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ABSTRACT: A number of point mutations in the zinc finger domain of the Wilms’ tumor suppressor protein
WT1 have been isolated from the DNA of patients with Denys-Drash syndrome, an association of Wilms’
tumor, nephropathy, and genital anomalies. To date, five different mutations that alter amino acids predicted
to interact specifically with nucleotides in the target DNA sequence have been described. Two of these
mutations are located in zinc finger 2 (R366H, R366C), and three are located in finger 3 (R394W, D396G,
D396N). These five Denys-Drash mutations were introduced into WT1-ZFP, a recombinant polypeptide
containing the zinc finger domain of WT1, and the effects of these mutations on DNA sequence specificity
were determined using a selection, amplification, and binding (SAAB) assay. The SAAB assay was
carried out using two different DNA templates, one with a randomized finger 2 subsite (GCG TGGNNN
TGT) and one with a randomized finger 3 subsite (GCGNNN GCG TGT). A comparison of the DNA
sequences selected by WT1-ZFP and by Denys-Drash mutants suggests that the point mutations reduce
the sequence selectivity of the zinc finger protein. With the exception of the R394W mutant, the other
Denys-Drash mutations selected one alternative sequence in addition to the wild-type DNA subsite
sequence. The binding affinities of these proteins for their selected sequences were determined using a
quantitative nitrocellulose filter binding assay. These results revealed that the wild-type WT1 binds with
slightly higher affinity to sequences with GAG in the finger 2 subsite than sequences with the EGR-1
consensus GCG finger 2 subsite. With the exception of R394W, which appears to lack specific DNA
binding activity, the Denys-Drash mutants bound to selected DNAs with 1.4-14-fold lower affinities
than the wild-type WT1-ZFP. These results suggest that the clinical phenotype of Denys-Drash syndrome
can be associated with a modest reduction in the DNA binding affinity of WT1.

Wilms’ tumor is an embryonal malignancy of the kidney
resulting from the continued proliferation of embryonic
kidney blastemal cells. This tumor accounts for 85% of all
childhood kidney cancer and affects approximately 1 in
10 000 children (Matsunaga, 1981; Young & Miller, 1975).
A tumor suppressor gene for Wilms’ tumor,WT1, has been
identified at human chromosome 11p13 (Call et al., 1990;
Gessler et al., 1990). TheWT1 gene spans 50 kb of the
genomic DNA and contains 10 coding exons that produce 4
different WT1 mRNAs, reflecting the presence or absence
of 2 alternatively spliced exons (Haber et al., 1991).WT1
encodes a polypeptide that has several features characteristic
of eukaryotic transcription factors. The polypeptide is
composed of two functional domains: a proline/glutamine-
rich amino terminus, essential for the function of WT1 in
transcriptional regulation, and a carboxyl-terminal domain
containing four consecutive zinc fingers, each encoded by a
separate exon (Haber et al., 1991). The last three zinc fingers
of WT1 exhibit a high degree of sequence homology with
the three zinc fingers of the early growth response-1 protein
(EGR-1, also called Zif 268) (Figure 1). EGR-1 contains

three zinc fingers of the C2H2 class and activates transcription
in a sequence-specific manner (Sukhatme et al., 1988). X-ray
crystallographic analysis of a complex formed between the
zinc finger domain of the EGR-1 protein and a consensus
DNA sequence has demonstrated that each zinc finger
interacts with a defined three base subsite within the 9 base
pair sequence 5′ GCG TGG GCG 3′ (Pavletich & Pabo,
1991). Although WT1 is able to bind to this 9 base pair
sequence (Rauscher et al., 1990), the high-affinity binding
site for WT1 is the 12 base pair consensus sequence 5′ GCG
TGG GCG (T/G)(A/G)(T/G) (Drummond et al., 1994;
Hamilton et al., 1995).
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FIGURE 1: Comparison of the sequences of WT1 and EGR-1 zinc
fingers. Residues involved in DNA binding and their counterparts
in WT1 are enclosed in clear boxes. Shaded boxes indicate residues
that coordinate to zinc. Finger 2 and 3 Denys-Drash missense
mutations are also indicated.
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Wilms’ tumor also occurs in association with two disease
syndromes with similar genital system malformation: WAGR
syndrome (Miller et al., 1964) and Denys-Drash syndrome
(Denys et al., 1967; Drash et al., 1970). The WAGR
syndrome is an association of Wilms’ tumor (W), aniridia
(A), genitourinary malformation (G), and mental retardation
(R). TheWT1 locus of several WAGR patients displays
either short deletions leading to the production of a trun-
cated protein (Baird et al., 1992a) or a point mutation
resulting in a substitution of aspartic acid for glycine at
position 201 which converts the WT1 protein from a
transcriptional repressor to a transcriptional activator (Park
et al., 1993).
The Denys-Drash syndrome (DDS) is a rare human

developmental disorder in which severe urogenital aberra-
tions result in progressive renal failure, male pseudoher-
maphroditism, and Wilms’ tumor. No abnormalities of the
X or Y chromosome and no large deletion of 11p13 have
been detected in Denys-Drash patients, but a number of
point mutations in the second and third zinc finger coding
regions have been identified in WT1 DNA from tumor
samples (Baird & Cowell, 1993; Baird et al., 1992b; Little
et al., 1992, 1993; Nordenskjold et al., 1994; Ogawa et al.,
1993; Sakai et al., 1993). These point mutations can be
divided into three categories: nonsense mutations leading
to the production of prematurely terminated protein; substitu-
tion mutations of amino acids involved in zinc coordination;
and missense mutations altering amino acids which interact
with the DNA target.
While the first two categories of point mutations will

disrupt the zinc finger structure or produce truncated proteins
and thus abolish the DNA binding activity of WT1, the third
category may influence DNA binding specificity and/or
affinity of WT1. In the second zinc finger, missense point
mutations substitute either a histidine or a cysteine for an
arginine residue (R366H, R366C) that is expected to interact
with a guanine base in the target DNA according to the
crystallographic data obtained for the EGR1-DNA complex
(Pavletich & Pabo, 1991). Missense mutations in the third
zinc finger result either in substitution of a tryptophan for
an arginine residue (R394W) involved in interaction with
DNA or in substitution of an asparagine or glycine residue
for an aspartic acid residue (D396N, D396G) that is indirectly
involved in DNA recognition.
To determine the effects of these missense mutations, we

introduced each one into a recombinant polypeptide contain-
ing the zinc finger domain of WT1 (WT1-ZFP). Ap-
propriately randomized DNA templates for finger 2 and
finger 3 subsites were used to determine whether the Denys-
Drash point mutations altered the DNA sequence specificity
of WT1. The influence of these mutations on the binding
affinity of WT1-ZFP for the wild-type DNA consensus
sequence and novel cognate sequences was analyzed using
a quantitative binding assay.

MATERIALS AND METHODS

Construction and Expression of Denys-Drash Mutations
of WT1-ZFP.The WT1-ZFP Denys-Drash mutants (R366H,
R366C, R394W, D396G, D396N) were constructed by site-
directed mutagenesis (Nelson & Long, 1989). The plasmid
pUCWT1ZFP, which contains the zinc finger domain of
WT1 cloned into pUC19 (Hamilton et al., 1995), was used

as a template, and the following mutagenic primers were
used. The base alteration that introduces each mutation is
underlined:

DNA sequencing was used to verify that only the desired
mutation was introduced into the WT1-ZFP cDNA. Mutant
cDNAs were cloned into theNdeI andBamHI sites of the
T7 expression vector pET16b (Studier & Moffatt, 1986;
Studier et al., 1990). The resulting constructs encode zinc
finger peptides with a histidine tag and a factor Xa cleavage
site fused to the amino terminus and were used to transform
Escherichia coliBL21(DE3) pLysS. Expression and puri-
fication of the zinc finger proteins were carried out as
described previously (Hamilton et al., 1995). Fractional
activity of protein preparations (typically 75-100%) was
determined by a saturation DNA binding assay.
Selection, Amplification, and Binding (SAAB) Assay.The

SAAB assay was carried out according to a published method
(Blackwell & Weintraub, 1990), with minor modifications.
The 67 base pair template oligonucleotides contained a
central region including the WT1 consensus sequence
randomized in either the finger 2 or the finger 3 recognition
sites (5′ TAAT GCG TGG NNN TGT CCTAA 3′ and 5′
TAAT GCG NNN GCG TGT CCTAA 3′, respectively)
flanked byEcoRI (5′) andBamHI (3′) recognition sequences
and the M13 forward universal primer (FUP) sequence (5′)
and a sequence complementary to the M13 reverse universal
primer (RUP, 3′).
The template was labeled for the initial round of selection

by primer extension using 10 pmol of the oligonucleotide
annealed to 80 pmol of RUP in 1× Klenow buffer (New
England Biolabs), and extended in 0.2 mM dGTP, 0.2 mM
dCTP, 0.2 mM dTTP, 20µCi of [R-32P]-dATP, and 9 units
of Klenow (New England Biolabs) with incubation at room
temperature for 45 min. The resulting double-stranded DNA
containing a mixture of 64 possible sequences in the
randomized region was purified on a 12% nondenaturing
polyacrylamide gel, and eluted overnight at room temperature
in 250µL of 0.6 M ammonium acetate, 1 mM EDTA, and
0.1% SDS.
Labeled DNA (200 000 cpm) was incubated with the

proteins as described by Hamilton et al. (1995), except the
incubation mixture used Tris rather than HEPES to buffer
the solution. The reactions were loaded onto a 5% nonde-
naturing polyacrylamide gel which had been preelectro-
phoresed for 20 min at 250 V at 4°C. Migration on the gel
was monitored by loading one lane with 5µL of 0.1%
bromophenol blue, 0.1% xylene cyanol, 25% glycerol. The
gel was run in 0.3× TBE at 250 V at 4°C until the
bromophenol blue had migrated 12 cm. The gel was then
subjected to autoradiography for 2-4 h at 4°C, the band
corresponding to the lowest protein concentration at which
a protein-DNA complex was visible was excised, and the
DNA was eluted as described above. The eluted DNA was

R366C: AGG TTT TCT TGT TCA GAG CAG

R366H: AGG TTT TCT CAT TCA GAG CAG

R394W: AGG TCC TCC TGG TCC GAC CAC

D396G: TCC CGG TCC GGC CAC CTG AAG

D396N: TCC CGG TCC AAC CAC CTG AAG
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amplified using FUP and RUP as primers and radioactively
labeled, and a new round of selection was begun using lower
protein concentrations.

Four rounds of selection were sufficient to isolate the
highest affinity binding sites for each protein from the pool
of random DNA sequences. The lowest protein concentra-
tions at which a protein-DNA complex could be observed
in round 4 were as follows: WT1-ZFP, 0.5 nM; R366H,
1.25 nM; R366C, 7.5 nM; R394W, 100 nM; D396N, 12.5
nM; D396G, 12.5 nM. The final PCR products of round 4
were digested withEcoRI/BamHI and cloned into pUC19.
The original randomized oligonucleotides were converted to
a double-stranded form with cold dNTPs, and also subject
to PCR amplification, restriction endonuclease digestion, and
ligation into pUC19. A sample of each ligation was used
to transformE. coli strain JM109. Plasmid DNA was
isolated from at least 50 colonies of each transformation and
sequenced using either the Sequenase kit (Amersham) or an
automated sequencer and dye primer chemistry (Applied
Biosystems).

Nitrocellulose Filter Binding Assay.The binding affinities
of wild-type and mutant WT1 zinc finger peptides for the
selected DNAs were measured using a nitrocellulose filter
binding assay (Romaniuk, 1990). Plasmids containing
selected target DNA sequences were digested withEcoRI
andHindIII, and the double-stranded DNAs were labeled
with [R32-P]dATP (Sambrook et al., 1989). The 63 base pair
DNA restriction fragment was purified by nondenaturing gel
electrophoresis and eluted as described above. Labeled DNA
fragments (10 000 cpm) were incubated with serial dilutions
of protein ranging from 0.01 nM to 400 nM. Typically, 1
assay included 15-20 protein concentrations (5 per order
of magnitude). The DNA-protein mixtures were incubated
in 200 µL of TMK buffer (Romaniuk, 1990) containing 5
µM ZnCl2 and 5µg/mL poly[d(IC)] at 22°C for 30 min,
and then an aliquot was removed for filtration. Experimental
data (at least six measurements per data point) were fitted
to the appropriate equation using Kaleidagraph version 3.0
software. In each case, correlation coefficients were greater
than 0.99.

RESULTS

Isolation of DNA Binding Subsites for WT1-ZFP and for
Denys-Drash Mutants. A selection, amplification, and
binding assay (SAAB) was used to determine if Denys-
Drash mutants and WT1-ZFP recognized different DNA
target sequences. For each mutant, four rounds of SAAB
analysis were carried out in order to select high-affinity
binding sites. A selection procedure with WT1-ZFP was
performed in parallel to serve as a control. According to
the paradigm of a 3 base pair subsite recognition per zinc
finger observed for WT1 and EGR family proteins, we used
the randomized DNA pools 5′-GCG TGGNNN TGT-3′ and
5′-GCGNNN GCG TGT-3′ for finger 2 and finger 3 subsite
selection, respectively. While this approach will allow the
determination of the direct effects of each mutation on
sequence specificity for the appropriate subsite, it will not
identify any indirect effects the mutation may have on
recognition of neighboring subsite sequences by the other
zinc fingers. After the final round of selection, individual
PCR products were cloned and sequenced. The sequences
of about 50 randomly chosen clones from the finger 2 SAAB
experiment are shown in Table 1, and the frequencies of the
4 possible nucleotides at each of the 3 randomized positions
are given in Table 2. It is of interest to note that for finger
2 the EGR-1 consensus sequences G(C/G)G are very poorly
selected by the wild-type WT1-ZFP (only 10% of all selected
subsites), the preferred DNA binding subsite appearing to
be GAG. Mutant R366C has a low stringency for the
identities of base pairs 8 and 9, while R366H has a low
stringency for the identity of base pair 9 (Table 2). Despite
this fact, R366C and WT1-ZFP share the same preference
for the GAG subsite whereas R366H displays a preference
for the GAT subsite.

The sequences of about 50 randomly chosen clones from
the finger 3 SAAB experiment are shown in Table 3, and
the frequencies of the 4 possible nucleotides at each of the
3 randomized positions are given in Table 4. A comparison
of the data in Table 3 with those in Table 1 shows that a
smaller number of triplet subsites were selected during finger
3 SAAB assays than were selected by finger 2, suggesting

Table 1: Finger 2 Subsite Sequences Selected from a Randomized Template by Wild-Type WT1-ZFP and the Finger 2 Point Mutants

protein protein

subsite sequence WT1-ZFP R366H R366C subsite sequence WT1-ZFP R366H R366C

CAC - 1 - GGC - 2 -
GAA - 1 - GGG 3 - 1
GAC - 2 1 GGT - - 1
GAG 38 13 19 GTA - - 2
GAT 3 23 3 GTG 1 3 5
GCA - 2 7 GTT 1 1 2
GCC 1 - 1 TAA - - 1
GCG 2 1 2 TAG - 1 -
GCT - - 4 TCC 1 - -
GGA - - 2

Table 2: Frequencies of Each Nucleotide Selected at the Finger 2 Subsite Positions by WT1-ZFP and the Finger 2 Point Mutants

base 7 base 8 base 9

protein: none WT1 R366H R366C none WT1 R366H R366C none WT1 R366H R366C

A 29 0 0 0 25 82 82 47 17 0 6 24
C 19 0 2 0 25 8 6 28 17 4 10 4
G 21 98 96 98 19 6 4 8 29 88 36 53
T 31 2 2 2 17 4 8 18 37 8 48 20
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that WT1-ZFP finger 2 recognition may be less stringent
and tolerate a higher degree of sequence diversity compared
with finger 3. The finger 3 SAAB experiments performed
with WT1-ZFP and the mutants D396G and D396N gave
very similar results: the three proteins select the same EGR-1
consensus high-affinity binding site (T/G)GG. However,
substitution of the aspartate with an asparagine does appear
to push the preference for a T rather than G at the first
position of the subsite (Table 3). On the other hand, the
R394W mutant peptide had much weaker DNA binding
affinity and selected a larger variety of sequences, the most
frequently selected subsites including the TGG consensus
and the non consensus sequence TGT. It appears that the
R394W mutation alters specificity for the middle and last
base pairs of the finger 3 subsite (Table 4).
Determination of the Binding Constants. (A) Binding of

WT1-ZFP.A nitrocellulose filter binding assay (Romaniuk,
1990) was used to investigate the binding affinity of the
different proteins for the selected DNA target. Typical
binding curves are shown in Figure 2. The apparent
dissociation constant (Kd) can be determined from these data

assuming a simple bimolecular interaction. All theKd values
measured are given in Table 5 for the finger 2 mutant
proteins and Table 6 for the finger 3 proteins. The results
of the filter binding assays demonstrate that the interaction
of finger 2 with DNA is more efficient when the subsite
GAG is present. WT1-ZFP binds to the GAG element with
a Kd of 0.77 nM, whereas its affinity for the DNA subsites
GCG and GAT is respectively 1.54 nM and 1.93 nM. Since
theKd values for GCG and GAT are almost equivalent and
the affinity for GAG is 2 times greater, the high-affinity
WT1-ZFP finger 2 subsite is GAG and not the G(G/C)G
EGR-1 consensus sequence. The results of the binding
assays performed with the selected finger 3 element indicate
that WT1-ZFP binds to the TGG element with aKd of 1.54
nM, but has approximately a 2-fold lower affinity for the
GGG element (Kd ) 3.56 nM). The most striking result is
observed with the TGT sequence. In that case, we were not
able to determine the affinity since a G to T change in the
last position of the finger 3 subsite abolished binding to
WT1-ZFP (data not shown).

(B) Effect of DDS Mutations on DNA Binding.Among
the five mutants studied, only the mutation R394W resulted
in a protein which lacks specific DNA binding activity, even
with the most frequently selected TGT finger 3 subsite (data
not shown). In spite of the apparent selection against certain
bases, the binding observed during the SAAB experiments
was probably due to unspecific protein/DNA interactions
because of the relatively high protein concentration (g100
nM) used in the last round of selection. However, the four
other mutants were still able to bind in a specific manner to
the selected DNA target, but for each of the WT1 elements
tested, the mutants always displayed a lower binding affinity
than WT1-ZFP.

The experiments carried out with the finger 2 mutants
reveal that the R366C mutation affects the DNA binding
capacity of the protein to a greater extent than the R366H
mutation (Table 5). In comparison to WT1-ZFP, the
mutations result in decreases in affinity of 3.9- and 14-fold
with the GAG element, and decreases in affinity of 1.4- and
7.2-fold with the GAT element for R366H and R366C,
respectively. One should note that R366H is the only
polypeptide to have a slightly higher affinity for the DNA
element GAT versus GAG. This result suggests that
substitution of a histidine for the arginine at position 366
could partially compensate for the effect of a guanine to

Table 3: Finger 3 Subsite Sequences Selected from a Randomized Template by Wild-Type WT1-ZFP and the Finger 3 Point Mutants

proteins proteins

subsite sequence WT1-ZFP D396G D396N R394W subsite sequence WT1-ZFP D396G D396N R394W

CGG - - 1 - TAG 3 - - 5
GAG - - - 1 TAT - - - 6
GGG 17 23 5 6 TGG 32 27 45 12
GGT - - - 1 TGT - - - 22
GTG 1 - - - TTT - - - 1

Table 4: Frequencies of Each Nucleotide Selected at the Finger 3 Subsite Positions by WT1-ZFP and the Finger 3 Point Mutants

base 4 base 5 base 6

protein: none WT1 D396G D396N R394W none WT1 D396G D396N R394W none WT1 D396G D396N R394W

A 19 0 0 0 0 20 6 0 0 22 7 0 0 0 0
C 22 0 0 2 0 27 0 0 0 0 18 0 0 0 0
G 30 34 46 10 15 27 92 100 100 76 35 100 100 100 44
T 29 66 54 88 85 26 2 0 0 2 40 0 0 0 56

FIGURE 2: Equilibrium binding of the WT1 element GCG TGG
GAG TGT to WT1-ZFP (open circles), R366H (closed diamonds),
and R366C (open squares). Data points represent the mean of six
or more determinations, and error bars indicate the standard
deviations. Curves represent the best fit of the data to a simple
bimolecular equilibrium.
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thymine change in the target DNA sequence. In terms of
sequence selectivity, both substitutions at R366 significantly
reduce the selectivity ratio, with the largest effect observed
for the R366H mutation (Table 5).
With the finger 3 mutants, the stronger decrease in binding

affinity is observed for the mutation D396N, being 8-fold
for the TGG element and 7.4 fold for the GGG element
compared to WT1-ZFP (Table 6). A smaller but similar
effect is produced by the mutation D396G, where the
affinities for the TGG and GGG elements are decreased 2.7-
fold and 1.6-fold, respectively. Of the two substitutions at
D396, only the glycine mutation reduces the sequence
selectivity of the zinc finger domain significantly (Table 6).

DISCUSSION

Since more than 95% of Denys-Drash patients display
various point mutations within the zinc finger domain of
WT1 (Coppes et al., 1993), we have undertaken this work
to elucidate the effect of some of these mutations on the
DNA binding capacity of the WT1 protein. The point
mutations analyzed here are those altering amino acids
predicted, by analogy with EGR-1, to be involved in specific
contacts with the DNA.
Our experiments indicate that zinc finger 2 of WT1 had a

higher affinity for the subsite GAG over GCG and GAT.
This apparent specificity for the central adenine cannot be
explained on the basis of the EGR-1/DNA interaction. To
account for this specificity, a third interaction between a
glutamine residue (Q369) in WT1, not found in EGR-1
(Figure 1), and the central adenine of the triplet was proposed
(Nakagama et al., 1995). This type of contact has been
described previously for the interaction of theDrosophila
chorion transcription factors I and II (Gogos et al., 1992)
and may be a more general contact in protein-DNA
interactions (Seeman et al., 1976). Since the frequency of
selection obtained for this adenine is similar to the frequen-
cies observed for all the other nucleotides predicted to make
specific contacts with WT1-ZFP (G5, G6, G7, G9), we
believe that the proposed interaction is highly probable. This
suggests that the high-affinity recognition sequence of WT1
is related but not identical to the EGR-1 recognition
sequence.

Crystallographic analysis of the EGR-1/DNA complex
revealed that the first base pair of the EGR-1 finger 2 subsite
(and by analogy of WT1 finger 3) is not involved in forming
a specific interaction with the protein (Pavletich & Pabo,
1991). Histidine 397 is coplanar with the guanine in the
second position of the triplet and is stacked against the
thymine of the first base pair. This stacking limits the
conformational flexibility of the histidine and thus enhances
the specificity of the hydrogen bond formed between this
histidine and the guanine situated at the second position in
the DNA subsite. When this thymine is replaced by a
guanine, we observed a 2 fold decrease in the apparent
affinity of the DNA for WT1-ZFP. Our selection results
agree with the observation that a cytosine at this position
results in an even more pronounced decrease in affinity for
WT1 (Nakagama et al., 1995). These results suggest that
the histidine-thymine stacking interaction is required at the
first position of the finger 3 subsite for high-affinity binding.
Replacement of the guanine in the third position of the

finger 3 subsite by a thymine completely abolished binding
by WT1-ZFP. Previous experiments have shown that
converting the EGR-1 motif GCG GGG GCG to GCG GGT
GCG (Rauscher et al., 1990) or the 10 base pair WT1
element GCG TGG GAG T to GCG TGA GAG T (Naka-
gama et al., 1995) results in a total loss of binding by WT1.
In comparison, substitution of the thymine in the third
position of the finger 2 subsite with a guanine did not produce
such a drastic effect, resulting in a modest 2.5 fold decrease
in the binding affinity of WT1-ZFP (Table 5). This result
is remarkable since the protein/DNA contacts at these two
guanines are made in exactly in the same way in the EGR-
1/DNA complex (Pavletich & Pabo, 1991). Previous binding
site selection experiments for the finger 1 subsite of WT1
indicated that a certain degree of sequence diversity could
be tolerated (Drummond et al., 1994; Hamilton et al., 1995).
When one considers the results of all the SAAB analyses
carried out with WT1, only the guanine in position 6 of the
WT1 recognition sequence is selected with a frequency of
100%, suggesting that this position forms the energetically
most important contact with WT1. Consistent with this
conclusion is the observation that the mutant R394W, in
which the arginine residue interacting with this guanine is
replaced, loses its DNA binding capacity. Thus, this guanine

Table 5: Binding Affinities of Wild-Type and Finger 2 Mutant WT1-ZFP for Selected DNA Sequences

GCG-TGG-GAG-TGT GCG-TGG-GAT -TGT

WT1-ZFP protein Kd (nM)a relative affinityb Kd (nM)a relative affinityb selectivityc

wild type 0.77( 0.07 1 1.93( 0.08 1 2.50
R366H 2.99( 0.19 0.26 2.62( 0.17 0.71 0.88
R366C 10.8( 0.57 0.07 14.1( 0.91 0.14 1.30

aDissociation constants are expressed as the mean with standard deviations of a minimum of six independent determinations.bRatio ofKd(wild-
type WT1-ZFP)/Kd(mutant WT1-ZFP).cRatio ofKd(GAT subsite)/Kd(GAG subsite).

Table 6: Binding Affinities of Wild-Type and Finger 3 Mutant WT1-ZFP for Selected DNA Sequences

GCG-TGG-GCG-TGT GCG-GGG-GCG-TGT

WT1-ZFP protein Kd (nM)a relative affinityb Kd (nM)a relative affinityb selectivityc

wild type 1.54( 0.12 1 3.56( 0.34 1 2.33
D396G 4.11( 0.29 0.37 5.51( 0.29 0.63 1.33
D396N 12.4( 0.80 0.12 26.2( 2.44 0.14 2.13

aDissociation constants are expressed as the mean with standard deviations of a minimum of six independent determinations.bRatio ofKd(wild-
type WT1-ZFP)/Kd(mutant WT1-ZFP).cRatio ofKd(GGG subsite)/Kd(TGG subsite).
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base is one of the major identity elements of the WT1
recognition sequence.
The DNA binding properties of certain Denys-Drash

mutants of WT1, including R394W, D396G, and D396N,
have been investigated previously (Little et al., 1995; Pelletier
et al., 1991). Under the conditions of the gel shift assays
employed, neither the full-length WT1 protein prepared by
in Vitro translation, nor a fusion protein containing the zinc
finger domain was able to bind to a variety of WT1 elements.
In the present study, we have demonstrated that the zinc
finger domains of four point mutants of WT1 isolated from
Denys-Drash patients (D396G, D396N, R366H, R366C)
have specific DNA binding activities that can be quantified
using a nitrocellulose filter binding assay.
Extrapolating from crystallographic data for the EGR-1/

DNA complex (Pavletich & Pabo, 1991), R366 of WT1
should form two specific hydrogen bonds with the last
guanine (G9) of the finger 2 DNA subsite. The decrease in
the selection specificity observed for base pair 9 indicates
that in the wild-type WT1-ZFP/DNA complex both of these
interactions do occur and are disrupted by the R366H and
R366C mutations. We also observed that the mutant R366C
induced a loss of selection specificity for position 8, whereas
R366H displayed a selection pattern similar to WT1-ZFP
for this position. Apparently the cysteine residue alters the
local conformation of the recognitionR helix of the second
zinc finger enough to weaken or prevent the proposed
interaction between Q369 and the middle adenine of the
triplet (Nakagama et al., 1995), leading to a stronger effect
on the DNA binding specificity and affinity of R366C
compared to R366H. Another interesting consequence of
the R366 mutations is the observed decrease in DNA
sequence selectivity (Table 5). While wild-type WT1-ZFP
has a 2.5-fold higher affinity for a consensus WT1 binding
site with the GAG finger 2 subsite vs the GAT finger 2
subsite, both of the R366 mutants have roughly equal
affinities for these two binding sites.
The aspartic acid replaced in the finger 3 mutants D396G

and D396N is not directly in contact with the target DNA,
but it has an important structural role: through two hydrogen
bonds, it stabilizes the long side chain of R394 and enhances
the specificity of the R394 hydrogen bonding contact to the
guanine at position 6 (Pavletich & Pabo, 1991). As described
above, the interaction of R394 with the guanine is essential
for the binding of WT1 to its target DNA sequence; thus,
the mutations D396N and D396G probably weaken this
interaction but do not prevent it. It is interesting that the
decrease in binding affinity is greater for the D396N mutant,
in which there is only a relatively minor modification to the
amino acid side chain, than it is for the mutant D396G. In
the case of the D396G mutation, the amino acid side chain
is completely removed, allowing free motion of the long side
chain of R394. Without stabilization, the arginine may
become less accessible and the probability of contact between
R394 and the guanine at position 6 is decreased. In the
D396N mutant, the buttressing contacts between the aspar-
agine side chain and the arginine side chain may alter the
orientation of the latter to the DNA, altering the contacts
between the arginine and the base pairs.
This detailed characterization of the effects of Denys-

Drash point mutations on the DNA binding activity of WT1
has provided some interesting clues to the biological
consequences of these mutations. The results of the SAAB

assays demonstrate that this collection of mutants does not
give rise to a single, unified change in DNA sequence
specificity. This result rules out the possibility that Denys-
Drash syndrome is the result of a change in the network of
genes regulated by WT1. These results do demonstrate that
even modest changes in the DNA binding affinity of WT1
(less than 3-fold down in the case of D396G) can result in
the wide range of biological consequences that lead to the
onset of Denys-Drash syndrome. This observation suggests
that the concentration of WT1 in the nucleus is so tightly
regulated that even a 4-fold reduction in DNA binding
affinity has significant biological consequences.
Finally, this work has provided important insight into the

role of amino acids in the recognitionR helix of zinc finger
domains. It has demonstrated that replacement of a DNA-
contacting arginine with other amino acids can influence the
affinity, DNA sequence specificity, and DNA sequence
selectivity of a zinc finger protein. It has also dem-
onstrated how an amino acid involved in buttressing the side
chain of a DNA-contacting residue contributes to these as-
pects of the DNA binding properties of a zinc finger protein.
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