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Background: Zinc-finger proteins of the Cys,His, type
constitute an important family of DNA-binding proteins.
Each zinc-finger domain has three residues that are
thought to be important in determining DNA binding
site specificiey. Proteins have been designed previously by
combining zine-finger domains with a fixed sequence
Iramework with different DNA-contacting residues.

Results: Wo compared the DNA-binding properties of
the DNA-binding domain from the human transcription
factor Spl, which contains three zine fingers, with
designed proteins in which the sequences of the structural
framework were greatly modified but the presumed
DNA-contacting  residues were retained. Frameworks
b‘l\l'd on i Zir1{>ﬁl'lgcr CONSCNsus \t‘ql\(\nf(' .]lld ona mmi—
malist sequence consisting largely of alanine residues
were studied. The preference for binding to the wrget
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sequence, -G THCG GC.AG GGIGT)-3. was
retained 10 all cases tested. The consensus framework-
based protein was found to be superior to the natural one
in terms of overall DNA-binding affinity, the degree of
sequence diserimination, and the resistance to inactivation

by chelating agents.

Conclusions: Our observatons provide direct cvidence
that the residues previousty observed to interact with the
DNA bases are indeed the most important residues for
determining  DNA-binding specificity. We have also
shown that these domains can tolerate considerable
sequence variation while retaining function as well as
three-dimensional structure, Finally, they show that
framework medification can be used to generate proteins
that have normal or enhanced DNA-binding activity but
have difterent metal-binding properties.
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introduction

The human tanscription factor Sp1 belongs to a subclass of
the family of proteins that contain Cys,His, zinc fingers,
which recognize guanine-rich binding sites [1]. The crystal
structure of the 1DNA-binding domain of onc member of
this class, Zif268, bound to its DNA-binding site has been
determined |2]. The DNA-binding domain contains three
zne fimgers, and the structure of the complex revealed that
each zine-finger domain interacts with a three-base~pair
subsite. Most of the sequence-specific contacts are mediated
by three ammo-acid residues in each donuin (hereafter
referred to as the contact residues). The contact residues are
also believed to be the most important factor in determin-
ing the DNA-binding site preference for other members of
this protein family, a noton which is supporred by experi-
mental {3-3] and statistical [6] evidence. This has led to
speculation that simple rules relating the identities of the
contact residues and the sequences of the preferred DNA-
binding sites may exist tor this class of zinc-finger protein.

Comparison of the contact residucs between Zif268 and
Spl allows almost complete rationalization of the DNA-
binding specificity of the three zinc-finger domains from
Spl [1]. If the contact residucs are, indeed, the only deter-
minants of specificity, then it should be possible o alter the
remamimnyg residues within zine-finger domains without
significandy affecting IINA-binding specificity. We have
previously reported the use of a consensus-sequence

framework for the rational design of zinc-finger proteins
with preselected DNA-binding characteristics |7]. Here, we
report a direct comparison between a naturally-occurring
DNA-binding domain and a consensus-sequence-based
protein with the same contact residues. In addition. we
explore the use of a minimalist zine-finger |8] framework
consisting of polyalanine with only the metal-binding,
conserved hydrophobic. and contact residues preserved.

The consensus sequence zine-finger peptide CP-1 was
designed by selecting the amino acid that occurred most
frequently at cach position from a database of 131 zinc-
finger domain sequences |9]. Lxperimental studies
confirmed that CP-1 metal complexes adopt three-
dimensional structures chat are quite similar to those
observed for peptides based on naturally-occurring zinc-
finger sequences [9]. Additional studies indicated that
CP-1 binds metal ions more tightly than other zmc-
tinger peptides that have been characterized [9]. As metal
ion binding 1s required to induce folding for these pep-
tides, the higher affinities for metal 1on binding reflect
mare stable folding.

We have also designed and characterized a minimalist
zinc-finger peptide [8]. The amino-acid sequence of this
peptide, termed MZE was LysTyrAlaCysAlaAlaCysAla-
AlaAlaPheAlaAlaLysAlaAlaLeuAlaAlaHisAlaAlaAlaHis -
AlaLys. The metal-ligating residues (boldface] and the
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Spl:

KFACFE -~ -CZERITMESDHULSEXHIZTHSZNEE
3 Lt 3
SpIC
MEKL S35 DF S
P HACPE CCKSTFESEKSEHLOAHQRTHT GEE
PYRCFE--CCESTSRSDEULQRH2RETHTCE ¥-
PYEKEC?E--CETESFSRSDHLEZHDQRETHDNE

Fig. 1. The amina acid sequences of Sp1 and Sp1C, shown in
single-lctter code. Both proteins include the leader sequence
MEKLRNGSGDPGKKK, as shown. The last nine of these amino
acids occur in natural Sp1. The metal-chelating residues are in
hold face. The presumed base-conlacting residues (positions 13,
16, and 19) are underlined. In Sp1C, Asp is included in position
15 for domains 2 and 3 since Arg is present in position 13 in
these domains. In domain 3, Ser is present in position 18. This
deviation from the consensus sequence is believed to have no
effect on DNA binding or ather properties.

conserved hydrophobic residues (underlined) are included
in this sequence, with the remainder of the residues being
Ala except for three Lys residues which were included to

increase water solubility,. NMR and other studies revealed
that this peptide binds metal ions with affinities in the
same range as those for natural zinc-finger peptides and
tolds into the canonical zinc-finger structure |8].

We selected Sp1 as a model system to compare directly
the properties of a natural zinc-finger protein with those
of designed proteins. This choice was based on the
extensive work on the DNA-binding properties of this
protein and its DNA-binding domain [10,11] and our
familiaricy with this system |4,12].

Results and discussion

Design of consensus framework-based Sp1 and

binding-site selection results

The sequence of the DNA-binding domain of $pl
is shown in Fig. 1, together with that of a designed protein
termed SplC. In SplC, the Spl framework has been
replaced by scquences  derived  from  a slightly
modified consensus peptide beginning at the first metal-
coordinating Cys residue on the first zinc-finger domain
and ending at the last metal-coordinating His residue of the
third zinc-finger domain. The contact residues in positions
13,16, and 19 of each domain from the Sp1 sequence were
retained. In addition, for the second and third domains an
Asp residue in position 13 was retained, since an Arg residue

Binding sites for Spl Binding sites for Sp1C

@
§'-6 TGGC G §5'=G GGGGCGGAT A -3

2 T GGG T A GGAGGGA G
3 € GGG T A AGCGGGG G
4 T T6GC ¢ T A AGGGCGGGG T
5 T GGG G T A GGGGCGGGG T
6 G TGG G T T TGGGCGTGC C
7 A GGG ¢ C C TGGEGGAGGAG G
8 G GGG G A T T6G6CAGGGG T
9 cC TGGC T A G 6GG6G6GCGTGG T
10 T GGG AC G TGGGCGGGA A
1 T TGG A A € TEGGEGCGGGG T
12 cC T6G6G T A A GGGGCGGGG G
13 A GGC T G G TGGGTGGGG A
14 A GCG T C A GGGGCGGGG A
15 C TGS A C A TGGGCGTAT T
16 A GGG G T €C ACGACGGGG T
17 A TAG A C G AAGGCGAGG T
18 A TGG ¢ < G 6G66GCGGGG C
19 G 66T G ¢ €C TGGGTGGAG T
20 C ATC G C A TAGGTG GG T
21 T GGA G C A TGGGCG G C
22 G TGG G T A GGGGCG [ Y
23 A GGGT T G G Ga A G G A
24 C AGCG T A G GG G G G
25 A GGG 6T cC TG G T A
26 A GGG G T G GG G G ¢
27 ¢C GT6 T A ¢ TG G G A
28 A GGG G T G G G G C
29 G TGG T A T G G G c T
30 G TGG G ¢ A GGG G T C
31 A GGA G G A TGG G G A
32 A GAG [ ¥ A AGGC G G T
33 A AGGC A C A TGG G A A
34 A AGG T A G GGG G G T
EH A CGG T G T TGG G AC
36 cC TGG T A G GGG G c ¢
37 A TCT G T A TGG G G ¢
38 C TGG G T A GGG G G ¢
39 G GGG crT ¢ TGG G G A
40 T GGG T G G CG¢ G T G
41 T TGG G G G
42 A TGG G G G
43 G TGG G T A
44 G GGG G G T
45 A GGG G AT
46 G GGG G G A
47 A TGG G AC
48 T TGG G G C
49 G TGG G c G
50 G GGG 14 G A

40

35
30
25
20
15
10

Number

1 2 3 4 5 6 7
Position

=]
€]

60

50

40

30

Number

20

Position

Fig. 2. Binding-sile selection results for Sp1 and Sp1C. (a) Aligned DNA oligonucleotide sequences afler the fifth round of selection.
Only the presumed binding site (9 bp) and its flanking two bases are shown. (b) Binding-site histograms for Sp1 and (c) Sp1C. Red, A;

vellow, C; blue, G; green, T.
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is present in position 13 in these domains and Argl3 and
Asp15 have been found to intevact based on statistical [12]
and structural observations [2]. The switch from the Spl
framework to the consensus framework reflects a total of 25
point mutations and 4 residue deletions from Spl.

The favored binding sites for Sp1 and Sp1C were deter-
mined using selection from pools of oligonucleotides con-
taining a potential binding site of 11 randomized positions.
After five rounds of binding-site selection, the shifted signal
appeared to be saturated both for Spl and for Sp1C. More
than 40 sequences from each cloned pool were deter-
mined, as shown in Fig. 2. The DNA-binding site prefer-
ences for both Spt and SplC were readily observed to be
5'~(T.G)GG G(C,A)G GG(G,T)-3". This agrees well with
reported Sp1 binding sites. No significant preferences werc
found for the flanking sequences, indicating that essentially
all of the base-specific contacts were directed at these nine
base pairs. The binding-site profiles of Sp1 and Spi1C
resemble each other closely, implying the same set of inter-
actions between IDNA bases and side chains of the contact
residues. The strong preference of both proteins for G in
the seventh position of the binding site 1s striking in that
the ‘contact’ residue for this base is position 19 in the firsc
finger domain, which is an Ala residue in both cases. Many
zne-finger domains of this subclass have Arg in this posi-
tion, which 1s known to contact this G directly [2]. In
natural Spl, the previous residue in the sequence is Arg,
which might have been taken to indicate that an alternacive
Arg G contact can form. In Sp1C, however, this Arg is
replaced with Gln and yet no significant difference in
the binding site preference is observed, ruling out this
explanation for the specificity for G at position 7.

Comparison of DNA-binding thermodynamics

for Sp1 and Sp1C

To examine the thermodynamic basis of  binding-site
selection, we used individual binding assays to determine
the dissociation constants for the two proteins bound to
ditferent DNA sites. As shown in Table 1, Spl and Sp1C
bind to the sequence -GGG GCG GGG-3' optimally
with apparent affinities of 25 and 4 nM, respectively.
Apparent dissociation constants were determined for a

]
’7Table 1. Dissociation constants (Ky) of Sp1 and Sp1C DNA
complexes.
Binding site K for Sp1 (nM) K for Sp1C (nM)

GGG GCG GGG 25 (1) 4(0.3)

1GG GLG GGG 23 4(0.4)

GAG GCG GGG 205 (31) 47 (5)

GGA CGCGC GGG 350(18) 98 (6)

GGG ACG GGG 367 (65) 102 (17)

GGG CGAG GGG 70 (3 251

GGG GCA GGG 408 (29) 121 (8)

GGG GCGAGG 42 (6) 11Q)

GGG GCG GIG 191 (21) 3146)

GGG GCG GGT 45 (2 40 (3]

Estimated standard deviations are shown in parentheses,
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Fig. 3. Binding-site discrimination by Sp1 and S$p1C. The ratios of
the dissociation constants for a series of binding sites with single
base changes relative to the optimal site, 5'-GGG GCG GGG-3',
are plotted for both proteins. Sp1, blue bars; Sp1C, red bars.
These trends for the two proteins are quite similar, with Sp1C
showing better discrimination at all positions.

series of binding sites with single base changes from the
optimal sequence (Tig. 3). The overall trends in discrimina-
ton are quite similar for Spl and Sp1C. However, Sp1C
discriminates more strongly against the alternative binding
sites than does natural Spl. For the sites examined, the
average improvement in discrimination is ~2-fold. Thus,
natural Spl is not as selective as possible for its consensus
binding site. Natural Spl acts as a general transcription
factor and must therefore interact with a large number of
different sites in vivo [10], perhaps explaining the lack of
optimized binding specificity.

Binding to the optimal site 5'-GGG GCG GGG-3" was
also examined by DNasel footprinting and methylation
interference assays (Fig. 4). The results with the two pro-
teins were quite similar. In both cases, methylation of any
of the guanines in the binding sequence was found to
inhibit binding. Interestingly, methylation of G in posi-
tion 7 was found to have a slightly smaller inhibitory
effect on binding than methylation at the other sites. This
is consistent with the presence of Ala in the correspond-
1ng contact position as discussed above and with the rela-
tively low (~2-3 [old) discrimination between G and A
in this position {Table 1). The structural basis for this
preference for G remains w be determined.

DNA-binding properties of proteins containing minimalist
zinc-finger domains

To explore the minimum requirements for the zinc-finger
framework necessary for maintaining specific 1DNA
binding, we generated variants of SplC that had single
domains replaced with domains based on a minimalist
zinc finger. As shown in Fig. 3. a protein termed
Sp1C-2M was prepared in which the middle zinc-finger
domain of Sp1C. was replaced with a minimalist one. This
domain has 12 of the residues between the first
Cys and the second His replaced with Als; the only
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Fig. 4. Sequence-specific DNA hinding propertics of Sp1C and Sp1. (a) DNascl footprint titrations. The first lanc shows the guanine
positions derived from reaction with dimethyl sulfate (DMS). (b) Mcthylation interference assay. Lane 1, DNA probe reacted with only
DMS {control lane); lane 2, shifted band, 30 nM Sp1C; lane 3, unshifted band, 30 nM Sp1C; lane 4, shifted band, 150 nM Sp1; lane 3,

unshifted band, 150 nM Sp1.

residues left fixed are the four metal-binding residucs, the
conserved hydrophobic residues (Phe, Leu), and the three
presumed DNA-contacting residues (Arg, Glu, Arg). In
addition, a second protein, SplC-2M{K9, 1)15), was
created that replaced the Ala residue in position 9 with
Lys, a relatively conserved residue [6] that makes a DNA
backbone contact |2], and the Ala residuc in position 15
with Asp, a residue that interacts with Arg in position 13
[2]. Finally, a protein termed Spl1C-3M, which has the
carboxy-terminal zine-finger domain replaced with a
minimalist one, was also prepared.

Partial-binding-site sclections, in which only the three bases
presumed to interact with the minimalist tinger domains
were randomized, were performed. An oligonucleotide pool
containing sequences of the form 5-GGG NNN GGG-3'
was emploved for selection on Sp1C-2M and Sp1C-2M{KY,
115) whereas a pool containing sites of the form
3-NNN GCG GGG-3' was used with SpTC-3M. The
results of the binding-site selection experiments are shown in

Sp1C-2M, Sp1C-2M(K9, D15

1ZKTLRNGSGDDGXKEK

. CPRCUGRSFEESSHLCAHQRTHTQE K-

SYYCANACAAAFAEAAELAZH NHT SR K-
¥ n

Fig. 5. The amino-acid sequences of proteins containing
minimalist zinc-finger domains. Bold, metal-chelating residues;
underlining denotes presumed base-contacting residues.
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(@ SplC2M Sp1C-2M(K9, D15) SplC-3M
1 676 GCG GGG
2 GTA GTA G2rG
3 GAG GCaA TGG
4 ¢T6C GAG CAG
5 aCG GAG 5CG
5 GCG GCG AGG
7 GCG GAG GAG
8 TGA GCG TGC
$ GCnr 5CG
10 666 TGG
11 GAC GGG
12 GAAG
13 GGG

b 12

10 n
8
E 6 |‘ !
3
z
4 n n
2 ‘
| i
0 —

1 2 3 12 3 1
SpIC2M  SpIC-2M (K9, D15)

2 3
Sp1C-3M

Fig. 6. Binding-site preferences for proteins containing minimalist
domains. (@) Binding site tabulations and (b) histograms for
Sp1C-2M and SpTC-2MK9, D151 and Sp1C-3M. Results for
Sp1C-2M and Sp1C-2MiK9, D151 arc on binding sites of the
form 53'-CCA GGG NAN GGG TGG-3. Those for SpTC-3M are
on binding sites of the form 5 - CCA NNN GCG GGG TGG-3 .
Redl, A; vellow, C; blue, G; green, T.

[ig. 6. Tor SpI1C-2M the subsite 5-GNC-3" was found to be
preferred. The G bases are presumably being contacted by
two Arg residues o1 positions 13 and 19, However, there was
10 apparent preference for the central position which would
be recognized via the Glu residue in positdon 16,
Interestingly. Glu residucs m corresponding positions in the
Zif268 co-crystal structure were not observed o make speci-
tic hydrogen-bonding interactions with the DNA |2]. The
wehsion of the two additonal non-alanine residues in
SpIC-2MKY, DI15) led o selection of the  subsite
5= GIC.AYG-3"This more closely matches the subsite recog-
nized by Spland SplC. Thus, these additdonal residues give
increased sequence diserimination, presunably by mercasing
the intimacy ot the interaction between the protein and the
DINA. Binding site selections revealed that the third zine-
tinger domain of SpT1C-3M prefers the subsite 3-GGG-3" as
do the corresponding domains in Spl and Sp1C (Fig. 0). All
three mimmalist finger-containing proteins were found to
bind DNA n 2 sequence-dependent manner, as Judged by
the DNAsel toorprintng results shown in Fg, 7.

Despite the maintenance of the same optimal binding
ased
attinities towards their optimal binding sites. Based on
yel=shift titrations, Spl1C-2M binds to 3-GGG GCG
GGG 3 with 2.8 uM affinity. about 400-fold weaker

sequences, the minimalist construces display de

than Spl1C. SpI-2M{K9, D15} showed an athinity ol

600 nM, onlv a three-fold merease over Spl-2M. The
affinity of Sp1C-3M for its optimal site was found to be
2 UM. I'hus. other features of the natural and consensus
framework must be responsible tor their increased
aftinity for DNA - compared  with the
domain-based proteins.

minumalist

Stability of Sp1 and Sp1C to inactivation by chelating agents
Many zine-finger proteins are known o be inactivated
by treatment with zinc-chelaring agents. The increased
affinity of the single-domain consensus zine tinger peptide
tor metal 10ns compared with natural-sequence zine-
finger peptides [9] suggested that SplC would be less

-
——— — e Wt
- —— ——— -
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Fig, 7. DNasel footprinting results of the SpT variants. Lane 1, no
protein: lane 2. 500 nM Sp1; lane 3, 250 nM Sp1; lane 4, 100
nM SpIC: Tane 5, 50 nM Sp1C; Tane 6, 5 UM Sp1C-3M: Tane 7,
A M SpIC-2M; lane 8, 2 pM SpTC-2MiKS, D150
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Fig. 8. Time-course of EDTA inactivation assays of Sp1 and Sp1C.
Sp1C and Sp1 were treated with 50 mM EDTA for varying
periods of time before incubation with DNA. DNA binding was
analyzed by gel mobility shift assays.

susceptible to inactivation than its natural counterpart. As
shown in Fig. 8, treatment of 1 UM Spl with 50 mM
EDTA rapidly and completely abolished its DNA-binding
activity. Similar treatment of Sp1C for up to 65 min still
led to readily detectable protein-DINA complex forma-
tion as determined by gel mobility shift assays. Similar
results were obtained when the EDDTA treatnient was per-
formed after incubating the proteins and DNA together
(data not shown). These results indicate that the consen-
sus-sequence-based protein is both  kinetically and
thermodynamically less susceptible to inactivation by
chelating agents than is the natural protein.

Significance

Many transcription factors use zinc fingers to
recognize DNA. The selectivity of DNA binding
by the zinc finger determines the specificity of
the transcription factor for its binding site, and
thus determines its biological effects. Previous
mutagenesis and structural studies have suggested
that three amino-acid residues in each domain
contact DNA and are important in determining
DNA-binding specificity. We have shown that these
contact residues can be transferred from a natural
protein, Sp1, onto completely different zinc-finger
structural frameworks with retention of DNA-
binding specificities. These results provide the
most direct evidence to date that the contact
residues determine the specificity of binding.

We also studied proteins containing three differ-
ent minimal zinc-finger domains, in which
essentially all of the amino-acid residues except
for the metal-binding, conserved hydrophobic,
and contact residues are replaced with Ala.
Although these minimal domains are functional
in that they bind to zinc and to DNA, they show
decreased specificity and affinity for DNA
binding. Thus, although the identity of the
contact residues is the most important single
factor in determining the DNA-binding charac-
teristics of zinc-finger proteins, other elements
in the framework regions also have some effect.

The designed protein Sp1C, which contains the
consensus zinc-finger framework residues, binds
more tightly and more specifically to a consensus
target site than does Spl, and also binds more
tightly to zinc. Thus, the DNA-binding and metal
ion binding characteristics of natural Sp1 are not
optimized. This may be important for the ability
of Spl to bind to a large number of different
promoters. It should be possible in the future to
alter both the metal-ion affinity of a protein and
its DNA-binding properties in a rational manner.

Materials and methods

Strains, plasmids, and cloning

The bacterial strains used include Escherichia coli K12 strain
71-18 (New England Biolabs), B strain BL21 (DE3) plys S
[13], and Epicurian coli SURE cells (Stratagene). The bacterial
plasinids used include pKK223-3 (Pharmacia), pEMBL |14]
and pG5 [13]. The expression vectors pKK223-3 and pG5
contain a Tac promoter and T7 RNA polymerase promoter,
respectively, both of which are inducible with isopropylthio-
galactoside (IP1'G). All synthetic DNA oligonucleotides used
in the polvinerase chain reaction (PCR) were synthesized on
an Applied Biogystemns Model 392 synthesizer, and purificd
from oligonucleotide  purificarion  cartridges  (Applied
Biosystems). Standard methods were used throughout this
work for the solation and manipulation of plasmids and DNA
fragments. Designed proteins were constructed using estab-
lished PCR site-directed mutagenesis techniques [16] and
verified through plasmid sequencing with Scquenase Version
2.0 (United States Biochemical). All restriction enzymes and
buffers were purchased from New Lngland Biolabs.

Construction and purification of Sp1 variants

A synthetic 87 base pair oligonucleotide harboring Ndel, Miul,
Agel, Xmal and Sall restriction sites in tandem was cloned into
Ndel/ Sall sites in pG3 to create a suitable polvlinker. The DNA
sequence beeween Ndel and Miul siees (5'-CATATGGAAAAA-
CTGCGGAACGGATCCGGGGACCCTGGCAAAAAGAA-
ACAGCACGCGT-3) encodes an 18 amino-acid leader sequence
before the first zinc-coordinating Cys residue. The oligonu-
cleotides coding for the first and third zine fingers were ligated
into Mhul/ Agel sites and Xmal/ Sall sites, respectively. The second
finger was cloned into Agel/ Xmal sites to complete a three-finger
construct. The genes encoding all Spi variants were created in
this fashion. To minumize homologous recombination for the
minimalist variants, Epicurian coli SURE cells were employed. The
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Spl-cncoding fragment was expressed from pKK223-3. All of the
proteins were expressed and purified to >95 % homogeneity as
described previously [7]. The concentration of Sp1 was estimated
from the absorbance at 280 nm based on a molar extinction coef-
ficient of 22 400 M~! cm™". The concentrations of the designed
proteins were determined from the absorbance at 275 nm based
on a molar extinction coefficient of 2840 M~ e !

Binding-site selection assays

Binding sites were determined via gel-shift selection/PCIR
amplification procedures. For Spl and Sp1C. a 46-base DNA
oligonucleotide containing EroRTand BamHI sites at either end,
5-CTCGGTACCGAATTCCANNNNNNNNNNNTAAG-
CTTGGATCCTCTAG-3, was used. The “P-labeled DNA
fragment was suspended in distilled H,O and mcubated with
target protein in a 20 fl reaction volume with 25 mM Tris-CL
pH 8, 10 % glycerol. 100 mM KCI, 100 UM ZnCl,, 2 mM
dithiothreitol (DTT), 2 pg ml™' dI-dC and 50 pg mI~! bavine
serum albumin (BSA} for 30 min at 23 “C. The protein concen-
trations used for the first round of selection varied from 0.2 ro
5 UM. Typically, a series of five=fold dilutions of protein was
employed to ensure that any retarded bands were observed. The
gel mobility shift assay was carried out in a 1.8 % Sea-Plaque
low-melting agarose (FMC BioProducts) gel with Tris-glycine
buffer (50 mM Tris-Cl. 400 mM glycine, pl18.3) at 4 “C. The
shifted band was excised and meleed in 50 ul H,O at 65 °C. 1 ul
of the melted gel was used for PCR amplification. After five
rounds ot selection, the PCR product was gel-purified, digested
by BanHI/EeoRTand cloned into pEMBLLA sufficient number
of clones were sequenced to deduce a well-defined consensus
binding site. For Sp1C-2M, Sp1C-2M(K9., D13), and Sp1C-3M,
the center 11-base randomized sequence was replaced with
cither 5'-GGGNNNGGG-3' or 5-NNNGCGGGG -3 to
confine the randomized site to the region contacted by the
minimalist zine-finger domain, Three rounds of selection were
sutficient to determine the binding-site consensus

Meastirement of dissociation constants

Dissociation constants (K for zinc-finger protein- DNA
interaction were measured via gel mobility shift assays. All
binding sites used were synthesized and subcloned into
LeoRI/ BamHI sites in pEMBL. All binding sites used were
~80) base-pairs long. Plasmids containing binding sites were
digested with EcoR1, *2P-labeled, and further digested with
BamHL The resulting DNA probes were purified with 3 %
Nusieve agarose gels (FMC BioProducts). The concentrations
of the DNA probes were estimated to be less than 100 pM.
Pilot experiments were performed to estimate the approxi-
mate dissociation constant, then five concentrations of protein,
centered around the K, were used for gel mobility shift assays.
The radioactive signal was analyzed using a Phosphorimager
(Molecular - Dynamics) and  the  data were it using
Kaleidagraph (Abelbeck Software). For binding sites of the
form 5'-(G, T)GG G{C,A)G GGG, T}, each tabulated K rep-
resents the average of five gel-shift experiments. For single
point mutations of the site 3'-(T, G)GG GCG GGG-3', each
ubulated K represents the average of two experiments.

DNasel footprinting, methylation interference, and EDTA
inactivation assays

DNasel footprinting  experiments were  carried  out as
described previously [7]. Experiments were performed in 23
mM Tris-CL pH &, 100 mM KCI, 2 mM DTT, | mM MgCl,,
5mM CaCl,, 100 uM ZnCl, with 2 ug ml™! dI-dC and
50 g ml™! BSA. For methylation interference experiments,

100 000 ¢pm-aliquots of DNA probe were incubated with
1 ul of dimethylsultate (DMS) in 200 pl of reaction buffer
(50 mM sodium cacodylate, | mM EDTA, pH 8) at 25 C for
3 min. The reactions were stopped by addition of 50 pl DMS
stop buffer (1.3 M sodium acetate, | M B-mercaptoethanol,
pH 7). Using these probes, the methylation interference
experiments were performed as described [17]. For the
EDTA inactivation assays, | UM solutions of proteins were
incubated with 30 mM EDTA for various amounts of time
under gel mobility shift buffer conditions. The #2P-labeled
DNA probe was then added and the mixture way loaded into
a running gel 30 s Later,
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