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ABSTRACT: Although many zinc finger motifs have been developed to recognize specific DNA triplets, a
rational way to selectively skip a particular non-recognized gap in the DNA sequence has never been
established. We have now created a 6-zinc finger peptide with-halix linker, Sp1ZF6(EAAAR),

which selectively binds to the discontinuous recognition sites in the same phase (10 bp gap) against the
opposite phase (5 bp gap) of the DNA helix. The linker peptide (EAAARB)MS ana-helix structure
stabilized by salt bridges, and the helical length is estimated to be about 30 A, corresponding to that of
the 10 bp DNA. The gel shift assays demonstrate that Sp1ZF6(EAAQRYerably binds to the 10
bp-gapped target rather than the 5 bp-gapped target. The CD spectra show thdielieal content of

the (EAAAR), linker is higher in the complex with the 10 bp-gapped target than in the complex with the

5 bp-gapped target. The present results indicate thatithelical linker is suitable for binding to the
recognition sites in the same phase and that the linker induces the loss of binding affinity to the recognition
sites with the opposite phase. The engineering of a helix-structured linker in the 6-zinc finger peptides
should be one of the most promising approaches for selectively targeting discontinuous recognition sites
depending on their phase situations.

Control of gene expression is an important challenge in DNA triplets are still not always recognized by the engi-
the post-genomic era, and hence, artificial DNA binding neered zinc finger motifsl6—17). One approach to solve
peptides with the desired sequence specificity and selectivity this non-recognition problem is to design zinc finger peptides
are required. A gH, zinc finger motif recognizes the target that skip non-recognized bases.

DNA triplet with high specificity (). By connecting multiple So far, we have connected two 3-zinc finger domains of
zinc finger motifs, in fcqndem, artificial zinc finger peptides transcription factor Sp1 with flexible glycine linker3).
that regulate a specific gene can be prepa@el(). To The 3-zinc finger domain of Sp1 binds to a GC-rich sequence

date, two kinds of approaches have been used to creatggjied the GC-box 46-28). We showed that the 6-zinc
artificial zinc finger peptides: (i) engineering key amino acid finger peptides could bind to DNA with two discontinuous
residues in base recognition to create unnatural zinc finger 5c_pox sequences as well as two continuous GC-box
peptides with a novel DNA binding specificitg {—17) and sequences2@, 25). We also used eight arginine residues as
(if) connecting multiple zinc finger motifs to enlarge the 14" jinker of two 3-zinc finger domains of Sp125).
DNA binding region and to elevate the sequence selectivity o restingly, the peptide with the arginine linker preferably

(18_2%)9' In ordﬁr th> targr:et ? uhnique site in the hugehgerllome bound to the two discontinuous GC-box sequences against
(3 x 10° bp'), the length of the target sequence should be 4 1y continuous GC-box sequences. Pabo and co-workers

?reater tha_r:j 16 bp A= 4 Xh 109). Thereforel,Smt;';m);] 6-zint§: demonstrated binding to the discontinuous recognition sites
inger peptides targeting the continuous p have eenusing artificial dimeric zinc finger peptide29, 30). Moore

tcreatedtby |(|:onnect|ng S|x3|n(_jepef.ndent é'nc fmger Tﬁ“{ﬁ Of et al. designed 6-zinc finger peptides by connecting two
WO _haturafly occurring s-zinc Tingeér domains wi € 3-zinc finger domains with a non-sequence-specific zinc

conserved linker (TGEKP)18-20). However, all of the finger as the linkerZ3). They showed that the 6-zinc finger
* This study was supported in part by Grants-in-Aid for Scientific peptides with such structured linkers induce increases in the

Research (18710183 to M. I. and 17390028 to Y. S.) from the Ministry Pinding affinity to the discontinuous recognition sites

of Education, Culture, Sports, Science, and Technology, Japan. compared to that with a flexible TG(GS(ERP linker.
38*3T201 %Nh'gm Cigfi%ol{lggnggszhogld b_tla ""_dd_L‘??@SeO:-J@tl'774‘. However, it is still challenging to design zinc finger peptides
- . Fax: - -92- . E-malll  ImIKI@sCI.Kyoto-u.ac.Jp o .. . . .
(M.1). Tel: +81-774-65-8649. Fax:-+81-774-65-8652. E-mail: that exhibit selectivity for discontinuous DNA sequences with
ysugiura@dwec.doshisha.ac.jp (Y.S.). a particular length of a non-recognized gap. In addition, the
’;g}FfeOEthUglverSIty- relative position, namely, phase, of protein binding sites in

- RN DNA is important for gene regulation as shown by the crucial
'Doshisha Women’s University. . . -

L Abbreviations: CD, circular dichroism; Tris, tris(hydroxymethyl)- ~ €fféct of DNA bending and looping on transcriptional control

aminomethane; TN, Tris-NaCl; bp, base pair(s); a.a., amino acid(s). (31). DNA bending and looping bring two discrete transcrip-
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5'-GCCC CGC CCC CcCcC CceCc cce-3¢

2GC(0): 3'-CGGG GCG GGG GGG GCG GGG-5'
..
2GC(5): 5'-GCCC CGC CCC ATATA GCCC CGC CCC-3'
' 3'-CGGG GCG GGG TATAT CGGG GCG GGG-5'
2GC(10):

3'-CGGG GCG GGG ATATTAATAT CGGG GCG GGG-5'

Ficure 1: Schematic representation of Sp1ZF6(EAAARIP1ZFE6(KAAEA), and Spl1ZF6(ES), (A) and their target DNA sequences,

2GC(0), 2GC(5), and 2GC(10) (B). The 2GC(0) sequence contains two continuous GC-BR@ECGGGG-3 sequences. The 2GC(5)

and the 2GC(10) sequences contain two discontinuous GC-box sequences with nonbound gaps of 5 and 10 bp, respectively. The red stars
indicate the last and first bases recognized by finger 3 and finger 4, respectively.

tion factor-binding sites close to each other spatially. A 1B). The length of the (EAAAR)helix is estimated to be
previous report revealed that the insertion of one helical turn about 30 A, corresponding to that of the 10 bp DNA. We
of DNA to a promoter region results in a restoration of the expected that a 6-zinc finger peptide with @thelix linker
functionality while insertion of half a helical turn leads to a would have DNA binding preferences dependent on the
loss of the functionality32). Here, we focused on creating relative positions of the discontinuous recognition sites,
a 6-zinc finger peptide that distinguishes the discontinuous especially in the same phase (10 bp gap) rather than the
recognition sites in the same phase with a non-recognizedopposite phase (5 bp gap) of the DNA helix. The DNA

10 bp gap from the sites in the opposite phasd\aits bp
gap (Figure 1).
The peptides (EAAAR) (n > 2) were demonstrated as

binding properties of Sp1ZF6(EAAARjJor the discontinu-
ous recognition sites with non-recognized gaps of 0, 5, and
10 bp were examined and compared to those of the 6-zinc

model peptides with an enhanced helicity compared to the finger peptides, Sp1ZF6(KAAEA)with a low helical

many designedx-helical models §3). Making use of a
compact, stable, and directional-helical structure, the
peptides (EAAAR) were applied in high-throughput screen-
ing of rapamycin-mediating FKBP12-FRB interactioBd)(
and in designing a photoswitchable peptid5)( In this
study, we created a 6-zinc finger peptide, Sp1ZF6(EAAAR)
in which two DNA binding domains of transcription factor
Spl are connected by ao-helical peptide sequence,
(EAAAR),. For the target wit a 5 bpgap, the linker between

(KAAEA) 4 linker (36) and SplZF6(@S), with a flexible
(G4S) linker.

MATERIALS AND METHODS

ChemicalsThe T4 polynucleotide kinase and restriction
enzymes were purchased from New England Biolabs. The
labeled {-32P] ATP compound was supplied by Perkin-
Elmer. The plasmid pBS-Sp1-fl was kindly provided by Dr.

fingers 3 and 4 should be bent to cross over the DNA major R. Tjian. The oligonucleotides were purchased from Sigma-
groove. However, the linker can be straight when the 6-zinc Aldrich and Invitrogen. All other chemicals were of com-
finger peptide binds to the target with a 10 bp gap (Figure mercial reagent grade.
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Preparations of 6-Zinc Finger Peptides and Target DNA 1 mM dithiothreitol, 0.005% Nonidet P-40, 5% glycerol, 5
Fragments. Sp1ZF6(EAAAR), SplZF6(KAAEA), and mM MgCl,, 25 ngkL poly(dl-dC) (GE Healthcare Bio-
Spl1ZF6(GS), were constructed as previously described by Sciences), the'send#?P-labeled target DNA fragments:20
exchanging the TGEKP linker region of Sp1ZFEB)( with pM), and different concentrations of the zinc finger peptides.
the (EAAAR),, (KAAEA) 4, and (GS) linkers, respectively.  After incubation at 20C for 1 h, the sample solutions were
SplZF6(EAAAR), Sp1ZF6(KAAEA), and Spl1ZF6(GS)u electrophoresed on an 8% nondenaturing polyacrylamide gel
were overexpressed as a soluble formEscherichia coli with Tris-borate buffer (88 mM Tris-HCI (pH 8.0) and 88
BL21(DE3)pLysS at 20°C and purified according to the mM boric acid) at room temperature. The bands were
following procedure at 4C. E. coli cells were resuspended visualized using a STORM instrument (GE Healthcare Bio-
and lysed in PBS buffer. The soluble form was purified by Sciences) and analyzed by ImageQuant software (Molecular
cation-exchange chromatography using a High S Cartridge Dynamics). The equilibrium dissociation constarig)(of
(Bio Rad) followed by a Mono S 5/50 column (Amersham). each peptide DNA complex were evaluated by fitting the
Final purification was achieved by a gel filtration technique experimentally obtained values &f (the fraction of labeled
(Superdex 75; Amersham) using TN buffer (10 mM Tris- DNA bound to the peptide) to the binding isotherm eq 2
HCI (pH 8.0), 50 mM NacCl, and 1 mM dithiothreitol). The using the Kaleida Graph program (Abelbeck software).
target double stranded DNA fragments, [2GC(0)], [2GC(5)],

and [2GC(10)], were prepared by annealing the 37-, 43-, 0,=[peptide]/([peptide} Ky) (2)
and 48-base oligonucleotides and their complement oligo- N ) N o
nucleotides containing the 2GC(0)--6GGGCGGGGGGG- Competition Experimentghe competitive DNA binding

GCGGGGC-3 the 2GC(5): 5GGGGCGGGGCTATATG- experiments were performed under the same conditions as
GGGCGGGGC-3 and the 2GC(10): '56GGGCGGGGCT- the gel mobility shift assay, except t_hat t_he non-labe_zled target
ATAATTATAGGGGCGGGGC-3 sequences, respectively DNA was also added as a competitor in the reaction buffer
(Figure 1). besides the Igbeled one. The concent_ration_s of the peptides
CD Measurementdhe CD spectra for all of the peptides, Were determined to be in the range in which-50% of
target DNA fragments, and the complexes of the peptide- the labeled target DNA should be shifted. The concentrations
target DNA were recorded by a Jasco J-720 spectropola—Of the non-_labeled target DNA were set to be equal to those
rimeter using a 0.10-cm path length quartz cell at°gD of the peptides. That is, when tF#-labeled [2GC(5)] was
The CD spectra were averages of 3 or 5 scans, collected at/S€d, the concentration of the peptides and non-labeled target
0.5 nm intervals between 200 and 320 nm. All of the samples DNA was 25 nM, and wheffP-labeled [2GC(10)] was used,
were diluted to obtain 4.6M peptides, target DNA, or their the concentration of the peptides and non-labeled target DNA
mixtures in 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, 0.005% Was 6 nM.
Nonidet P-40, and 1 mM dithiothreitol. Before the CD
measurements, the mixtures of the peptide and the targetRESULTS
DNA fragment were incubated at 2@ for 1 h. Creation of a 6-Zinc Finger Peptide with (EAAAR)nker
Each 6-zinc finger peptide consists of two common 3-zinc and Target DNAA novel 6-zinc finger peptide, Sp1ZF6-
finger domains of Spl and a disparate linker. The 3-zinc (EAAAR),, was created by linking two 3-zinc fingers of the
finger domain of Sp1 is well known for forming stalfigo- transcription factor Spl with 20 amino acid residues,
structures independent of the linker sequence. Provided tha{EAAAR),. Sp1ZF6(KAAEA), and Sp1ZF6(@B), were also
the contributions of the two 3-zinc finger domains and DNA prepared as controls (Figure 1A). The DNA binding domain
in the peptide-DNA complexes are equal among the three of the transcription factor Sp1 strongly binds to the dsDNA
6-zinc finger peptides, differences in the CD spectra can be containing the GC-rich sequence -GGGGCGGGGC-3
attributed to the linker region between fingers 3 and 4. called the GC-box 46—28). As the target DNA of the
Differences in the CD spectra were calculated by setting the artificial 6-zinc finger peptides, we used [2GC(0)], [2GC-
CD spectra of Sp1ZF6(S), with flexible linker as the  (5)], and [2GC(10)], containing two GC-box sites with a non-
standards. According to eq 1, we calculated the differencesrecognized gap of 0, 5, and 10 bp, respectively (Figure 1B).

in the mean residue molecular ellipticities at 222 mn, CD Spectra of 6-Zinc Finger Peptides and PeptidiENA
[0]222(1inker) (degcP-dmol™?), between Sp1ZF6(EAAAR)r ComplexesThe CD spectra of the peptides at 20 are
SplZF6(KAAEA), and Spl1ZF6(GS). presented in Figure 2A. As described in the Materials and
Methods section, each 6-zinc finger peptide consists of two
A[91222(|inker): (9222((345)4_ 0222(Iinker))/n(linker)C| 1) common 3-zinc finger domains of Sp1 and a disparate linker.

The 3-zinc finger domain of Sp1 is well known for forming

In eq 1,022cas)s(Mmdeg) is ellipticity at 222 nm of free or  similar Sfa-structures independent of the linker sequence.
peptide-DNA complexes of Sp1ZF6((S), 6222(inkery (Mdeg) Therefore, we assumed that the differences in the CD spectra
is ellipticity at 222 nm of free or peptideDNA complexes of the peptides are predominantly attributed to the linker
of Sp1ZF6(EAAARY) or Sp1ZF6(KAAEA), Njinken is the region. Sp1ZF6(EAAAR) Sp1ZF6(KAAEA), and Spl1ZF6-
numbers of amino acid residues in the linker between fingers (G,S), showed the CD features typical of the Sp1 zinc finger
3 and 4,C (M) is the molar concentration of peptides or peptides with negative Cotton effects in the far-UV region
peptide-DNA complexes, andl (cm) is the path length of  with a minimum around 208 nm and a shoulder between
the quartz cell. 220 and 230 nm37, 38). The negative Cotton effects at

Gel Mobility Shift Assay<sel mobility shift assays were 222 nm increased in the order of Sp1ZF&%R, SplZF6-
carried out under the following conditions. Each reaction (KAAEA)., and Sp1ZF6(EAAAR) In addition, the mini-
mixture contained 10 mM Tris-HCI (pH 8.0), 50 mM NaCl, mum around 208 nm shifted to a longer wavelength in
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Ficure 2: CD spectra of Sp1ZF6(EAAAR)blue), Sp1ZF6(KAAEA) (red), and SplZF6(5), (green) at 2C°C. (A) Free peptides in
reaction buffer. (B) Free [2GC(0)] and the complexes of Sp1ZF6(EAAABPLZF6(KAAEA), and SplZF6(ES), with [2GC(0)]. (C)
Free [2GC(5)] and the complexes of peptid2GC(5)]. (D) Free [2GC(10)] and the complexes of peptifGC(10)].

SplZF6(EAAAR) compared to SplZF6(S). Generally, Table 1: Differences in Mean Residue Molecular Ellipticities at 222
a minimum at 222 nm reflects the-helix content, and then "M, A[6lz2qinker, Derived from the Linker Regions

a minimum around 208 nm is a superposition of the random A[6]222¢inkery (deg cn? dmol?)
coil J_r_—yr* transition at 200 nm and t_ha_-hellx T—* binding sité Al0]222EammR04 Al6)2220anenys
transition at 208 nm39). The results indicated that the

: X S ) none 22,400 11,300
helical content of the linker region increases in the order of [2GC(10)] 21,500 10,200
Spl1ZF6(GSk, Sp1ZF6(KAAEA), and Sp1ZF6(EAAAR) [2GC(5)] 13,100 7,600

Figures 2B-D show the CD spectra of the free DNA (2GC(0)] 12,700 8,100
([2GC(0)], [2GC(5)], and [2GC(10)]) and peptit®NA aThe differences in mean residue molecular ellipticities at 222 nm,

complexes. The spectra of free DNA presented a patternA[G]zzz(nnker) were calculated as described in the Materials and Methods
section.? The nomenclature is described in Figure 1. The binding site

characteristic of the B-form of DNA4Q), though the_detailed None indicates the DNA-free condition.
spectra of [2GC(0)], [2GC(5)], and [2GC(10)] differ from
one another because the CD spectrum of DNA is generally = _ o )
affected by the base composition. When the three zinc finger 8-Zinc finger peptides are quite similar. Provided that the
peptides bound to the DNA, the spectra changed even incontributions of DNA to the CD spectra are almost equal
the area of 245320 nm, where peptides have no ellipticity, among the complexes with the three 6-zinc finger peptides,
and the CD signals come from DNAY). Interestingly, the ~ the different spectra can be attributed to the peptidé} (

CD spectra of each 6-zinc finger peptief@GC(0)] complex especially to the linker structures in the 6-zinc finger peptides
were quite similar in the area of 24320 nm, independent  between the two common 3-zinc finger domains of Sp1.
of the linker sequences of the 6-zinc finger peptides (Figure Table 1 shows the differences in the mean residue molecular
2B). The same tendency was observed in the CD spectra ofellipticities at 222 nm A[ 6] 222inker), derived from the linker

the peptide-[2GC(5)] or —[2GC(10)] complexes (Figures regions, between the DNA complexes of Sp1ZF6(EAAAR)
2C and D). It is indicated that DNA bindings of the 6-zinc or SplZF6(KAAEA), and SplZF6(@S), called A-
finger peptides induce conformational changes in DNA and [6]222eaaar)a OF A[0]222(kaaen)s, respectivelyAl0]22oeranr)a

that the conformations of DNA in the complexes with three in the complexes with [2GC(10)] was comparable to that in
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Table 2: Comparison of Apparent Dissociation Constakitg*(for (A)
Each Peptide to Three Target DNAs, [2GC(10)], [2GC(5)], and Isbeled [2GC(G)] Iabeled [2GC(10)]
[2GC(0)] SPIZFS(EAAAR), | =T X s R ek o
relativeKs® (Kg, nM) non-labeled [2GC(5)] - - + - - - + =
peptide [2GC(10)] [2GC(5)] [2GC(0)] non-labeled [2GC(10)] - - - + - - - +
SplZF6(EAAAR), 1(1.3+£0.23) 16 (21+2.0) 6.3 (8.2+ 0.75) a3 & BellS |78
Sp1ZF6(KAAEA), 1 (3.9+0.40) 6.4 (25-1.9) 5.1 (20+ 0.63)
Sp1ZF6(GS), 1(5.3+0.61) 3.8(20+ 1.0) 2.8(15+0.19) - -
a Apparent dissociation constants were determined by titration using
the gel mobility shift assay as described in the Materials and Methods ”
section. The values are averages of three or more independent
determinations with standard deviatioAS he relativeKq values were
calculated by normalizing thi€q values to each target DNA with that
to [2GC(10)]. (B)
labeled [2GC(5)] labeled [2GC(10)]
the free peptides. Interestingly, th6]222annr)s Values SNITER(Q BJL i s el ol o ok
decreased in the complexes with [2GC(0)] and [2GC(5)] non-labeled [2GC(5)] - - + - - - + -
compared to the free one or in the complex with [2GC(10)]. non-labeled [2GC(10)] - - - + - -

The values ofA[6]222kaaen)s Were lower than those of- e e AU iy ™
[6]222ranR)4a in @accordance with the fact that the helicity of
the (KAAEA), peptide is low.
DNA Binding Affinity and Seleiity of Artificial 6-Zinc it e
Finger PeptidesTo investigate the effects of the-helical
linker on DNA binding, gel mobility shift assays were .‘"‘.“
performed using Sp1ZF6(EAAAR)SP1ZF6(KAAEA), and
Sp1ZF6(GS) for the target DNA, and [2GC(0)], [2GC(5)],  Ficure3: Competition experiments between [2GC(5)] and [2GC-
and [2GC(10)] (Table 2). All of the peptides showed a single (10)] bound by Sp1ZF6(EAAAR)(A) and SplZF6(GS), (B).
shifted band for all of the target DNA dependent on the
concentrations (data not shown), suggesting the formationterminal residue of the-helix in finger 3 and the first residue
of a single 1:1 complex. Among the three target DNA, all of the g-sheet in finger 4 (Figure 1A). The (KAAEA)xNd
of the peptides had the lowest dissociation constaffsté (G4S), sequences were used as controls for the less helical
[2GC(10)], especially thély value of Sp1ZF6(EAAAR) and flexible linkers, respectively. The CD spectra of Sp1ZF6-
being the lowest. Regarding the relative affinity, Sp1ZF6- (EAAAR),, Sp1ZF6(KAAEA), and Sp1ZF6(GB), indicate
(EAAAR)4 had a 16-fold higher affinity to [2GC(10)] than that thea-helix content of the (EAAAR)linker is the highest
to [2GC(5)], though the relative affinities to the different among the three linkers of 6-zinc finger peptides, as expected
target DNA were within 6.5-fold in Sp1ZF6(S), and from the properties of linkerpeptide sequences.
Sp1ZF6(KAAEA). The gel mobility shift assays indicated that Sp1ZF6-
In order to investigate whether Sp1ZF6(EAAAR)an  (EAAAR), binds to [2GC(10)] with the highest affinity in
distinguish [2GC(10)] containing the discontinuous two GC- the three peptides, consistent with a previous report in which
box sites in the same phase, from the opposite-phased targethe 6-zinc finger peptides with structured linkers show a
[2GC(5)], competition reactions were performed (Figure 3A). higher affinity than that with a flexible linker2@). In
Sp1ZF6(GS) was also examined as a control (Figure 3B). addition, Sp1ZF6(EAAAR)has the obvious preference for
Nearly half of the peptide-bound®P-labeled [2GC(5)]  the [2GC(10)] sequence against [2GC(5)] in contrast with
remained even by addition of non-labeled [2GC(5)], whereas Sp1ZF6(GS), as shown by the competitive experiments
almost none of the peptide-bouri@P-labeled [2GC(5)]  (Figure 3). The high affinity and preference of Sp1ZF6-
remained when the non-labeled [2GC(10)] was used as the(EAAAR), to [2GC(10)] should be related to the linker
competitor (Figure 3A, lanes-24). Additionally, only alittle  structures and the relative positions of the target GC-box
decrease appeared in the peptide-botifRdlabeled [2GC- sequences.
(10)] by using non-labeled [2GC(5)] as the competitor,  considering the helical DNA structure, the two recognition
whereas the peptide-boufiP-labeled [2GC(10)] decreased  gjtes (GC-box) are in the same phase of the DNA helix in
by haIf_ in th.e case of non-labeled [2GC(10)] as the [2GC(0)] and [2GC(10)], and in the opposite phase in [2GC-
competitor (Figure 3A, lanes-68). Therefore, Sp1ZF6- (5] \we estimated the relative positions of fingers 3 and 4
(EAAAR)4 predominantly binds to [2GC(10)] in the mixture i the DNA complex by exploiting the molecular models
of the two target sequences, [2GC(10)] and [2GC(S)]. (Figure 4). Although the complete structure of the Spl
However, no remarkable difference was induced by Sp1ZF6- pna complex has not been determined, the DNA binding
(G4S)k in the same conditions (Figure 3B). mode of the Spl zinc finger domain is considered to be
similar to that of the Zif268 zinc finger domair4J).
DISCUSSION Therefore, the molecular models of the 6-zinc fingBINA
Previous reports revealed that short peptides with (EAAAR) complexes were constructed by inserting the gap DNA
(n > 2) sequences form-helix structure stabilized by salt sequences between two Zif26BNA complexes (pdb:
bridges and that a (KAAEA)peptide does not3@, 36). In 1AAY) (41). In the case of binding to [2GC(0)] with two
this study, the (EAAAR) linker was inserted between the contiguous recognition sites, the positions of the C-terminal
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(A)

N-terminal of finger 4

I—terminal of finger 3

N-terminal of finger 4

(B) |

f

C-terminal of finger 3

N-terminal of finger 4 C-terminal of finger 3

(€)

Ficure 4: Molecular models of 6-zinc finger peptidg®NA
complexes using the MOE program (Chemical Computing Group),
based on the structure of the Zif26BNA complex @1). The
conformations of the inserted DNA gaps were set to be B-DNA.
(A) The target DNA consists of continuous zinc finger binding sites
(pdb 1P47) 44). (B) The target DNA consists of two zinc finger
binding sites separated by the GTATAT-3' nonbound gap. (C)
The target DNA consists of two zinc finger binding sites separated
by the 8-CTATAATTATA-3' nonbound gap.

of finger 3 and the N-terminal of finger 4 are expected to be
close (Figure 4A). The linker is probably flipped out of the
DNA major groove, and then-helical structure of the
(EAAAR), linker should be collapsed. In the case of binding
to [2GC(5)], the C-terminal of finger 3 and the N-terminal
of finger 4 locate on the opposite sides of the DNA helix
(Figure 4B). The linker should cross over the DNA double
strand along the DNA major groove. Therefore, the linker
should be extended and curved. In the complex with [2GC-
(10)], the C-terminal of finger 3 and the N-terminal of finger
4 locate on the same side of the DNA helix (Figure 4C).
The linker between fingers 3 and 4 should bridge a DNA
minor groove along the axis of the double stranded DNA to
bind to [2GC(10)]. In addition, the estimated length of the
o-helical (EAAAR), linker is close to that of one DNA
helical turn. Thus, the (EAAAR)linker is probably able to
keep a higho-helix content even in the complex with [2GC-
(10)]. The A[6]222eaanr)a for [2GC(10)] suggests that the
(EAAAR), linker retains an evidently higheo-helical
content in the complex with [2GC(10)] than with the flexible
(G4S) linker. The suitable length and structural stability of
the linker of Sp1ZF6(EAAAR)for the target DNA, [2GC-
(10)], could contribute to the increase in affinity rather than
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the other two peptides with more flexible linkers. However,
A[0]222eranr)s decreases in the cases of [2GC(5)] and [2GC-
(0)] compared to those of [2GC(10)] and the free peptide. It
is indicated that the helical content of the (EAAARNker
decreases in the complexes with [2GC(5)] and [2GC(0)]. The
same tendency was observed in Sp1ZF6(KAAE&)ough
thea-helix content is lower than that in Sp1ZF6(EAAAR)
The destabilization of the linker region may result in a loss
of DNA binding affinity to [2GC(0)] and [2GC(5)] compared
to that to [2GC(10)]. Comparing the affinity of Sp1ZF6-
(EAAAR), to [2GC(0)] with that to [2GC(5)], a 2.5-fold
higher affinity is observed. When binding to [2GC(0)], the
(EAAAR), linker is probably flipped out of the DNA major
groove and significantly bent. Salt bridges between the
glutamic acid and arginine residues may be formed in the
bent (EAAAR), linker and contribute to stabilization. On
the contrary, when binding to [2GC(5)], the (EAAARInker
should be highly extended and might lose the salt bridges.

Linkers that connect individual zinc finger motifs play an
important role in DNA binding. For example, the conserved
TGEKP linker changes its conformation from flexible to
structural in order to determine the orientation of the adjacent
finger by a DNA-induced capping at the C-terminus of the
a-helix in each zinc finger45). Moreover, it is known that
the phosphorylation of the threonine residues in the conserved
linkers reduces the DNA binding affinity of the zinc finger
peptide 46, 47). We also explored longer linker segments
between fingers 3 and 4 of the 6-zinc finger peptides in order
to modify DNA binding affinity and DNA structural changes
(22, 24, 25). Moore et al. introduced non-sequence-specific
zinc finger motifs (a mutated finger of Zif268 and the finger
4 of TFIIIA) as a linker between fingers 3 and 4 in 6-zinc
finger peptidesZ3). In general, zinc finger motifs span 3 or
4 bp. Exceptionally, finger 4 of TFIIIA bridges over the DNA
minor groove without making any specific base contacts with
the DNA @8). The introduced structured linkers are expected
to selectively skip the particular spans of the DNA. However,
the target selectivity to particular gaps was unexpectedly low.
Thus, the structured linkers seem to be adaptable to any
position of the two recognition sites. So far, a rational way
to obtain a much higher selectivity has not been established.
In this study, we succeeded in constructing a novel 6-zinc
finger peptide with a high affinity and selectivity to [2GC-
(10)] against [2GC(5)] using am-helix as a linker between
fingers 3 and 4.

Engineered zinc finger peptides that bind to the desired
sequences are powerful tools to control gene expression, but
all of the DNA sequences are not always recognized by the
designed zinc finger peptides. In addition, specific DNA
structures (e.g., bending and looping), DNA modifications,
and the positions of the cis-elements are also involved in
gene regulation3l, 32). Therefore, it is essential for artificial
zinc finger peptides to selectively recognize the relative
positions of the target sites or specific DNA structures. Our
results provided significant information about the linker
design of novel 6-zinc finger peptides that could efficiently
discriminate two separated recognition sites depending on
their relative positions.
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