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ABSTRACT. In the DNA recognition mode of §H,-type zinc fingers, the fingeffinger connection region,
consisting of the histidine spacing (HXH) and linker, would be important for determining the orientation

of the zinc finger domains. To clarify the influence of spacing between two ligand histidines in the DNA
binding, we exchanged the histidine spacing between Spl and GLI zinc fingers, which havetdn HX
TGEKK linker (typical) and an HX¥H-SNEKP linker (atypical), respectively. A significant decrease in

the DNA binding affinity and specificity is found in Spl-type peptides, whereas GLI-type peptides show
a mild reduction. To evaluate the effect of the linker characteristics, we further designed Spl-type mutants
with an SNEKP linker. As a result, the significant effect of the histidine spacing in Sp1-type peptides was
reduced. These results demonstrate that (1) the histidine spacing significantly affects the DNA binding of
zinc finger proteins and (2) the histidine spacing and the following linker regions are one effective target
for regulating the DNA recognition mode of zinc finger proteins.

A C;Ha-type zinc finger has a tandemly repeated structure, HX3H-type and HXH-type spacings, because these are the
which consists of independent modules with the consensusmost common motifs in nature. The Spl zinc finger has a
sequence (Tyr, Phe)-X-Cys; %Cys-Xs-Phe-X%-Leu-X-His- typical DNA recognition mode and structure found in many
X3-5-His-X,—s. Each domain forms a compagfa structure C:H,-type zinc fingers, and hence it was chosen as agH4X
held together tetrahedrally by coordination of a zinc ion with type zinc finger {7—19). On the other hand, we determined
two invariant cysteines and histidines. TypicaHgtype zinc the GLI zinc finger as an HxH-type zinc finger from the
fingers recognize the three-base-pair subsite mainly on onefollowing reasons: (i) there are unique kbktype zinc
strand using key amino acid residues of théelix (1, 2). fingers such as Tramtrack and TFIIIA, but these zinc fingers
On the basis of these features, new zinc fingers with various have distinct linker length from the TGEKP linke2(, 21),
sequence specificities have been designed by mutating aminand (ii) the GLI zinc finger has been well studied structurally
acid residues in the-helix by rational structural desigid{ and functionally, and it shares the appreciably similar amino
6) and by a phage-display-based methoe11). To expand acid sequences in the histidine spacing with the Spl zinc
the DNA recognition mode of zinc finger proteins, two finger (22, 23).
significant factors should be considered: (i) the base Human transcription factor Spl is a sequence-specific
recognition on the complementary DNA strand overlaps the DNA binding protein and has three continuous repeats of a
DNA recognition of the preceding zinc fingetZ, 13), and C.H.-type zinc finger at the C-terminal regiohq, 18). Each
(ii) the orientation of each zinc finger is restricted by the zinc finger motif involves an HxH-type spacing and a
structure of the fingerfinger connection region consisting typical TGEKK linker. The previous studies revealed that
of a histidine spacing and a linket4). In this study, we the C-terminal two fingers of Sp1, Sp1(zf23), show a typical
focus on the influence of the histidine spacing for the DNA binding mode {9). On the other hand, the GLI oncogene
binding. The histidine spacing is conserved from HXo encodes five repeated,i@,-type zinc fingers, and its C-
HXsH and has various conformations in accordance with the terminal two fingers, GLI(zf45), have H¥l motifs and an
number of amino acid residues. On the basis of the previousatypical SNEKP linker Z2). The crystal structure of the
structural analyses, an HMX-type spacing forms a;ghelix, GLI-DNA complex demonstrated that GLI(zf45) makes
whereas HX¥H-type and HXH-type spacings form helical contact with the extensive 10 bp on both DNA strari2i3).(
structures 15, 16). The local conformational alteration of In this study, we converted the HM-type spacing of
the histidine spacing might result in changing the DNA Sp1(zf23) into the HX¥H-type spacing of GLI(zf45) and vice
binding of zinc finger proteins. To evaluate the influence of versa. The alterations of the DNA binding affinity and the
the histidine spacing on the DNA binding, we selected DNA binding mode by these new zinc finger peptides were
investigated, and the effect of the histidine spacing and the
following linker has been discussed.
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ing each peptide were acquired from Qiagen and SIGMA MgCl,, 20 ngkL sonicated calf thymus DNA, the'fend-

GENOSYS, respectively. Labeled compound3fP]JATP

labeled substrate DNA fragment-¢ nM, 30 kcpm), and

was supplied by DuPont. The plasmid pBS-Sp1-fl was kindly 0—8 uM peptide. To show the evident footprinting patterns,

provided by Dr. R. Tjian. All other chemicals were of
commercial reagent grade.

we selected the maximum protein concentration rather than
the concentration near tt& values in DNase | footprinting

Preparations of Zinc Finger Peptides and Substrate DNA analyses. We conducted the preliminary gel mobility shift

Fragments. Sp1(zf123) and Spl(zf23), the aliases for
Sp1(5306-623) and Sp1(566623), are coded on the plas-
mids pEVSp1(536623) and pEVSpl(566623), respec-
tively, as previously describe@4). All other peptides were

assays with the same reaction buffer as DNase | footprinting
(except for addition of glycerol) and determined the maxi-
mum protein concentration. After incubation at 20 for

30 min, the sample was digested with DNase | (0.5 milliunit/

created by a standard polymerase chain reaction with theul) at 20 °C for 2 min. The reaction was stopped by the

appropriate primer sets using pEVSp1(5823) or pEVSpl-

addition of 20uL of DNase | stop solution (0.1 M EDTA

(566-623) as templates. Their sequences were confirmedand 0.6 M sodium acetate) and 100 of ethanol. After

by a GeneRapid DNA sequencer (Amersham Biosciences).ethanol precipitation, the cleavage products were analyzed
These zinc finger peptides were overexpressed as a solubl®n a 15% polyacrylamide/7 M urea sequencing gel. The
form in Escherichia colistrain BL21(DE3)pLysS at 25C bands were visualized by autoradiography.

and purified by the following procedure af€. E. coli cells Methylation Interference Analyse$he recognition of
were resuspended and lysed in PBS buffer. After centrifuga- guanines in the primary and secondary strands of the GC
tion, the supernatant containing the soluble form of the zinc box (the G- and the C-strands, respectively) by each peptide
finger peptides was purified by cation-exchange chromatog- was investigated by methylation interference assays as

raphy using a 0.052.0 M NaCl gradient (Mono S HR 5/5;

described previously2(). The binding reaction mixture

Amersham Biosciences). Final purification was achieved by contained 10 mM Tris-HCI (pH 8.0), 50 mM NacCl, 1 mM

a gel filtration technique (Superdex 75; Amersham Bio-
sciences) using TNbuffer [10 mM Tris-HCI (pH 8.0), 50
mM NaCl, and 1 mM dithiothreitol]. For preparing the

dithiothreitol, 10uM ZnCl,, 25 ngiL poly(dl-dC), 0.05%
Nonidet P-40, 5% glycerol, 80@&g/mL bovone serum
albumin, the’?P-end-labeled methylated DNA fragmentG0

substrate DNASs, oligonucleotides containing the GC box nM, 500 kcpm), and 206750 nM zinc finger peptide. After
sequence or the GLI binding sequence were provided (GC1,incubation at 20°C for 30 min, the peptide-bound and free

5'-GATCTGGGGCGGGGCCT-3GC2, 3-AATTAGGC-
CCCGCCCCA-3 GLI1, 5-GATCTCGTGGACCACCCAA-
GACGAAT-3; and GLI2, B-AATTATTCGTCTTGGGTG-
GTCCACGA-3). The complementary oligonucleotides were
annealed and inserted betweeBarH| site and arEcadrl
site of pBluescript Il SK- (Stratagene, La Jolla, CA). The
Hindlll —Xbd fragments (GC box, 41 bp, and GLlIseq, 50
bp, respectively) were cut out and labeled at therid with
2P for the experiments as described previously (

CD MeasurementsThe CD spectra for all of the zinc

DNAs were separated on a 10% nondenaturing polyacryl-
amide gel and eluted from the gel with a standard elution
buffer. To examine both the strong and weak base contacts,
we selected the experimental conditions under which the ratio
of peptide-DNA complexes to total probes is about-10
20%. The recovered methylated DNA was reacted in 100
uL of 1 M piperidine at 90°C for 30 min. The lyophilized
cleavage products were analyzed on a 15% polyacrylamide/7
M urea sequencing gel. The bands were visualized by
autoradiography and quantified with ImageMaster 1D Elite

finger peptides were recorded on a Jasco J-720 spectrosoftware (version 3.01). The extent of interference was

polarimeter in 10 mM Tris-HCI (pH 8.0), 50 mM NacCl, 1
mM dithiothreitol, and 1Q«M zinc finger peptide at 20C.
Gel Mobility Shift AssaysGel mobility shift assays were
carried out under the previous experimental conditi@%. (
Each reaction mixture contained 10 mM Tris-HCI (pH 8.0),
50 mM NaCl, 1 mM dithiothreitol, 1«tM ZnCl,, 25 ngkL
poly(dl-dC), 0.05% Nonidet P-40, 5% glycerol, 889/mL
bovine serum albumin, th&P-end-labeled substrate DNA
fragment (-50 pM, 500 cpm), and 64 «M zinc finger
peptide. After incubation at 20C for 30 min, the sample
was run on an 8% polyacrylamide gel with 89 mM TFris
borate buffer at 20°C. The bands were visualized by
autoradiography and quantified with ImageMaster 1D Elite
software (version 3.01). The dissociation constaKtd 6f
the Spl and GLI peptideDNA fragment complexes were

estimated for each base by calculating the ratio of the cutting
probabilities in the free and bound lanes.

RESULTS

Designs of Zinc Finger Peptides and Substrate DNAs.
Figure 1A shows the putative base recognition mode of the
Sp1l zinc finger 24), and Figure 1B exhibits the recognition
mode of the C-terminal two fingers of GLI determined by
X-ray structural analysis2@). In pursuit of the effect of the
histidine spacing on the DNA binding, we designed several
zinc finger peptides based on Sp1(zf23) and GLI(zf45). All
of the peptides used in this study are summarized in Figure
1C. We prepared four two-finger-type and six three-finger-
type peptides. Spl(zf23)HK and GLI(zf45)HXH were
designed by exchanging their histidine spacing. In addition,

estimated according to the previously reported procedurewe examined the effect on the DNA binding of the total Sp1

(24).
DNase | Footprinting AnalysesDNase | footprinting

zinc finger domain by preparing Sp1(zf123)kEX in which
the N-terminal zinc finger (finger 1) of Sp1 is connected to

experiments were performed according to the method of Sp1(zf23)HXH. Sp1(SNE) and Sp1(SNE)HM were de-

Brenowitz et al. 26). The binding mixture contained 20 mM
Tris-HCI (pH 8.0), 25 mM NacCl, 5 mM Cagl 10 mM

1 Abbreviations: Tris, tris(hydroxymethyl)aminomethane; TN, Fris
NaCl; CD, circular dichroism; zf, zinc finger; bp, base pair(s).

signed by substituting an SNEKP linker for a TGEKK linker
to investigate the effect of the linker. To evaluate the effect
on finger 1, we prepared Sp1l(KA) or Spl(KA)E, in
which lysine at the helical position-1 of finger 1 in
Sp1(zf123) or Sp1(zf123)HX was substituted with alanine.
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A) B)
(GC box) (GLIseq)

, Mh1w0987 654 321 , , 109876 5 4321 ,
5'-GGCCC CGC CCC-3 5'-TTCGTC TTGGG T GGTC CACG-3
3'-CCGGG GCG G-5' 3'-AAGCAG CC A %G GTGC-5"

T PN / \
IE'EI!SHLRA RSDELQR RSDHLSK NASDRAK DPSSLRK
1123456 1123456 1123456 1123456 1123456

Finger 1 Finger 2 Finger 3 Finger 4 Finger 5
C) RSDELQOR RSDHLSK
()23 T )R T T T M TaeKK () J2)3) T J6JH T 1) IH)
Sp1(2f23) KRT IKT
Sp1(2f23)HX4H QNRT VKTV
Finger 2 Finger 3
NASDRAK DPSSLRK
(11 )2)3) ) Je)H) ) ) ) H)snexe (4 J2J3) ] JelH] T ] ] IH)
GLI(2¢45) QNRT VKTV
GLI(zf45)HX3H KRT | KT
Finger 4 Finger 5
TSHLRA LRW Oﬁ)g)@][gﬁ@)ﬁm RSDHLSK
) )2)3) ) J6H H) TeERR ()1) J2)3) ) J6H H) TGEKK () J2)3) ] JeJH] 1 1 ] IH)
Sp1(zf123) K KRT TGEKK I KT
Sp1(KA) A KRT TGEKK I KT
Sp1(SNE) K KRT SNEKP 1 KT
Sp1(zf123)HX4H K QNRT TGEKK VKTV
Sp1(KA)HX4H A QNRT TGEKK VKTV
Sp1(SNE)HX4H K QNRT SNEKP VKTV
Finger 1 Finger 2 Finger 3

Ficure 1. (A) Putative base recognition mode of three zinc fingers of Sp1l. Amino acid residues at the N-terminus-bkthein each

finger are depicted by their one-letter codes with the number of the helical positions below. Solid arrows show the amibasacid
contacts assumed by the DNA binding mode of Zif268, and dotted arrows depict the contacts indicated by our previolyxepoet (
guanine bases, whose methylation interferes with the zinc finger binding, are in bold print. (B) Established base recognition mode of the
C-terminal two zinc fingers of GLI by crystal structurg3dj. Solid arrows show the base recognition, and the bases recognized by amino
acids are written in bold characters. (C) Primary structures of two-finger-type and three-finger-type zinc finger peptides. The designation
of each zinc finger is shown by the original name (fingers3land 4-5). The amino acid residues in the linker and théelix of each

peptide are indicated by their one-letter codes, and the mutated residues are in bold print.

It is well-known that this lysine contributes to the base 4000
recognition and the DNA binding affinity of the Spl zinc
finger (24). , '

Two types of substrate DNA were prepared. The GC box °F : / A e e

2000

is the substrate for the Spl-type zinc finger derived from g _z000 {=

the mouse dihydrofolate reductase promoter (I and 24).( «: 4000 B

The GLIseq is the substrate derived from the X-ray structure g ! — Spi(zf23)

of the GLI-DNA complex, containing the consensus se- & -6001% \ 1/ | ~ = | |[*===" Sp1(zf23)HXaH

quence for the binding of the GLI zinc finge23). 2 000 ¥ ) . 2{:2::22;,,,(3,,
CD Features of HH-Type and HX¥H-Type Zinc Finger vl

. . . . -10000
PeptidesThe folding properties of the present peptides were
evaluated by measurements of the CD spectra. Figure 2 12000 = = w0 20 260 270 280
shows the CD spectra of the peptides af@0The spectrum Wavelength (nm)

for Sp1(zf23) was similar to those for the single- and three- FIGURE 2: CD spectra of two-finger-type zinc finger peptides of

finger peptides of Spl described previoushB(28, 29). Spland GLI at 20C. Respective zinc finger peptides are indicated
Negative Cotton effects in the far-UV region with a minimum in the figure.

around 208 nm and a shoulder around 222 nm suggest that

all of the two-finger peptides have ordered secondary GLI(zf45) ([0] = —6739) were larger than those of Sp1(zf23)
structures with helical conformation. However, the X ([6] = —3840) and GLI(zf45)HXH ([#] = —4325).
type peptides exhibited CD spectra different from those of Sp1(zf123) and Sp1(zf123)HM also showed the spectral
the HXsH-type peptides, especially in the ellipticities at 222 patterns similar to those of Sp1(zf23) and Sp1(zf23)HX
nm. The values of Spl(zf23)HM ([#] = —9653) and (data not shown). In general, the ellipticities at 222 nm
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Table 1: Apparent Dissociation Constanig)(for Sp1(zf23) and Sp1(zf23)H¥ Binding to the GC Box and for GLI(zf45) and

GLI(zf45)HX3H Binding to the GLIseq

binding Ka (NM)2

site? Spl(zf23) Spl(zf23)HxH GLI(zf45) GLI(zf45)HXsH
GC box 3.4 £0.2) x 17 ND¢
GLlseq 3.8 £0.3) x 17 8.3 (:0.3) x 1?

a Apparent dissociation constants were determined by titration using gel mobility shift assays as described in Materials and Methods. Values are
averages of three or more independent determinations with standard deviafibesnomenclature is described in the text (see Figuré NP

represents not determined.

Table 2: Apparent Dissociation Constanig)(for Sp1(zf123), Sp1(zf123)HX, Sp1(KA), Sp1(KA)HXH, Sp1(SNE), and Sp1(SNE)HM

Binding to the GC Box

binding Ka (nM)?
site? Sp1(zf123) Sp1(zf123)HH Sp1(KA) SpL(KAYHXH Sp1(SNE) Sp1(SNE)HM
GCbox  13(01)x10  84@06)x1®  55@0.1)x10  9.7&12)x 10?  1.7@&0.3)x 10 1.7 &0.1)x 10?

a Apparent dissociation constants were determined by titration using gel mobility shift assays as described in Materials and Methods. Values are
averages of three or more independent determinations with standard deviafibesnomenclature is described in the text (see Figure 1).

indicate the content ofi-helix. Therefore, the increase in
negative Cotton effects of the HX-type zinc fingers mainly
reflects the increase ofi-helix content in the histidine
spacing observed in the previous repdr)(

DNA Binding Affinity of Each Zinc Finger Peptid&o
evaluate the effect of the histidine spacing on DNA binding
affinity, we prepared two types of substrate DNAs (GC box

Spl with an SNEKP linker was less sensitive to the
change of the histidine spacing than Spl with a TGEKK
linker. Of special interest is the fact that the DNA binding
affinity of Sp1(SNE)HXH is 4.9 times higher than that of
Spl1(zf123)HXH, while those of Sp1(zf123) and Sp1(SNE)
are comparable.

DNA Binding Modes of Zinc Finger Peptides Detected by

and GLlseq) and determined the apparent dissociationFootprinting Techniqueln general, DNase | footprinting

constantsKq) of each zinc finger peptide for the substrate
DNA using gel mobility shift assays (Tables 1 and 2).
Sp1(zf23) bound to the GC box witkqy = 340 nM,

consistent with the previous resul24), whereas Spl-

(zf23)HX4H did not show any shift band even at the
maximum concentration. In general, DNA binding proteins
including the zinc finger have many basic amino acid

analyses are available for detecting not only peptide binding
regions but also conformational changes in the substrate
DNA. In experiments of DNA binding proteins, the selection
of nonspecific DNAs is important for gaining the correct
result. To compare our results with the previous res24j,(

we selected calf thymus DNA in DNase | footprinting
analyses. In addition, we also confirmed that the footprinting

residues, and they could bind average sequence DNA withpatterns were not changed between dI-dC and calf thymus

electrostatic force. Sp1(zf23) has lower specificity for the

DNA. The results of Sp1(zf123) and Sp1(zf123)ifor

GC box compared with Sp1(zf123), and hence the effect of the G-strand are shown in Figure 3. Because the DNA bind-

nonspecific binding is relatively stronger than that of
Sp1(zf123). To remove the effect of nonspecific DNA
binding, we also determined ti& values in the absence of
nonspecific DNA. The Sp1(zf23)-GC box was approximately
7 nM, while that of Sp1(zf23)HXH was over 750 nM (data
not shown). We further analyzed the effect on the DNA
binding affinities of the three-finger-type zinc fingers of Sp1.
The binding affinity of Sp1(zf123) for the GC box (13 nM)
was comparable with that in the previous repd8)( A
drastic reduction in binding affinity was also detected in Sp1-
(zf123)HX,H (840 nM), and thiKy value was 65-fold higher
than that of Sp1(zf123). To evaluate the effect of the
exchanged histidine spacing in finger 2 and finger 3 on finger
1 of Sp1, we determined th&, values of Sp1(KA) (55 nM)
and Sp1(KA)HXH (970 nM). The 4.2-fold decrease in DNA
binding affinity was found in Spl(KA) compared with
Sp1(zf123), whereas the binding affinity of Sp1(KA)X
was only 1.2-fold lower than that of Sp1(zf123)kX On

the other hand, thé&y values of GLI(zf45) and GLI-
(zf45)HXsH were 380 and 830 nM, respectively. Accord-
ingly, the effect of the change in the histidine spacing on
DNA binding affinity was milder in GLI-type peptides (2.2-
fold reduction) than in Sp1-type peptides. TKgvalues of
Sp1(SNE) (17 nM) and Sp1(SNE)HNM (170 nM) were
determined for examining the effect of the linker. As a result,

ing of Sp1(zf23)HXH was too weak to detect any protected
regions from the DNase | cleavage, three-finger peptides
were used for this assay. Sp1(zf123) exhibited protection of
the GC box region and upstream of the GC box region, and
the hypersensitive cleavage at tHeA&\-3' step outside the
GC box region in the guanine-rich strand (G-strand) was
observed as seen in the previous rep@d, 25). On the
contrary, Sp1(zf123)HXH could not protect the GC box
region specifically, and also the hypersensitive cleavage was
not detected at all, even agdM. These observations indicate
that Sp1(zf123)HX¥H loses the DNA binding mode of
Sp1(zf123). Figure 4 shows the DNase | footprinting patterns
of GLI(zf45) and GLI(zf45)HXH for GLIseq. GLI(zf45)
protected the region containing the expected 10 bp binding
site of the C-terminal two fingers of the GLI zinc finger in
strands (i) (Figure 4A) and (ii) (Figure 4B), indicating that
the unique binding mode of the GLI zinc finger is probably
maintained even in GLI(zf45). GLI(zf45)H¥ also pro-
tected the same position in strand (ii) as GLI(zf45). Although
the footprinting pattern of GLI(zf45)H¥! was not so
evident in strand (i), both GLI-type variants showed the same
hypersensitive cleavage at th&®GG-3 step outside the
binding region (Figure 4A). These results suggest that both
of the peptides have a similar DNA binding mode despite
the difference in the histidine spacing.
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G-strand presented in the histograms (Figure 5B). Sp1(zf123) made
Spi(zf123) Sp1(zf123)HXaH contact with all of the guanines at positions 12, although
S 05 1 2' 'D ) 4 3' o the recognition level was weak only at G7, consistent with
: our previous resultsl@) (Figure 5A, lanes 4, 5, 10, and 11).

-- Spl(zf123)HXH exhibited almost the same recognition

T ; patterns on the G-strand as Spl1(zf123), including the
A o R recognition of G8 and G9, which are mediated by lysine in
A = * finger 1 (Figure 5A, lanes 6 and 724). The recognitions
%-' - - of G10 and G11on the C-strand, which are peculiar to the
c o N-terminal zinc finger of Spl(zf123)24), were also
G — maintained in Sp1(zf123)HX (Figure 5A, lanes 8 and 9).
G — Consequently, each base recognition of Sp1(zf123) was not
g . influenced by the change in the histidine spacing.

—
g S I -— DISCUSSION
g ) C;H,-type zinc fingers have certain histidine spacings from
al — " HX3H to HXsH, which form unique conformations because
T S — two histidine positions are restricted by the binding of a zinc
c - ion. The CD spectra show that, regardless of sequence
T

differences outside the histidine spacing, the ellipticities at
222 nm of HXH-type zinc fingers are larger than those of
the HXsH type. Our study indicates that HM-type peptides
1.2 3 4 5 6 7 8 9 . .
FiouRe 3. DNase | footprinting analyses of Spi(123) and have more helical content than BbX-type peptides. In the
Sp1(123)i-|)£H bindings to the GC box. This panel shows the CD spectral results of the HKi-type and HXH-type zinc
results for the G strand of the GC box. The asterisk represents thefingers of ZFY, the same tendency has been obser®@d (

U_l_

e el

enhanced site of cleavage. Lane 1 shows & (Maxam—Gilbert This result is consistent with the fact that an f#Xmotif
reaction products). Every peptide concentration is noted in the forms a 3¢-helix and an HXH motif forms a helical structure
figure. (15). Presumably, Sp1(zf23)HM and GLI(zf45)HXH take

tion Interference Assay&igure 5A displays the results of ~ histidine spacing.
the methylation interference analyses for the binding of Both the Spl-type and GLI-type peptides evidently
Spl(zf123) and Spl1(zf123)HM to the GC box. The extent  demonstrate the reduction in the DNA binding affinity as a
of the interference based on a densitomeric analysis isresult of exchanging the histidine spacing. ADR1 has two
A B
( ) Strand (i) ( ) Strand (ii)

GLI(zf45) GLI(zf45)HX3H GLI(zf45) GLI(zf45)HX3H
I 1 I 1 1 ] |

a <

oOo01248 012438 (W Ooo01248 012438 (uMm)

Intact
Intact

[ - i
A e cl.
A 3‘3_.. i 7
G - G
Cc = - G
A — K — T
G = G
Ab------ — G
A “___ — e ———— G
c ————— T
P
C . T
C o [
A [ - T
[ : """_I —— G
C Cc
A . — T n
.’ - i it
G| | —— T -
I - e |
5' -~ 5' -
—
- - W mcm—— i
12 3 45 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Ficure 4. DNase | footprinting analyses of GLI(45) and GLI(45)kXbindings to GLIseq. Panels A and B show the results for strands

(i) and (ii), respectively. The asterisks represent the enhanced sites of cleavage. Lane 1 in panel A and lane 14 in panel B, intact DNA; lane
2 in panel A and lane 15 in panel B, & A (Maxam—Gilbert reaction products); lane 3 in panel A and lane 16 in panel B; T
(Maxam—Gilbert reaction products). Peptide concentration is noted in the figure.
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(A) (B)
| G-strand [l C-strand | | G-strand || C-strand
Ism ] IHX‘HI IHX“HI |3p1 ! Bound / Free Bound / Free
B 2 2B K B 8 o & a2 - 3 g8 r 2 a & a8
S <« 83833838, «8 $ g9 pPEFPTITY
3 E 0O O L O UL O MM uwmuwo ¢ £ 3 - -
 wegescapbene- | 3=
A A o o
A - = G 55
= —— o — —— 1
l. “g - - ‘i g 8
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- s, |
G e - ‘ ¢ s
G -4 : Rz c 6 o
G - - 58 - . - G 8 B
G - — c S 6
e s -
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Gl - - le o bl
E’/ - \QE ‘5 U_
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- o g e - -
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5|‘ P e 5|‘
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Sp1
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Ficure 5: Methylation interference analyses of the binding of three-finger-type peptides of Spl to the GC box. Splenthédd
Spl(zf123) and Spl(zf123)HM, respectively. (A) Results of autoradiograms from electrophoresis. The left (lari@sahd right (lanes

8—14) panels show the results for the G- and C-strands, respectively. Lanes 1 and 14, intact DNA; lanes 2 ahd1B)&&am—Gilbert

reaction products); lanes 3 and 12+CT (Maxam—Gilbert reaction products); lanes 4, 6, 9, and 11, free DNA samples; lanes 5, 7, 8, and
10, peptide-bound DNA samples. (B) Histogram showing the extent of methylation interference, which was calculated as the ratio of the
cutting probabilities for the two bands (bound/free).

unique zinc fingers, consisting of HM-type and HXH- study, Sp1(zf123), GLI(zf45), and GLI(zf45)HM also
type zinc finger motifs §1). In the case of ADR1, the exhibit the hypersensitive cleavage at the upstream of the
mutation of the C-terminal zinc finger from HM to HX3H binding site, suggesting that these peptides bind to the target
had no influence on the DNA binding affinity3®). In site. On the contrary, Sp1(zf123)HM{ shows no hypersen-
contrast to the experiments with ADR1, we changed the sitive cleavage, and the protected region from DNase |
histidine spacing in the fingeifinger connection region. On  digestion becomes nonspecific compared with that of
the basis of the previous structural analysis, the confor- Sp1(zf123). In addition, the contribution to the DNA binding
mational change in the histidine spacing is local within the affinity of lysine in finger 1 was reduced in Sp1(KA)HN.
zinc finger domain 15). However, the relative orientation  These changes reveal that the specific binding mode of the
between continuous fingers is probably affected, leading to Sp1 zinc finger for the GC box was lost because of the
a decrease in the DNA binding affinity. Moreover, a drastic structural change derived from the histidine spacing. Despite
difference in the DNA binding affinity is observed between the drastic changes in the binding affinity and the binding
the Spl-type and GLI-type peptides. A significant reduction mode for DNA, the methylation interference analyses show
is found in Sp1(zf23)HXH and Sp1(zf123)HXH, whereas that Sp1(zf123)HXH has almost the same base recognition
GLI(zf45)HX3sH shows a mild reduction. These results patterns as Sp1(zf123). Therefore, it is thought that the base
suggest that the effect of the structural change in the histidinerecognition mode is an intrinsic characteristic in a zinc finger
spacing depends on the surrounding amino acid sequencesomain, whereas the DNA binding affinity and the binding
and DNA recognition mode. mode are dominated by the structure of the fingfarger
From the results of DNase | footprinting analyses, connection region.
GLI(zf45) binds the expected region from the binding A recent structural analysis indicates that the TGEKP
mode of the five-finger GLI, indicating that the structure of linker is highly conserved in §,-type zinc finger proteins
finger 4 or finger 5 itself contributes to the extensive binding and forms a helix-capping structure in binding DN24J.
mode. GLI(zf45)HXH shows nearly the same binding Therefore, the stable structure of the fingéinger connec-
pattern as GLI(zf45), consistent with the small difference in tion region, which contributes to the overlapping DNA
the DNA binding affinity. It is of particular interest that recognition mode of Spl zinc finger, may be distorted in
Spl(zf123)HXH exhibits remarkably distinct patterns com- the Spl mutants with Hxd spacings because of the
pared with Sp1(zf123). A hypersensitive cleavage is induced structural change in the histidine spacing. This hypothesis
by the binding of the zinc finger protein24, 25). In this corresponds well to the fact that the Bk TGEKP linker
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exists as the most common motif according to the Transcrip-

tion Factor Databas&8, 34). On the other hand, GLI(zf45)

possesses an SNEKP linker which does not form a stable

structure like a TGEKP linkerld). Accordingly, each finger

may have less structural limitations. This structural charac-
teristic of the linker explains the slight influence of the
structural change on the DNA binding affinity and the
conserved extensive binding mode of the GLI zinc finger.

In addition, the different linker characters are reflected in  11.

the following facts: (i) Sp1(SNE)HXH bound to the GC
box 4.9 times more strongly than Sp1(zf123)fXand (ii)
both Sp1(SNE) and Sp1(SNE)HM showed the hypersensi-
tive cleavage from DNase | to be the same as Sp1(zf123),

in contrast to Sp1(zf123)HX (data not shown). In ZFY
and TFIIIA, the HXH motif and the following linker,
HX4HpX3 (¢ = hydrophobic residue), form a “jumping
linker” which spans the minor groov@1, 35). Recently, it

was reported that the C-terminal histidine is unimportant for
a-helix formation and DNA recognitior8g, 37). Therefore,

the various structures in this region can be constructed by
introducing uniqgue amino acid sequences. In another case,

Pabo et al. successfully used the HXmotif instead of the
HX3H motif in the connection of the Zif268 zinc finger to
the helix region of the leucine zipper in consideration of the
structural characteristic of the histidine spaciBg)( These
results strongly suggest that the histidine spacing-linker
region plays an important role in DNA binding of a zinc
finger peptide.

Here, we performed the exchange of the histidine spacing-
linker region between Sp1l and GLI zinc fingers and showed ;g
the significant influence of this region on DNA binding
affinity and DNA binding mode. Therefore, the survey of
the continuous structure consisting of the histidine spacing
and the following linker region is useful for regulating the
cooperative recognition mode of zinc finger proteins. In

addition, the selection-based design of a unique zinc finger 20

such as GLI, which has an independent DNA recognition

mode, reduces the complicated factors between successive

zinc fingers. Our results provide helpful information for
creation of novel zinc finger proteins recognizing more
various DNA sequences.
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