modes: (1) monomeric and asymmetric DNA binding, (2) effectively bind to DNA because of DNA bending at the
independent DNA binding of each zinc finger, and (3) binding site.
specific base recognition by the amino acid residues at key
positions in each finger domaii,(2). To define a protein MATERIALS AND METHODS
DNA interaction mode, several groups have constructed the
library of zinc fingers with various DNA binding specificities
using the mutagenic or the phage display strated@es).
On the other hand, multifinger proteins based on the tandem
array structure of the zinc finger have been created by the
connection of two or three units of the naturally occurring
three zinc finger protein with &rlippel-typeor designed
linker (7—9), and these artificial proteins exhibited a higher . . :
affinity than the wild-type for a predicted binding sequence. by Dr. R. Tjian. All other chemicals were of commercial
Therefore, it is of special interest whether the stepwise reagent gra_de. )
increase in the number of zinc fingers systematically raises  Construction of Genes and Peptide Express&pil (zf22),
the binding affinity for the target site of DNA. Sp1(zf222), and Sp1(zf2222) were constructed by the con-
nection of two, three, and four central zinc fingers (finger
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“Element Science” (12CE2005), Priority Project “Biometals” (08249103), Kriippel-typelinker. pEVSp1(zf23), which codes the finger
Eréd Scientific Research (10470422470505) from the Ministry of 1-deleted mutant Sp1(zf23), was constructed as previously
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38-3210. Fax:+81-774-32-3038. E-mail: sugiura@scl.kyoto-u.ac.jp. region between fingers 2 and 3 on pEVSpl(zf23). This

Chemicals. T4 polynucleotide kinase and restriction
enzymes were purchased from New England Biolabs, except
for Agd obtained from Nippon Gene (Tokyo, Japan).
Synthesized oligonucleotides for construction of the genes
and substrate DNAs were acquired from Amersham Phar-
macia Biotech. Labeled compound{?P]ATP was supplied
by DuPont. The plasmid pBS-Sp1-fl was kindly provided
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construct was renamed as pEVSp1(zf2Bhe finger 2 gene
fragments were amplified by PCR with the primer set of
PEVSpl1(zf23)as a template. The amplified fragments which
were designed to be flanked B§md and Agd sites at the
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reaction was stopped by the addition of 20 of DNase |

stop solution (0.1 M EDTA and 0.6 M sodium acetate) and
40 uL of phenol/chloroform. After ethanol precipitation, the
cleavage products were analyzed on a 10% polyacrylamide/7

5'- and 3-ends, respectively, were digested with the enzymes M urea sequencing gel. The bands were visualized by

and ligated into pEVSp1(zf23at the Agd site. TheAgd

enzyme site in the linker region encodes amino acids Thr-

Gly, part of theKrippel-typelinker peptide. Repeating the

step -3 times, we created the plasmids pEVSpl(zf22),
pEVSp1(zf222), and pEVSpl1(zf2222), which code Spl-
(zf22), Sp1(zf222), and Sp1(zf2222), respectively. All se-
quences were confirmed by an ABlI PRISM 377 DNA

autoradiography and analyzed by Storm 820 (Amersham
Pharmacia Biotech).

Hydroxyl Radical Footprinting Analysellydroxyl radical
footprinting experiments were carried out according to the
method reported by Tullius et alL§). The binding reaction
mixture contained 20 ngL sonicated calf thymus DNA, the
5'-end-labeledBsdHIl —Sad or BsdHIl —Kpnl substrate DNA

sequencer. These zinc finger peptides were overexpressegtagment (approximately 15000 cpm), and-®5 uM

in Escherichia colistrain BL21(DE3)pLysS and purified
according to the previous papéf)(
Preparations of Substrate DNA Fragmerni&e substrate

peptide. After incubation at 20C for 30 min, the sample
was cleaved by the addition of 10 ferrous ammonium
sulfate, 200uM EDTA, and 0.003% hydrogen peroxide at

oligonucleotides contain the target binding site predicted from 20 °C for 1 min. The reaction was quenched by adding 20

the binding mode of transcription factor Spl: 2GCG; 5
GCG GCG-3 3GCG; 3-GCG GCG GCG-3 and 4GCG;
5'-GCG GCG GCG GCG-3 The synthesized oligonucle-
otides were annealed and inserted in pBluescript IHSK
(Stratagene, CA). TheHindlll—Xbd, Bsdill—Sad, or
BsdHIl —Kpnl fragment was cut out and labeled at the 5
end by3?P for the experiments.

Circular Dichroism (CD) Measurement$he CD spectra

uL of hydroxyl radical stop solution (0.135 M thiourea, 0.135
M EDTA, and 0.6 M sodium acetate). After phenol extraction
and ethanol precipitation, the cleavage products were ana-
lyzed on a 10% polyacrylamide/7 M urea sequencing gel.
The bands were visualized by autoradiography and quantified
with ImageQuant software (version 5.1).

Circular Permutation Assayd.wo plasmid DNAs for the
creation of circularly permuted fragments were designed by

of Sp1(zf22), Sp1(zf222), and Sp1(zf2222) were recorded |inking two units of the multicloning site of pUC19 with a

on a Jasco J-720 spectropolarimeter in 10 mM Tris-HCI (pH
8.0), 50 mM NacCl, 1 mM dithiothreitol, and-3L0 uM zinc
finger peptide at 20C.

Gel Mobility Shift AssaysGel mobility shift assays were
carried out under the following conditions. Each reaction
mixture contained 10 mM Tris-HCI (pH 8.0), 50 mM NaCl,
1 mM dithiothreitol, 0.1 mM ZnGCJ, 25 ngkL poly(dl-dC),
0.05% Nonidet P-40, 5% glycerol, th&P-end-labeled
Hindlll —Xbd substrate DNA fragment{50 pM), and 156
450 nM zinc finger peptide. After incubation at 2C for
30 min, the sample was run on a 12% polyacrylamide gel
with Tris—borate buffer at 20C. The bands were visualized
by autoradiography and quantified with NIH image software
(version 1.62). The dissociation constaritg)(of the Spl
peptide-DNA fragment complexes were estimated according
to the previously reported procedurE).

Methylation Interference Analysellethylation interfer-
ence assays were investigated as previously descrildgd (
The binding reaction mixture contained 10 mM Tris-HCI
(pH 8.0), 50 mM NacCl, 1 mM dithiothreitol, 0.1 mM Zngl
25 ngilL poly(dl-dC), 0.05% Nonidet P-40, 5% glycerol,
the3P-end-labeledHindlll —Xbd-methylated DNA fragment
(approximately 500 Kcpm), and 2®0 nM zinc finger

target DNA site, 3GCG or 4GCG. The digestion of the
plasmids bySal, Xba, BanHI, Sma, or Kpnl leads to the
preparation of five kinds of circularly permuted substrates
for each target site. The binding reaction mixture contained
89 mM Tris—borate, 5% glycerol, 0.4tg of circularly
permuted substrate DNA,8M peptide, and 9.@g of vector
fragment. No special treatments were performed to remove
vector fragment which serves as competitor DNA. After
incubation at 20C for 30 min, the sample was run on a 5%
polyacrylamide gel with Trisborate buffer at 20C. The
bands were visualized by ethidium fluorescence and analyzed
by ImageMaster 1D Elite software (version 3.0).

RESULTS

Design of Multiple Finger Peptides with Identical Zinc
Fingers Connected by a Kppel-Type LinkerZinc finger
proteins of the CysHis;, type have a modular structure, and
each finger module recognizes-8 bases of DNA. The
appropriate regulation of the number of zinc fingers probably
leads to the creation of zinc fingers with a higher affinity
for the longer recognition sites. However, direct and/or
indirect interactions between the zinc fingers are not

peptides. To examine both the strong and weak base contact§egligible, because they often have significant effects on the
in the methylation interference experiment, we selected the DNA binding by the zinc fingers 14). To evaluate the

experimental conditions such that the peptide/DNA molar
ratio in the binding reaction was about-120% bound.
DNase | Footprinting AnalysesDNase | footprinting

experiments were performed according to the method of

Brenowitz et al. {2). The binding reaction mixture contained
20 mM Tris-HCI (pH 8.0), 5 mM CagGJ) 10 mM MgCk, 20
ngiuL sonicated calf thymus DNA, the 'fend-labeled
BsdHll—Sad or BsdHll—Kpnl substrate DNA fragment
(approximately 15 000 cpm), and-3.5uM peptide. After
incubation at 20°C for 30 min, the sample was digested
with DNase | (0.7 milliunitikL) at 20 °C for 2 min. The

increase in the DNA binding affinity versus the number of
zinc fingers, the multiplication of identical zinc fingers is
essential.

Sp1(5306-623), which contains the three zinc finger
domain of Sp1, strongly binds to the GC boxGGG-GCG-
GGGCC-3), and each zinc finger recognizes the 3 or 5 bp
subsite in an antiparallel fashion (Figure 129, 11). The
middle zinc finger (finger 2) predominantly recognizes the
middle triplet, 3GCG-3, as shown in the cases of fingers
1 and 3 of Zif268 based on crystallographic evidentce(
10, 11, 15, 1% Namely, Arg(1) and Arg(6) are involved
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Ficure 1: (A) Three zinc finger domain of Spl and its binding sequence. (B) Artificial zinc finger peptides with identical zinc finger
arrays, Spl1(zf22), Sp1(zf222), and Sp1(zf2222), and their predicted binding sequences. The sequences of the guanine-rich strand are only
shown with numbering in the direction from thé %o the 3-end. Roman numerals represent the number of a subsite consisting of a
5'-GCG-3 triplet.

2000 Table 1: Dissociation Constant&d) for Spl(zf22), Sp1(zf222), and
] Sp1(zf2222) Binding to 2GCG, 3GCG, and 4GCG
0
~ ] Ny Kg (nM)?2
_g .2000_: 1 binding site Sp1(zf22) Spl(zf222) Sp1(zf2222)
g 1 / 2GCG ND >3000 >3000
§ w0004\ .7 3GCG >3000 61.4£108  32.4- 850
o i I 4GCG ND 103+ 11.6 18.2+2.25
3 ] p1(z122)
% -6000 | o Spi(at222) a Apparent dissociation constants are determined by titration using
= 1 - Seaf2zzz) a gel mobility shift assay as described under Materials and Methods.
Values are averages of two independent determinations with standard
1y errors.? ND, not determined.
10000 ——— 11—

200 220 240 260 280 300

3), we obtained the dissociation constanig)(of these
Wavelength (nm)

peptide-nGCG ( = 2—4) complexes as summarized in
:;Ithﬁ';E %és(égcngfcgg(ﬁ; if%gZ%eSggéiféifgﬁﬁﬂg gfptltgffi%zcz) Table 1. The DNA binding activities did not change in the
finger Beptides were 10M Sp1(zf22), 10uM Sp1(zf222), and 3 presence of 16100uM Zn(ll). Pf’;\nels Aand Cin Flgure 3
uM Spl(zf2222). show the results of Sp1(zf22) in the complex with 2GCG

and 4GCG, respectively. Only in lane 11 of both experiments
in the direct recognition of the guanine bases at theabd were smeared bands detected at the high concentration of
3-ends in the 5GCG-3 subsite, respectively (the numbers peptides. In contrast, the light and clear mobility-shifted
in parentheses show the relative position to the start site ofbands were visualized in the Sp1(zf2Z3GCG complex
ana-helix). By linking two to four Sp1 zinc finger 2s with  (Figure 3B, lanes 810), but the ratio of the peptide-bound
the Kriippel-typelinker, cognate three zinc finger peptides, band did not increase according to the peptide concentration.
Sp1(zf22), Sp1(zf222), and Sp1(zf2222), were created (Fig- These results indicate that Sp1(zf22) forms no stable
ure 1B). The predicted target DNA sequences for these complexes witnGCG ([ = 2—4). The dissociation constants
peptides contain the same number 6{GEG-3 subsites for the complex of Sp1(zf22)nGCG [ = 2—4) were not
(Figure 1B). precisely determined.

In the absence of Zn(ll) binding, the CD spectrum of these  Panels B-F show the results for Sp1(zf222). Although
peptides demonstrated no Cotton effects in the far-UV region the peptide-bound bands were observed only at the high
that show random coil structure. Their CD features in the peptide concentration in panel D, the ratio of the peptide-
presence of Zn(ll) complexation clearly gave negative Cotton bound band gradually increased with peptide concentration
effects, indicating that these peptides form an ordered in panels E and F. The dissociation constants for Sp1(zf222)
secondary structure with a helical conformation by Zn(ll) binding to 3GCG and 4GCG were 61.4 and 103 nM,
binding (Figure 2). respectively. The same binding specificity was detected in

Evaluation of DNA Binding Affinity of Sp1(zf22), Spl- the case of Sp1(zf2222) (panels-G. The K4 values for
(zf222), and Sp1(zf222By gel mobility shift assays (Figure  the Sp1(zf2222y3GCG and—4GCG complexes were 32.4
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Ficure 3: Gel mobility shift assays for Sp1(zf22), Sp1(zf222), and Sp1(zf2222yQASp1(zf22) binding to 2GCG, 3GCG, and 4GCG,
respectively: lanes-111 contain O, 1, 3, 10, 30, 100, 300, 1000, 3000, 10 000, and 30 000 nM peptide, respectivety.Jpl(zf222)
binding to 2GCG, 3GCG, and 4GCG, respectively: laned1 contain 0, 0.1, 0.3, 1, 3, 10, 30, 100, 300, 1000, and 3000 nM peptide,
respectively. (G1) Sp1(zf2222) binding to 2GCG, 3GCG, and 4GCG, respectively: landslcontain 0, 0.1, 0.3, 1, 3, 10, 30, 100, 300,
1000, and 3000 nM peptide, respectively.
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Ficure 4: (A) Methylation interference analysis for Sp1(zf222) binding to 3GCG. The left (land$ and right (lanes 58) panels show

the results for the G- and C-strands, respectively. Lanes 1 andtbAGMaxam—Gilbert reaction products); lanes 2, 3, 6, and 7, free and
peptide-bound DNA samples; lanes 4 and 8, intact DNA. (B) Histogram showing the extent of methylation interference by Sp1(zf222). An
autoradiogram of the gel was scanned with a densitometer, and the extent of interference was calculated as the ratio of the cutting probabilities
for the two bands (B/F).

o —
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and 18.2 nM, respectively. From these results, Sp1(zf222) gesting that the combination of three or more zinc fingers
and Spl(zf2222) strongly bind to 3GCG and 4GCG, sug- with DNA consisting of three or more 3 bp subsites is
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Ficure 5: (A) Methylation interference analysis for Sp1(zf2222) binding to 4GCG. The left (land$ dnd right (lanes58) panels show

the results for the G- and C-strands, respectively. Lanes 1 andtbAGMaxam—Gilbert reaction products); lanes 2, 3, 6, and 7, free and
peptide-bound DNA samples; lanes 4 and 8, intact DNA. (B) Histogram showing the extent of methylation interference by Sp1(zf2222).
An autoradiogram of the gel was scanned with a densitometer, and the extent of the interference was calculated as the ratio of the cutting

probabilities for the two bands (B/F).
required for the formation of a stable zinc fingddDNA
complex with a nanomolar dissociation constant. Spi(ef222) Spi(zfe22) Spi(et2222) Spi(ztez2)
Specific Base Recognition Analysis Using Methylation l I - b I I
Interference Assayrigures 4 and 5 show the results of the 3 3 :a 3
methylation interference assays for Sp1(zf222) and Sp1l- -
(zf2222). From the results of the gel mobility shift assays, # -.2‘... .—
Sp1(zf222) and Sp1(zf2222) bind to 3GCG and 4GCG with
a higher affinity than the other DNAS, respectively. There- * g2
fore, we carried out the experiment using such peptRA
combinations. In Figure 4, the electrophoretic result (panel
A) and the densitometric analysis (panel B) for Sp1(zf222)
are shown. The contacts of all of the guanine bases in the
binding site were strongly interfered with by the methylation.
Namely, the guanine bases at positions 1, 3, 4, 7, and 9 in |c|
the guanine-rich strand (G-strand) and at positions 2, 5, and |3
8 in cytosine-rich strand (C-strand) are evidently recognized
by the three zinc fingers of Sp1(zf222). This base recognition
pattern at each subsite is consistent with that observed in
finger 2 of Spl. On the other hand, Sp1(zf2222) showed
strong contacts with the guanine bases at positions 3, 4, 6, o g
7,9, and 10 in the G-strand and at positions 5_and 8in the 1234566 7 8 9 10 11 12 13 14
C-strand and made weak contacts with the residual guaninergure 6: DNase I footprinting analyses for Sp1(zf222) and Spi-
bases in the binding site (Figure 5). This evidence indicates (zf2222) binding to 3GCG. The left (lanes-¥) and right (lanes
that Sp1(zf2222) mainly recognizes the two subsites, Il and 8—14) panels show the results for the G- and C-strands, respec-
M. tively. The asterisks represent enhanced sites of cleavage. Lanes 1

o . P and 14, intact DNA; lanes 2 and 13, & A (Maxam—Gilbert
DNA Binding Mode Analysis by DNase | Footprintirig. reaction products); lanes 3 and 12;:CT (Maxam-—Gilbert reaction

the previous analysis of the interaction between the threeproducts); lanes 4, 5, 10, and 11, Sp1(zf222); lane9,6Sp1l-
zinc finger domain of Spl and the GC box by DNase | (zf2222). Peptide concentrations are noted in the figures.
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hypersensitivity of the protein-bound DNA in DNase |
(G-strand) -C-sirand
cleavage is due to the conformational change in DNA

2 pi(at222) induced by the protein bindingl8, 19. To examine the
oo L ' binding site and the structural change in DNA induced by

Fin3dzd F3dyngi the binding of Sp1(zf222) and Sp1(zf2222) to 3GCG and
s “..' H 4GCG, we performed DNase | footprinting analyses. Figure
A - ' k.... ¢ 6 shows the results for 3GCG. In the case of Sp1(zf222),
*c - - ST the peptide exactly binds to the predicted binding site,
il A
. J Besa .. - a because the protected region is restricted within the site. On
A - & E =4 ot c the contrary, Sp1(zf2222) inhibited the digestion of DNA
L SERE = i . S by DNase | not only at the 3GCG site but also in theGb
e - - a bp regions on either side of the binding site, suggesting the
s - - ¢ presence of several binding modes of Sp1(zf2222) to 3GCG.
b BoE - § > 2 3 The hypersensitive cleavages were induced at HpoBion
¢ - . a:, = < outside the hinding site in the G-strand by the binding of
g =_ . . wi=ls <l Spl(zf222) and Sp1(zf2222). Figure 7 shows the results for
c = = “:: = = A 4GCG. In the case of Spl(zf2222), the same protection
T g | EECEe_ T pattern as that for 3GCG was acquired. Sp1(zf222) protected
T S EEES L gt A all bases in the binding site from the DNase | digestion. For
e i-_: - ; === 4 = e both peptides, hypersensitive cleavages were newly observed
¢ e .- : H at the 5-GT-3 step of the 3portion of GC box in the
5 5

123456 7 8 9 10 11 12 13 14 ' G-strand in addition to the same positions as that for 3GCG.

FiIGURE 7: DNase | footprinting analyses for Sp1(zf222) and Sp1-  Detection of DNA Conformational Change by Hydroxyl
ng'é‘lZAf§2) blnldln% to 4t<h3CG- Tne f'eftt(k:angs—y) ;‘fg rtlghtd(lanes Radical Footprinting and Circular Permutation Analyses.
—14) panels show the results for the G- and C-strands, respec-r: . b
tively. The asterisks and filled circles represent enhanced sites OfFlgure 8 denotes the results of hydroxyl radical footprinting
cleavage. Lanes 1 and 14, intact DNA; lanes 2 and 13; @ analyses of the G-strands of 3GCG and 4GCG for Sp1(zf222)
(Maxam—Gilbert reaction products); lanes 3 and 12,€ T and Spl(zf2222). For each peptie@NA combination,
(Maxam—Gilbert reaction products); lanes 4, 5, 10, and 11, Sp1- inhibition of cleavage by peptide binding was observed at
(zf222); lanes 69, Sp1(zf2222). Peptide concentrations are noted the pinding site. In addition, the cleavage intensities at the
in the figures. , . . A o . .
5'-portion outside the binding site in the existence of peptide
footprinting, the hypersensitive cleavage was detectable atwere stronger than those in no peptide, suggesting that the
the 3-portion of the GC box in the G-strandlY). The local conformational change of DNA by peptide binding
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Ficure 8: Hydroxyl radical footprinting analyses for Sp1(zf222) and Sp1(2f2222) binding to 3GCG and 4GCG (A) Electrophoretic results

of hydroxyl radical footprinting analyses. The left (lanes7) and right (lanes 814) panels show the results for the G-strand of 3GCG

and 4GCG, respectively. Lanes 1 and 14, intact DNA,; lanes 2 and 13 ,A5Maxam—Gilbert reaction products); lanes 3 and 12;+C

T (Maxam—Gilbert reaction products); lanes 4, 5, 10, and 11, Sp1(zf222); lan8s $p1(zf2222). Peptide concentrations are noted in the
figures. (B) Densitometric analyses of the electrophoretic results. Solid and dotted lines denote the cleavage intensities in the absence and
presence of the peptide, respectively
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Ficure 9: Structure of DNA constructs and results of circular permutation assay. (A) Circularly permuted fragmeriS, Gtnerated

by digestion with five restriction enzymes. The relative position of the target sequence represented by the shaded rectangle is shown for
each fragment. (B) Relative mobility curve from the electrophoretic results of circular permutation assay. The relative mgbility(e)

of the complex of peptide with each fragment is plotted as a function of the position of the binding site. The curve fitting of the points is
based on the calculated best fit of a second-order polynomial function. The position of the binding site is measured from the central
cytosine of the second&CG-3 triplet to the 3-end of the fragment. The binding site is shown in each graph as a shaded rectangle.

occurs at the '3portion near the binding site in the G- finger peptide, Sp1(zf22), does not bind to the predicted
strand. _ _ ~ binding sequence with high affinity. On the other hand, the
Moreover, we employed the circular permutation analysis two-finger peptide Sp1(zf23) and the other natural two-finger

to investigate the conformational change of DNA such as proteins evidently specifically bind to their target sequences
bending induced by peptide binding. The relative mobility (10, 20, 2). In them, two zinc fingers, in which base

.Of the banq of peptideDNA complex to t_h.at of free D.NA. recognition modes by amino acid residues at key positions
is summarized as a function of the position of the binding

. . ) ) . ...~ in the a-helix are distinct from each other, are connected.
site (Figure 9B). Each peptide showed high relative mobility P blv. th " ¢ diff . f1 )
in the binding to a circularly permuted fragment such as F1 resumably, the connection ot ditterent types of two zinc

or F5. On the contrary, the relative mobility was low when fingers is essential for the DNA binding of the two-finger
the peptides bind to F3 and F4 in which the binding site is peptides. The bindings of the zinc finger proteins induce a
5'-shifted from the center in the G-strand. These results conformational change in DNA with an enlarged major
indicate that DNA is bent at the-portion near the binding ~ groove at the binding site2( 22. Local helical parameters
site upon the binding of peptides. for the DNA site suggest that the extent of the change at
each subsite depends on the types of zinc fingerd)( The
DISCUSSION variety in the extent may play an important role in the
Relation between the Number and DNA Binding Affinity stabilization of the two-finger protetalDNA complex. This
of the Zinc Finger.This study demonstrates that the two- evidence indicates that the two zinc finger domain is not
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Ficure 10: Schematic representation of Sp1(zf222) and Sp1(zf2222) binding to 3GCG and 4GCG. (A) SpH2R2H complex, (B)
Spl(zf222-4GCG complexes, (C) Sp1(zf22223GCG complexes, and (D) Sp1(zf2222GCG complexes. Ellipsoids and squares denote
zinc finger domains and G-strand DNASs, respectively.

always sufficient for effective DNA binding and that its DNA  in which four GCG subsites are all protected from DNase |
interaction requires a special binding character. cleavage bythree zinc fingers and an additional pair of
The connection of one or two zinc fingers to Sp1(zf22) hypersensitive cleavages shifted from the original pair by 3
induces a high-affinity binding to DNA. Th&y values of bp is observed, also supports this postulation.
Sp1(zf222) and Sp1(zf2222) for 3GCG and 4GCG are 61.4 On the contrary, the binding modes of Sp1(zf2222) to
and 18.2 nM, respectively. The affinity of the latter for the 3GCG and 4GCG appear to be more complex. From the
predicted sequence is only 3.4-fold higher than that of the results of the methylation interference, the central two GCGs
former. In contrast, the relatiié, value of the three-finger  are strongly recognized, and the two GCG subsites at both
peptide Sp1(5306623) normalized to that of the two-finger ends are weakly recognized in the Spl(zf2222pCG
peptide Sp1(zf23) is 89L0). With respect to the increase in  complex. This evidence shows that the zinc finger at the N-
the DNA binding affinity, the addition of one zinc finger to  or C-terminal does not strongly contact the guanine bases.
the two-finger peptide is 26-fold higher than that to the three- Namely, Sp1(zf2222) utilizes three successive zinc fingers,
finger peptide. These results suggest that the fourth zincand the N-terminal or C-terminal zinc finger, likdrae zinc
finger in Sp1(zf2222) may be ineffective for increasing the finger, does not significantly act. The existence of tée
DNA binding affinity and that the elevation of the affinity ~ zinc finger may block the DNase | cleavage outside the
with the increasing number of cognate zinc finger peptides binding site by its steric hindrance (Figure 7). On the basis
is saturated with the three zinc finger. of this model, several types of binding complexes are
DNA Binding Modes of Sp1(zf222) and Sp1(zf223p)L.- proposed for the interaction between Sp1(zf2222) and 4GCG
(zf222) and Spl(zf2222) form a 1:1 complex with DNA, (Figure 10D). The results of the DNase | footprinting suggest
because their mobility-shifted bands are clearly single in the that the versatility of the DNA binding of Sp1(zf2222) is
gel mobility shift assays and the DNA binding mode of the similarly applicable to its binding to 3GCG (Figures 7 and
Cys-His,-type zinc finger protein is monomerid (2, 20. 10C).
Indeed, Sp1(zf222) and Sp1(zf2222) recognize three or more Relation between Conformational Change and DNA Bind-
GCG subsites of 3GCG and 4GCG with three or more ing Affinity of DNA.The hypersensitivity of DNase | cleavage
successive zinc fingers. From the results of the methylation was observed at the'-ortion outside the binding site in
interference and DNase | footprinting experiments, Spl- the G-strand by the binding of Sp1(zf222) or Sp1(zf2222).
(zf222) binds to three GCG subsites and recognizes all theThis type of hypersensitivity has also been detected by the
guanine bases by its three zinc fingers in the Sp1(zf222) binding of the three-finger peptide [Sp1(53623)] and not
3GCG complex (Figure 10A). This binding pattern suggests by the binding of the two-finger peptide without finger 1 of
the existence of two binding modes for Sp1(zf222) to 4GCG: Spl [Spl(zf23)] 10). The cleavage by the hydroxyl radical
binding to subsitestlll and I1—1V (Figure 10B). The DNase  at the region was also increased by the binding of peptides.
| footprinting pattern for the Sp1(zf222AGCG complex, In general, the increase in cleavage of peptide-bound DNA
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by DNase | and hydroxyl radicals is due to the sequence
bent toward the major groove induced by peptide binding
(18, 23. Furthermore, the change in relative mobility of the
peptide-DNA complex in circular permutation assays clearly
shows that the DNA bending exists and the bend center is
situated at the minimum point of relative mobilitp4).
Sjgttem and co-workers reported that the DNA bend &f 65
is induced at the '3end of the GC box in the G-strand by
the binding of the zinc finger domain of native Spa5).
From our circular permutation assay of Sp1(zf222) or Sp1-
(zf2222), the bend center is located at the same region.

Nagaoka et al.

Kruppel-typelinker is allowed for the linkers between the
fourth and fifth or fifth and sixth fingers, because the fourth
and fifth fingers, which are independent of the first-to-third-
finger domain, act as a one- or two-finger domain without
induction of a conformational change in DNA. This concept
leads to the rational design of multifinger proteins. It is
convenient to define a three-finger domain as one unit and
to properly design the linker between the three-finger units.
The design of artificial zinc finger proteins with high
specificity and affinity can be achieved in this way. The
natural multifinger proteins such as transcription factor IlI1A

However, the bend angle is smaller because the differencebind to DNA without using all of the finger26—28). During

of the relative mobilities of peptideDNA complexes is
slight between each fragment in our experimental system.
Moreover, the extent of hypersensitive cleavage in the
footprinting experiments described above was weaker than
that in Sp1(536-623) (L0). Together with this evidence, the
results of footprinting and circular permutation assays

the post-genomera, the multifinger proteins consisting of
several units of three fingers might be discovered. In addition,
such multi zinc finger peptides may be promising as a new
tool in future gene research.
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presented here suggest that moderate DNA bending toward

the major groove occurs at thé-fZortion apart from the
binding site by several base pairs in the G-strand only by
the binding of a three or more zinc finger peptide. The zinc
finger protein binds to DNA in an antiparallel fashion; the
direction of the peptide chain is antiparallel to that of the
DNA chain mainly recognized. Consequently, in the Sp1-
(zf2222)-4GCG complex, the DNA bending toward the
major groove occurs near the recognition site for the
N-terminal zinc finger of Spl(zf2222). The zinc finger
peptide binds to DNA with its-helix locating on the major
groove (, 2, 20. If Sp1(zf2222) binds to DNA with three
zinc fingers at the C-terminal portion, it cannot utilize the
N-terminal zinc finger in DNA binding due to DNA bending
toward the major groove. Therefore, the four-finger peptide
uses only three successive zinc fingers in DNA binding and
has an affinity for DNA close to that of the three-finger
peptide.

Perspectie to the Design of Multifinger Proteinn this
study, we reported that (1) a two zinc finger protein is
required for special DNA binding and is always insufficient,
(2) the elevation of binding affinity to a target sequence is
saturated at the three zinc finger in the zinc fingBNA
interaction, and (3) the saturation in DNA binding affinity
is elucidated by the DNA binding modes of the three- and
four-finger peptides with the induction of DNA bending.
Probably, the design of the multifinger protein with a long

recognition sequence is achieved by the increase in the zinc 13.

finger number because of its modular structure. Thus far,
two designs of multifinger peptides with canonical linker
sequences have been accomplishgdg(. The number of
zinc fingers in them is six or nine, namely, multiples of three.
Their DNA binding affinities are about 10100-fold higher
than those of the native three-finger proteins. On the other

hand, Pabo and his co-worker succeeded in constructing the 17.

six-finger protein with a femtomolar dissociation constant
for DNA (9). Based on the linkage of two units of the three-
finger domain which is not with &riippel-typelinker but

with a designed longer linker, this design indicates the

importance of the linker sequence. Our experiments suggest 20.

that the three-finger domain induces DNA bending. Thus,
the linker between the third and fourth fingers should be
designed to adequately fit the fourth finger into the major

groove in the presence of a structural change. The canonical

We thank Yumiko Uno for assistance in the preparation
of peptides.
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