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ABSTRACT. Engineered zinc finger proteins revealed that a linker sequence connecting zinc finger units
has a significant effect on the DNA binding property of the protein. The recognition for a noncontiguous
DNA target beyond the current recognition code of zinc finger proteins has never been determined because
of the limitation of a zinc finger framework. DNA recognition of zinc finger proteins is limited only to

a contiguous subset of three base pairs. We propose the recognition for a noncontiguous DNA target by
inserting amino acids into the canonical linker between zinc finger units. The sequence selectivity of the
new zinc finger peptides was evaluated by gel mobility shift assays. DNase | footprinting analyses clearly
showed different DNA binding of various linker-extended zinc finger peptides. The application of a SPR
measurement also revealed a DNA sequence selectivity of peptides. Insertion of three amino acids is
enough for recognition of a noncontiguous DNA target with sequence selectivity. An extended linker
will be useful for expansion of the recognition code of zinc finger proteins and for development of a new
role for linker sequences in DNA binding of zinc finger proteins.

The CysHis,-type zinc finger motif is the most common  the DNA binding mode X3, 14). However, the contribution
DNA binding motif in eukaryotes and has tandem repeats of a linker sequence for the recognition code of zinc finger
of small units consisting of the (Tyr,Phe)-X-Cys-XCys- proteins has not been revealed. In the structure-based linking
Xs-Phe-X-Leu-X;-His-X3_s-His-X,— consensus sequence. strategy, the modification of the linker sequence is a
Each finger unit forms a compact globular structure that folds promising approach for sequence-selective recognition on
as appa module by tetrahedral coordination of a zinc ion noncontiguous DNA sequences and for expansion of the
to the invariant cysteines and histidinds ONA recognition recognition code of zinc finger proteins. Here, we investi-
by the CysHis,-type zinc finger protein is mainly ac- gated the relationship between the length of the canonical
complished by the key amino acids at positiens, 3, and linker and selectivity for a target DNA sequence. To achieve
6 of thea-helix (2). To obtain the best combination of amino sequence-selective recognition on a noncontiguous DNA
acids in thea-helix for the desired DNA sequence, phage target, we constructed new zinc finger peptides. These
display-based 3—7) or site-directed mutational8( 9) peptides have extended linkers created by insertion of spacer
methods have been applied. Currently, the recognition codeamino acid residues. On the basis of the DNA recognition
of zinc finger proteins is limited to a subset of all possible mode of zinc figner peptides, we propose that extended linker
codons. To expand the recognition code of zinc finger peptides can recognize the noncontiguous position in target
proteins, another methodology is needed. The linker se-sequences. With the extended linker mutants, we attempt to
guence between zinc finger units is highly conserved in the describe the effect of length and position of linker sequence
CysHis,-type zinc finger proteins and well-known as Thr- on binding to contiguous and noncontiguous DNA targets.
Gly-Glu-Lys-Pro (TGEKP). The linker sequence in the free The specific goal is to show that recognition of a noncon-
peptide is a flexible structure, but the linker sequence in the tiguous DNA target will contribute to expansion of the
protein—-DNA complex is a compact structure matched to recognition code of zinc finger proteins.
the DNA major groove 10). Recently, adjustment of the
linker length between two-finger unitdl) and use of a MATERIALS AND METHODS
structured linker between three-finger peptide® chowed
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Ficure 1: (A) Schematic drawings of Zf123 and its linker-extended mutants. (B) Sequences of GC(123) and GC(323) and the predicted

sequences of target sites for the linker-extended mutants.

represents Sp1(53®23), is encoded on the pEVSp1(530
623) plasmid, as previously describé] 15). Zf323 is also
identical to Sp1(zf323) prepared as previously descrihéy (

All other mutant peptides were created by the standard poly-

merase chain reaction with the primer sets of pEVSp1(530

AT GGG CC-3), GC(123)All (3-GGG A GCG GGG CC-
3), GC(123)ATII (B-GGG AT GCG GGG CC-3, GC(323)-
Al (5'-GGG GCG A GGG G-3, and GC(323)All (5GGG
A GCG GGG GC-3 were cut out and labeled at theénd
with 32P for the experiments as previously describ@d (

623) as a template for the Zf123 series and pEVSp1zf323 G| \opility Shift AssaysGel mobility shift assays were

for the ZF323 series. Their sequences were confirmed by a

GeneRapid DNA sequencer (Amersham Biosciences). Thes

in Escherichia colistrain BL21(DE3)pLysS at 20C and
purified with the following procedure at 4C. E. coli cells
were resuspended and lysed in TN buffer [10 mM Tris-HCI
(pH 8.0), 50 mM NaCl, and 1 mM dithiothreitol]. After
centrifugation, the supernatant containing the soluble form
of the peptide was purified by two steps of cation exchange
chromatography using a 0.05 to 2.0 M NaCl gradient (High
S and Uno S, Bio-Rad, Randolph, MA). Final purification
was achieved with a gel filtration technique (Superdex 75,
Amersham Bioscience) using TN buffer. For substrate DNA,
the Hindlll —Xba fragments of GC(123) (GGG GCG
GGG CC-3),GC(323) (GGG GCG GGG G-3,GC(123)Al
(5-GGG GCG A GGG CC-3, GC(123)ATI (B-GGG GCG

1 Abbreviations: Tris-HCI, tris(hydroxymethyl)aminomethane hy-
drochloride; SPR, surface plasmon resonance; RU, response unit.

carried out under the previously described experimental

e . Conditions. Each reaction mixture contained 10 mM Tris-
zinc finger peptides were overexpressed as a soluble form

HCI (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol, 1@M
ZnClp, 25 nghkL poly(di-dC), 0.05% Nonidet P-40, 5%
glycerol, 40 mgiL bovine serum albumin, th&P 5-end-
labeled sustrate DNA fragment 60 pM), and 6-2000 nM
zinc finger peptide. After incubation at 2@« for 30 min,
the sample was run on a 10% polyacrylamide gel with 89
mM Tris-borate buffer at 20C. The bands were visualized
by autoradiography and quantified using ImageMaster 1D
Elite software (version 3.01). The dissociation constaigs (

of the peptide-DNA fragment complexes were evaluated
by fitting the experimentally obtained values 6f (the
fraction of labeled DNA bound to the protein) to the binding
isotherm equation (eq 1) using KaleidaGraph (Abelbeck
Software).

0,, = [protein]/([protein]+ K_) (1)
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(A) GC(123)A1 (B) GC(123)AII Brenowitzet al (17). The binding reaction mixture contained
20 mM Tris-HCI (pH 8.0), 15 mM NaCl, 5 mM Cagl10

® @ @ @ mM MgCl,, 20 ng/mL sonicated calf thymus DNA, thé& 5
end-labeled substrate DNA fragmenrt§ nM, 20 000 cpm),

123456780 1234356789 123456780 123456789 and 0-10uM peptide. After incubation at 28C for 30 min,

(b) (e) (b) (e) the sample was digested with DNase | (1.5 milliunit) at 20
°C for 2 min. The reaction was stopped by addition of 20
uL of DNase | stop solution (0.1 M EDTA and 0.6 M sodium

(lc; seseTEs ('02 JeseTEs (‘c; JaseTEe (‘02 jaserEs acetate) and 100L of ethanol. After ethanol precipitation,

the cleavage products were analyzed on a 15% polyacryl-
amide/7 M urea sequencing gel. The bands were visualized
1234567898 1234567839 123456780 123456789 by autoradiography.

SPR MeasurementThe operational principle of the
(C) GCA23)ATI (D) GCA23)ATII BIACORE bhiosensor has already been descrilds). (The

(a) (d) (a) (d) protein—DNA interaction was studied using a BIACORE X
instrument (BIACORE AB, Uppsala, Sweden) operated at
25 °C. The B3-biotinylated oligonucleotide (8biotin-
TGGATCTGGGGCGAGGGGTAATTCG-3was annealed

123456789 1234567889 123456789 1234567809

(b) (e) (b) (e) ) .
with the complementary strand in flow buffer. The duplex
DNA solution was injected over a streptavidin-coated sensor
123456789 1234567809 123456789 123456789 chip(SA5,BIACOREAB)untiIasuitabIeIeveI(ZGCBOO
(©) () (c) (f RU) was achieved. Flow cell 1 was left unmodified as the
control. Tris-HCI buffer [10 mM Tris-HCI (pH 7.7), 250 mM
NaCl, 20 mM MgC}, 0.1 mM ZnC}, and 0.005% Tween
123456789 123456789 123456789 123456789

- ] ) o 20] was used as both the flow buffer and the sample
Ficure 2: Gel mobility shift assays for the Zf123 series binding

to the predicted target sequences, GC(123)Al (A), GC(123)All (B), preparation buffer. The p(.apt.lde concentrations were 1.25’ 375,
GC(323)ATI (C), and GC(323)ATII (D). Panels—4 depict the and 750 nM. The association was followed for 5 min and

results of mutants Zf123GG1 (a), Zf123GGS1 (b), Zf123GGSG1 the dissociation for 10 min at a flow rate of 20/min. The
(c), Zf123GG2 (d), Zf123GGS2 (e), and Zf123GGSG2 (f). Lanes pound protein was eluted from DNA by several repeats of a
1-9 in each panel contained 0, 100, 200, 250, 500, 750, 1000, 5ot pulse (L) of the regeneration solution (0.02% SDS
1500, and 2000 nM peptide, respectively. ) . .
in 50 mM NaOH). Analysis of the data was performed using
DNase | Footprinting AnalysesDNase | footprinting the evaluation software supplied with the instrument
experiments were performed according to the method of (BlAevaluation, version 3.0).
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Ficure 3: DNase | footprinting analyses of the Zf123 series for binding to GC(123). Panels A and B show the results of the Zf123GG1
and Zf123GG2 series, respectively: lane H-&(Maxam—Gilbert reaction products); lane 24 (Maxam—Gilbert reaction products);

lanes 3, 5, and 9, no peptide; lanes 4, 6, and 10xM®eptide; lanes 5, 7, and 11, 24M peptide; and lanes 6, 8, and 12, wll peptide.

The dots denote the hypersensitive cleavage sites, and the arrowheads denote the unprotected cleavage sites.
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Ficure 4: DNase | footprinting analyses of the Zf323 series for binding to GC(123) (A) and GC(323) (B): laneAL(Maxam—Gilbert
reaction product); lane 2,-€T (Maxam—Gilbert reaction product); lanes 3, 7, and 11, no peptide; lanes 4, 8, and 1ai2xBptide; lanes

5,9, and 13, 5.@M peptide; and lanes 6, 10, and 14, 4K peptide. The dots denote the hypersensitive cleavage sites, and the arrowheads
denote the unprotected cleavage sites.

RESULTS linker extension are inserted between E3 (the glutamic acid
Designs of the Linker-Extended Zinc Finger Peptides, at the third position of the linker) and the fourth residue in

Zf123 Series, Zf323 Series, and Their Predicted Binding the canonical linker. T_he p_osition of linker insertion was
SequencesTo study the effect of extension of a linker chosen to prevent d|srupt|on of the hydrogen bonding
sequence between zinc finger units on DNA binding, 12 2&tween the backbone amide of E3 and side chaiofdl
three-zinc finger mutants were prepared. On the basis of the(t€ threonine at the first position of the linker) which
Gly-Gly-Ser linker that is generally used as a spacer sequenceJenerates additional stabilization on protelNA interac-
between protein domains, the three kinds of amino acid tion (19). The contiguous and noncontiguous DNA targets
sequences were used for extension of the linker sequencefor the Imke_r—extended mutants were al_so constructed (Figure
These linker sequences exclude the interaction betweenlB). In this study, an AT base pair was used as a
amino acids. Then, only the effect of the linker length on noncontiguous position because it is out of the recognition
DNA binding can be estimated. Zf123GG1 series Zf123GG1/ code of the Sp1 zinc finger protein. GC(123)Al contains an
GGS1/GGSG1 contain Gly-Gly/Gly-Gly-Ser/Gly-Gly-Ser- AT base pair in the '8G°G'-3' step of GC(123). For
Gly extended linker sequences between fingers 1 and2 (F1 GC(123)All, in the same way, an-A base pair was inserted
F2 linker) and Zf123GG2 series Zf123GG2/GGS2/GGSG2 in the 8-G3G*-3' step. GC(323)Al and GC(323)All were also
between fingers 2 and 3 (FF3 linker). The same mutants  constructed in the same way on the basis of GC(323). As
for 7f323 are renamed Zf323GG1/GGS1/GGSG1 and for GC(123)ATI and GC(123)ATIl, they were constructed
Zf323GG2/GGS2/GGSG2 (Figure 1A). Amino acids for in an effort to investigate whether linker-extended mutants
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Table 1: Dissociation Constant&d) for the Zf123 Series Binding
to GC(123)

peptide Kg (nM)? peptide Kg (NM)2
Zf123GG1 133+ 4.2 Zf123GGS2 18% 15
Zf123GGS1 244 56 Zf123GGSG2 88.9- 15
Zf123GGSG1 245 13 7123 14.0+: 1.0
Zf123GG2 22.9+21

a Apparent dissociation constants are determined using gel mobility
shift assays as described in Materials and Methods. Values are averages
of three or more independent determinations with standard deviations.
b This value is derived from the published data in 8ef

retain a binding affinity for two-base pair incorporation of
A-T base pairs. Previously, we reported that the two-zinc
finger variants, finger £2 and finger 2-3 of the Sp1 zinc
finger peptide, retain DNA binding activity9f. To prove
whether the one-finger unit separated by the extended linker
sequence contributes to DNA binding, the N-terminal finger
substituted mutants (Zf323 series) were constructed. These
constructions were based on Sp1(zf323), in which the N-
terminal finger unit is substituted from finger 1 to finger 3.
DNA Binding Affinity of the Zf123 Series for a Contiguous
DNA Target.The DNA binding affinities of the Zf123 series
are shown in Table 1. The different effect of the linker length
was observed between the Zf123GG1 series and the
Zf123GG2 series. Zf123GG1 and Zf123GG2 exhibited the
highest binding affinity in the series. In the Zf123GG1 series,
Zf123GGS1 and Zf123GGSG1 had similar DNA binding
affinities. However, in the Zf123GG2 series, Zf323GGSG2
exhibited a 2-fold higher affinity than Zf323GGS2. To
compare the binding of the same linker length mutants to
that of GC(123), the Zf123GG2 series evidently indicated a
higher affinity than the Zf123GG1 series.
Sequence-Selecé Binding for a Noncontiguous DNA
Target of the Zf123 SerieT.he gel mobility shift assays
demonstrated a clear binding selectivity for noncontiguous
DNA targets (Figure 2). Th&y values for the binding of
Zf123GG1, Zf123GGS1, and Zf123GGSG1 to GC(123)Al
were 1.53, 1.34, and 1.2iM, respectively. Zf123GG2 bound
to GC(123)Al and GC(123)All with the same affinity,
estimated to be 1.30M. The K4 values for the binding of
Zf123GG2, Zf123GGS2, and Zf123GGSG2 to GC(123)ATII
were 1.65, 1.70, and 2.30M, respectively. In the binding
to GC(123)ATI, all mutants exhibited poor binding.
Detailed Binding for Contiguous DNA Targets and the
Recognition Mode of the Zf123 Serid$e DNA binding
mode of the linker-extended mutants was determined by
DNase | footprinting analyses. The Zf123GG1 series exhib-
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ited a slight footprinting upon binding to GC(123) (Figure Ficure 5: Gel mobility shift assays for the Zf323 series. (A)
3A). Hypersensitive cleavage at theekternal sequence of ~ Binding to GC(123)Al (&) and GC(123)All (b). Panels i and i show

the results for Zf323GG1 (i) and Zf323GG2 (ii). Lanes 4 in
GC(123) was also observed. The cleavage band that repreq . "o nei contained 0, 100, 200, 250, 500, 750, 1000, 1500, and

sents the uncovered DNA part in the peptide binding 5000 nm peptide, respectively. (B) Binding to GC(323)Al (a) and
appeared at the'&3°G’-3' step of GC(123). On the other  GC(323)All (b) at 2000 nM peptide. Lanes-Z in each panel show
hand, the Zf123GG2 series displayed different footprinting Elhe re:s?);ﬂt;ffg :?co; Gpgrgif%(lani )1).2%;%3(’3%621({;?]?52)), ZZ1‘§2233((3;((338821
; ; ane 3), ane 4), ,
B e 2 {ane o) 41059230563 fnk ) (0 B o e i
S binding sequence of the Zf323 series at various peptide concentra-
cleavage at the'&xternal sequence of GC(123). A similar {ions. The peptides are indicated. Lane®in each panel contained
footprinting pattern was also observed in the binding of 0, 100, 200, 250, 500, 750, 1000, 1500, and 2000 nM peptide,
Zf123GGSG2. However, the poor footprinting was observed respectively.
at a low peptide concentration in the binding of Zf323GGSG2.
The footprinting pattern of Zf123GGS2 was different from cleavage and the footprinting at low peptide concentrations
those of the former two peptides. The hypersensitive DNA were not detected.
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Ficure 6: DNase | footprinting analyses of the Zf323 series for binding to GC(323)Al (A) and GC(323)All (B). (A) LanetR® G
(Maxam—Gilbert reaction product); and lane 2;H0 (Maxam—Gilbert reaction product). The peptides and their concentrations are indicated.
(B) Lanes 1 and 7, &A (Maxam—Gilbert reaction product); lanes 2 and 8+T (Maxam—Gilbert reaction product); lanes 3 and 9, no
peptide; lanes 4 and 10, 24M peptide; lanes 5 and 11, 54 peptide; and lanes 6 and 12, AM peptide. The dots denote the hypersensitive
cleavage sites, and the arrowheads denote the unprotected cleavage sites.

Table 2: Dissociation Constantk for the Zf323 Series Binding bound to GC(123)Al (Figure 5A) and other peptide binding
to GC(123) and GC(323) was not observed (data not shown). On the other hand, a

clear sequence selectivity was noted in the binding to

_ K (W) GC(323)Al and GC(323)All (Figure 5B). The detailed
peptide 6CQA23) GC(E23) binding results are depicted in Figure 5C. Tevalues for
Zf323GG1 187+ 13 76.4+ 4.7 the binding of Zf323GG1, Zf323GGS1, Zf323GGSG1, and
e o o o Zf323GG2 to GC(323)Al were 2.40, 3.62, 3.64, and 3.13

71323GG2 892+ 4.4 26.3+ 8.4 uM, respectively. In the binding to GC(323)All, only
Zf323GGS2 423t 9.0 63.9+ 3.3 Zf323GG2 bound reasonably well at tkg value of 2.10
Zf323GGSG2 464- 98 62.7+9.4 uM. DNase | footprinting analyses revealed the detailed

a Apparent dissociation constants are determined using gel mobility mode of binding of some Zf323 mutants to GC(323)Al and
shift assays as described in Materials and Methods. Values are average&SC(323)All. The Zf323GG1 series produced the hyper-
of three or more independent determinations with standard deV|at|ons.SenSitive cleavage at the@xternal sequence of GC(323)Al,

but Zf323GG2 did not (Figure 6A). In the binding to

Effect of N-Terminal Finger Substitution on Peptide GC(323)All, only Zf323GG1 exhibited an interesting cleav-
Binding to Contiguous DNA TargetsThe dissociation age band in the'8G8G®-3' step of GC(323)All (Figure 6B).

constants Kq) of the Zf323 series for binding to GC(123) Detection of Sequence-SeleetDNA Binding Using SPR
and GC(323) were estimated by gel mobility shift assays \MeasurementSPR measurement with the BIACORE instru-
(Table 2). The Zf323 series obviously exhibited a higher ment has been utilized for the assessment of the pretein
affinity for GC(323) than for GC(123). DNase | footprinting  pNA interaction, including several zinc finger complexes
analyses for the Zf323 series were performed to reveal theyith specific DNA Q0—22). The binding of the Zf323 series
mode of binding to contiguous DNA targets. In the binding o GC(323)Al was assessed with this measurement. The RU
to GC(123), the Zf323GG1 and Zf323GG2 series had \ajye represents the strength of the protdNA interaction.
different hypersensitive cleavages (Figure 4A). In the binding |n, this experiment, the final RU value in the association phase
of the Zf323GG1 series to GC(323), a similar fOOtprinting (0_5 m|n) was used as the value for the Strength of the
pattern was observed in all three mutants. Interestingly, the protein-DNA interaction. Zf323GG1 displayed a higher final
cleavage band that represents the uncovered DNA part causefyy than Zf323GG2 at concentrations of 375 and 750 nM
by the peptide binding was detected in tHeGBG'-3' step  (Figure 7A). The final RU value of Zf323GGS1 and
of GC(323). In the binding of the Zf323GG2 series 10 7{323GGSG1 was higher than that of Zf323GGS2 and
GC(323), such a cleavage band was not observed (Figurezf323GGSG2 at every concentration (Figure 7B,C). In
4B). particular, the final RU value in the association phase of
Binding to Noncontiguous DNA Targets of the N-Terminal Zf323GGSG1 was 2-fold higher than that of Zf323GGSG2
Finger Substituted Mutantdn the binding to GC(123)Al at 750 nM peptide. The sensorgrams of the Zf323GG1 series
and GC(123)All, only 7Zf323GG1 and Zf323GG2 were were different according to the numbers of inserted amino
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Ficure 7: Typical response features (sensorgrams) of the binding to GC(323)Al immobilized on an SPR sensor. The binding of Zf323GG1
and Zf323GG2 (A), Zf323GGS1 and Zf323GGS2 (B), and Zf323GGSG1 and Zf323GGSG2 (C) are shown. The peptide concentrations are
125, 375, and 750 nM.

acids. The sensorgram of Zf323GGS1 was typical, like that were almost same. This result shows that the effect of linker
observed for Sp1(530623) (Figure 7B) 23). On the other extension is different depending on the position of linker
hand, Zf323GG1 and Zf323GGSG1 exhibited sigmoid sen- insertion. Zinc finger proteins have fingefinger interaction.
sorgrams (Figure 7A,C). This difference appeared in odd or This interaction has been found in the NMR study of the
even numbers of inserted amino acids. DNA complex of the TFIIIA zinc finger 24). The difference

in the effect of the position of linker insertion could be caused
DISCUSSION by the difference in the fingerfinger interaction between

Effects of Linker Extension Caused by Insertion of Spacer fingers 1 and 2 and between fingers 2 and 3.

SequencesThe binding affinities of the Zf123 series for In the binding to noncontiguous DNA targets, the
binding to GC(123) were different according to the length Zf123GG1 series prefers GC(123)Al and some mutants of
of the linker, although those of Zf123GGS1 and Zf123GGSG1 the Zf123GG2 series favor GC(123)All and GC(123)ATII.
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(A) GC(123) / Zf123

11'10'9'8" 7' 6'5' 4 321
5'- GGCCC CGC CC -31
3'- CCGGG\GCG -51

KTSHLRA RSDELQR RSDHLSK

1123456 -1123456 -1123456
Fingeri Finger2 Finger3
(B) GC(323) / Zf323
10.9'8 7 654 3271
5'- CCCC CGC CCC -3
3'- GGG GCG -5

\\\

RSDHLSK RSDELQR RSDHLSK
1123456 -1123456 -1123456
Finger3 Finger2 Finger3

Nomura and Sugiura

(C) GC(323)A1 / Zf323GG1-series

5'- 'CCCC T CGC ccc _3
3'- GGGE A GCG 5

71 AN

RSDHLSK RSDELQR RSDHLSK
-1123456 1123456 -1123456
Finger3 Finger2 Finger3

+GG(S/SG) |

(D) GC(323)A11 / Zf323GG2-series
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CCCC CGC T CCC

5l_ _3!
3'- ;G(f; GCG A GG{ -5
RSDHLSK RSDELQR RSDHLSK
1123456 -1123456 1123456
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Ficure 8: Possible base recognition of the zinc finger peptides. The interactions between the amino acidsheltkend DNA bases
are shown: Zf123GC(123) (A), Zf323-GC(323) (B), Zf323GG1 seriesGC(323)Al (C), and Zf323GG2 serieSC(323)All (D).

However, Zf123GG2 did not show a clear distinction in the contact of two finger units maintains the DNA binding
binding to the noncontiguous DNA targets. This result affinity. Additionally, these two peptides showed poor DNA
indicates that the insertion of two amino acids into the-F2  sequence selectivity in the binding to GC(323)Al and
F3 linker still produces behavior that is the same as that of GC(323)All. Zf323GGS1 and Zf323GGSG1 exhibited dis-
Zf123 on DNA binding. Zf123 showed poor sequence tinct sequence selectivity for GC(323)Al. Compared with
selectivity in the binding to GC(123)Al and GC(123)All the binding of the Zf323GG1 series to GC(323)Al, the
(data not shown). The Zf123 series revealed that insertion Zf323GG2 series displayed relatively poor binding to
of three amino acids is enough to distinguish the sequenceGC(323)All except for Zf323GG2. This effect is probably
variety of noncontiguous DNA targets. The insertion of other caused by the loss of the cross-strand contact of the one-
amino acids would result in a different preference for the finger unit of the Zf323GG2 series. For the Zf323GG1 series,
numbers of amino acids for insertion and display additional the separated finger unit is finger 3. In the binding to
functions on DNA binding. GC(323)Al, the 5GGGG-3 subsite is located at the-8nd
The linker-extended mutants exhibited relatively lower of GC(323)Al for recognition by finger 3 (Figure 8C). On
binding affinities than the original zinc fingers, Zf123 and the contrary, for the binding of the Zf323GG2 series to
Zf323, in the binding to noncontiguous DNA targets. This GC(123)All, the overlapping base is thymine, which is not
result is supposed to maintain the relationship with recogni- recognized by Asp2 in the-helix (Figure 8D). These results
tion for the cross-strand that specifically recognizes a subsitesuggest that binding by the synergism of three finger units
for an adjacent finger at the opposite strand. The interactionand insertion of three amino acids are needed for the
of Asp2 in thea-helix with the cross-strand bases has been recognition of noncontiguous DNA targets with sequence
assessed by phage display selectid@t; 26). For the Spl selectivity. To improve sequence-selective DNA recognition,
zinc finger, fingers 2 and 3 have Asp at position 2 of the the detailed synergistic binding by the adjacent fingers must

helix and they contact Cand C7 of GC(123) (Figure 8A);

these interactions are also expected for Zf323 (Figure 8B)

(8). During recognition for noncontiguous DNA targets, this
interaction is probably disrupted by insertion of TAbase
pairs (Figure 8C,D). In the Zif268 zinc finger, the loss of
such an interaction by the substitution of Asp2 with Ala
resulted in the decrease of the 4-fold binding affini2g)(
Evidence for Three-Finger Binding Realed by N-
Terminal Finger SubstitutionThe N-terminal finger substitu-
tion clearly provides the synergism of three finger units for
binding to noncontiguous DNA targets. Zf323GG1 and
Zf323GG2 bind to GC(123)Al despite the different subsite
for the N-terminal finger unit. This fact indicates that the

be elucidated.

DNA Binding Mode of Linker-Extended Zinc Finger
Peptides.Some mutants of the Zf123GG1 and Zf323GG1
series displayed an interesting cleavage band that indicates
the uncovered DNA part in peptide binding. Of particular
interest is the fact that this cleavage band is observed in
the binding to specific DNA targets. These targets are
contiguous at the position where the extended linker is
situated on DNA binding. In contrast to it, in the binding to
noncontiguous targets at this position, this cleavage band was
not observed. Then, this cleavage band seems to maintain
the relationship to the DNA binding mode of extended linker
mutants.



DNA Binding of Linker-Extended Zinc Finger

We investigated the contribution to recognition site 11
selectivity of linker length between zinc fingers. In this work,
two- to four-amino acid residue linkers were inserted between
the zinc fingers of three-finger peptides, and DNA binding
activities were assayed on contiguous and noncontiguous
substrates. Some of these constructs recognized the noncon-
tiguous DNA. The results show that varying the length of
the linkers between zinc fingers can be used to expand the
recognition code of zinc finger proteins, which is currently
limited to a subset of all possible codons.
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