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Wilms Tumor suppressor protein (WT1) is a transcription factor that is involved in a variety of
developmental functions during organ development. It is also implicated in the pathology of several
different cancer forms. The protein contains four C,H,-type zinc fingers and it specifically binds GC-rich
sequences in the promoter regions of its target genes, which are either up or down regulated. Two properties
make WT1 a more unusual transcription factor — an unconventional amino acid composition for zinc finger
Keywords: 1, and the insertion of a tri-peptide KTS in some of the splice isoforms of WT1. Using six WT1 constructs in
WT1 which zinc fingers are systematically deleted, a dual study based on a bacterial 1-hybrid system and surface
plasmon resonance measurements is performed. The experiments show that the effect of zinc finger 1 is not

Transcription factor

Zinc finger significant in terms of overall DNA-binding kinetics, however it influences both the specificity of target
Surface plasmon resonance recognition and stability of interaction in presence of KTS. The KTS insertion, however, only mildly retards
DNA-binding binding affinity, mainly by affecting the on-rate. We suggest that the insertion disturbs zinc finger 4 from its

Bacterial 1-hybrid system binding frame, thus weakening the rate of target recognition. Finally, for the construct in which both zinc

fingers 1 and 4 were deleted, the two middle fingers 2-3 still could function as a ‘minimal DNA-recognition
domain’ for WT1, however the formation of a stable protein~-DNA complex is impaired since the overall

affinity was dramatically reduced mainly since the off-rate was severely affected.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Wilms tumor is a child kidney malignancy that occurs with a
frequency of 1:10000 [1]. In about 10% of the patient cases, mutations
have occurred in the Wilms tumor suppressor gene (WT1). The WT1
gene is located on the chromosome 11p13 and encodes a C;H,-type zinc
finger protein (ZFP) that acts as a tumor suppressor [2,3]. The protein
has a proline- and glutamine-rich regulatory domain (N-terminus)
linked to a domain containing four zinc fingers of the Krlippel-type
(C-terminus) [4,5]. In normal conditions WT1 regulates a vast network
of genes during development of the kidney and the genitourinary
system [2,3,6,7]. There is increasing evidence that WT1 also has an
oncogenic role in a number of hematological malignancies and solid
tumors, and this aspect is being exploited in cancer immunotherapies
[8,9]. WTT1 has over 20 known gene targets: some of these are activated
while others are repressed. Some of these are identified as real target
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genes in vivo (see Supplementary Table 1). The mechanism that selects
the targets and decides the type of regulation is not yet characterized,
and is believed to depend on the cellular context [10,11]. It has been
established that WT1 binds to the early growth response factor 1 (EGR1)
consensus binding site 5’-GCG-(T/G)GG-GCG-3'. Subsequent studies
have demonstrated a stronger binding to a series of longer sites
summarized as 5’-GCG-(T/G)GG-GCG-(T/G)(A/G)(T/G)-3’ [12-14]. This
12-base pair site describes better the binding behavior of the four zinc
fingers, where each ZF binds to a 3-base pair triplet [15]. Although there
is a growing body of evidence showing that ZFPs, WTT1 in particular, are
capable of target regulation at the RNA level as well [16], no binding
models and consensus sites have so far been characterized but recently
the first cellular 34-basepair RNA target for WT1 ACT34 has been
identified [17].

ZFPs are a class of regulatory proteins directly involved in a variety
of cellular activities: among others development, differentiation and
tumor suppression. Functionality of ZFPs is achieved through
interacting specifically or non-specifically with DNA, RNA and even
proteins. A zinc finger (ZF) is a small protein module with a special
secondary structure stabilized by a zinc ion coordinated by Cys and
His residues. Each ZF module can act independently in the course of
DNA binding, although synergy between modules is also seen.
Classification of ZFs depends on the different use of these residues


mailto:marjolein.thunnissen@mbfys.lu.se
http://dx.doi.org/10.1016/j.bpc.2009.09.009
http://www.sciencedirect.com/science/journal/03014622

E. Nurmemmedov et al. / Biophysical Chemistry 145 (2009) 116-125 117

in zinc binding. WT1 belongs to the C,H, class, which is mainly
involved in transcription of target genes. [18] This category of ZFPs is
estimated to comprise as much as 1% of total mammalian proteins.

Sequence alignment (Fig. 1) of the four ZFs of WT1 reveals that ZF1
differs substantially from the other three ZFs. Using a recognition code
table based on the observation that the amino acids at positions — 1, 2,
3, and 6 of the alpha helix within a ZF are responsible for determining
the DNA-binding specificity [19], the DNA consensus sequence 5’'-
GCG-(T/G)GG-GCG-3' could be determined to bind to ZFs 2-4 of WT1.
However the amino acids found at the recognition positions in ZF1 are
unconventional for ZFs and therefore no DNA sequence preference
can be deduced with certainty for ZF1 using the recognition code
table. In the search for a consensus for the binding site of ZF1, 28
potential WT1-binding sites from 12 human gene promoters were
aligned. Although the results (Fig. 2) suggest that the binding site for
ZF1 has a poor consensus sequence, guanine seems to be preferred at
most of the triplet positions. Furthermore, some authors find evidence
for a reduction in the DNA-binding activity of ZF1-deleted WT1 by as
much as 90% in comparison to that of wild-type [14]. A role for ZF1 in
RNA binding rather than DNA binding has also been proposed. A
recent in vivo study on Xenopus laevis oocytes has reported that
although both WT1 (4 KTS) and WT1 (—KTS) were found bound to
RNA transcripts, binding of a construct in which ZF1 was deleted was
seriously weakened [16]. This suggests a probable involvement of ZF1
in locating and binding to RNA targets of WTT1.

A second unusual aspect of WTT1 is the translational/transcriptional
regulation of the gene itself. Due to the existence of several different
start-sites, alternative splice options and post-translational modifica-
tions, more than 24 isoforms of WT1 have been detected in mammals.
The most common isoforms are the products of alternative splicing of
the immature WT1 mRNA at exon 5 and exon 9, which produce 4
distinct isoforms with 17 and 3 amino acid insertions, respectively.
The latter is of particular interest, since this encodes the KTS insertion
into the linker between ZFs 3 and 4 which has been reported to
decrease the binding to the DNA consensus sequence [5]. NMR
experiments show that the KTS insertion relaxes the flexibility of the
linker between ZFs 3 and 4, and may in fact reduce or abrogate
binding of ZF 4 to its DNA targets [20]. On the other hand, the insertion
of KTS differentially affects the affinity of WT1 for its single-stranded
RNA targets — an interaction pattern, which is not yet understood
[18,21].

Hence, the effects of the KTS insertion as well as the unconventional
amino acid sequence within ZF1 on DNA, RNA and protein binding
remain to be fully characterized. A wide spectrum of WTT1 research is
being conducted on biochemical, structural, immunological and cellular
levels. The primary goal of a number of previously reported studies on
WTT1 kinetics has been to characterize the effects of various system
conditions (pH, temperature, ionic strength etc.) on binding to different
DNA [22] and RNA [21] targets. Despite this, there is as yet no accurate
understanding of which ZFs undertake which specific roles in effective
binding to the DNA and RNA targets in various physiological contexts.

In a previous study, the full-length C-terminal of WT1 was expressed
and purified, and interactions between the —KTS and + KTS isoforms

-1123456789
ZF1 FMCAYPGCNKRYFKLSHLQMHSRKHTGEKP
ZF2 YQCDFKDCERRFFRSDQLKRHQRRHTGVKP
ZF3 FQC—KTCQRKFSRSDHLKTHTRTHTGKTSEKP
ZF4 FSCRWPSCQKKFARSDELVRHHNMH

* % Kk *

Fig. 1. Alignment of the ZFs (1-4) of WT1. Numbers (—1 to 9) indicate amino acid
positions within the « helices; highlighted positions are involved in specific binding to
DNA. Asterisks are the amino acid positions significantly different in ZF1. Shown in bold
are conserved cysteines and histidines, which coordinate Zn™2 ion. The KTS segment
within the linker between ZF3 and ZF4 is the insertion that creates the two isoforms
(WT1-KTS and WT1+KTS).

and the consensus DNA were observed using qualitative electrophoretic
mobility shift assays [23]. Here, we report a dual study where, using six
different truncations of the WT1 ZF domain, we attempt to describe the
DNA-binding characteristics of WT1. In order to look at the DNA-binding
site preferences of ZF1, a recently developed Bacterial 1-Hybrid System
(B1H) [24] has been used. Subsequently, surface plasmon resonance
studies (SPR), in which the various WT1 constructs were probed against
DNA consensus sites, were performed. The technique is one of the
newer methods used for assessment of DNA-binding kinetics; it has
been applied successfully for analysis of protein-DNA interactions
[22,25-32]. It enables extraction of the kinetics parameters ko,
(association rate constant), ko (dissociation rate constant) and Kp
(equilibrium dissociation constant, Kp= kof/kon). Altogether, this
data leads to a clearer and more robust understanding of the
interactions between WT1 and DNA.

2. Materials and methods
2.1. Reagents and instrumentation

The chemicals used in B1H and SPR studies were of molecular
biology grade and were purchased from Sigma (MO, USA). Restric-
tion enzymes were purchased from New England Biolabs (Beverly,
USA). Chemically synthesized DNA oligonucleotides were ordered
from TAGC A/S (Copenhagen, Denmark). Components of the B1H
system, reporter vector pH3U3, expression vector pB1H1 and the
USOAhisBApyrF E. coli selection strain, were a generous gift from
University of Massachusetts Medical School. A BIACORE 3000
machine was used to perform all interaction assays. CM4 chip, EDC,
NHS and ethanolamine were purchased from Biacore AB (Uppsala,
Sweden). Streptavidin was from Pierce (IL, USA).

2.2. Cloning and purification of WT1 ZF truncations

Six different WT1 ZF truncations were generated for BIH and SPR
studies: ZF14+, ZF14—, ZF24+, ZF24—, ZF13 and ZF23. The
previously described constructs 6HIS-ZN+,y; and GHIS-ZN—
were used as templates (Fig. 3, Table 1). The cloning steps, along
with procedures for expression, purification and refolding of the
proteins were as described previously [23]. For the purpose of the B1H
study, the USOAhisBApyrFE. coli selection strain was transformed with
the ZF14— and ZF24— constructs. However, for the SPR measure-
ments, the expressed proteins were further refolded, concentrated
and transferred into the buffer containing 20 mM Tris-HCI pH 7.5 and
150 mM KCl, using a Superdex 75 gel filtration column. For all protein
samples used in this study, the extinction coefficients were calculated
individually according to Gill and Hippel [33] and the protein
concentration was measured on a Lambda EZ210 spectrophotometer
(PerkinElmer, USA) at a wavelength of 280 nm. Concentrations were
additionally measured separately using Bradford [34] and micro
Lowry methods [35]. After these procedures we obtained protein
analytes with >95% purity.

2.3. B1H: design of binding site library

The binding site library was designed with a single oligonucleotide
5’-ATACATAGAT GCGGCCGC ATATA GCGTGGGCG NNNN ATATA
GGCGCGCC ATAC-3'. Binding sub-sites for the WT1 ZFs 2-3-4 were
kept constant, whereas a degenerate binding sub-site 5'-NNNN-3’
was provided for ZF 1. Notl and Ascl restrictions sites were designed
on the 5'- and 3’-end respectively, and 5’-ATATA-3’ spacers were
provided to sufficiently expose the WT1 binding site and to separate it
from the restriction sites. The library was extended with a primer 5’-
GTATGGCGCGCCTATAT-3’ as described previously [36], and purified
using the QIAquick nucleotide removal kit (Qiagen). The theoretical
complexity of the library is calculated to be 256.
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Fig. 2. Sequence logo obtained after alignment of 28 potential WT1 binding sites from 12 human gene promoters regulated by WTT1. For the purpose of this alignment, — 1500
segments of the coding strands of the promoters were searched for binding sites fitting the format 5'-N GNG NGG GNG NNN N-3'. The binding site for ZF1 (positions 11,12, 13 and 14
from left) evidently has poor consensus, unlike the ones for ZF2-3-4 (positions 2 to 10). Note: The overall height of a stack indicates conservation at that position, while the height of
symbols within the stack indicates the relative frequency of each nucleotide at that position. Lack of symbols indicates absence of conservation at a given position.

2.4. B1H: preparation of reporter constructs

The extended library and pH3U3 reporter vector were digested
with Notl and Ascl. The digested vector was gel-purified using a
GenElute gel extraction kit (Sigma). The library was purified using a
QIAquick nucleotide removal kit (Qiagen). The ligation reaction was
optimized and performed as previously described [36]. The purified
library was transfected into ElectroTen-Blue electroporation-compe-
tent E. coli cells (Stratagene); the library complexity was sufficient.
This ‘original’ library was amplified and stored for further reference.
To eliminate the self-ligated (empty) pH3U3 vector, we digested the
‘original’ library with restriction enzyme Apall, which cuts only in the
region between the Notl and Ascl restriction sites of intact vector.
Electroporation-competent USOAhisBApyrF E. coli selection strain was
transformed with the gel-purified library with sufficient efficiency.
The cells were processed, spread on 5-FOA (5-fluoro-orotic acid)
plates to counter-select against self-activating binding sites, and
cultivated — as described previously [36]. The numerous colonies
were pooled together. This ‘purified’ library was extracted and stored
for further reference.

2.5. B1H: binding site selection

Two separate lines of electroporation-competent USOAhisBApyrF E.
coli cells containing expression constructs ZF14— and ZF24— were
transformed with the ‘purified’ binding site library. Transformation was
performed in multiples to increase efficiency of library representation,
as described previously [36]. Divided in equal aliquots, the cells were
spread on 140 mm x 20 mm petri plates with various concentrations of
3-AT (3-amino-triazole) medium: 0 mM, 1.0 mM, 2.0 mM, 3.0 mM,

ZF1 ZF2 ZF3 ZF4

N C

- > ZF14-
- »  ZF24-

- > ZF13

4.0 mM and 5.0 mM. Sealed plates were stored in the incubator at 37 °C
for several days. Design of the B1H system is depicted in Fig. 4.

2.6. B1H: sequencing and analysis of binding sites

Fifteen random colonies from each plate were chosen for
sequencing. Since the reporter vector is a low copy number plasmid,
sequencing could not be made directly from the extracted plasmids.
Using colonies as DNA templates, the region around the library
insertion in the reporter vector was amplified with PCR using the
primers:

5’-TGATCCCCTGCGCCATCAGATCCTTGGCGG-3" and
5'-TACCTGTGTGGACGTTAATCACTTGCGATT-3'.

The binding sites were subsequently sequenced with the primer:
5'-CAAATATGTATCCGCTCATGAC-3'. The obtained binding sites were
subjected to the MEME algorithm [37] for recognition of over-
represented motifs. Sequence logos (Fig. 5) were generated for these
sequences using the WebLogo server [38].

2.7. SPR: design of DNA duplexes

Five types of 5’-biotinylated DNA duplexes, BS1-5, were used in the
SPR assays, as shown in Table 2. Complementary single DNA strands
were mixed in equimolar amounts, heated to 95 °C for 5 min and cooled
to room temperature to allow duplexes to form. Hybridized oligonu-
cleotides were spun through G-25 (GE Healthcare, Sweden) columns to
eliminate free biotin and nucleotides.

ZF1 ZF2 ZF3 ZF4
KTS
N C
- > ZF14+
- » ZF24+
-—) ZF23

Fig. 3. WT1 ZF truncations generated via differential cloning. Arrow directions indicate the forward and reverse primers used for PCR. The number of zinc fingers inside each

truncation should be deduced accordingly.
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Table 1
Primers used for construction of the WT1 ZF truncations.
WT1 ZF Primers
truncations
B1H ZF14— Forward: 5’-
GTACCAGTGAGAAACGCCCCTTCATGTGTGCTTA-3/
Reverse: 5’-
GGATCCTCAAAGCGCCAGCTGGAGTTTGGT-3'
ZF24— Forward: 5’-
GGTACCGGTGAGAAACCATACCAGTGTGACTTC-3
Reverse: 5'-
GGATCCTCAAAGCGCCAGCTGGAGTTTGGT-3'
SPR ZF14 +, Forward: 5'-
ZF14— CCATGGAGAAACGCCCCTTCATGTGTGCTTA-3'
Reverse: 5'-CTATTTGGTCATGTTTCTCTGATGC-3’
ZF24 +, Forward: 5'-
ZF24— CCATGGAGAAACCATACCAGTGTGACTTC 3’

Reverse: 5'-CTATTTGGTCATGTTTCTCTGATGC-3’
ZF13 Forward: 5’-
CCATGGAGAAACGCCCCTTCATGTGTGCTTA-3’
Reverse: 5'-CTAACCTGTATGAGTCCTGGTGTGGGT-3’
ZF23 Forward: 5’-
CCATGGAGAAACCATACCAGTGTGACTTC 3’
Reverse: 5'-CTAACCTGTATGAGTCCTGGTGTGGGT-3’

The truncations are named ZF14+, ZF14—, ZF24+, ZF24—, ZF13 and ZF23. Presence and
absence of the KTS insertion in the truncations is symbolized with ‘+’ and ‘—’, respectively.
In the case of B1H constructs, the forward primers introduced the initial Methionine and a
Kpnl restriction site, whereas the reverse primer introduced a BamHI restriction site
downstream of the stop codon. The DNA fragments cloned into the expression vector
pB1H1 were sequenced with primer 5'-GATTCGTCGTGCGGCAACCA-3'.

2.8. SPR measurements

The ‘kinetic titration series’ approach [39] was chosen for data
collection. Hence, different concentrations of analyte were injected over
the chip surface in five consecutive injections without regeneration. A
CM4 chip surface was activated with a mixture of NHS (0.05 M) and EDC
(0.2 M). Immobilization was performed at a flow rate of 30 pl/min in
20mM Hepes pH 7.4, 150 mM KCl and 0.005% P20 surfactant.
Streptavidin was injected at a concentration of approximately 50 pg/ml
in 10 mM sodium acetate pH 4.0. Ethanolamine (1M, pH 8.5) was
injected to quench remaining active groups. An average of 3000 RU of
streptavidin was immobilized on each flow cell. Biotinylated DNA
duplexes in concentration of 50 nM were injected until a desired
immobilization level of 100-300 RU was achieved. A streptavidin-
immobilized and ethanolamine-blocked flow cell, usually 1 and/or 3,
was used as reference. A random DNA sequence was used as a control for
specificity of interaction (Table 2).

SPR assays were performed at 25 °C using a running buffer with
20 mM Tris-HCI pH 7.5, 150 mM KCl, 1 mM MgCl,, 1 mM DTT and
0.005% (v/v) surfactant P20. After the last gel filtration step, all of the
six protein samples were concentrated and stored at —80 °C until
used. All the protein samples were diluted in running buffer
containing 1 mg/ml carboxymethyl (CM) dextran. All the dilutions

RNA Pol

—GCG —TGG—GCG -NNNN

used for the measurements were made from the same sample stock to
eliminate any possible concentration errors.

Initially, running buffer was administered in 5 injections to
account for the effect of buffer signal and to assess baseline behavior.
The flow rate was maintained at 30 pl/min. Dilution factor (F=2) and
concentration (CONC) of each analyte was carefully chosen. Sequen-
tially increasing concentrations of the analytes were flown over the
DNA-immobilized surface at a flow rate of 30 pl/min. The analytes
were assayed on the immobilized DNA ligands according to the
combinations given in Table 2.

To obtain the final data, interaction curves were subjected to
subtraction of references and correction by blanks for instrument drift
and refractive index changes (Fig. 6, Supplementary Fig. 1). The
previously reported algorithm used for the evaluation of ‘kinetic
titration series’-type data [39] was modified to include the effect of
drift, since this effect could not be completely eliminated. The
modified algorithm was incorporated into the BIA Evaluation version
4.1 (Biacore AB), and curve fitting was performed assuming a 1:1
Langmuir interaction. Selection of defaults and initial values for the
parameters in the model were as set formerly [39]. However, initial
values for kop, kofr and k, (coefficient for drift) were entered as 10°,
1073 and 5 x 10%, respectively.

3. Results
3.1. B1H study

The purpose of the B1H analysis was to investigate a possible
sequence preference of the binding sub-site for WT1 ZF1 (Fig. 4). The
segments of WT1 (—KTS) ZF domain encoding ZF14— and ZF24—
were separately fused to the a-subunit of RNA polymerase in the
expression vector, as described above. When the ZFs are engaged in
productive binding with a member of the WT1 binding site library
located upstream of a weak promoter in the reporter vector, the fused
RNA polymerase is recruited to activate transcription of the reporter
genes HIS3 and URA3. Colonies that appear on high stringencies (high
3-AT concentration) are products of a strong interaction, whereas
those that appear on lower stringencies can have weaker interactions.
The three sets of selections used in this study are described in Table 3.

The efficiency of selection in 5-FOA and 3-AT media was calculated
to be around 5x 107 transformants, which is sufficient to represent a
library with a complexity of 256 (4*) variants. Colonies appeared in
the course of 2-4 days. The number of colonies obtained at various
stringencies is shown in Table 3. In control 1, cells were able to survive
at maximum 2 mM 3-AT. In control 2, colonies appeared at maximum
4 mM 3-AT. In comparison to the two controls, survival ability of Lib-
ZF14— cells was raised to 5 mM 3-AT. It is evident that the presence of
ZF1, which is absent in control 2, causes colony survival at stringencies
even greater than 4 mM 3-AT.

Fifteen Lib-ZF14— colonies from each stringency between 2 and
5mM were randomly selected and sequenced. The obtained ZF1
binding site logos for the various stringencies are shown in Fig. 5. At

>

35
Weak Promotor

WT1 binding library

} HIS3

Positive marker Negative marker

Fig. 4. Schematic illustration of the B1H system. The ZF domain (bait) of WT1 is fused to the alpha-subunit of RNA polymerase in the expression vector. A library of randomized DNA-
binding sub-sites, 5’-NNNN-3’, (prey) is inserted upstream of HIS3 and URA3 genes in the reporter vector. Binding sub-sites for the ZFs 2-3-4 are kept stable for anchoring.
Interaction of ZFs with the target sequences will recruit the fused RNA polymerase to activate the two reporter genes. Contribution from binding of ZF1 will add strength to the

interaction.
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Fig. 5. Binding site motifs obtained various stringencies, 2.0, 3.0, 4.0 and 5.0 mM 3-AT. Each motif was obtained through alignment of fifteen over-represented sequence motifs. Even
though GTTG is the strongest represented target of ZF1 at the highest stringency, its tolerance to other sequences becomes apparent at lower stringencies.

5mM 3-AT, ZF14— shows a clear preference for a binding site
dominated by GTTG. While each of the nucleotide positions 1, 3 and 4
allowed a second recessive possibility, position 2 was found to be a
strongly conserved thymine. At 4 mM 3-AT, the binding site was still

represented by GTTG, however, at position 2 also a comparably
weaker adenine is tolerated. Even though the binding pattern at 3 mM
3-AT was still dominated by GTTG, the strict requirement fora T ora G
respectively at positions 2 and 4 were considerably reduced. Finally,
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Table 2

(A) Desciption of the ligands designed for the SPR measurements.

DNA ligand Sequence

BS1 5'-TCATTACAATGCGTGGGCGGGGAATCTT ACTA-3’
3'-AGTAATGTTACGCACCCGCCCCTTAGAA TGAT-biotin-5

BS2 5'-TCATTACAATGCGTGGGCGAATCTTACTA-3’
3'-AGTAATGTTACGCACCCGCTTAGAATGAT-biotin-5'

BS3 5’-TCATTACAATTGGGCGGGGAATCTTACTA-3’
3'-AGTAATGTTATCCCGCCCCTTAGAATGAT-biotin-5"

BS4 5'-TCATTACAATGCGTGGGCGGTTGAATCTTACTA-3’
3’-AGTAATGTTACGCACCCGCCAACTTAGAATGAT-biotin-5’

BS5 5'-TCATTACAATTGGGCGGTTGAATCTTACTA-3’
3'-AGTAATGTTAACCCGCCAACTTAGAATGAT-biotin-5

Control 5'-CTAGTGTTAATACCATAATGCAGAAACAGA-3’

3'-GATCACAATTATGGTATTACGTCTTTGTCT-biotin-5

(B) Description of the analyte-ligand combinations assayed in the study.

Ligand : Analyte
BS1 : ZF14— and

Description

Binding sites for all four ZFs are provided. ZF1 binds to GGG —

ZF14+ extracted from promoter sequence analysis.
BS2 : ZF24— and Binding sites for ZFs 2-4 are provided.
ZF24+

BS3:ZF13 and ZF23 Binding sites for ZFs 1-3 are provided. ZF1 binds to GGG —
extracted from promoter sequence analysis. Test for ‘minimal
DNA-recognition domain’.

BS4 : ZF14— and Binding sites for all four ZFs are provided. ZF1 binds to GTTG —

ZF14+ extracted from B1H system.

BS5:ZF13 and ZF23 Binding sites for ZFs 1-3 are provided. ZF1 binds to GTTG —
extracted from B1H system. Test for ‘minimal DNA-recognition
domain’.

Control : ZF14— and Accounts for binding affinity to a non-consensus DNA sequence

ZF14+

The consensus sites are shown in italics. The length of the spacers on either side of each
binding site was designed to maximally expose the binding sites on the chip surface for
unbiased interactions. The content of the spacers was arbitrarily chosen to be GC-poor.
Control sequence is randomly chosen to be completely dissimilar from the consensus site.

the binding pattern GTTG was not dominant at 2 mM 3-AT, although
guanine still prevailed at position 1 and thymine dominated at
positions 2 and 3. The nature of the base at position 4 had apparently
no significance at the lowest stringency.

3.2. SPR studies

Studies using SPR need to be fine-tuned according to the nature of
the analytes and ligands, the biochemistry of their interaction and the
questions to be answered. Matching the WT1 ZF truncations with
particular DNA ligands (Table 2) ensured that each ZF binds to only its
high-specificity DNA triplet and no subsequent shifts occur within the
binding frame that produce aberrant binding patterns. The expected
interaction pattern, based on an anti-parallel alignment of the ZF
polypeptide and the DNA chain, is as depicted in Fig. 7A.

Due to their specific biophysical nature (i.e. pI>10), the analytes
were positively charged in the assay buffers at pH 7.5. Therefore, in
order to eliminate unspecific binding of the ligands to the negatively
charged carboxymethylated dextran on the chip surface, CM dextran
sodium salt was added to the analyte dilution buffer to a final
concentration of 1 mg/ml, which was empirically determined. At this
minimal concentration CM dextran competes with the charged sensor
surface without itself introducing non-specific interactions with the
analyte. The initial concentration of the injected analyte was
subsequently optimized to give a good and reproducible signal over
noise.

The sensorgrams obtained after reference subtraction are sum-
marized in Fig. 6 and Supplementary Fig. 1. Technical problems
related to mass transfer and steric hindrance were eliminated through
increasing the flow rate to 30 pl/min and using a low immobilization
level of DNA (only 100-300 RU). The classical method of data
collection (several single injections at various analyte concentrations)

Response (RU)

400 800 1200 1600 2000 2400

Time (s)

Response (RU)

500 1000 1500 2000

Time (s)

-5 4

Fig. 6. Two kinetic titration sensorgrams of a pair of WT1 ZF truncations. Each
sensorgram contains five sequential analyte injections with increasing concentration,
from left to right. The highest analyte concentrations (CONC) are indicated in brackets.
The dilution factor (F) used throughout the measurements is 2. Refer to Table 4 for the
derived kinetic data. a) BS4: ZF14— (375 nM), chi? is 3. b) BS4: ZF14+ (750 nM), chi? is
0.5. Sensorgrams for the remaining measurements are provided in Supplementary
Figs. 1 and 2.

was not used since this led to poor regeneration of the chip surface.
Instead a kinetic titration series approach was used instead since this
circumvented the need for regeneration after every injection. Fitting
of the saw-tooth-pattern sensorgrams yielded typically chi? (good-
ness of fit) values below 10, indicating reliable quality of fitting.
Measurements obtained for each type of interaction were averaged,

Table 3
Description of the samples used in the B1H study, and numbers of colonies obtained at
various concentrations of 3-AT.

Lib-ZF14- No-Lib-ZF14-(Control 1) Lib-ZF24-(Control 2)

ZF24- interacts with
the complete
binding site library.

Description ZF14- interacts with ZF14- interacts with an
the complete empty reporter vector (i.e.
binding site library.  no binding site library).

Stringency

Colony numbers
0 mM >6000 > 6000 ~6000
1.0mM  ~5100 4 102
20mM  ~4000 2 57
3.0 mM 140 0 35
4.0 mM 86 0 2
5.0 mM 65 0 0

Control 1 gave an estimate of survival level without involvement of the desired
interaction between ZF domain and the binding site library. Control 2 revealed the
threshold of survival accounted for interaction between the library and ZFs 2-3-4 only.
Thus, Lib-ZF14— survivors on the stringencies higher than those found for the two
controls would be attributed primarily to the interaction of ZF1 with its binding sub-
sites from the library. All samples were treated similarly throughout the study.
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Fig. 7. Cartoon representing the interaction of WT1 ZFs with DNA. (A) Classical situation
where each ZF binds to its target sub-site; (B) Displacement of ZF4's binding frame due
to KTS; (C) Unspecific binding of ZF1; (D) A situation with both B and C, where ZF2-3
acts as the minimal DNA-recognition domain.

and errors were subsequently estimated for each interaction from the
variations within the data sets (Table 4).

To investigate the role of the different ZFs and the KTS insertion,
six different constructs were made and twinned studies were
performed to investigate the role of the individual components. To
investigate a probable role of ZF1 in binding of WT1 to DNA, two sets
of sub-sites were selected: 1) GGG was selected from the promoter
sequence alignments (Fig. 2), and 2) GTTG was selected from the in
vivo B1H analysis (Fig. 5). Data obtained from the measurements is
summarized in Table 4 and sketched in Fig. 7C.

Our data indicate that the presence of ZF1 did not significantly
change the kinetic behavior of the protein in respect to DNA binding.
When comparing BS1:ZF14— and BS2:ZF24— (Table 4), it can be seen
that the overall binding affinity was not affected since both the on-
and off-rates are decreased by one order of magnitude. Likewise,
when comparing BS4:ZF14— and BS2:ZF24—, the absence of ZF1
again equally affects both on-rates and off-rates, thereby not changing
the overall affinity.

The effect of the KTS tri-peptide insert between ZF3 and ZF4, i.e., in
the middle of the canonical linker TGEKP, has been reported to be the
abrogation of binding to DNA [5]. However, a comparison of the kinetics
of BS1:ZF14— and BS1:ZF14+ (Table 4) indicates that the presence of
the KTS element did not decrease the affinity to DNA. The same behavior

Table 4
Kinetic data of the six WT1 ZF truncations, as indicated in Table 2B.

Interaction kon (M~ 157 1) kot (s™1) Ko (Koft/Kon) (M)

BS1 : ZF14— (1124+£0.23)x10° (6.14+£0.7)x10~%  (55+£1.1)x10~°

BS1 : ZF14+ (3.614+0.96)x10° (634+1.6)x10~% (1.77+£1.31)x10~°
BS2 : ZF24— (1.15+£0.05)x10° (4.944+09)x107>  (4.312£0.93)x10~°
BS2 : ZF24+ (235+£0.4)x10°  (5.9240.27)x1073 (2.534+0.87)x10~%
BS3 : ZF13 (245+£0.29)x10° (4.45+0.44)x10~3 (1.80+0.39)x10~%
BS3 : ZF23 (4.654+0.13)x10° (1.44+0.87)x10~" (3.11+£04)x10~7
BS4 : ZF14— (493+£091)x10° (4.8420.71)x10"> (9.832+0.97)x10~°
BS4 : ZF14+ (220+£0.1)x10°  (1.63£0.13)x10™3 (7.360.24)x10~°
BS5 : ZF13 (1.574+0.22)x10° (2.69+£0.17)x10"2 (1.74+0.16)x10~%
BS5 : ZF23 (1.38+£0.04)x 10° (851+£1.16)x10~”

(1.17+0.2)x 10!

Control : ZF14— -
Control : ZF14+ - - -

Curves of these interactions are provided in Fig. 6 and Supplementary data. Curves of
control measurements are provided in Supplementary data.

is observed when the interactions of BS4:ZF14— and BS4:ZF14+ are
compared. Also in this case the affinity for the latter did not decrease.
However, when the interactions of BS2:ZF24— and BS2:ZF24+ are
compared, there is a 6-fold reduction in affinity. The KTS-induced
decrease in affinity of ZF24+ was fully accounted for a slower ko, while
kog remained unaffected. It implies that KTS retards recognition of the
target DNA approximately by a factor of 5. However, once bound, it takes
equal time for ZF24— and ZF24+- to leave the target. Involvement of KTS
is sketched in Fig. 7B.

To estimate the contribution of ZF4, the kinetics for BS1:ZF14—
and BS3:ZF13 are compared. From these data there is a clear
indication of the direct kinetic contribution of ZF4 without any
influence of KTS. In the case of ZF13 (no ZF4 present), affinity is
reduced by 3-fold. Similarly, if BS4:ZF14— and BS5:ZF13 are
compared, a 2-fold reduction in affinity can be observed. Its effect is
more pronounced on the off-rates. Thus, regardless to which target
sub-site ZF1 bound (GGG vs. GTTG), the effect of ZF4 was notable.
Therefore, it seems that ZF4 plays a crucial role in functionality of WT1
as a transcription factor.

To assess the possibility of the two middle zinc fingers functioning as
the sole DNA-recognition domain (see Fig. 7D),a WT1 variant, ZF23 was
generated in which both ZF1 and ZF4 were deleted. The affinity of ZF23
to BS3 or BS5is on the 10~ level. By comparing both BS1:ZF14— vs BS3:
ZF23 and BS4:ZF14— vs BS5:ZF23, it can be seen that mainly the off-
rates were dramatically affected, while the on-rate stayed largely
unaffected. In other words, ZF23 cannot remain bound to DNA
sufficiently. This highlights the fact that ZF4 contributes significantly
to the stabilization of the interactions of WT1 with its DNA target.
Therefore, while this data does support the possibility for ZF2-3
functioning as a minimal DNA-recognition domain for WT1, the
formation of a stable complex will be impaired.

4. Discussion

We conducted a dual study of the DNA-binding behavior of WT1,
using both a B1H system and SPR measurements using different
truncations of the ZF domain of WT1. ZF domains on their own have
been successfully used in DNA-binding experiments without the
functional domains with which they appear in the cell [40,41]. Even
though synergy exists between neighboring ZF modules in a protein,
each module can potentially bind to DNA as an independent unit
[19,42-44], as sketched in Fig. 7A. Thanks to this inherent feature,
various types of studies have been possible, where ZFs are truncated
[45-49], ‘switched off' [50], swapped [51,52], recombined [51] or
fused [53]. Therefore we believe that the six protein analytes used in
our investigation retained their wild-type DNA-binding properties. In
electrophoretic mobility shift assays it has been seen that the DNA-
binding capacity of the C-terminal domain is retained in the absence
of the N-terminal domain [23].

The SPR measurements were performed with an addition of 1 mg/ml
CM dextran sodium salt in order to avoid unspecific binding of the
analytes. CM dextran salt is used in more complex samples such as cell
lysates and serum to reduce binding of unwanted components and the
effect on analyte binding is controlled by adding varying amounts of
analyte to the sample and by looking at the recovery. In the ideal case
analyte binding is only marginally affected. In this case, as the analyte
binds to the soluble CM dextran salt, the question is how much of the
concentration of the analyte that can bind to the immobilized ligand is
reduced. By using a 1:1 Langmuir fitting model, the concentration of the
analyte might be overestimated thus leading to k,,, being underestimated.
However this has no effect on k. as this is concentration-independent.
Since this study is mainly comparative and a concentration series of the
analyte is used, we believe that our strategy to use the simple fitting
method is justifiable as this avoids statistical over-fitting of the obtained
curves. The obtained kinetic values in our study are in accordance with
data reported for similar systems. The SPR measurements show that WT1



E. Nurmemmedov et al. / Biophysical Chemistry 145 (2009) 116-125 123

is a strong DNA-binding transcription factor that operates with an affinity
in 10~ ° M-range, in accordance with the figure of 1.14 x 10~ °M reported
previously (Table 4, Fig. 6, Supplementary Fig. 1) [54]. The specificity of
the interaction is clear if one compares this to the data of the control DNA
(Supplementary Fig. 2), to which WTT1 fails to bind.

The main interest of the study was to investigate the role of the
KTS insert in specific WT1 isoforms as well as a putative role for ZF1.
The KTS insert has been studied extensively and the specific role of the
insert in the protein behavior has been debated. One theory puts
forward that the KTS insert displaces ZF4 such that the critical DNA-
binding amino acids cannot reach the GCG sub-site and the tight
interactions are disrupted (see Fig. 7B). The possibility of such a
displacement is supported by a study where KTS is found to increase
the linker flexibility and weaken DNA binding by ZF4 [20]. In another
study it was proposed that the KTS insertion disrupts the a-helices in
ZFs 3 and 4, probably caused by destabilization of the DNA-induced C-
capping motifs in ZF3 [55]. Conflicting reports have been published
since binding to DNA of a WT+KTS variant has been observed in
electrophoretic mobility shift assays [23], and mice that only express
the KTS+ or KTS— variants of the protein are viable while full WT1
knock-out mice die at mid-gestation [56]. Thus an overlap in
functioning of the two isoforms including DNA binding must be
present. Furthermore a DNA-binding site and a transcriptional target
has been observed for the fusion protein EWS-WT1(+ KTS) (a fusion
between the N-terminal domain of the Ewing's sarcoma gene EWS
and ZFs 2 to 4 of WT1 with the presence of the alternative splice site
leading to a +KTS and a —KTS variant) [57]. Both isoforms of EWS-
WT1 can transcriptionally activate ENT4 (equilibrative nucleoside
transporter 4) with the + KTS form being the more effective one [58].

When the influence of the KTS insert was investigated using SPR
measurements, no severe reduction in affinity between ZF14— and
ZF14+ was observed. The KTS insert does influence DNA binding
more when different constructs are compared like BS2:ZF24— and
BS2:ZF24+ (where ZF1 is absent). Here the overall affinity is reduced
6-fold in the presence of KTS caused by a significantly retarded on-
rate. This observation suggests a possibility that the KTS insert only
mildly disturbs ZF4 from its binding frame without seriously altering
the nature of DNA binding itself and the interaction process is only
affected at the recognition stage. These data show that indeed the
+ KTS variant can complex with DNA in a simplified model system.
Whether the full WT1 (+KTS) also can bind DNA directly within the
cellular context remains unclear. Here, interactions with other factors
(like other regulatory proteins), and the changed pattern of cell-
location play an important role.

The significance of ZF4 itself can be assessed by comparing BS1:
ZF14— vs. BS3:ZF13 and BS4:ZF14— vs. BS5:ZF13. The absence of ZF4
reduced the affinity 3-fold and 2-fold, respectively, caused mainly by a
retarded ko (7- and 6-fold, respectively), while ko, remained
unaffected. The difference in ko demonstrates that ZF4 enhances
the ability of WT1 to form a stable complex with DNA and the extra
contacts provided by ZF4 contribute effectively to the DNA-protein
interaction strength. Thus, the extra 3-bp DNA contacts provided by
ZF4 increase the specificity of binding to a DNA target 64-fold. On the
molecular level this implies a more efficient target locating ability and
higher specificity.

The interplay between KTS and ZF4 might be a potential source for
enhancement of the sequence recognition potential of WT1. The KTS
moiety might give WT1 flexibility to reach target sequences with
interrupted binding sub-sites. Furthermore the KTS insertion might be
more significant in RNA binding even though these interactions are
not well understood. KTS differentially affects the affinity of WT1 for
its single-stranded RNA targets [18,21]. Single-stranded RNA has
more conformational freedom than double-stranded DNA and can
have a well-defined three-dimensional structure. The insertion of KTS
might therefore direct ZF4 to a different part of the three-dimensional
RNA structure.

The role of ZF1 in DNA binding seems to be minimal. The presence
of ZF1 increased the capacity of cells to tolerate 3-AT at considerably
higher stringencies in the BH1 studies. Therefore, the presence of ZF1
seems to be beneficial for complex formation between WT1 and DNA.
However the binding seems not to be governed by a specific sequence
at lower stringencies and only at higher stringencies a sequence
represented by GTTG seems to be the preferred binding sub-site.
Interestingly, comparison of this weak consensus site to the ZF1
binding sites from WT1's bona fide target genes (see Supplementary
Table 1) revealed poor similarity. Therefore, it seems that under true
physiological conditions the contributions of ZF1 to DNA binding are
of a rather unspecific nature in comparison to the specifically directed
interactions the other ZFs make and only under very stringent
conditions a preference can be detected.

These subsequent studies showed that involvement of ZF1 in DNA
binding is not significant in terms of kinetics, even though both
association and dissociation rates are affected, the overall affinity
remains mostly unchanged (BS1:ZF14— vs. BS2:ZF24—). This is in
agreement with a recent structural study, where ZF1 is seen to align
itself in the DNA major groove and interact with the phosphodiester
backbone, without making essential base-specific contacts [59]. Its
deletion affects binding kinetics insignificantly, hence pointing at its
secondary role in DNA binding [13,14,60]. However, according to our
investigation, the effect of ZF1 is more pronounced when KTS is
inserted (BS1:ZF14+ vs. BS2:ZF24+ ), further complicating its role. An
influence of ZF1 in DNA binding could be modulating the specificity of
the other 3 ZFs indirectly as suggested from studies of the fusion
protein EWS-WT1(—KTS). This protein lacks the first zinc finger and
this might account for the distinct DNA binding specificity in vivo of
this fusion protein compared to native WT1 [61]. Therefore, interplay
between ZF1 and KTS as well as effect of ZF1 on DNA binding could
greatly depend on the cellular context especially in view of the fact
that other protein factors are known to modulate WT1 function [11].

Interestingly in the B1H experiments, judging from the colony
counts of Lib-ZF14— and Lib-ZF24—, the presence of ZF1 is significant
for cell survival (Table 3). In the case of Lib-ZF24—, the number of
colonies is drastically decreased from 6000 to 102 when subjected to
high stringency. In contrast, the number of colonies of Lib-ZF14— is
not as much affected. However, this is not reflected in the SPR
measurements that were performed with a ligand that contained the
observed recognition GTTG sequence. No main differences are
observed when the different constructs and ligands are compared;
BS1:ZF14— vs. BS4:ZF14—, BS1:ZF14+ vs. BS4:ZF14+, or BS3:ZF13
vs. BS5:ZF13 (Table 4). These in vitro experiments seem not to be
sufficient to reflect the complex molecular environment of a cell,
where ZF1 might interact with various protein and RNA partners and
more subtle benefits of ZF1 can be established. Also the influence of
the full WT1 protein has to be taken in account. For example, it is
known that the full-length protein is able to dimerise [61] and thus
there might be interplay between ZF1 and its N-terminal domain. ZF1
is reported to play a more important role in RNA recognition, and its
presence there plays a major role [16] and it appears that it behaves in
a context-dependent manner and some synergy can be seen in the
presence of the KTS insertion. This might be a mechanism of fine-
tuning the binding kinetics for the myriad targets of WT1, whose
kinetically differential selection is a necessity, if one considers the
complexity of WT1 biology.

It has been suggested that the transcriptional affinity and
specificity of protein-DNA interactions are mainly dictated by
dissociation rates, as even non-specific partners may associate due
to attracting electrostatic forces. However, specific gene regulators
associate with their targets much more tightly, with slow dissociation
rates. A study with several variants of Adr1 has shown its in vivo
activity to depend mostly on ko, rather than on k,, or Kp. For a gene
to be activated by Adr1, accessibility to the binding site in vivo is not
the rate-limiting step [30,41]. Albeit uncommon, there are several
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naturally occurring two-ZF proteins like Tramtrack, which was found to
bind specifically to an 11-bp DNA sequence with a Kp of 4x 10~ M [62].
Another similar domain with two ZFs from human enhancer binding
protein, MBP1 has been found to specifically recognize a 15-bp sequence
with a Kp of 1.4x10~7M [63]. A third unrelated protein, ADR1, binds
several of its targets with Kp, values varying in the range of 6.4x 10~ 8-
5.70x 1077 M [41]. These values are in the same order of magnitude as
the Kp values we measured for ZF23 (Fig. 7D), 8.51x10~’M and
3.11x 10~ M for BS5 and BS3, respectively. These values are dominated
by kon (10° M~ s~ !-level), whereas the contribution by ko is relatively
insignificant (10~ s~ '-level). This indicates that although the ZF23 is
able to recognize DNA, its ability to form a stable complex is impaired as
compared with the full C-terminal domain.

To summarize, this dual study provides new insights into the DNA-
binding behavior of the different isoforms of WT1. Using an in vivo
B1H system, we show that ZF1 seems to interact unspecifically with a
range of DNA sequences; and we believe it functions in a cellular
context-dependent manner. ZF4 significantly contributes to target
locating capability of WT1 with its strong DNA contacts. The KTS
insertion only mildly disturbs WT1 from its binding frame, thus only a
limiting reduction of DNA-binding affinity could be measured. Finally,
we conclude that the middle two ZFs of WT1 can act as a minimal
DNA-recognition domain although the complex with DNA will have
lower stability.
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