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ABSTRACT

The Wilms’ tumour suppressor protein (WT1) is a
putative transcriptional regulatory protein with four
zinc fingers, the last three of which have extensive
sequence homology to the early growth response-1
(EGR-1) protein. Although a peptide encoding the zinc
finger domain of WT1[-KTS] can bind to a consensus
9 bp EGR-1 binding site, current knowledge about the
mechanisms of zinc finger-DNA interactions would
predict a more extended recognition site for WT1.
Using a WT1[-KTS] zinc finger peptide (WT1-ZFP) and
the template oligonucleotide GCG-TGG-GCG-NNNNN
in a binding site selection assay, we have determined
that the highest affinity binding sites for WT1[-KTS]
consist of a 12 bp sequence GCG-TGG-GCG-(T/G)G/
A/T)(T/G). The binding of WT1-ZFP to a number of the
selected sequences was measured by a quantitative
nitrocellulose filter binding assay, and the results
demonstrated that these sequences have a 4-fold
higher affinity for the protein than the nonselected
sequence GCG-TGG-GCG-CCC. The full length WT1
protein regulates transcription of reporter genes
linked to these high affinity sequences. A peptide
lacking the first zinc finger of WT1[-KTS], but contain-
ing the three zinc fingers homologous to EGR-1 failed
to select any specific sequences downstream of the
GCG-TGG-GCG consensus sequence in the binding
site selection assay. DNA sequences in the fetal
promoter of the insulin-like growth factor Il gene that
confer WT1 responsiveness in a transient transfection
assay bind to the WT1-ZFP with affinities that vary
according to the number of consensus bases each
sequence possesses in the finger 1 subsite.

INTRODUCTION

Wilms’ tumor, or nephroblastoma, is a renal malignancy that is
associated with aniridia, mental retardation and urogenital
malfunction (the WAGR syndrome), affecting approximately 1 in
10 000 children under 16 years of age [for reviews see (1,2)]. A
loss of heterozygosity can be detected at 11p13 in Wilms’ tumor
tissues but not normal tissues from the same individual (3—8). The
smallest 11p13 deletion overlap found in affected individuals was

resolved into a telomeric locus for aniridia (AN2) and a
centromeric locus containing the putative Wilms’ tumor gene
WT1 9).

WT1 encodes a protein that has several features characteristic
of transcription factors: it has a negatively charged amino
terminus which contains a high concentration of proline and
glutamine residues, and a putative DNA binding domain located
at the carboxyl terminus containing four contiguous zinc finger
motifs (9,10). The last three zinc fingers share a high degree of
amino acid sequence homology with the three zinc fingers of the
early growth response proteins EGR-1 and EGR-2, which are
involved in regulating cell proliferation (11,12). Four cDNAs,
encoding isoforms of the WT1 protein, arise from differential
splicing of the primary transcript, and have been found in various
amounts in certain tissues. Alternative splicing can result in the
in-frame insertion of 17 amino acids into the P/Q domain (9), or
an in-frame insertion of three amino acids between the third and
fourth fingers of the DNA binding domain (13), or both
insertions. Recent studies have demonstrated that the form of the
WT1 zinc finger polypeptide lacking both of these insertions
(WT1[-KTS]) can bind to DNA sequences similar to a consensus
site for the EGR-1 protein, and can regulate promoters containing
such sequences (14,15).

EGR-1 (also called NGFI-A, Zif268 and Krox-24) binds to the
9 bp sequence GCG(G/T)GGGCG (16,17), a sequence motif
present in the promoter regions of EGR-I itself and other
immediate-early genes (17). Other promoters which contain
EGR-1 regulatory sites include platelet-derived growth factor A
chain (18), insulin-like growth factor II (IGF-II) (19), adenosine
deaminase (20) and a-myosin heavy chain (21).

Despite the fact that both WT1[-KTS] and EGR-1 can bind to the
same DNA sequence, it is not clear what the preferred target
sequence for WT1[-KTS] is, and how the affinity and specificity
of WT1[-KTS] for such sites would compare with competing
factors like EGR-1. Recent crystallographic studies of a complex
formed between the zinc finger domain of the EGR-1 protein and
a consensus DNA recognition sequence (22) provided a structural
basis for the observations that EGR-1 and WT1[-KTS] recognize
the same DNA sequence. These studies identified those critical
amino acids which contact specific base pairs in the consensus
EGR-1 binding site GCG-TGG-GCG. These contact amino acids
are completely conserved in the WTI1[-KTS] protein, thus
implying a similar role in the binding of the last three zinc fingers
of WT1[-KTS] to the 9 bp EGR-1 recognition sequence (Fig. 1).
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Figure 1. (A) DNA sequence of the peptide encoding insert in plasmid pET-WT1ZFP, with the amino acid sequence of the peptide. The region of sequence underlined
is deleted in plasmid pET-WT1AF1, the peptide product lacking the first zinc finger of the WT1 protein. Amino acids in fingers 24 that are boxed correspond to the
amino acids of EGR-1 that are involved in specific DNA recognition, and that in WT1 are proposed to play an analogous role. Amino acids in finger 1 that are enclosed
with dashed boxes occupy positions in the alpha helix that could be involved in DNA interactions. (B) Diagrammatic representation of the zinc finger:3 bp DNA subsite
interactions in the EGR-1-DNA complex, and the proposed interaction of the four WT1 zinc fingers with DNA.

The crystallographic data indicates that each of the three fingers
of EGR-1 interacts with a specific 3 bp subsite within the 9 bp
consensus binding site (Fig. 1B). The yeast MIGI1 repressor
protein has two zinc fingers corresponding in sequence homology
to fingers 2 and 3 of EGR-1. This protein recognizes a 6 bp G rich
sequence (23). This trend predicts that WT1[-KTS] will recog-
nize a specific 12 bp sequence, the first 9 bp of which will
correspond to the EGR-1 consensus sequence. The effects on
WT1-ZFP binding of mutating sequences within and flanking an
EGR-1 consensus site suggested that this zinc finger peptide
derived from WT1[-KTS] recognizes a longer sequence (15,24).

To determine the role of the first zinc finger of WT1[-KTS] in
DNA binding, we have used an in vitro binding site selection
assay (SAAB) (25). From the crystal structure data available for
the EGR-1-DNA complex, it was reasonable to hypothesize that
the first finger of WTI[-KTS] should contact the 3-4 bp
immediately downstream of the EGR-1 consensus site (Fig. 1B).
Therefore, an oligonucleotide with flanking primer sites and
including the target sequence -GCGTGGGCGNNNNN- was
synthesized and used as a template in the SAAB assay. After four
cycles of selection/amplification with either WT1-ZFP, a re-
combinant peptide containing the four zinc finger motifs of WT1,
or WT1AF1-ZFP, a recombinant peptide containing fingers 2—4
of WT1, high affinity binding sites were cloned and sequenced.
The selected high affinity binding sites for WT1-ZFP had the
sequence: GCG-TGG-GCG-(T/G)A/T/G)(T/G)NN, whereas

the WT1AF1-ZFP did not demonstrate any sequence preference
at the corresponding DNA binding subsite. These results indicate
that the first zinc finger of the WT1[-KTS] protein is indeed
required for the recognition of additional specific DNA se-
quences contiguous with an EGR-1 binding site. A quantitative
binding assay was used to demonstrate that WT1-ZFP has
approximately a 4-fold higher affinity for the selected sites versus
a nonselected sequence. The ability of a consensus high affinity
binding site for WT1[-KTS] to act as a regulatory sequence in
mammalian cells was confirmed using a reporter gene assay.

MATERIALS AND METHODS

Purification of recombinant WT1-ZFP and
WT1AF1-ZFP proteins

The synthetic genes encoding the four zinc finger domain
(WT1-ZFP) and the last three zinc fingers of the domain
(WT1AF1-ZFP) of WTI1[-KTS] were created by PCR, using
cDNA prepared from human fetal kidney tissue (Clontech) as a
template. For the construction of WT1-ZFP, appropriate primers
were synthesized to allow for the amplification of a cassette
incorporating the WT1[-KTS] coding sequence from the unique
AfIII site to the termination codon (Fig. 1A). PCR products were
initially cloned into pUC18. The desired clones were identified by
DNA sequencing, and designated pUC-WT1ZFP. A PCR cassette



encoding only the last three zinc fingers of WTI1[-KTS]
(WT1AF1-ZFP) was generated using the pUC-WT1ZFP con-
struct as a template, the original downstream PCR primer and an
upstream primer with the sequence GCGCGCGGCCGAATT-
CATATGGAGAAA CCATACCAGTGT (Fig. 1A). This PCR
product was cloned into pUC18 and the correct clone identified
by DNA sequencing. Once the sequences were verified, the zinc
finger cassettes were cloned into the Ndel/BamHI restriction sites
of the T7 expression vector pET-16b (26) to yield the plasmids
pET-WT1ZFP and pET-WT1AF1. The resulting synthetic genes
encoded zinc finger peptides with a histidine tag and factor Xa
cleavage site fused to the amino terminus (Fig. 1A).
Recombinant proteins were expressed by inducing log phase
E.coli [strain BL21(DE3)] containing the pET-16b constructs
with isopropyl-p-D-thiogalactopyranoside (1 mM). The cells
were harvested 3 h later by centrifugation at 7500 r.p.m. in a
Beckman JA-14 rotor. The cell pellets were washed with buffer
A (10mM Tris-HCl, pH 7.5 at4°C, 5 mM MgCl, 250 mM NaCl,
10 mM PMSF, 10% glycerol, 5 mM DTT, S mM imidazole), then
resuspended in the same buffer and lysed by ultrasonication
(8x15 s pulses on ice with 1.5 min intervals between pulses). Cell
debris was pelleted by centrifugation in 15 ml corex tubes at
16 000 r.p.m. for 15 min in a Beckman JA-21 rotor, and the
supernatant was discarded. The proteins were extracted from the
inclusion bodies by incubation overnight at 4°C in 10 ml of buffer
B (buffer A containing 5 M urea). Recombinant zinc finger
peptides were purified to homogeneity using a 1 ml nickel-chelate
affinity column. After washing the column with 2 ml of buffer B
containing 50 mM imidazole, the recombinant protein was eluted
with 1 ml of buffer B containing 150 mM imidazole followed by
1 ml of buffer B with 250 mM imidazole. Protein concentrations
were determined by the Bradford method, using BSA as the
standard (27). Protein yield averaged 10 mg per litre of bacterial
culture. On SDS-PAGE, the purified WT'1-ZFP migrated with an
apparent molecular weight of 22 000 kilodaltons (kDa), and the
WT1AF1-ZFP with an apparent molecular weight of 17 000 kDa.

Selection amplification and binding (SAAB) assay

The SAAB assay was used according to the published procedure
(25) with several minor modifications. A 69 bp oligonucleotide
was synthesized that included the target sequence
-GCGTGGGCGNNNNN- flanked by BamHI and EcoRlI restric-
tion sites and by binding sites for M13 universal forward and
reverse sequencing primers. Primer extension was used to convert
the template oligonucleotide into a mixture of 1024 double stranded
DNA sequences. Following second strand synthesis, the DNA was
labeled using [0-32P}dATP, in the presence of MI3 universal
primers and the Klenow fragment of DNA polymerase 1.

Labeled DNA (10-20 000 c.p.m.) was incubated with either
WT1-ZFP or WT1AF1-ZFP for 20 min at room temperature in a
buffer containing 20 mM HEPES, pH 7.5, 70 mM NH4Cl, 7 mM
MgClp, 0.1% NP-40, 10 uM ZnCl,, 2.5 mM DTT, 100 pg/ml
BSA, 30 pg/ml poly dI-dC, 6% glycerol. Bromophenol blue and
xylene cyanol were added and the reactions were loaded
immediately onto a non-denaturing 6% polyacrylamide gel in a
buffer containing 89 mM Tris, 89 mM borate, 2 mM EDTA.
Following electrophoresis at 200 V for 3 h at 4°C, the gels were
subjected to autoradiography. The band corresponding to the
DNA-protein complex was cut out the gel, and the bound DNA
in the gel slice was eluted by incubation overnight in 250 ul of 0.5
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M ammonium acetate, ] mM EDTA at 37°C. Labeled DNA was
then prepared for the next selection round using the eluted DNA
as atemplate in a PCR reaction (25). In the first round of selection,
the protein concentrations were 25-100 nM; in the next three
rounds the concentrations were reduced to 6, 3 and 0.75 nM
respectively. DNA isolated from the last round was amplified and
the product digested with BamHI and EcoRI for cloning into
pUCI19. After transformation of E.coli IM109, 36-50 clones were
randomly selected, and plasmid DNA prepared. The base
sequences of the EcoRI/BamHI inserts in these constructs were
determined using an ABI 373A automated DNA sequencer.

Nitrocellulose filter binding assay

The binding affinities of a series of DNA sequences for the
WT1[-KTS] zinc finger peptides were quantified using a
nitrocellulose filter binding assay developed to study zinc finger
protein—-DNA interactions (28).

Transient transfection assays

The mammalian expression vector pCB6+ and its derivative
pWT1, which contains a complete cDNA encoding the WT1
tumour suppressor protein lacking either the 17 amino acid
insertion in the transcriptional regulatory domain or the three
amino acid insertion in the zinc finger domain (29), were
generously provided by Dr T. E. Deuel. Plasmid AMTV-CAT,
which encodes a cDNA for chloramphenicol acetyltransferase
(CAT) under control of a mouse mammary tumour virus promoter
(30), was a kind gift from Dr R. Evans. The CAT reporter
plasmids were constructed by cloning oligos containing either
one or three repeats of the indicated WT1 binding motif into the
unique HindlIII site upstream of the transcription start of the CAT
gene in AMTV-CAT. HepG2 cells (ATCC HB8065) were
cultured in minimal essential media with Earle’s salts, L-gluta-
mine and non-essential amino acids (Gibco-BRL) with 1 mM
sodium pyruvate and 10% fetal calf serum. Cotransfection of
HepG2 with 8 g of either pWT1 or pCB6+, 2 g of CAT reporter
plasmid and 3 pug of pSVB-gal (Promega) in 60 mm plates utilized
a calcium phosphate protocol (31). Cell extracts were prepared in
1x Reporter Lysis Buffer (Promega) 48 h after transfection.
B-galactosidase activity was measured (32) and was then used to
normalize the cell extracts for transfection efficiency before the
extracts were assayed for CAT activity. CAT activity was
measured by a non-chromatographic technique utilizing solvent
partitioning of the labeled substrate ([!4C]-acetyl coenzymeA)
from the product ([!4C]-acetylated chloramphenicol) (33).

RESULTS

Isolation of DNA binding subsite for finger 1 of
WT1-ZF by SAAB

The selection/amplification assay (25) was used to identify the
preferred target sequences for the WT1-ZFP peptide, which lacks
the KTS insertion between fingers 3 and 4 introduced by
alternative splicing. Four cycles of SAAB analysis were carried
out to select high affinity binding sites from a low-degeneracy
pool containing the target sequence -GCGTGGGCGNNNNN-
flanked by PCR primer sites. This oligonucleotide was syn-
thesized assuming, based upon the crystal structure data available
for the EGR-1:DNA complex (22), that fingers 24 of WT1
would interact with the EGR consensus sequence
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Figure 2. Sequences of bases 10-14 arising from the random SAAB template
after four rounds of selection with WT1-ZFP. Fifty clones were isolated after
ligation into plasmid pUC18 and sequenced by standard methods. The
sequences have been sorted according to their identity at bases 10-12.
Nucleotides shown as ‘N’ could not be determined unambiguously, and these
were not used in calculating the distribution frequencies shown in Table 1.

GCGTGGGCG. By extension of the analogy to the EGR-1
protein, the first finger of WT1 should contact the 3—4 bases
immediately downstream of the EGR consensus site, which is the
region randomized in the template oligonucleotide. The
WT1AF1-ZFP protein which lacks the first zinc finger was used
in a parallel selection procedure to serve as a negative control.
After the final round of selection and amplification, high affinity
binding sites from the WT1-ZFP selection, as well as sequences
from the WT1AF1-ZFP selection, were cloned into pUC-19 and
36 or more clones of each were sequenced. The sequences of 50
clones chosen from the final pool of DNAs selected by WT1-ZFP
are shown in Figure 2. The percentage frequencies of the four
bases at each of the five randomized positions are shown in Table
1 for both WT1-ZFP and WT1AF1-ZFP. A chi-square test of the
base distribution at each position indicated that only the
distributions at positions 10, 11 and 12 in the WT1-ZFP selection
experiments were non-random (o < 0.025), while all other
distributions can be considered random (o = 0.05). The high
affinity binding site for WT1-ZFP had the sequence: GCG-TGG-
GCG-(T/G)(A/G)(T/G)NN. In contrast, WT1AF1-ZFP, that had
a deletion of the first zinc finger, showed no preference at all for
DNA sequences derived from the five degenerate positions. The
reproduciblity of the SAAB results was tested by repeating the
selection of sequences with the WT1-ZFP. The results obtained
were essentially the same (Table 1), with a slight difference in the
preference demonstrated for position 11 (G/T rather than A/G).

It is interesting to note that only a 3 bp sequence was selected for
the WT1-ZFP finger 1 binding subsite, while the nucleotides at
positions 13 and 14 remained random. This finding is consistent
with the paradigm of a 3 bp subsite recognition observed for a
number of EGR family proteins.

Table 1. Frequencies of nucleotides selected by WT1-ZFP and WT1AF1-ZFP

Position: 10 11 12 13 14
WT1-ZFP?

A 0.0(0.0) 30.0(13.9 140(11.1) 24.0(9.8) 30.0(43.0)
C 0.0 (0.0) 8.0(0.00 12.0(13.9) 38.0(16.1) 34.0(21.4)
G 36.0(55.6) 46.0(55.6) 34.0(38.9) 26.0(41.9) 22.0(17.9)
T 64.0 (44.4) 16.0(30.5) 38.0(36.1) 12.0(32.2) 14.0(17.9)
WTI1AF1-ZFP?

A 15.2 24.2 6.5 19.3 323

C 273 333 225 25.9 19.4

G 273 24.2 38.7 38.7 25.8

T 30.3 18.2 322 16.1 226

aCompiled from the sequences of 50 clones chosen randomly after the final
selection round. Numbers in brackets compiled from the sequences of 36 clones
obtained from the final selection round of a second, independent SAAB experi-
ment.

bCompiled from the sequences of 36 clones chosen randomly after the final
selection round.

Quantitative binding of WT1-ZFP to various DNA
sequences

A nitrocellulose filter binding assay (28) was used to determine
the affinities of the WT1-ZFP for several high affinity binding
sites selected in the SAAB assay. A non-selected sequence,
GCGTGGGCGCCC, was also tested for binding to WT1-ZFP.
Figure 3A shows typical binding curves measured for WT1
recognition sequences containing TGT and CCC finger 1
subsites, and for an unrelated sequence, a thyroid hormone
receptor response element (TRE). The values of the apparent
association constants (K, ) for the binding of WT1-ZFP to these
DNA sequences can be derived from the data assuming a simple
bimolecular interaction. The results of several independent
experiments indicate that the WT1 element with the consensus
TGT finger 1 subsite binds WT1-ZFP with an apparent K, of
8.40+1.21x108 M-1, while the nonconsensus CCC element has
an apparent K, of 2.1010.41x108 M~!. In comparison, the TRE
sequence binds WT1-ZFP with approximately two orders of
magnitude less affinity (K, estimated to be ca. 3x10° M~1). K,
values for a number of the selected high affinity binding sites
were measured using the same assay, and these sequences have
affinities for WT1-ZFP that are equal to that of the TGT sequence
(Table 2). In comparison, the WT1 element containing the CCC
finger 1 subsite significantly reduced the binding of the
WTI1-ZFP, decreasing the affinity 4-fold compared to the
selected, high affinity binding sites. The affinities of the TGT
element (K, = 1.67+0.05x108 M~!) and the CCC element (K, =
0.92+0.09x108 M-!) for the mutant peptide WTI1AF1-ZFP,
which lacks the first zinc finger of WT1, are almost equivalent
(Fig. 3B). It is apparent that the difference in affinities of selected
vs. non-selected sequences for WT1-ZFP is almost completely
attributable to the interaction of finger 1 with the base 10-12
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Figure 3. (A) Results of an nitrocellulose filter binding assay measuring the equilibrium binding of WT1-ZFP to the WT1 element with a TGT subsite for finger 1
(closed circles), the WT1 element with a CCC subsite for finger 1 (open squares) or a thyroid hormone receptor element (open circles). Curves represent the best fit
of the data in each case to a simple bimolecular equilibrium. (B) Results of an nitrocellulose filter binding assay measuring the equilibrium binding of WT1AF1-ZFP
to the WT1 element with a TGT subsite for finger 1 (closed circles) and the WT1 element with a CCC subsite for finger 1 (open squares).

subsite defined by the SAAB experiments (Table 2). These data
give a clear indication of the contribution made by finger 1 of the
WTI1-ZFP to the overall free energy of DNA binding. These
results also indicate that the SAAB assay easily discriminates
between elements that differ in their binding affinity for a specific
protein by as little as 4-fold.

Table 2.Relative affinities of WT1 binding sites for WT1-ZFP and
WTI1AF1-ZFP

DNA sequence? Relative affinity for Relative affinity for
WT1-ZFPb WTI1AF1-ZFPb

TGT 1.00 1.00

CCC 0.2240.04 0.5640.07

GGG 0.9840.26 nd.

TAG 0.98+0.37 nd.

GGT 0.8140.30 n.d.

aSequence of bases 10-12 (finger 1 subsite) are shown.

bDetermined as the ratio of the apparent K, measured for each binding site to
that measured for the TGT binding site in parallel. Mean * standard deviation
reported for two or more independent determinations, n.d. = not determined.

WT1 binding sites have been identified in a number of eukaryotic
promoters (19,34-40). To determine the biological significance
of the WT1 recognition sequences selected in the SAAB assay,
we compared the binding affinity of WT1-ZFP for three sites
identified in the promoter of the insulin-like growth factor II gene
(19), with the affinity of the protein for the high affinity TGT
target sequence identified by SAAB analysis. As the results in
Figure 4 show, the three WT1 sites isolated from the IGF-II
promoter act as high affinity target sequences for the WT'1-ZFP,
with affinities roughly equal to that of the idealized TGT element.
In relative terms, the three elements have affinities for WT'1-ZFP

in the order (from highest to lowest) of IGF-B > IGF-E > IGF-A
(relative affinites being 1.00, 0.77 + 0.22 and 0.28 + 0.08
respectively). This correlates well with the SAAB results: IGF-B
has bases 10 and 11 that conform to the SAAB consensus, IGF-E
has only one consensus base but it is in the critical 10 position, and
IGF-A has only one consensus base but it is in the less critical 11
position.

An in vitro selected WT1 binding site acts as a strong
transcriptional regulator

It has been demonstrated that WT1 can activate, or repress,
transcription from a promoter depending upon the number and
location of WT1 binding sites (14,29,38). To demonstrate that a
high affinity WT1 binding site selected in vitro can act as a
transcriptional regulator in vivo, we tested a series of reporter
constructs in which the chloramphenicol acetyltransferase (CAT)
gene was fused to the mouse mammary tumor virus LTR
promoter containing a variable number of the TGT sites cloned
upstream of the transcription start site. This reporter gene
construct has been used to demonstrate the gene regulatory
function of thyroid hormone reponsive elements cloned into the
unique HindlII site (30). Similar tests of the regulatory activity of
other WT1 binding sites have utilized an analogous tk-CAT
reporter system (14). The MTV-CAT reporter constructs were
co-transfected into HepG2 cells with a eukaryotic expression
vector containing the human WTI cDNA, or the expression
vector without an insert. After 48 h, cell extracts were prepared
and after normalization for transfection efficiency, were assayed
for CAT activity. As the results in Figure 5 show, insertion of a
single TGT site in the MTV promoter gives rise to a significant
stimulation of transcription by WT1 compared to basal express-
ion. Insertion of three tandem TGT sites gives a much larger
responsiveness to WT1. This increased responsiveness is primar-
ily the result of a significant decrease in basal promoter activity
with the insertion of three tandem sites, compared to the basal
promoter activity with the insertion of one site.
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Figure 5. (A) CAT reporter gene constructs used in transient transfection assays to measure WT1 responsiveness. Boxes represent the number of WT1 elements with
the indicated finger 1 subsite sequence inserted into the unique HindIll site of the AMTV-CAT plasmid. (B) Assay of chloramphenicol acetyltransferase activity in
cell extracts prepared from transient transfections. Each transfection of HepG2 cells included the indicated reporter plasmid, and either the eukaryotic expression
plasmid pCB6+ which does not express WT1 (open bars), or pWT1 (closed bars), a pCB6+ derivative that does express WT1. C.p.m. values are reported as the mean
+ standard deviation from five or more independent experiments. Fold activation is reported as the ratio of c.p.m. obtained in transfections with pWT1 to the c.p.m.
obtained in transfections with pCB6+.

A number of the putative WT1 binding sites identified in
several promoters do not conform to the consensus site we have
identified by the SAAB assay. To confirm that such sites also act
as transcriptional regulators responsive to WT1 in this system, we
cloned either one or three copies of the lower affinity CCC site
into the MTV LTR promoter. As the results in Figure 5 show, a
single CCC site has approximately the same effect on promoter
activity as a single TGT site has. In contrast, three tandem CCC
sites provide approximately twice the responsiveness to WT1
than that observed for three tandem TGT sites. In this case, the
increased responsiveness observed for three versus one CCC site

is directly the result of a decrease in the basal activity of the
promoter: the level of CAT activity expressed as the result of WT1
activation is the same whether the MTV promoter contains one
or three CCC sites.

DISCUSSION

The DNA binding domain of WT1[-KTS] consists of four zinc
fingers, the last three of which have significant homology to the
three zinc fingers of EGR-1. Molecular details of the interaction
of the zinc fingers of EGR-1 with a consensus binding site have



been resolved by X-ray crystallography (22). Each zinc finger of
EGR-1 interacts with a 3 bp subsite on the DNA, the amino acid
residues in the o helix of the zinc finger interacting specifically
with guanine residues along one strand. The three homologous
zinc fingers found in WT1[-KTS] retain the specific amino acids
of EGR-1 that are involved in DNA binding. The first, unique
zinc finger of WT1[-KTS] might be expected by analogy to
interact with a 3 bp subsite contiguous to the EGR-1 consensus
site, implying that WT1[-KTS] recognizes a 12 bp sequence in
target promoters.

Although this is a reasonable hypothesis, other possibilities
must be taken into consideration. Two other zinc finger-DNA
complexes have been studied by X-ray crystallography: the
SWI-DNA complex (41) and the GLI-DNA complex (42). The
results of these investigations demonstrated that zinc finger
interactions with double stranded DNA are not restricted to one
specific strand, nor to contiguous 3 bp subsites. Interactions can
span both strands of the DNA, subsites can be larger than 3 bp and
can be overlapping, and some zinc fingers might not interact with
the DNA at all.

Given this variability in the ways by which zinc fingers can
interact with DNA, we designed an experiment to determine the
full binding site for WT 1{-KTS] that would favour the most likely
hypothesis (mechanism of interaction identical to EGR-1)
without preventing the identification of other modes of binding.
The template for the selection of high affinity sites was designed
to have a random sequence of 5 bp immediately downstream of
the 9 bp EGR-1 consensus site. Based upon the antiparallel
binding of EGR-1 to its 9 bp consensus site, the first finger of
WT1[-KTS] would be expected to interact with a contiguous
subsite immediately downstream. To verify that any sequences
selected from this template by the complete WT1[-KTS] zinc
finger domain were the result of the specific interaction of finger
1 with the DNA, the selection assay was carried out in parallel
with a zinc finger peptide containing only fingers 2-4 of
WTI1[-KTS].

The results of this experiment indicate that the first zinc finger
of WT1[-KTS], like the three fingers homologous to the EGR-1
protein, binds to a 3 bp subsite within a 12 bp consensus binding
site for WT1[-KTS]. This subsite has the consensus sequence (T
or G),(Gor A orT), (G or T). If the first zinc finger of WT1[-KTS]
interacts specifically with the same strand of DNA as the other
zinc fingers, it would appear from the selected consensus
sequence that this finger interacts preferentially with keto
substituents in the major groove of the DNA. The absolute
discrimination for G or T in the first position (base 10) suggests
that this nucleotide may form the strongest interaction with an
amino acid side chain within the o-helix of the first zinc finger.
Selection at the other two positions was somewhat less stringent
(and varied from experiment to experiment for base 11), and so
it is not clear exactly what role these two positions might play in
protein binding: they could provide specific DNA-protein
contacts, or they might provide a DNA sequence context that
optimizes the interaction of finger 1 with the DNA.

While this manuscript was in preparation, a report was
published describing the results of a SAAB experiment con-
ducted with a recombinant peptide encompassing fingers 1-3 of
WT1[-KTS] (WT1AF4-ZFP) (43). Apparently selection experi-
ments conducted by this group with the full four finger domain
did not result in the selection of any specific sequences, most
probably because of the high protein concentrations (=5 pM) used
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in the assay. However, when the experiment was repeated with the
WT1AF4-ZFP protein, a final selection round at 10 uM peptide
yielded a strong selection of a 3 bp subsite with a GT(C or T)
consensus sequence. In the work we report here, a somewhat less
stringent sequence was selected at approximately 10 000-fold
lower concentrations of a full four finger peptide. Nevertheless,
the sequence selected with the three finger WT 1AF4-ZFP peptide
is a member of the consensus sequence we identified with the full
zinc finger domain of WT1[-KTS].

While the SAAB experiment is useful for identifying high
affinity binding sites for a DNA binding protein, it provides little
insight into the relative affinities that consensus sequence sites
have for the protein in comparison to nonconsensus sequences.
We used a nitrocellulose filter binding assay to quantify the
affinities that WT'1-ZFP and WT1AF1-ZFP had for a number of
the selected sequences, and the non-selected sequence GCG-
TGG-GCG-CCC. Four of the selected sequences chosen at
random had equal affinities for WT1-ZFP, while the non-selected
CCC element had a 4-fold weaker affinity. In comparison, the
consensus TGT sequence and the non-selected CCC element had
roughly equal affinities for the WT1AF1-ZFP. Therefore the
target sites identified by the SAAB experiment for WT1-ZFP
have 4-fold higher affinities for the protein than a non-selected
site as the result of specific interaction of the first zinc finger with
DNA.

In addition to providing information on the relative affinities of
selected versus non-selected sequences for WT1-ZFP, the
nitrocellulose filter binding assay also provides a measure of the
apparent association constant for the equilibrium binding of this
peptide to DNA. A previous study reported the equilibrium
constants measured by a gel mobility shift assay for the binding
of a WT1 zinc finger peptide to a 12 bp WT1 selected sequence
to be 7.1x10° M-! versus a value of 4.5x106 M-! for a
non-selected sequence including the 9 bp EGR-1 consensus site
(43). The zinc finger peptide WT1-ZFP that we have constructed
binds to a selected DNA sequence with a K, value measured by
anitrocellulose filter binding assay of 8.40+1.21x108 M~! versus
2.1040.41x108 M-! for a non-selected sequence. In the gel
mobility shift assay that was used as part of the SAAB
experiment, we observed strong binding of 0.75 nM WT1-ZFP to
selected DNA sequences in agreement with the affinities
measured by the filter binding assay. The values for equilibrium
constants that we measure are about two orders of magnitude
higher than those reported earlier, and consistent with the reported
equilibrium binding constant of 1.7x108 M~! for the interaction
of the zinc finger domain of EGR-1with its consensus DNA
sequence (22). Thus the zinc finger domain of WT1 binds with
high affinity to a 12 bp consensus sequence.

Putative WT1 binding sites have been identified in a number of
native promoters, and it has been demonstrated by transient
transfection assays that these promoters can be regulated by
WT1[-KTS] (19,34—40). However, many of these putative WT1
recognition sites do not conform completely to the finger 1 subsite
that we have identified by the in vitro SAAB assay. To determine
whether these naturally occuring sites bind WT1 with high
affinity, we measured the affinities of three WT1 sites from the
fetal promoter of the IGF-II gene for WT1-ZFP. These three sites
had affinities for WT 1-ZFP that were similar to the affinity of the
consensus TGT selected site. However, the three IGF sites were
not equivalent in their affinities for WT1-ZFP, but varied in
affinity in relationship to their divergence from the finger 1
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subsite consensus sequence. These results link the in vitro SAAB
experiment to biologically relevant sites in genomic DNA, and
again demonstrate the contribution of the first zinc finger of WT1
to the interaction of the protein with DNA.

WT1 acts as a transcriptional regulator in vivo, and natural
selection will have designed WT'1 recognition sites based both on
DNA binding affinity and this regulatory function in a way that
the in vitro SAAB assay is unable to. To probe this relationship,
we compared the regulatory action of the selected, high affinity
TGT site with the regulatory action of the non-selected, lower
affinity CCC site in the MTV-CAT reporter gene system. In a
single copy, both sites confer a similar positive regulatory
response of the MTV LTR promoter in this reporter to WT1. This
result is consistent with reports that the WT1 protein acts as a
transcriptional activator on promoters that contain binding sites
located exclusively upstream or downstream of the transcription
start site (29). However, when the sites are present in three copies,
it becomes apparent that the lower affinity CCC site confers
greater responsiveness to WT1 than does the high affinity TGT
site. This result is intriguing because it suggests that the strength
of the interaction of finger 1 with DNA may in some way
modulate the ability of the protein to regulate transcription. In
addition, the multiple copies of either WT1 site signficantly
dampen the basal level of transcription from the MTV promoter,
another effect that may be active in natural selection. Further
investigation will be required to completely understand these
phenomena.

In summary, our data have demonstrated that WT1[-KTS]
binds to a 12 bp DNA sequence with high affinity, and that the
relative affinities of WT1 binding sites in genomic DNA can be
understood based upon this consensus binding sequence. Al-
though the high affinity consensus sequence can confer WT1
responsiveness to a promoter, the responsiveness may not be the
optimal that can be achieved. Investigation of the specific nature
of amino acid-DNA interactions of finger 1 of WT1 will enhance
further our understanding of the structure and function of this
tumor suppressor protein.
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