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ABSTRACT:. The connection of functional modules is effective for the design of DNA binding molecules
with the desired sequence specificityHz-type zinc finger proteins have a tandemly repeated array structure
consisting of independent finger modules and are expected to recognize any DNA sequences by permutation,
multi-connection, and the substitution of various sets of zinc fingers. To investigate the effects of the
replacement of the terminal finger on the DNA recognition by other fingers, we have constructed the
three zinc finger peptides with finger substitution at the N- or C-terminus, Sp1(zf223), Sp1(zf323), and
Sp1(zf321). From the results of gel mobility shift assays, each mutant peptide binds preferentially to the
target sequence that is predicted if the fingers act in a modular fashion. The methylation interference
analyses demonstrate that in the cases of the N-terminal finger substitution mutants, Sp1(zf223) and Sp1-
(zf323), the N-terminal finger recognizes bases to different extents from that of the wild-type peptide,
Sp1(zf123). Of special interest is the fact that the N-terminal finger of the C-terminal finger substitution
mutant, Sp1(zf321), shows a distinct base recognition from those of Sp1(zf123) and Sp1(zf323). DNase
| footprinting analyses indicate that the C-terminal fingastiye fingel) induces a conformational change

in the DNA in the region for the binding of the N-terminal finggragsie fingel). The present results
strongly suggest that the extent of base recognition of the N-terminal finger is dominated by the binding
of the C-terminal finger. This information provides an important clue for the creation of a zinc finger
peptide with the desired specificity, which is applicable to the design of novel drugs and biological tools.

The design of DNA targeting proteins with desired unbalanced influence of these fingers on the DNA binding
functions is one of the most significant problems in plost- observed in the DNA bindings of Zif26&), the C-terminal
genomeera and may lead to the creation of new drugs and three fingers of TFIIIA 6), and WT1 7). In them, the
biological tools. To achieve this goal, it is necessary to N-terminal fingers make particularly smaller contributions
establish the DNA recognition rule by the DNA binding to the high-affinity DNA binding than the other fingers. The
molecules with a well-defined modular structure such as the other influence is the relative finger position on the DNA
CzHa-type zinc finger and pyrroleimidazole polyamidel, binding of the finger. The order change of zinc fingers in an
2). The GH-type zinc finger motif has a tandemly repeated grray and sequential selection via the phage display give rise

structure consisting of independent modules with the con- i, the unexpected effects on the DNA base recognition by
sensus sequence: (Tyr,Phe)-X-Cyspys-Xs-Phe-X%-Leu- zinc fingers 8, 9).
Xo-His-Xs_s-His-X,_6. Each finger domain is mostly con- A . .
nected by a well-conserved linker and has a compact globular _1ranscription factor Spl is a sequence-specific DNA
BBa structure due to tetrahedral binding of a zinc ion with Pinding protein derived from the Hela cellq, 13. Spl
invariant cysteines and histidines. The first crystal structural has three contiguous repeats of #i&type zinc finger motif
analysis of the Zif268 DNA complex has provided useful ~ at the C-terminus and activates transcription in various viral
information about the DNA recognition by the,i:-type and cellular genes by binding to the GC box, which has the
zinc finger motif @, 4). In the complex, each zinc finger ~decanucleotide consensus sequenefGENGGGCGG(G/
makes direct base contacts by using amino acids at positions?)(G/A)(C/T)-3' (11-15). Together with the crystallographic
—1, 2, 3, and 6 in thex-helix that recognizes overlapping evidence of the Zif268DNA complex, some previous
four-base-pair subsites mainly on the guanine-rich strandsstudies about the SpIDNA interaction revealed that the
of the binding site. However, two unique features opposed three zinc fingers of Spl also make a different contribution
to the modularity of the zinc finger have been reported in to GC-box DNA binding {6—19). Namely, the contribution
the DNA recognition by the zinc finger protein. One is the is reduced in the order: C-terminal finger central finger
> N-terminal finger. Moreover, the N-terminal zinc finger
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recognition of guanine at the center of tHeE5G-3 subsite CA). The Hindlll —Xba fragment was cut out and labeled
by His(3). at the 3-end by3?P for the experiments.

In this study, we prepared three mutant zinc finger  Circular Dichroism (CD) Measurement$he CD spectra
peptides, Spl(zf223), Spl1(zf323), and Spl(zf321), and of the wild-type and mutant zinc finger peptides of Sp1 were
evaluated the effect of the terminal finger on the base recorded on a Jasco J-720 spectropolarimeter in 10 mM Tris-
recognition of the other fingers in the DNA binding of three HCI (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol, and &V
zinc finger peptide. The wild-type and mutant peptides zinc finger peptide at 20C.
preferably bind to their predicted binding sequences. Me-  Gel Mobility Shift AssaysGel mobility shift assays were
thylation interference and DNase | footprinting analyses carried out under the following conditions. Each reaction
suggest that the different degrees of base recognition of themixture contained 10 mM Tris-HCI (pH 8.0), 50 mM NaCl,
N-terminal finger of the mutant peptides from that of wild 1 mM dithiothreitol, 10uM ZnCl,, 25 ngkL poly(di-dC),
type is due to the DNA conformational change induced by 0.05% Nonidet P-40, 5% glycerol, 40 mdy/ BSA, the32P-

the binding of the C-terminal finger. end-labeled substrate DNA fragment50 pM), and 6-4
uM zinc finger peptide. After incubation at 20C for 30
MATERIALS AND METHODS 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 constarig)(of the Spl
peptide-DNA fragment complexes were estimated based on
a previously reported procedurg9j.

Methylation Interference Analysellethylation interfer-
d €nce assays were investigated as previously descrit&d (
20). The binding reaction mixture contained 10 mM Tris-
HCI (pH 8.0), 50 mM NacCl, 1 mM dithiothreitol, 1aM
ZnCly, 20 or 25 ngiL competitor DNA, 0.05% Nonidet
P-40, 5% glycerol, the?P-end-labeled methylated DNA
fragment (~40 nM, 400 Kcpm), and 16500 nM zinc finger
peptides. As competitor DNAs, 20 nd/ sonicated calf
thymus DNA and 25 ngl poly(dl-dC) were used for the
experiments shown in Figures 3 and 4, respectively. To
examine both the strong and weak base contacts in the
methylation interference experiment, we selected the experi-
mental conditions such that the peptide/DNA molar ratio in
the binding reaction was about +@0% bound. Densito-
metric measurements were obtained with NIH image soft-
ware (version 1.62). The extent of interference was estimated
as previously described 9).

Materials.All enzymes were purchased from New England
Biolabs (Beverly, MA), except for the restriction enzyme
Agd obtained from Nippon Gene (Tokyo, Japan). The
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-Spl-fl was kindly provide
by Dr. R. Tjian. All other chemicals were of commercial
reagent grade.

Preparation of Zinc Finger Peptides from SpThe
primary structures of all the zinc finger peptides used in this
study are summarized in Figure 1A. Spl1(zf123), which is
the alias for Sp1(536623), is coded on plasmid pEVSp1l-
(530-623) as previously described(). For the creation of
Sp1(zf223) and Sp1(zf323), the finger 2, 3, and32gene
fragments were amplified by PCR with the primer set of
pPEVSp1(536-623) as a template. The amplified single-finger
fragments were designed to be flanked by the N-terminal
region with theBanHlI site at the 5end and thé\gd site at
the 3-end. On the other hand, the double-finger fragments
were amplified as they were designed to be flanked by the

Agd site and the C-terminal region with tHecdRI site at L _
the 8- and 3-ends, respectively. Thagd enzyme site in DNase | Footprinting AnalysesDNase | footprinting

the linker region encodes amino acids Thr-Gly, part of the expenm_ents were perfor_mgd accor(_:llng t.o the meth_od of
linker peptide between fingers 1 and 2. By digesting one set Brenowitz et al. 21). The binding reaction mixture contained
of single- and double-finger fragments with enzymes and 20 mM Tris-HCI (pH 8'0).’ 15 mM NaCl, 5 mM Ca@ll,o
ligating them into the similarly digested pEV3b, we con- MM MgClz, 20 ngkL sonicated calf thymus DNA, the'5
structed the plasmids pEVSp1(zf223) and pEVSpl(zf323), €Nd-labeled substrate DNA fragmemtg nM, 20 000 cpm),
which code Sp1(zf223) and Sp1(zf323), respectively. The and 0-104M peptide. After incubation at 28C for 30 min,
plasmid pEVSp1(zf321) coding Sp1(zf321) was created by 1€ s?mple was digested with DNase | (0.75 milliyrliyy
ligating the N-terminal double-finger gene fragment from at 20°C for 2 min. The reaction was stopped by the addition
PEVSp1(zf323) and the finger 1 gene fragment from pE- of 2_Op¢L of DNase | stop solution (0.1 M EDTA and 0.6 M
VSp1(530-623) in the same manner as described above. All S0dium acetate) and 100L of ethanol. After ethanol
sequences were confirmed by tBeaBEST Dideoxy Se- preC|p|tat|on., the cleavage products_ were analyzed on a 10%
quencing Kit (Takara Shuzo, Kyoto, Japan). These zinc finger Polyacrylamide/7 M urea sequencing gel. The bands were
peptides were overexpresseddscherichia colstrain BL21- visualized by autoradiography.
(DE3)pLysS and purified as previously describ&f)( except
for the use of 1 mM dithiothreitol as the reductant.
Preparation of Substrate DNA Fragmenie substrate Design of Mutant Zinc Finger Peptides, Sp1(zf223), Sp1-
oligonucleotides contain the target binding site predicted from (zf323), and Sp1(zf321) and Their Predicted Binding Se-
the binding mode of the transcription factor Sp1l: GC(123), quencesTo study the effect of the terminal finger of the
5-GGG GCG GGGCC-'3GC(223), 5GGG GCG GCGGC-  three finger peptide on DNA binding of the peptide, we
3; GC(323), GGG GCG GGGGC-3 GC(321)-1, & prepared three mutant zinc finger peptides, Sp1(zf223), Sp1-
GGGC GCG GGGGC-3and GC(321)-2,5GGGCC GCG (zf323), and Sp1(zf321) (Figure 1A, left panel). Sp1(zf223)
GGGGC-3. The synthesized oligonucleotides were annealed and Sp1(zf323), in which the N-terminal finger 1 of Spl-
and inserted in pBluescript Il SK (Stratagene, La Jolla, (zf123) is replaced with fingers 2 and 3, respectively, are

RESULTS
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Three zinc fingers of Sp1

Ficure 1: (A) Primary structures of wild-type and mutant zinc finger peptides of Spl (left) and their predicted binding sequences (right).
The designation of each zinc finger is shown by the original name (finge83 With an alphabetical letter indicating the absolute position
(positions A-C). Substituted or inserted nucleotides in the mutated GC-box sequences are depicted in boldface type. The base numbers in
the wild-type and mutant GC boxes are also shown. (B) Mode of putative interaction of Sp1 with GC-box DNA. Amino acid residues at
the N-terminus of the-helix in each finger are depicted by their one-letter codes with the number of helical positions below. Solid arrows
show the amino acidbase contacts assumed by the DNA binding mode of Zif268, and dotted arrows depict the contacts indicated by our
previous report.

the mutants for the evaluation of the N-terminal finger experiment for Sp1(zf123), finger 1A of Sp1(zf123) recog-
properties. On the other hand, the effect of replacing the nizes uniquely the five-base-pair subsit&9)( On the
C-terminal finger on the DNA binding mode is estimated contrary, the zinc finger proteins such as Zif268 exhibit the
by the preparation of a mutant peptide, Sp1(zf321), which typical recognition of the three-base-pair subsite by each
has three zinc fingers arrayed inversely in comparison with finger domain 8). To clarify whether the base recognition
Spl(zf123). Our previous study demonstrated that the finger mode of finger 1C of Sp1(zf321) is typical or unique, we
3-deleted mutant, Sp1(zf12), formed no stable complex with prepared two sequences, GC(321)-1 and -2, in addition to
the GC-box DNA under our experimental conditions because GC(321)-0 which is identical to the target sequence for Sp1-
of the small contribution of finger 1 to the DNA binding (zf323).
(19). Therefore, we did not design Spl(zf121) but Spl- Examination of the Folding Property of Wild-Type and
(zf321), considering the deficiency of the DNA binding Mutant Zinc Finger Peptides of SpIo examine the change
ability of Sp1(zf121). in the folding property by finger substitution, we analyzed
The predicted binding sequences, which are designed fromthe secondary structures of the peptides based on measure-
the putative DNA binding mode of Sp1 (Figure 18), are ments of the CD spectra. Figure 2 shows the CD measure-
shown in Figure 1A (right panel). The wild-type GC-box ment results for the peptides at 2C. The spectrum for
sequence, GC(123), is derived from the mouse dihydrofolate Sp1(zf123) was similar to those of the single- and three-
reductase promoter (I and IlI1L2, 13. GC(223) and GC-  finger peptides of Sp1l previously describ@2<{24). Nega-
(323) are the target sequences for Sp1(zf223) and Sp1(zf323)tive Cotton effects in the far-UV region with a minimum at
respectively. From the results of the previous interference 206 nm and a shoulder around 222 nm suggest that Sp1-
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2000 tioned above binds to the predicted binding sequence with
: the highest affinity under our experimental condition.
AN A e S On the contrary, Sp1(zf321) binds to the wild-type and
' mutant GC boxes with a 7250-fold lower affinity than
the other peptides. The dissociation constants of Sp1(zf321)
for GC(123), GC(223), and GC(323) are 994, 286, and 314
nM, respectively, indicating that GC(223) and GC(323) are
preferable to GC(123) for the binding of Sp1(zf321) to DNA.
All peptides used in this study showed no effective binding
to GC(321)-2. GC(321)-1 was bound only by Sp1(zf123)
and Sp1(zf323) with 714 and 512 nM dissociation constants,
—— Spi(f123) respectively.
- Spi(z1223) Specific Base Recognition Mode of Mutant Zinc Finger
- -~ Spi1(323) Peptides Reealed by Methylation Interference Analysis.
----------- Sp1(zf321) Figure 3A shows the methylation interference patterns of
Spl(zf123), Spl(zf223), and Sp1(zf323) for GC(123), GC-
200 230 240 260 ' 2£|;o ’ 200 (223), and GC(323), respectively. The extent of the interfer-
ence based on a densitometric analysis is shown by histo-
Wavelength (nm) grams (Figure 3B). The interference patterns at subsites |
and Il were the same among these peptides. In contrast,

[©] (deg cm2 dmol-1)

Ficure 2: CD spectra of wild-type and mutant zinc finger peptides

of Sp1 at 20°C. distinct interference patterns were observed at subsite Il

Namely, the recognition of G7 in Sp1(zf223) and Sp1(zf323)

Table 1: Dissociation Constant&d) for Spl(zf123), Sp1(223), was 5-fold stronger than in Sp1(zf123), and the recognitions
Sp1(zf323), and Sp1(zf321) Binding to Wild-Type (GC) and Mutant of G10 in Sp1(zf223) and Sp1(zf323) and GilSp1(zf223)

GC Boxes were almost lost. In Figure 3C, we compared the extent of

Kq(nM)2 the interference of fingers 2 and 3 on the basis of the

binding sité¢ Spl(zf123) Spl(zf223) Spl(zf323) Spi(zfa21) difference in the relative position, suggesting that the
difference has a significant effect on the base recognition of

GC(123) 5.3-0.4  41+22  24+1.1 994+ 45 :

GC(223) 57+2.6  39+02  60£23 286+ 29 the cognate fingers. o

GC(323) 224+ 1.6 21+1.0 6.6+02 314415 Figure 4 shows the results of the methylation interference
GC(321)-1 714:74 >4000 512+ 57 >4000 assay for Sp1(zf321). From the results of the evaluation of
GC(321)-2 4000  >4000  >4000 ND Kq, Sp1(zf321) binds to GC(223) and GC(323) with a higher

# Apparent dissociation constants were determined by titration using affinity than the other DNAs. Therefore, we carried out an
a gel mobility shift assay as describeq under Materials aqd Methodfs. experiment using such peptid®NA combinations in which
Values are averages of three or more independent determinations with
standard deviation$.The nomenclature is described in the text (see Spl.(zf323) was employe_d as the control. Panels A and .B
Figure 1).¢ND, not determined. depict the electrophoretic results and the densitometric
analysis for Sp1(zf321), respectively. There is no obvious
(zf123) has an ordered secondary structure. The spectrundifference in the extent of interference between the Spl-
for Sp1(zf321) was quite similar to that of Sp1(zf123). On (zf321)— and Sp1(zf323yGC(223) complexes. In the bind-
the other hand, Sp1(zf223) and Sp1(zf323) exhibited spectraing to GC(323), Sp1(zf321) shows an interference pattern
somewhat different from those of Sp1(zf123) and Sp1(zf321). distinct from that of Sp1(zf323). The bases at subsite Il were
As for the ellipticities at 206 nm, the values of Sp1(zf123) not strongly recognized by Sp1(zf321), as is distinct from
and Sp1(zf321) (l.0s = —11 936,—10 984, respectively)  the case with Sp1(zf323).
were distinct from those of Sp1(zf223) and Sp1(zf328).4 Analysis of Conformational Changes of DNA Induced by
= —14 205,—14 673, respectively). This is probably due to Binding of Mutant Zinc Finger PeptideBigure 5 shows the
the difference in the composition of the fingers. These results DNase | footprinting patterns of Sp1(zf123), Sp1(zf223),
indicate that the conformation of the finger domain in each Sp1(zf323), and Sp1(zf321) for their high-affinity binding
peptide is not identical but comparable with that of each sequences. All mutant peptides protected the wild-type or
other. We obtained the same results &€4data not shown).  mutant GC box from cleavage by DNase | in both strands.

Evaluation of the Binding Affinity of Mutant Zinc Finger Hypersensitive cleavage was observed at th&/%3' step
Peptides to Wild-Type and Mutant GC BoxBg.using gel outside the GC box in the guanine-rich strand (G-strand),
mobility shift assays, we obtained the dissociation constantswhereas no cleavage induction by protein binding was
(Kg) of these peptideDNA complexes as summarized in detected in the cytosine-rich strand (C-strand). In addition,
Table 1. Sp1(zf123) binds to GC(123) with a 5.3 nM hypersensitive cleavage was also induced in the G-strand
dissociation constant, which is comparable to the previously by the binding of Sp1(zf321) between G8 and G9 in the GC
reported value, whereas GC(223) and GC(323) dissociationbox. The same footprinting patterns were also obtained in
constants were 57 and 22 nM, respectively. Kaevalues the case of the wild-type and mutant Spl pepti@(123)
for the Sp1(zf223)}GC(123),—GC(223), and—GC(323) complexes (data not shown).
complexes were 41, 3.9, and 21 nM, respectively. On the
other hand, the&y values for Sp1(zf323) binding to GC- DISCUSSION
(123), GC(223), and GC(323) were 24, 60, and 6.6 nM, Effects of Replacement of Finger 1 in Sp1(zf123) on DNA
respectively. These results suggest that each mutant menBinding Affinity and SpecificityBased on our mutational
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Ficure 3: (A) Methylation interference analyses for Sp1(zf123), Sp1(zf223), and Sp1(zf323) binding to GC(123), GC(223), and GC(323),
respectively. The left (lanes—19) and right (lanes 1618) panels show the results for the G- and C-strands, respectively. Lanes 1, 4, and

7 and lanes 10, 13, and 16 contaif-& and C+T of the Maxam-Gilbert sequencing reactions, respectively. The remaining lanes represent

free (F) and peptide-bound (B) DNA samples. In these experiments, calf thymus DNA was used as a competitor (see Materials and Methods
for details). (B) A histogram showing the extent of methylation interference by Sp1(zf123), Sp1(zf223), and Sp1(zf323). Three or more
autoradiograms of the gels were scanned with a densitometer, and the average extent of interference was calculated as the ratio of the
cutting probabilities for the two bands (B/F). (C) Direct comparisons of the extent of interference between finger 2B of Sp1(zf123) and
finger 2A of Sp1(zf223) (left) and between finger 3C of Sp1(zf123) and finger 3A of Sp1(zf323) (right).
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Ficure 4: (A) Methylation interference analyses for Sp1(zf323) and Sp1(zf321) binding to GC(223) and GC(323). The left and right
panels show the results for GC(223) and GC(323), respectively. Lant8 present free (F) and bound (B) DNA samples. Lanes 2 and

11 contain G-A and C+T of the Maxam-Gilbert sequencing reactions, respectively. Lanes 1 and 12 show intact DNA. In these experiments,
poly(dl-dC) was used as a competitor (see Materials and Methods for details). (B) Histograms showing the extent of methylation interference
by Sp1(zf323) and Spl(zf321) for GC(223) (left) and GC(323) (right). Two or more autoradiograms of the gels were scanned with a
densitometer, and the average extent of interference was calculated as the ratio of the cutting probabilities for the two bands (B/F).
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Ficure 5: DNasel footprinting analyses for Sp1(zf123), Sp1(zf223), Sp1(zf323), and Sp1(zf321) binding to their high-affinity binding
sequence. Panels A and B show the results for the G- and C-strands, respectively. The asterisks represent the enhance sites of cleavage
Lanes 1, 6, 11, 16, and 21 in panel A;HA (Maxam—Gilbert reaction products); lanes 1, 6, 11, 16, and 21 in panel-Bl (Maxam—

Gilbert reaction products). Peptide concentrations and the combinations of peptide and substrate DNA are noted in the figure.

analyses of Sp1(zf123) and the GC boxes previously reportedfrom Sp1(zf123) results in an 89-fold reduction in the binding
(19), the relative contribution of the three fingers of Spl- affinity to GC(123) (L9). Together with this evidence, the
(zf123) to the DNA binding affinity was shown to be reduced results indicate that these mutants evidently make use of all
in the order of finger 3> finger 2 > finger 1. Itis expected  three fingers in DNA binding and that the N-terminal fingers,
that the replacement of finger 1 with finger 2 or 3 in Spl- fingers 2A and 3A of Sp1(zf223) and Sp1(zf323), respec-
(zf123) leads to an increase in the DNA binding affinity of tively, make an equivalent contribution to the DNA binding
Sp1(zf123). The results presented here show that both Spl-of finger 1A of Sp1(zf123).

(zf223) and Sp1(zf323) preferentially bind to their predicted  The extent of base recognition of Sp1(zf223) and Sp1l-
binding sequences with a dissociation constant comparable(zf323) appears to be distinct in part from that of Sp1(zf123).
to that of Sp1(zf123). In contrast, the deletion of finger 1 From the results of the methylation interference analyses,
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the two fingers at positions B and C of the mutant peptides high affinity and specificity despite the sufficiency of the
maintain the same base recognition mode as that of Spl-two-finger domain for DNA binding. For the DNA binding
(zf123). With respect to their fingers at position A, the strong of the two-finger peptide composed of fingers 2 and 3, fingers
interference patterns of Sp1(zf223) and Sp1(zf323) at G7 in 2 and 3 need to be aligned in the direction from amino- to
the G-strand suggest that they recognize bases at subsite ¢tarboxyl-termini.

like fingers 1 and 2 of Zif268, respectively, in contrast to  As evidenced by the comparison of the results of the
finger 1A of Sp1(zf123), which recognizes G8 and G9 by methylation interference analyses and estimation ofkihe
Lys(—1) and exhibits a weak interference pattern at G7. The values of Sp1(zf321) with those of other mutants, the base
direct comparison of the extent of base recognition by them recognition mode of finger 1C of Sp1(zf321) is distinct from
with that in their native positions demonstrates the difference that of finger 1A of Sp1(zf123). Finger 1C of Sp1(zf321)
in the extent of recognition (Figure 3C). In Sp1(zf323), G7 appears to have the typical base recognition mode of the
is recognized 1.5-fold stronger than G1. The extent of the zinc finger protein. That is to say, Lys() and His(3)
recognition is also stronger than that of G7 in Sp1(zf123) recognize G3 and G2 in subsite I. G1 might be recognized
by a factor of 3.7. In the DNA binding of the zinc finger by Arg(5). The base recognition by Arg(5) was also
protein, the helicity of the recognition helix increases by the discovered in the GItDNA complex, in which Arg(5) in
C-cap formation in the linkers connecting adjacent fingers finger 5 recognizes guanine at position(26). In addition,

at the C-terminal side26). The increase in the recognition it is of special interest that the base recognition mode of
of G7 in the Sp1(zf323yGC(323) complex may be eluci- finger 3A of Sp1(zf321) is clearly different from that of
dated by the increment of helicity induced by new C-cap finger 3A of Sp1(zf323). Replacement of finger 3C by finger
formation in finger 3A of Sp1(zf323). However, the mutation 1 in Sp1(zf323) induced a 15-fold reduction in the extent of
of Ala(6) to arginine in finger 1A of Sp1(zf123), which was recognition of G8 by finger 3A. As mentioned earlier, the
carried out for the increase in the recognition of G7 in the extent of base recognition by the finger at position A is
Sp1(zf123)-GC(123) complex considering the typical base distinct from that of the finger at the native position in the
recognition mode of the zinc finger peptide, had no drastic cases of Sp1(zf223) and Sp1(zf323). Therefore, the zinc
effect on the recognition of G7 in GC(123) despite the fingers at positions A and C apassbe andactive fingers,
plausibility of the original C-cap formation in finger 1A of  respectively.

Sp1(zf123) (Matsushita and Sugiura, unpublished data). This Effects of Conformational Change of DNA Induced by the
evidence suggests that the extent of recognition of G7 by Binding of Actie Finger on DNA Binding of Pas# Finger.

the finger at position A of these Sp1 peptides is undetermined Several conformational changes of DNA induced by the
only by the C-cap formation in the finger. binding of the zinc finger protein, such as bendi2g,(27,

In contrast, the recognition of G9 by finger 2A of Spl- 29, 30, local distortion {8), and unwinding 81), have been
(zf223) is 5-fold weaker than the recognition of G6 by finger reported. DNA bending is induced by the bindings of
2B. A rationale for the disruption of the base recognition by Tramtrack, Sp1, and TFIIIA. Based on our CD data for the
a terminal zinc finger is reported as an end effét (n wild-type and mutant peptides, no drastic conformational
this theory, the base recognition by the amino acids such aschange in each finger domain appears to occur, suggesting
Arg(18) and Arg(80), which are situated at position$ and that the conformational change of DNA has effects on the
6 in theo-helices of fingers 1 and 3 of Zif268, respectively, DNA binding of the peptides. For the investigation of the
is less sensitive to the mutation to glycine than the other existence of DNA bending, DNase | footprinting analyses
critical amino acid residues. This is not applicable to our are available, since hypersensitive cleavage of DNA by
system for the following reason: no decrease in the baseDNase | induced by the binding of protein is generally
recognition by finger 3A of Spl(zf323) was observed, attributed to a conformational change in the DNA, in
whereas a similar decrease was detected in the Sp1(zf223) particular bending 32). In fact, such a hypersensitive
GC(223) complex. cleavage has also been observed in thegion outside the

Effects of Replacement of Finger 3 in Sp1(zf123) on DNA GC-box in the G-strand for the binding of the zinc finger of
Binding Affinity and SpecificityOur previous report revealed Spl to the GC-box DNA, and this is consistent with the
that finger 1A of Sp1(zf123) recognizes the five-base-pair evidence of DNA bending by circular permutation analyses
subsite 19). On the basis of several X-ray crystallographic (19, 20, 30. Therefore, we applied DNase | footprinting
analysesg, 4, 26-29), fingers 1C, 2B, and 3A of Sp1(zf321) analyses to the examination of the DNA bending by the Sp1
are expected to bind to subsites I, Il, and Ill, respectively, mutants. Our footprinting results clearly show that Spl-
and the predicted binding sequence for finger 1C is not the (zf321) produces bending of the GC-box DNA at subsite
five- but the three-base-pair sité;SGG-3, in the G-strand. [ll. The hypersensitive cleavage at the -689 step does
The actual DNA binding affinity of Sp1(zf321) for various not occur in the binding of Sp1(zf323), indicating that finger
GC hoxes estimated by the calculation of tKg values substitution at position C in Sp1(zf323) induces a structural
suggests that a pertinent interaction between finger 1C andchange. The other conformational change of DNA by Spl
subsite Il does not occur in GC(321)-1 or -2, but in GC- binding is local distortion of the GC-box DNA in the-3
(123), GC(223), and GC(323). The inability of Sp1(zf321) region of the G-strand revealed by our previous footprinting
binding to GC(321)-1 and -2 also demonstrates that Spl-analyses 18). In the binding of Sp1(zf123) to GC(123),
(zf321) did not bind to the DNA by the N-terminal two- finger 1A recognizes the bases of the region in a unique
finger domain in contrast to the ability of the two-finger manner. Together with the result that finger 1 shows the
peptide, Sp1(zf23), to bind to GC(123)9). This evidence  typical base recognition mode by transferring from positions
indicates that the constitution and order of the finger is Ato C, itis suggested that the conformational distortion has
important for DNA binding of the zinc finger protein with a  an effect on the base recognition mode and/or extent of the
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zinc finger at position A. Moreover, the distortion is induced
by the binding of the C-terminal two fingers of Sp1(zf123)
(Sogo et al., unpublished data), indicating that Sp1(zf223)
and Sp1(zf323) also cause a distortion in subsite Il by the
C-terminal two fingers upon binding to DNA and fingers
2A and 3A may show different extents of base recognition
than that in the native positions. In the mechanism described
above, the N- and C-terminal fingers in the three-finger-
peptide argassie andactive fingers for base recognition

of DNA, respectively.

In this paper, we report “the active and passive fingers
mechanism in DNA recognition by three-zinc-finger peptide”
which is based on the conformational change in DNA
induced by the C-terminal finger. This concept is not always
applicable to the DNA binding of other zinc finger proteins.
In fact, all zinc fingers equivalently bind to DNA without
any induction of a conformational change in DNA during
the DNA binding of Zif268 and YY1 §, 4, 28. In the
N-terminal six zinc fingers of the TFIIIADNA complex,
however, DNA is bent in the binding regions of fingers 1
and 2 @9). Recently, we showed that the three-zinc-finger
domain binds to DNA as one unit during the DNA binding
of the zinc finger protein by multiconnection of identical
zinc fingers (Nagaoka et al., unpublished data). Therefore,
in the design of zinc finger proteins with a novel sequence
preference, selection of the third finggrassie fingel) at
the N-terminus of a two-finger domain containing @ctive
finger is desirable. Thus far, the DNA recognition code of
the zinc finger has been analyzed by a phage display method
(33—36). While most of sequences can be recognized by
zinc finger proteins, unrecognized sequences remain. We may
overcome this problem by considering the presented infor-
mation in the design of novel zinc finger peptides. Addition-
ally, such peptides give promise of the application of the
zinc finger peptide to the design of novel drugs and biological
tools.

SUPPORTING INFORMATION AVAILABLE

One figure showing DNase | footprinting analyses of wild-
type and mutant peptides for GC(123) (1 page). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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