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Abstract

The WT1 protein is a transcription factor that controls genes involved in cell proliferation,
differentiation and apoptosis. It has become increasing apparent that WT1 can act both
as a tumor suppressor and oncogene in a tissue specific manner. This opposing role of
WT1 is linked to its underlying transcriptional regulatory function, which involves the
specific binding to its regulatory elements on gene promoters. WT1 binds DNA using it
C-terminal domain made up of 4 C2H2-typ zinc fingers. This same zinc finger domain is
used to bind RNA and proteins and it is still not clear how each zinc finger contributes to
this promiscuous binding behavior. The molecular details of DNA binding by zinc finger 2
to 4 have been described but it remains to be determined whether or not zinc finger 1
binds DNA and if so whether it exhibits any DNA binding specificity. We present the X-
ray structures of zinc finger 1 to 3 bound to a 9 bp and an 8 bp DNA. The two structures
refined to 1.7 A, show no DNA binding specificity for zinc finger 1. The only DNA
interactions involving zinc finger 1 are crystal-packing interactions with a symmetry
related molecule. In the structure of zinc finger 1 to 3 bound to the 9 bp DNA we observe
a shift in the DNA binding positions for zinc fingers 2 and 3. These structures provide
molecular detail into the WT1-DNA interaction showing that zinc finger 1 only modestly
contributes to DNA binding affinity through transient interactions. The dislocation of zinc
finger 2 and 3 emphasizes the importance of zinc finger 4 for maintaining gene
transcriptional specificity.
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Introduction

The WT1 protein, a product of the Wilms’ tumour 1 gene (WTT) is a zinc finger
transcription factor implicated in a number of cellular processes particularly the
development of the urogenital system and nervous system [1, 2]. This gene was
originally cloned in the early 1990s as a candidate factor for the childhood kidney
malignancy commonly known as Wilms’ tumour. Wilms tumour occurs with a frequency
of about 1 in 10,000 mostly affecting children usually under the age of 8 [3]. Genetic
analysis of Wilms’ tumour patients have found destabilizing mutations in 10% of sporadic
Wilms’ tumour cases resulting in the conclusion that WT1 is a tumour suppressor [4, 5].
Mutations in this gene are also responsible for other diseases such as the Denys-Drash,
Frasier and WAGR syndrome [6-8]. Interestingly the WT7 gene has also been described
as an oncogene in certain cancers such as leukemia because of the fact that elevated
expression of wild-type WT1 is observed in these tumours [9-11].

There exist four major isoforms of WT1 as a result of 2 splicing events. The first includes
a 17 amino acid peptide in exon 5 and the second include the tripeptide, lysine,
threonine and serine (KTS) at the 3’end of exon 9. Many other minor isoforms of WT1
have been described, resulting in a large repertoire of WT1 isoforms presently
numbering about 36 [12-16]. The WT1 protein consists of an N-terminal regulatory
domain and a C-terminal recognition and binding domain. The N-terminal domain is
mainly a non-structured proline-glutamine rich domain containing the activation and
repression regulatory regions essential for protein-protein interactions [17]. The C-
terminal domain is composed of 4 Kripple-like C2H2 zinc fingers separated by canonical
linker sequences, TG(E/V)KP that is mostly conserved except in the case of the +KTS
isoforms where the linker region between zinc finger 3 and 4 is longer. This C-terminal
domain is primarily a DNA binding domain but it also binds RNA and proteins. Post-
translational modifications have resulted in some modified forms of WT1. There is the
sumoylation of two lysines (K73 and K177) at the N-terminal part of the protein [18]. The
particular significance of this post-translational sumoylation is not yet known. There is
also another modification at the C-terminal part of the protein, which is phosphorylation
of two serine residues (S365 and S393) in zinc fingers 2 and 3. Phosphorylation of DNA
binding domains is a regulatory mechanism used to modulate the activity of transcription
factors [19].

WT1 is a transcription factor with over 20 known targets, acting as an activator or
repressor of gene transcription. The molecular mechanism that selects the targets and
decides the type of regulation is not yet characterized, and it is believed to be isoform as
well as cell specific. In order to understand this mechanism, the DNA binding activity,
exclusive to the C-terminal, zinc finger domain has been extensively studied [20, 21].
The WT1 high affinity binding site, WTE with the nucleotide sequence,
5GCGTGGGAGT3’ has been identified [22]. This and other studies, using methods
such as oligonucleotide libraries screening, DNase footprinting, whole genomic PCR and
bacteria on hybrid screens has led to the consensus WT1 DNA binding site used today.
Subsequent studies have identified a stronger binding to a series of longer sites
summarized as 5GCG(T/G)GGG(C/A)G(T/G)(T/A/G)(T/G)3’ [22-26]. This sequence and
the WTE sequence are very similar to the early growth receptor 1 (EGR-1) consensus
sequence, 5GCGGGGGCG3’. WT1 zinc fingers 2 to 4 share a 65% sequence identity
with zinc fingers 1-3 of EGR-1. A recent structure of the C-terminal zinc finger domain of
WT1-KTS isoform in complex with DNA has been reported [27]. This structure in
combination with an NMR structure shows the specific interaction of the zinc fingers 2-4
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with DNA. The three C-terminal fingers are wrapped around the DNA in a manner
reminiscent of the interaction between the Zif268 zinc fingers with its cognate DNA [28].
Zinc finger 1 however does not bind in the major groove and makes no specific
interactions with the DNA. Zinc finger 1 however makes contact with the DNA backbone.

Sequence alignment (Figure 1) of the four ZFs of WT1 reveals that ZF1 differs
substantially from the other three zinc fingers. It has been observed that the amino acids
at positions -1, 2, 3, and 6 of the a-helix within a zinc finger are responsible for
determining the DNA-binding specificity [29]. However the amino acids found at the
recognition positions in ZF1 are unconventional for DNA binding C2H2 zinc fingers. This
DNA-binding amino acid sequence discrepancy for ZF1, the crystal structure which
shows that ZF1 does not bind in the major groove of the target DNA and the inability of
several studies to identify a consensus binding sequence for ZF1 suggest that zinc
finger 1 may not be a DNA binding zinc finger or may only bind DNA nonspecifically. In
fact, an alternative role for zinc finger 1 in RNA binding has been proposed [30]. This
however does not eliminate the possibility of DNA binding by ZF1. Some authors find
evidence for a reduction in the DNA binding activity of ZF1-deleted WT1 constructs by
as much as 90% [22] while orders observe less dramatic effects [25, 26, 31, 32]. As a
result of the inconclusive evidence as to whether ZF1 is a DNA binding finger or not,
present sequence analyses to identify WT1 target genes use the minimal WTE
sequence. This could be misleading if ZF1 is indeed a specific DNA binding zinc finger.
For a complete understanding of the DNA binding properties of WT1, more evidence is
needed to establish the DNA binding role of WT1 ZF1. Here we report the crystal
structures of zinc fingers 1-3 of WT1 bound to a 9 bp and to an 8 bp DNA binding site.
The structures show conclusively that zinc finger 1 does not bind DNA or at the most
only binds DNA transiently and that zinc finger 2 and 3 bind DNA with some plasticity as
they are unexpectedly shifted in these structures. This data will enable a clearer
understanding of the transcriptional role of WT1.

Materials and Methods
Sample production, activity assay and complex preparation.

Six truncations of the WT1 C-terminal domain were used in this study, including ZF14-,
ZF14+ and ZF24-, ZF24+, ZF13 and ZF23. The numbers 23, 13, 24 and 14 are used to
represent zinc fingers 2 to 3, 1 to 3, 2 to 4 and 1 to 4 respectively. The + and — signs
indicate the presence or absence of the KTS insert. Sample handling in the step before
crystallizations was as previously described [33]. The cloning of all the 6 truncations
used in this study was the same, but for the use of a primer exclusive for the 3’ end of
the ZF23 and ZF13 cDNA. The primers sequences used for the ZF13 and ZF23 were as
follows;

ZF13

Forward: 5" ccatggagaaacgccccttcatgtgtgctta 3°
Reverse: 5’-ctaacctgtatgagtcctggtgtgggt-3’
ZF23

Forward: 5 ccatggagaaaccataccagtgtgacttc 3°
Reverse: 5’-ctaacctgtatgagtcctggtgtgggt-3’

The expression and purification of the ZF13 and ZF24 was exactly as described for the
ZF24 and ZF14 constructs. The cells were grown at 37°C, induced with 0.5 M IPTG,
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harvested, lysed and the protein was purified by a combination of ion exchange and gel
filtration chromatography. Purified samples were analysed by SDS gel electrophoresis
and dynamic light scattering. The Electrophoretic Mobility Shift Assays (EMSA) was
performed to ascertain the DNA binding activity of the different WT1 zinc finger
truncations.

The 2 double stranded DNA sequences used in this study are shown in Figure 1. The 2
pairs of single stranded oligonucleotides were chemically synthesized by Tag
Copenhagen and shipped as lyophilized reverse phase cartridge purified DNA. Each
oligonucleotide was re-suspended in 10 mM Tris, pH 7.0 to a final concentration of 200
MM. The complementary oligonucleotides were mix in a 1:1 molar ratio, heated to 95°C
for 15 min and slowly cooled to room temperature to obtain 100 uM of double stranded
DNA. The DNA duplex was loaded onto a HiTrap Q FF column (GE Healthcare) pre-
equilibrated in 10 mM Tris buffer (pH 7.0), and eluted with a linear NaCl gradient to
separate the duplex from any extra single stranded DNA in the annealing mixture.

Two complexes were prepared in this study including the complex between the WT1
ZF13 and a 9 bp DNA (ZF13/9bp) and the complex between the same ZF13 and an 8 bp
DNA (ZF13/8bp). The sequence of the DNA used is presented in Figure 2 and
represented the binding site for zinc fingers 1 to 3 extracted from the complete WT1
DNA binding site. To obtain the complex, double stranded DNA was gradually titrated
into the protein mixture to a final protein:DNA stiochiometry of 1:1.2 in binding buffer
containing 20 mM Tris-HCI pH 7.0, 150 mM KCI, 1mM MgCl,, 10 yM ZnCl, 1 mM DTT
and 1 mM PMSF making sure not to exceed a complex concentration of 5 uM. KCI was
further added to a final concentration of 300 mM to keep the complex in solution. The
complex was then concentrated and purified on a Superdex 75 gel filtration column in
the same binding buffer containing 300 mM KCI. The fractions containing the complex
were filter concentrated, quantified and used for crystallization.

Crystallisation, structure determination and analyses.

The same protocol was used for the complex formation, crystallization, data collection
and analysis of the two complexes presented in this study. Crystals were grown using
the hanging drop vapor diffusion method at 15°C. About 5 hits were obtained from the
initial sparse matrix screen, the crystallization Kit for DNA (Sigma Aldrich) but only the
most promising were optimized. The drop contained 1 yL of complex and 1 pL of
reservoir solution consisting in one case of 50 mM cacodylate pH 6.0, 10 mM MgCl,, 2
mM spermine, 10 mM CaCl, and 12% isopropanol and in the other of 50 mM cacodylate
pH 6.5, 15 mM MgCl;, 2 mM spermine, 20 mM CaCl, and 11% 2-propanol. Crystals
appeared after 1-2 days and grew to their full size of about 100 x 100 x 250 um?® in one
week. The crystals were transferred to a cryo solution containing the reservoir solution
and 20% glycerol and flash cooled in liquid nitrogen. Data was collected at the
Cassiopeia 1911-3 beamline at the MAX-lab synchrotron radiation facility in Lund,
Sweden. The diffraction data was integrated, scaled and converted to structure factors
using the XDS data processing package [34]. The ZF13/9bp structure was solved by
MRSAD (Molecular Replacement combined with Single anomalous Scattering) using the
program Phaser-EP from the Phenix program suite [35] and initial phases from both the
WT1 ZF14-14bp structure (PDB code 2PRT) and the WT1 ZF24-9bp structure [27]. The
ZF13/8bp structure was solved by molecular replacement [36] with Phaser from the
CCP4 program suite using the same search models as for the ZF13/9bp [37]. Initial
model building into the electron density map was done manually in Coot [38]. Rigid body
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refinement was performed followed by multiple steps of restrained refinement using TLS
with Refmac from the CCP4 suite [39]). The TLS groups were chosen such that each
zinc finger, DNA strand and the zinc atoms each formed a unique group. Evaluation of
model fit to density, model building and correction as well as the addition of waters was
performed using Coot [38]. The final structure refinements were carried out using
Phenix-refine [40]. Molecular graphic figures were prepared with PyMOL [41].

Results
Sample preparation

All the protein samples used in this study had a purity and homogeneity of more than
90% verified by gel electrophoresis and dynamic light scattering. Comparative DNA
binding activity, using an electrophoretic mobility shift assay were the gels were stained
with the DNA stain, SYBR Green (Invitrogen), indicated that ZF13 binds DNA less
effectively than its ZF14 and ZF24 counterparts but more effectively than ZF23 (Figure
2) These results are consistent with earlier results supporting a DNA binding role for zinc
finger 1 [25].

Structure of WT1 ZF13 bound to its 9 bp cognate DNA (ZF13/9bp)

Crystals were grown of ZF13, a truncation of the WT1 zinc finger domain including zinc
fingers 1-3 (residues MET 319-407) in complex with its 9 bp cognate DNA. Data was
collected on the crystals of this complex (ZF13/9bp) and indexed using the XDS program
package in space group P4(3)2(1)2 (Table 1) [34]. The phases were obtained by a
combination of single anomalous dispersion and molecular replacement [35] with 1
molecule per asymmetric unit and a solvent content of 40.1%. The structure of ZF1 and
ZF23 from the PDB entry, 2PRT and the structure of the 9 bp DNA built from sequence
were used as search models. Amino acid residues 320 to 406 were built and refined but
electron density could not be observed for the first 2 and last residues most likely due to
disorder. The structure was refined to 1.7A enabling that all the DNA nucleotides and
111 water molecules could be modeled. The final, refined model (Figure 3) has an Ryor
of 20.7%, Ryee Of 24.1%, a B-factor of 49.8 and all backbone ¢ and g angles are within
allowed regions. A full summary of the data collection and refinement statistics is shown
in Table 1.

The first obvious feature of the ZF13/9bp structure (Figure 3) is the translocation of the
DNA, placing it out of register so that each zinc finger does not bind at the expected
base positions. Instead of binding at the relative DNA binding position 4-12, which
provides DNA binding sites for ZF13, it binds at positions 8-15 only providing possible
DNA binding triplet base-pairs for zinc finger 1 and 2 (Figure 1b and Figure 4). As a
consequence, the DNA was renumbered to reflect its position in the crystal structure and
all later references will use the new numbering (Figure 2). The structure shows however
that the typical zinc finger fold is conserved for all 3 zinc fingers consisting of a -hairpin
loop followed by an a-helix held together by a Zn2+ ion coordinated by two cysteines
and two histidine residues. Zinc fingers 2 and 3 adopt the conformation typical of C2H2
zinc finger domains in complex with DNA with the a-helix lying along the major groove
with its N-terminal end dipped into the groove. Zinc finger 2 is perfectly placed in a major
groove making all the expected contacts. Zinc finger 3 on the other hand is only held in
place by a single hydrogen bond interaction with the backbone phosphate of C52 given
that it usual binding site, base-pairs 4-7 is absent. The overall binding mode where the
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helix lies in the major groove is still conserved since the symmetry related molecule
provides a binding site.

Generally the crystal packing interactions in this crystal are extensive with the individual
molecules packed so closely that there is a very low solvent content of 41% in the
crystal. Typical zinc finger DNA interactions and zinc finger 1 interactions mostly make
the crystal packing interactions in this crystal lattice (Figure 4). However the DNA
mediated crystal packing in this structure is unusual (Figure 4). The DNA packs head to
tail with the 3’ nucleotide of each strand, G16 and C52 flipped out so that the 5’
nucleotides on opposite strands from the DNA in an adjacent molecules base-pair with
each other. G8 base-pairs with C44 from the adjacent molecule instead of with the C52
from the non-coding strand in the same molecule. This effectively reduces the number of
base-pairs per DNA helix in each molecule from 9 to 8. The base-pairing and stacking at
this packing interface however respects the Watson-Crick type base-pairing mode. The
base pairing and base stacking interactions at this interface are further stabilized by the
stacking of the flipped out C52 base against the deoxyribose ring of C44 and 2 hydrogen
bonds, one between the terminal phosphates of C44 and the backbone phosphate of the
flipped out C52 and the other between the terminal phosphate of the flipped out G16 and
the backbone phosphate of G8. There are other crystal packing interactions involving
zinc finger 2 and 3. Zinc finger 2 packs against another zinc finger 2 from a neighboring
molecule using the surface opposite to the DNA binding surface to make hydrophobic
contacts using Try353, GIn374 and Thr378. This hydrophobic contact is flanked by
hydrogen bonds, one between Lys371 and Thr378 on one side and one between
Asp359 and Thr406 on the other side. Zinc finger 3 makes a single crystal contact,
which is a hydrogen bond between Thr404 and Arg345 from zinc finger 2 in a
neighboring molecule. The most significant crystal contacts are zinc finger DNA
interactions mediated by zinc finger 2 and 3 where they recognize DNA from the
adjacent molecule in the manner typical of C2H2 zinc fingers. The a-helix of each finger
lies along the major groove of the DNA in the adjacent molecule and makes extensive
base specific and backbone contacts. The linker region between zinc finger 2 and 3 and
the interaction between the two fingers are identical to those in the previous structures of
ZF24 bound to DNA [27, 33].

Zinc finger 1 in this structure does not bind at its expected DNA binding site. Instead, it is
flipped out, away from its binding site making no contact with the DNA in this region. It
rather extends out to pack against a symmetry related molecule inserted between the
zinc finger 1 and DNA from the symmetry related molecule (Figure 5). The finger makes
very strong hydrophobic interactions with zinc finger 1 from the adjacent molecule by
means of a hydrophobic patch contributed by Phe324, Leu337, Leu340 and the side-
chain ethyl of Glu341 all found on the N-terminal end of the a-helix and the first f-strand.
This N-terminal end of the a-helix is the end that would normally interact with DNA. The
hydrophobic patch from zinc finger 1 interacts with an identical hydrophobic patch from
the adjacent zinc finger 1. On the opposite side of this hydrophobic interaction, zinc
finger 1 interacts with DNA from the symmetry related molecule, mainly making
backbone interactions including 2 hydrogen bonds, one between the side-chain of
Tyr334 and the backbone phosphate of G9 and the other between the side chain of
Lys332 and the same backbone phosphate of G9.

Structure of the WT1 ZF13 bound to its 8 bp cognate DNA (ZF13/8bp)
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This complex was prepared as a result of the fact that in the ZF13/9bp structure, the zinc
fingers seemed to be out of register. This, coupled with the fact that the 3’ nucleotide on
each strand was flipped out resulting in an 8 bp long DNA helix and the fact that in
previous structures of the ZF24-9bp and ZF24+9bp, the forth basepair, T4:A56 did not
participate in the interaction rationalized the design of the ZF13/8bp complex. Data was
collected on the crystals of this complex and indexed using the XDS program package in
space group P4(3)2(1)2. The structure was solved by molecular replacement with 1
molecule per asymmetric unit and a solvent content of 40.8% using the ZF13/9bp
structure as a search model. Amino acid residues 320 to 405 were built and refined but
electron density could not be observed for the first 2 and last 2 residues. The structure
was refined to 1.7A enabling all the DNA nucleotides and 198 water molecules to be
modeled. The final, refined model, presented in Figure 3, has an Ry« 0f 20.4%, Rfee Of
26.7%, a B-factor of 42.5 and all backbone ¢ and g angels are within allowed regions. A
full summary of the data collection and refinement statistics is also shown in table 1.

The global features of the ZF13/8bp structure are identical to those of the ZF13/9bp
structure. Structure superposition reveals a global RMSD between all atoms in the two
structure of only 0.47A. The RMSD between all atoms in zinc finger 1 and in zinc fingers
2 and 3 is 0.42A and 0.27A respectively. This indicates that the protein in both structures
is mostly identical with only very small variations, which are even smaller in zinc finger 2
and 3 compared to zinc finger 1. The main difference between the ZF13/9bp and the
ZF13/8bp complexes is the relative position of the DNA. The DNA in the ZF13/8bp
structure binds at the expected relative position providing the usual binding sites for zinc
finger 1 and 2 and a partial binding site for zinc finger 3. Zinc finger 1 again does not
bind DNA in this structure and it adopts the same position as in the ZF13/9bp structure.
The DNA in the ZF13/8bp structure similarly packs in the crystal by stacking head to tail
but no bases are flipped out since there are only 8 base-pairs in the fragment. The
packing is such that the base stacking distance between the last base-pair in one
molecule and the first in the adjacent molecule is at an ideal distance for Watson-Crick
base stacking with G12 and C48 stacking against G5 and C55 respectively. Most of the
other packing interactions mediated within this crystal are identical to those within the
ZF13/9bp structure with a few exceptions. The 2 crystal packing hydrogen bonds
mediated by zinc finger 2 in the ZF13/9bp structure are not formed in the ZF13/8bp
structure due to an alternate conformation of Lys371 and the fact that Thr406 is not
visible in the electron density. The one crystal packing hydrogen bond mediated by zinc
finger 3 in the ZF13/9bp is also not formed in the ZF13/8bp structure also due to the
alternate conformation of Arg345. The packing of zinc finger 1 in the ZF13/8bp structure
is mostly identical to that in the ZF13/9bp structure but for an additional hydrogen bond
formed between the backbone amide of Phe335 and the backbone phosphate of C8.

Individual zinc finger interactions with DNA

Analyses of the zinc finger DNA binding interactions looking at only one molecule per
asymmetric unit does not show most of the actual interactions mediated in the crystal
forms obtained. This is due to the fact that the DNA from each molecule is effectively
shared between zinc fingers from that molecule itself, as well as from an adjacent
molecule. Analysis of one molecule is synonymous to analysis of a single hand in a firm
handshake shared by two individuals, which cannot depict the whole picture. The DNA
contacts mediated by the zinc fingers in the one molecule per asymmetric unit ZF13/9bp
and the ZF13/8bp structures as calculated by Nucplot [42] (shown in supplementary
material) show that zinc finger 3 makes only 1 backbone contact with the DNA which is
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not the actual case. To get a full picture of the DNA contacts made by each of the zinc
fingers in the two structures, an analysis of the symmetry related molecules was also
made. This analysis, which included the molecule in the asymmetric unit and the two
symmetry related molecules making DNA stacking crystal packing interactions yielded a
more complete picture of the zinc finger DNA contacts in the two structures. For a
complete DNA interaction pattern for zinc finger 1 to 3, it was also necessary to do a
comparative analysis of the two structures in other to incorporate some features of one
structure to another since the DNA in each structure occupied a different register. This
incorporation compensated for the differences in register and a difference in sequence
as a result of that difference in register. The final results are models (Figure 6) that
depict the complete DNA binding contacts observed in both the ZF13/9bp and ZF13/8bp
structures. These two models diverge in the sense that the DNA represented in each
structure differ from that in the other by 2 base-pairs which are simply flipped from either
GC to CG or vice versa (Figure 6 and 7).

C2H2 zinc fingers recognize and bind DNA using amino acids at specific positions with
respect to the a-helix with the first amino acid at the N-terminal end of the helix referred
to as 1, the amino acid preceding that as -1 and the amino acid following that as 2.
These classical C2H2 zinc fingers normally use amino acids at positions -1, 2,3 and 6 to
bind DNA by making base specific contacts with the DNA via the side chains of these
amino acids [43]. Since zinc finger1 does not bind to its designed target DNA site in
these two structures, only the base specific contacts made by zinc fingers 2 and 3 are
described (Figure 8). Apart from interactions at the base pair at nucleotide position 8
with respect to the coding strand, where the nucleotides in the two strands are switched
in the two structures, all other base specific contacts are maintained except for some
water mediated contacts. There are however differences in the DNA backbone
mediated, non-specific contacts mainly due to the differences in the water coordination
or slight changes in side-chain conformations. The base specific contacts made by zinc
finger 3 are identical. These interactions include 2 hydrogen bonds between Arg394 and
G6, a hydrogen bond between Asp396 and C53 and a water-mediated hydrogen bond
between Asp396 and C54. One of the variations is the hydrogen bond between His397
and G5 in the ZF13/9bp structure, which is replaced by non-bonded contacts in the
ZF13/8bp structure. The other variation is a base specific, water mediated hydrogen
bond contact in the ZF13/8bp structure, which is missing in the ZF13/9bp structure. The
main differences are found in zinc finger 2 because the switched base-pair at position 8
is in the triplet base-pair DNA binding site for finger 2. The identical base specific
contacts made by finger 2 include two hydrogen bonds between Arg366 and G9, two
hydrogen bonds between Arg372 and G7, a hydrogen bond between Asp368 and C50
and a water-mediated hydrogen bond between Arg372 and C52. The only difference in
the base specific contacts is a hydrogen bond formed between GIn369 and C8 in the
ZF13/8bp structure which is missing in the ZF13/9bp structure due to the fact that there
is a G at position 8 instead.

Discussion

Both the ZF13/9bp and the ZF13/8bp structures are refined to a high resolution of 1.7A,
which allows for a clear assignment of all the hydrogen bond interactions described. The
average B factor of 49.8 and 42.5 for the ZF13/9bp and ZF13/8bp are at the higher
average limit. This is however misleading, as the ribbon representation colored by B
factor presented in Figure 9 show that the average B factor for zinc finger 2 and 3 are
quite low and only the average B factor for finger 1 and the frail ends of the DNA are
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high. This is consistent with the DNA binding results showing that zinc fingers 2 and 3
are bound to the DNA and fixed, therefore the low B factors. Zinc finger 1 which does not
bind DNA and therefore is more flexible has high B factors. This is further observed in
the electron density map, which is not as defined for zinc finger 1 as for zinc finger 2 and
3 in both structures. The apparent tendency for zinc finger 1 to be flexible in these highly
packed structures may be an indication of in vivo flexibility intrinsic to zinc finger 1 in
WT1 DNA interactions.

The structures of zinc finger 2 and 3 bound to DNA in the ZF13/9bp and ZF13/8bp
structures are consistent with the published crystal and NMR structures [27]. The
present structures however reveal additional interactions that could not be observed in
the previous structures due to limitations in resolution. The hydrogen bond assignments
are more accurate and depict the actual hydrogen bond network in the WT1 zinc finger
DNA interactions as opposed to the hydrogen bond network in the previous structures
which was inferred from the structure of Zif268 zinc fingers bound to DNA [28]. There
are some differences in the base specific contacts seen in the structures of ZF13/9bp
and ZF13/8bp compared to the previous structures but not too many to disregard the
previous findings. The additional non-specific backbone interactions and the water-
mediated interactions, which have never been described before are complementary to
the previous structures. Some of these water-mediated contacts are conserved between
the ZF13/9bp and the ZF13/8bp structure and even mediate base specific contacts.
Such new water mediated base specific contacts could have serious implications on the
DNA specificity of the WT1 zinc finger domain, which could translate into a new
understanding of its transcriptional activity. These structure show that ZF23 mediate very
strong and highly specific interactions with DNA and therefore could act as the minimal
DNA binding domain of WT1 as earlier proposed in a dual bacterial one hybrid and
surface Plasmon resonance study [25].

The relative positions of the DNA in these two structures reveal a very fundamental
aspect in zinc finger DNA interactions. Selectivity is more stringent in some positions,
while other positions do not demonstrate any selectivity at all. As such, it is most often
that transcriptional control elements have some flexible positions where more than one
nucleotide can be tolerated. This has to be taken into consideration when searching
gene promoter sequences to determine if they are possible transcriptional targets of a
particular zinc finger transcription factor. It is known from previous selection studies that
certain positions in the WT1 DNA binding sequence can tolerate substitutions at certain
positions as demonstrated by the consensus sequences [22, 24, 26, 44]. The structural
data presented here provide a molecular mechanism behind this selectivity. The
selectivity for C at position 8 of the WT1 target DNA in the ZF13/8bp is as a result of a
base specific hydrogen bond contact that is lost when this base is switched to a G in the
ZF13/9bp structure. Such a loss of selectivity may not result in the complete lack of
binding by the zinc finger domain but could still have serious consequences as has been
demonstrated by the loss of a single base specific contact in the WT1 DNA interaction
as a result of an Arg394Trp point mutation resulting in Denys-Drash syndrome [45].
These WT1 zinc finger domain point mutations that are linked to disease do not only
disrupt base specific contacts but could also result in the de-stabilisation of the zinc
finger resulting in the complete loss of binding activity by that zinc finger [45-48]. Even
though most of the above mentioned point mutations are found in zinc fingers 2 and 3, it
is clear from the structures that the specificity of zinc finger 4 is important for WT1 to
effect transcriptional control on the correct genes. It will seem that without zinc finger 4,
the WT1 zinc finger domain will sometimes recognize and bind to the wrong place on the
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genome as can be seen in the shift observed in the ZF13/9bp structure. Zinc finger 4 is
therefore not only important, but vital to the correct function of WT1.

The particular role played by zinc finger 1 in DNA binding has up till now been unclear.
While some evidence indicate that zinc finger 1 bind DNA firmly, similar zinc finger 2 and
3 and that it is indispensable in DNA recognition [22, 49], some suggest that it
contributes very little to DNA binding and possibly acts as a protein or RNA recognition
motif [24, 25, 30]. There has been some conflicting evidence on the exact way by which
WT1 zinc finger one recognizes DNA. A study by Stoll and colleagues showed an X-Ray
structure in which zinc finger one was partially bound to a distorted DNA strand, an
event that would rarely happen in nature suggesting a crystallographic artifact. In the
same study however, an NMR study structure show zinc finger one bound to DNA in a
similar manner to the other zinc fingers [27]. In the ZF13/9bp and ZF13/8bp structures
presented here, zinc finger 1 does not bind to its target DNA. It however makes some
nonspecific contacts with the backbone phosphate of DNA from an adjacent molecule.
These structures together show that zinc finger 1 does not have any specificity for DNA.
Its interactions with the DNA backbone in all 4 structures indicate that it has some affinity
for DNA. The fact that it adopts different positions in the two previously described
structures compared to the present structures and that in the present structure it shows
signs of flexibility despite some binding to the neighboring DNA suggest that its affinity
for DNA is minimal and its binding to DNA is only transient and subject to proximity
provided by the other zinc fingers that do bind DNA with high affinity and specificity.

Since evidence points to the fact that zinc finger 1 is not a dedicated DNA binding zinc
finger, what possible role could it have? An RNA binding role has been described for the
WT1 zinc finger domain with a central role for zinc finger 1 [30]. Other results have
however shown that the other zinc fingers of WT1 still play a much more significant role
in RNA interaction than zinc finger 1 [44, 50]. These conflicting evidences coupled with
the fact that no real biological role has been described for WT1 RNA binding, apart from
its co-localization with splicing factors in nuclear speckles, makes it premature to
conclude that the WT1 zinc finger 1 is a biologically relevant RNA binding zinc finger.
More evidence is needed to support the labeling of this zinc finger as an RNA binding
zinc finger. In the present structure of ZF13/9bp and ZF13/8bp, zinc finger 1 also packs
against another zinc finger by means of a hydrophobic patch located at the N-terminal
end of the a-helix. This hydrophobic patch could be the reason for the lack of DNA
binding by this zinc finger given that zinc finger DNA interactions are mostly based on
electrostatic interactions depending on shape and surface charge complementarity. The
interaction with the other zinc finger might be of functional relevance with WT1 zinc
finger 1 having a functional role in protein-protein recognition. Some other DNA binding
domains with multiple adjacent zinc finger topology such as the GLI, YY1 and TF111A
have been shown to use 3 tandem zinc fingers for DNA recognition and others for
protein-protein interactions [51-53].

The WT1 zinc finger domain recognizes DNA specifically by means of its zinc finger 2 to
4. Zinc finger 2 and 3 are responsible for most of the affinity and capable of acting as
WT1 minimal DNA binding domain. Zinc finger 4 is however indispensible as it increases
target specificity pinpointing a particular position on a target sequence for binding,
preventing register promiscuity. While the biological role of the WT1 zinc finger 1 is still
unclear, there is sufficient evidence to conclude that this zinc finger does not bind DNA
specifically. It mediates a transient binding to DNA with minimal contribution to the
overall DNA binding affinity of the entire domain. It may act as an RNA binding zinc
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finger or a protein binding zinc finger by means of hydrophobic interactions mediated by
a hydrophobic patch on the a-helix.

References

1. Armstrong, J.F., et al., The expression of the Wilms' tumour gene, WT1, in the
developing mammalian embryo. Mech Dev, 1993. 40(1-2): p. 85-97.

2. Rackley, R.R., et al., Expression of the Wilms' tumor suppressor gene WT1
during mouse embryogenesis. Cell Growth Differ, 1993. 4(12): p. 1023-31.

3. Haber, D.A., et al.,, An internal deletion within an 11p13 zinc finger gene
contributes to the development of Wilms' tumor. Cell, 1990. 61(7): p. 1257-69.

4. Gessler, M., A. Konig, and G.A. Bruns, The genomic organization and expression
of the WT1 gene. Genomics, 1992. 12(4): p. 807-13.

5. Madden, S.L., et al., Transcriptional repression mediated by the WT1 Wilms

tumor gene product. Science, 1991. 253(5027): p. 1550-3.
6. Termine, C., et al., WAGR syndrome: is the 'R' always justified? Clin
Dysmorphol, 2007. 16(1): p. 69-70.

7. Discenza, M.T. and J. Pelletier, Insights into the physiological role of WT1 from
studies of genetically modified mice. Physiol Genomics, 2004. 16(3): p. 287-300.

8. Barbaux, S., et al., Donor splice-site mutations in WT1 are responsible for Frasier
syndrome. Nat Genet, 1997. 17(4): p. 467-70.

9. Essafi, A. and N.D. Hastie, WT1 the oncogene: a tale of death and HtrA. Mol
Cell, 2010. 37(2): p. 153-5.

10. Miyagi, T., et al., Expression of the candidate Wilm's tumor gene, WT1, in human
leukemia cells. Leukemia, 1993. 7(7): p. 970-7.

11. Miwa, H., M. Beran, and G.F. Saunders, Expression of the Wilms' tumor gene
(WT1) in human leukemias. Leukemia, 1992. 6(5): p. 405-9.

12. Dallosso, A.R., et al., Genomic imprinting at the WT1 gene involves a novel

coding transcript (AWT1) that shows deregulation in Wilms' tumours. Hum Mol
Genet, 2004. 13(4): p. 405-15.

13. Dechsukhum, C., et al., Detection of a novel truncated WTT transcript in human
neoplasia. Mol Diagn, 2000. 5(2): p. 117-28.

14. Haber, D.A,, et al., Alternative splicing and genomic structure of the Wilms tumor
gene WT1. Proc Natl Acad Sci U S A, 1991. 88(21): p. 9618-22.

15. Hastie, N.D., Life, sex, and WT1 isoforms--three amino acids can make all the
difference. Cell, 2001. 106(4): p. 391-4.

16. Miles, C.G., et al., Mice lacking the 68-amino-acid, mammal-specific N-terminal
extension of WT1 develop normally and are fertile. Mol Cell Biol, 2003. 23(7): p.
2608-13.

17. Yang, L., et al., A tumor suppressor and oncogene: the WT1 story. Leukemia,
2007. 21(5): p. 868-76.

18. Smolen, G.A., et al., SUMO-1 modification of the Wilms' tumor suppressor WT1.
Cancer Res, 2004. 64(21): p. 7846-51.

19. Ye, Y., et al., Regulation of WT1 by phosphorylation: inhibition of DNA binding,
alteration of transcriptional activity and cellular translocation. EMBO J, 1996.
15(20): p. 5606-15.

20. Menke, A., et al.,, The Wilms' tumor suppressor WT1: approaches to gene
function. Kidney Int, 1998. 53(6): p. 1512-8.

21. Lee, S.B. and D.A. Haber, Wilms tumor and the WT1 gene. Exp Cell Res, 2001.
264(1): p. 74-99.


https://doi.org/10.1101/284489
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/284489; this version posted March 18, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

22. Nakagama, H., et al., Sequence and structural requirements for high-affinity DNA
binding by the WT1 gene product. Mol Cell Biol, 1995. 15(3): p. 1489-98.
23. Rauscher, F.J., 3rd, et al., Binding of the Wilms' tumor locus zinc finger protein to

the EGR-1 consensus sequence. Science, 1990. 250(4985): p. 1259-62.

24. Wang, Z2.Y., et al., A second transcriptionally active DNA-binding site for the
Wilms tumor gene product, WT1. Proc Natl Acad Sci U S A, 1993. 90(19): p.
8896-900.

25. Nurmemmedov, E., et al., New insights info DNA-binding behavior of Wilms
tumor protein (WT1)--a dual study. Biophys Chem, 2009. 145(2-3): p. 116-25.

26. Hamilton, T.B., K.C. Barilla, and P.J. Romaniuk, High affinity binding sites for the
Wilms' tumour suppressor protein WT1. Nucleic Acids Res, 1995. 23(2): p. 277-
84.

27. Stoll, R., et al., Structure of the Wilms tumor suppressor protein zinc finger
domain bound to DNA. J Mol Biol, 2007. 372(5): p. 1227-45.

28. Elrod-Erickson, M., et al., Zif268 protein-DNA complex refined at 1.6 A: a model
system for understanding zinc finger-DNA interactions. Structure, 1996. 4(10): p.
1171-80.

29. Wolfe, S.A., L. Nekludova, and C.O. Pabo, DNA recognition by Cys2His2 zinc
finger proteins. Annu Rev Biophys Biomol Struct, 2000. 29: p. 183-212.

30. Ladomery, M., et al., Expression in Xenopus oocytes shows that WT1 binds
transcripts in vivo, with a central role for zinc finger one. J Cell Sci, 2003. 116(Pt
8): p. 1539-49.

31. Drummond, |.A., et al., DNA recognition by splicing variants of the Wilms' tumor

suppressor, WT1. Mol Cell Biol, 1994. 14(6): p. 3800-9.

32. Hamilton, T.B., F. Borel, and P.J. Romaniuk, Comparison of the DNA binding
characteristics of the related zinc finger proteins WT1 and EGR1. Biochemistry,
1998. 37(7): p. 2051-8.

33. Yengo, R.K., E. Nurmemmedov, and M. Thunnissen, Structure of Wilms’ tumour
1 protein's zinc finger domain bound to its cognate DNA: Implications of the KTS
insert. Manuscrip, 2010.

34. Kabsch, W., Automatic processing of rotation diffraction data from crystals of
initially unknown symmetry and cell constants. J. Appl. Cryst., 1993. 26: p. 795-
800.

35. Adams, P.D., et al., PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr, 2010.
66(Pt 2): p. 213-21.

36. Steege, A., et al., Wilms' tumor protein (-KTS) modulates renin gene
transcription. Kidney Int, 2008. 74(4): p. 458-66.

37. McCoy, A.J., et al., Likelihood-enhanced fast translation functions. Acta
Crystallogr D Biol Crystallogr, 2005. 61(Pt 4): p. 458-64.
38. Emsley, P. and K. Cowtan, Coot: model-building tools for molecular graphics.

Acta Crystallogr D Biol Crystallogr, 2004. 60(Pt 12 Pt 1): p. 2126-32.

39. Collaborative Computational Project, N., The CCP4 Suite: Programs for Protein
Crystallography. Acta Crystallogr D Biol Crystallogr, 1994. 50: p. 760-762.

40. Afonine, P.V., et al., Joint X-ray and neutron refinement with phenix.refine. Acta
Crystallogr D Biol Crystallogr, 2010. 66(Pt 11): p. 1153-63.

41. Delano, PyMol (TM) Educational Product. 2009, Schrodinger.

42. Luscombe, N.M., R.A. Laskowski, and J.M. Thornton, NUCPLOT. a program to
generate schematic diagrams of protein-nucleic acid interactions. Nucleic Acids
Res, 1997. 25(24): p. 4940-5.


https://doi.org/10.1101/284489
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/284489; this version posted March 18, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

43. Klug, A., The discovery of zinc fingers and their development for practical
applications in gene regulation and genome manipulation. Q Rev Biophys, 2010.
43(1): p. 1-21.

44. Nurmemmedov, E., et al., Kinetic behaviour of WT 1's zinc finger domain in
binding to the alpha-actinin-1 mRNA. Arch Biochem Biophys, 2010. 497(1-2): p.
21-7.

45, Pelletier, J., et al., Germline mutations in the Wilms' tumor suppressor gene are
associated with abnormal urogenital development in Denys-Drash syndrome.
Cell, 1991. 67(2): p. 437-47.

46. Reddy, J.C. and J.D. Licht, The WT1 Wilms' tumor suppressor gene: how much
do we really know? Biochim Biophys Acta, 1996. 1287(1): p. 1-28.

47. Borel, F., et al., Effects of Denys-Drash syndrome point mutations on the DNA
binding activity of the Wilms' tumor suppressor protein WT1. Biochemistry, 1996.
35(37): p. 12070-6.

48. Little, M., et al., DNA binding capacity of the WT1 protein is abolished by Denys-
Drash syndrome WT1 point mutations. Hum Mol Genet, 1995. 4(3): p. 351-8.

49. Laity, J.H., et al., Alternative splicing of Wilms' tumor suppressor protein
modulates DNA binding activity through isoform-specific DNA-induced
conformational changes. Biochemistry, 2000. 39(18): p. 5341-8.

50. Weiss, T.C. and P.J. Romaniuk, Conftribution of individual amino acids to the
RNA binding activity of the Wilms' tumor suppressor protein WT1. Biochemistry,
2009. 48(1): p. 148-55.

51. Houbaviy, H.B., et al., Cocrystal structure of YY1 bound to the adeno-associated
virus P5 initiator. Proc Natl Acad Sci U S A, 1996. 93(24): p. 13577-82.

52. Pavletich, N.P. and C.O. Pabo, Crystal structure of a five-finger GLI-DNA
complex: new perspectives on zinc fingers. Science, 1993. 261(5129): p. 1701-7.

53. Nolte, R.T., et al., Differing roles for zinc fingers in DNA recognition: structure of
a six-finger transcription factor IlIA complex. Proc Natl Acad Sci U S A, 1998.
95(6): p. 2938-43.


https://doi.org/10.1101/284489
http://creativecommons.org/licenses/by-nd/4.0/

aCC-BY-ND 4.0 International license.

Table 1: Data collection and refinement statistics

Values in parentheses are for the highest resolution shell.
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ZF13/9bp

ZF13/8bp

Data collection

Beamline Maxlab [911-3 Maxlab [911-3
Wavelength (A) 1.000 1.000
Resolution 30-1.7 (1.8-1.7) 30-1.7 (1.8-1.7)
Space group P43212 P43212
Unit-cell parameters a=b=52.32 A, c=99.52 A | a=b=51.35 A, ¢=90.80 A
o=p=y=90.0 ° o=p=y=90.0 °
Measured reflections 111837 (15998) 103762 (14146)
Unique reflections 14800 (2109) 25794 (3546)
Redundancy 7.6(7.6) 4.0 (4.0)
Completeness 93.1 (84.0) 92.2 (78.9)
(I/o(D) 20.41 (5.32) 8.65 (2.98)
Rmerge (%) 5.6 (31.0) 9.7 (42.2)
Rmeas (%) 5.7 (44.1) 10.4(33.8)
Anomalous correlation (%) | 26 (3) 35 (5)
Refinement

Reflections (total) 15655 12207
Reflections (test-set) 780 643
Resolution range 25-1.7 25-1.8
Rwork (%) 20.7 (22.5) 20.4(24.4)
Reree (%) 24.1 (24.4) 26.7(30.9)
Residues/Protein atoms 87/744 86/769
Nucleotides/DNA atoms 18/369 16/371
Metal atoms (Zn) 3 3
Solvent atoms 111 199
Wilson B (overall) 23.6 27.5
B value (Average) 49.8 42.5
RMSD from ideal geometry

Bond lengths (A) 0.008 0.009

Bond angles (°) 1.149 1.128
Ramachandran (%)

Favoured 98.9 98.9

Allowed 1.1 1.1
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Figure 1: (a) Sequence alignment of WT1 zinc fingers 1 to 4. The amino acid
positions in the helix are numbered according to the convention for DNA binding
C2H2 zinc fingers. Differences between zinc finger 1 and the rest are evident at the
DNA binding positions -1, 2 and 6. (b) Schematic representation of the WT1 zinc
finger domain showing its DNA binding site and the numbering of the coding strand
used in this study.
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Figure 2: (a) Chromatograms showing the migration of the protein and complexes
on gel. The first panel shows an SDS gel of the purified zinc finger truncations. The
second panel shows the migration of the complex and free probe I an EMSA
experiment. The grey arrow indicates position of complex and the black arrow, the
position of free probe. (b) The 9 bp and 8 bp DNA sequences used in the
crystallization. (c) The renumbering of the 9 bp to reflect its binding position in the
crystal structure. This is the numbering used to describe the structure.
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Figure 3: The individual refined structures and their superposition. (a) Structure of
WT1 zinc finger 1 to 3 bound to a 9 bp DNA (ZF13/9bp). The coding stand is in sand,
the non-coding strand in blue-green and the protein in light pink. (b) Structure of
WT1 zinc fingers 1 to 3 bound to an 8 bp DNA (ZF13/8bp). The coding strand is in
yellow, the non-coding strand in purple and the protein in dark green. The colour
coding in (a) and (b) maintained throughout this report. (c) The superposed
ZF13/9bp and ZF13/8bp structures viewed from the side and (d) viewed from the
top, down the DNA double helix.
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Figure 4: A representation of the arrangement of the zinc fingers and DNA in the
structures. (a) and (c) show the arrangement of the complex molecules in the crystal
of ZF13/9bp and ZF13/8bp respectively. Stacking one on the other to form a
continuous DNA helix with tandem repeats of 3 zinc fingers wrapped around it.
Adjacent molecules are coloured light blue and this is respected for the rest of this
report. (b) and (d) show detailed packing of the DNA in the ZF13/9bp and ZF13/8bp
structures respectively. (e) The binding position of the zinc fingers with respect to
the DNA in the ZF13/9bp structure. (f) The expected binding positions of the zinc
fingers to the DNA in both structures.
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Figure 5: Binding mode of zinc finger 1 in the crystal structures. (a) and (b) show
the interaction mode of zinc finger 1 in the ZF13/9bp and ZF13/8bp structures
respectively. (b) and (d) show the precised hydrogen bond interactions made by
zinc finger 1 with the DNA in the adjacent molecule in the ZF13/9bp and ZF13/8bp
structures respectively. (c) and (f) show the hydrophobic interface between two
zinc finger 1s from adjacent molecules in the ZF13/9bp and ZF13/8bp structures
respectively.
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Figure 6: The same representation of the ZF13/9bp and ZF13/8bp structures as in
figure 3 but the DNA in these structures has been remodeled based on analysis of
the symmetry related molecules in the crystal and comparism of the two structures.
The DNA in the structures of ZF13/9bp (a) and ZF13/8bp (b) is each 10 bp long. (c)
and (d) show the true similarity in between the two structures when superposed,
vied from the side and from the top respectively. These are the models used for the
final DNA binding analysis.
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Figure 7: An overview of the interactions in the two structures as calculated by
Nucplot.
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Figure 8: Comparison of the base specific interactions mediated by zinc finger 2 in
the ZF13/9bp (a) and ZF13/8bp (b) structures. The same comparison is done for
base specific interactions involving zinc finger 3, between the ZF13/9bp (c) and
ZF13/8bp (d) structures.
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ZF13/9bp ZF13/8bp

Figure 9: Ribbon representation of the ZF13/9bp and ZF13/8bp structures
coloured according to the B factor. The larger the dimensions of the ribbon, the
larger the B factor. The ribbon is colored from very low B factors in blue through
medium B factors in light blue to high B factors in red.
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