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ABSTRACT: The Wilms’ tumor suppressor protein (WT1) is a zinc finger transcription factor that appears
to function differently according to the presence of a posttranscriptional modification that adds three
amino acids into one of the linker regions between the zinc fingers. We have investigated the structural
consequences of the insertion of the Lys-Thr-Ser (KTS) sequence by preparing recombinant protein
constructs of the four zinc finger DNA-binding domain of WT1 corresponding to the two isoforms with
(+KTS) and without (-KTS) the insertion, which is located in the linker region between the third and
fourth zinc fingers. NMR resonance assignments were used to estimate the structural differences between
the two isoforms both free in solution and in complex with a 14 base pair DNA duplex corresponding to
the WT1 recognition element. The NMR spectra indicate that the two isoforms are nearly identical in
structure in the absence of the DNA. Only the immediate region of the insertion showed any change in
chemical shifts. Upon DNA binding, the NMR spectrum of each isoform changed to indicate greater
structure formation in the linker regions. Significant differences were observed between the spectra of the
DNA complexes of the+KTS and-KTS isoforms, with the-KTS construct forming a more stable
complex, consistent with prior biochemical assays. The majority of the differences between the spectra of
the two complexes occur in the immediate region of the insertion, which appears to be closer in structure
to the free form of the protein in the case of the+KTS complex. The insertion of the KTS sequence
disrupts important interactions of the linker region with the adjacent zinc fingers, thus lowering the stability
of the complex. The “normal” (-KTS) sequence of the linker appears to be involved in a C-terminal
helix-capping interaction with the helix of the preceding zinc finger, a stabilizing interaction which is
abrogated in the+KTS isoform.

Transcription factors play an important role in the cascade
of cellular signal transduction. Wilms’ tumor suppressor
protein (WT1)1 has many properties that are characteristic
of a transcription factor. It contains a C-terminal DNA-
binding domain comprised of four Cys2His2 zinc fingers, a
proline/glutamine-rich N-terminus (1, 2), activation and
repression domains, nuclear localization signals (3), and at
least two self-association domains (4-6). The cellular
expression pattern of WT1 is tissue-specific, and also
depends on the growth stage of the organism. WT1 is
essential for normal mammalian urogenital development,
with the highest expression levels of WT1 observed in the
specialized podocyte cells of the embryonic kidney (7, 8).
The WT1gene was originally identified through its predis-
position for deletions or mutations in a subset of patients
with the common pediatric malignancy, Wilms’ tumor (1,

2). Constitutional defects in theWT1gene are also associated
with other diseases such as the Denys-Drash (9), WAGR
(10), and Frasier syndromes (11), all of which result in
malformations of the genito-urinary system, and an increased
risk for the development of Wilms’ tumor. WT1 mutations
have also been implicated in several acute leukemias (12),
while altered expression of WT1 has recently been detected
in human breast cancer (13).

Alternative pre-mRNA splicing at two sites in the WT1
gene produces four protein isoforms. The first alternative
splice site (exon 5) inserts or omits 17 amino acids
N-terminal to the zinc finger domain, but has no effect on
the DNA-binding activity of the protein. The second alterna-
tive splice site either inserts (+KTS) or omits (-KTS) a
highly conserved Lys-Thr-Ser sequence in the linker between
zinc-fingers 3 and 4. The binding affinity of WT1+KTS for
putative GC-rich DNA sequences is dramatically reduced
compared to that of the-KTS isoform (14-16). The+KTS
isoform of WT1 has alternative functions; for example, it
binds to a 25 nucleotide region of untranslated mouse Igf-2
mRNA with greater affinity than does WT1-KTS (17).
Recently, in a study of Igf-2 gene regulation by WT1, the
two isoforms were found to have opposite effects, with the
-KTS isoform activating the Igf-2 P3 promoter and
WT1+KTS repressing its activity (18). The subnuclear
localization of WT1 also appears to be controlled by the
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alternative KTS splicing motif. WT1+KTS preferentially co-
localizes with nuclear pre-mRNA splicing domains (spli-
ceosomes and coiled bodies), and the-KTS isoform of WT1
associates predominantly with the transcription factor do-
mains (DNA-rich regions) (19). Alterations in WT1+KTS/-
KTS isoform ratios, reported to be steady throughout normal
development (+KTS/-KTS ∼ 2:1) (20), can result in severe
developmental abnormalities. Collectively, these observations
suggest that WT1 may regulate gene expression through both
transcriptional and posttranscriptional processes, utilizing
alternative(KTS pre-mRNA splicing to differentiate, and
subsequently regulate, DNA and RNA targets.

As shown in Figure 1a, zinc fingers 2-4 of WT1 have
67% amino acid identity to the three zinc fingers of the
mouse immediate early protein (Egr1). The 3D structure of
Egr1 bound to the DNA consensus sequence 5′-GCG-TGG-
GCG-3′ has been reported (21, 22); this structure identifies
nine Egr1 residues which directly contact the DNA bases in
the major groove. Interestingly, although all nine of these
residues are conserved between Egr1 and WT1 (see arrows
in Figure 1a), and the-KTS isoform of WT1 binds the Egr1
DNA consensus with high affinity, the+KTS binding is
dramatically reduced, even though the insertion is distant
from the protein-DNA interface.

To date, no structural studies of WT1-DNA complexes
have been reported. Identifying the specific isoform-depend-
ent changes that occur upon binding to DNA will provide
insights into the molecular mechanism that governs the
activity of WT1. To investigate the structural characteristics

of both free and DNA-bound WT1, we have constructed a
recombinant system to produce polypeptides that correspond
to both isoforms of the WT1 zinc finger domain (wt1-4;
Figure 1a). The 14 base pair region of DNA studied (Figure
1b) contains the core Egr1 consensus sequence, and was
optimized to give high binding affinity for both+KTS and
-KTS based on observed finger 1 DNA sequence prefer-
ences (16). Using NMR spectroscopy, we have identified
regions of DNA-induced conformational changes in+KTS
and-KTS that contribute to the stability of both protein-
DNA complexes. It is clear that the lower affinity of the
+KTS isoform for DNA is related to specific changes in
structure of the linker between fingers 3 and 4, notably
disruption of the capping and other protein-protein interac-
tions that occur in this and other linker regions upon DNA
binding.

MATERIALS AND METHODS

Gene Design and Plasmid Construction.A synthetic gene
was designed to facilitate high-level expression of the+KTS
isoform of human wt1-4 in E. coli. This+KTSgene encodes
residues 318-438 of the+KTS isoform of WT1 (Figure
1a), and includes an alanine residue at the N-terminus (122
residues total) to facilitate cleavage of the N-terminal
methionine (23). Synthesis of+KTSwas carried out recur-
sively (24) using PCR from 8 alternating coding/noncoding
oligonucleotides of equal length (79-80 bases) which
overlapped 20 base pairs. The DNA sequence for this gene
was optimized to balance usage of codons for highly

FIGURE 1: Sequence of (a) homologous WT1 and Egr1 zinc finger domains and (b) the corresponding DNA cognate. (a) WT1 and Egr1
sequences are shaded in regions with primary sequence identity.â-Sheet andR-helix secondary structures, predicted for WT1 based on the
Egr1/DNA X-ray structure (21, 22), chemical shift data for WT1 (present work), and conserved Cys2His2 secondary structure propensities
(WT1 finger 1), are indicated. Egr1 residues that contact DNA bases in the crystal structure are indicated with arrows. Note: the numbering
of amino acids in the WT1 protein proceeds according to the+KTS isoform; therefore, residues Lys408-Ser410 are not present in-KTS.
(b) DNA sequence used for wt1-4/DNA complexes. The Egr1 DNA consensus sequence is shown in boldface text. The “antiparallel”
alignment of the WT1 zinc fingers (1-4) with the DNA base pairs is predicted from homologous Egr1/DNA interactions (21, 22).
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expressed indigenous proteins inE. coli, while avoiding
repetitive DNA sequences within the gene that could interfere
with the PCR reaction. The DNA expression vector for
+KTS (pWT1-4+) was constructed by subcloning the
+KTSsynthetic gene into theEcoRI/HindIII site of the T7-
expression vector pET21d (Novagen). The pWT1-4+ DNA
plasmid was then used as a template for PCR-based deletion
of 9 base pairs to create the corresponding DNA expression
vector pWT1-4- that encodes-KTS (119 residues). Both
DNA constructs direct high-level intracellular expression of
the corresponding wt1-4 protein isoform inE. coli.

Protein Expression and Purification. The DNA plasmids
pWT1-4+ and pWT1-4- were transformed into competent
E. coli BL21(DE3) cells, from which a single colony was
used to inoculate 1 L ofminimal medium (0.67% Na2HPO4,
0.3% KH2PO4, 0.05% NaCl, 1 mM MgCl2, and 1 mM CaCl2)
containing 50µg/L carbenicillin, and supplemented with vita-
mins (Gibco) and trace metals. Uniform (U) isotopic enrich-
ment of the media was obtained by using 2 g/L U-[(15NH4)2-
SO4] and either 3 g/L unlabeled glucose or 2 g/L U-[13C]glu-
cose when producing U-[15N]- or U-[15N,13C]-protein, respec-
tively. Similarly, uniformly U-[2H (nonexchangeable),15N,13C]-
protein was produced in an analogous manner except2H2O
was used in place of1H2O to make the cell growth media.
All cultures were grown to OD600 ∼0.6, induced with IPTG
(1 mM), and further incubated for 6-10 h at 37°C to
produce both soluble and insoluble wt1-4 in a ratio of∼1:
4. Cells were recovered by centrifugation, resuspended in
lysis buffer (50 mM Tris, pH 8.0, containing 300 mM NaCl,
50 µM ZnSO4, 10 mM DTT), and lysed by sonication. The
insoluble lysate (inclusion bodies) was solubilized using lysis
buffer containing 7 M GdnHCl and 100 mM DTT, and
refolded by a 1:100 dilution into argon-saturated lysis buffer.

The filtered soluble lysate and refolded inclusion bodies
were pooled, and loaded onto a HiTrap SP column (Phar-
macia) preequilibrated with buffer (50 mM Tris, pH 8.0,
containing 10µM ZnSO4). The wt1-4 was eluted using a
linear NaCl gradient. This protein solution was purified
further using a HYDROPORE SCX 21.4 mm ID column
(Rainin) preequilibrated with 25 mM HEPES, pH 7.0,
containing 10µM ZnSO4. The wt1-4 was eluted using
another NaCl gradient. The purified protein was then desalted
into 50 mM NH4OAc using a Sephadex G25F column,
lyophilized, and further analyzed by SDS-PAGE and elec-
trospray mass spectrometry to determine purity and extent
of isotopic enrichment. Uniform isotopic enrichment with
15N and13C was essentially complete (>98%) for both+KTS
and -KTS, and 2H incorporation was 80% for proteins
expressed in2H2O and U-[1H,13C]glucose. The yield of
+KTS and-KTS proteins (>95% pure) was 10-20 mg/L.

DNA Synthesis and Purification. The two complementary
oligonucleotides (5′-CGCGGGGGCGTCTG-3′, 5′-CAG-
ACGCCCCCGCG-3′), commercially synthesized (Operon,
Keystone) using the phosphoramidite method, were obtained
in lyophilized form with the trityl group on. Each oligo-
nucleotide was resuspended in H2O, and loaded on a
preparative C18 HPLC column equilibrated in 100 mM
TEAA, pH 6.5. The single-stranded DNA was eluted from
the column by a linear CH3CN gradient. The purified DNA
was lyophilized, and then resuspended again in H2O; the trityl
group was removed spontaneously by hydrolysis due to the
low pH (∼4-5) of the solution. Once the detritylation of

the oligonucleotides was deemed complete by analytical
HPLC, the pH was raised to∼7-8 and KCl was added to
200 mM. Stoichiometric amounts of the two oligonucleotides
were combined, heated to 85°C in a water bath, and then
slowly annealed by cooling the bath to room temperature.
The DNA duplex was loaded onto a HiTrap Q column
preequilibrated in 25 mM Tris buffer (pH 7.5), and eluted
with a linear KCl gradient to separate the duplex from any
remaining single stranded DNA in the original annealing
mixture. The purity of the DNA duplex was confirmed by
re-injection into an analytical HiTrap Q column and revers-
ible thermal denaturation experiments. The DNA was
concentrated and exchanged into NMR buffer.

WT1-4/DNA Complex Formation. Both+KTS and-KTS
complexes with DNA were prepared as follows: an equal
volume of 0.6 mM DNA solution was added in aliquots to
a 0.6 mM wt1-4 protein solution. With each aliquot of DNA
added, a small amount of precipitate formed initially in the
solution containing the complex, but redissolved after gentle
agitation. Once the stoichiometry of the wt1-4/DNA com-
plex reached 1:1, additional aliquots of DNA added to the
complex no longer resulted in reversible precipitation.
Difference 1D-NMR spectra of the of the DNA imino region
between subsequent DNA aliquot additions was used to
confirm that the titration end-point was reached (protein/
DNA stoichiometery was 1:1).

NMR Spectroscopy. All NMR samples were prepared in
10 mMd11-Tris saturated with argon, pH 6.7, containing 5%
(v/v) 2H2O, 20 mM KCl, 50µM ZnSO4, 2 mM NaN3, and
0.2 mM DSS. Sample concentrations for all NMR experi-
ments were 2-3 mM for both free wt1-4 isoforms, and 0.3
mM for the DNA-bound+KTS and-KTS complexes. The
samples were placed in either a siliconized 5 mm or 8 mm
(Shigemi) NMR tube. Spectra of free wt1-4 proteins were
recorded with U-[15N]- or U-[15N,13C]-wt1-4 at 293 K using
a Bruker AMX 500. NMR data for the wt1-4/DNA
complexes were acquired with U-[15N]- or U-[2H (80%,
nonexchangeable),15N,13C]-wt1-4 at 310 K using either a
Bruker DRX 600 equipped with an 8 mm probe (Nalorac)
or a Bruker DMX 750. Quadrature detection in the indirect
dimensions was obtained by combining n- and p-spectra
selected with pulse field gradients, or by using the States-
TPPI method. For some of the NMR spectra acquired, the
proton carrier was set to the water frequency to reduce the
amplitude of spurious water echos. A summary of the
relevant NMR parameters is listed in Table S1 of the
Supporting Information.

NMR data were processed with the Felix software package
(Molecular Simulations Inc.). Linear prediction (LP) was
applied to the time domain data in the indirect dimensions,
using mirror-image LP for all spectra recorded with constant
time evolution. All dimensions were zero-filled once (except
when t1 was greater than 256 complex points, Table S1 of
Supporting Information), and apodized with a sinebell
window function prior to Fourier transformation. A large
first-order phase correction was applied to all frequency
domain spectra that were recorded using digital filters (on
the DRX 600 and DMX 750).

The1H, 13C, and15N chemical shifts were referenced with
DSS as an internal standard (25). Sequential assignments of
protein 1H, 15N, and 13C backbone and13Câ side-chain
resonances were determined manually by matching intraresi-
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due and sequential13CR and13Câ, 13C′, or 1HR chemical shifts
from the corresponding dimension of a 3D spectrum with
sequential-only chemical shifts from the same dimension of
a complementary 3D experiment. Amide resonances for each
residue were assigned from the corresponding values in the
amide1HN and15N dimensions of the same set of 3D spectra.
The resonance assignments have been deposited in the
BioMagResBank (accession numbers 4707-4710).

RESULTS

NMR Spectra of Free+KTS and-KTS Isoforms. Nearly
complete1H, 15N, and 13C backbone and13Câ side-chain
resonance assignments were determined for the free+KTS
and -KTS proteins. A summary of the total number of
assigned residues for each nucleus of free and DNA-bound
wt1-4 is given in Table S2 of the Supporting Information.
A full description of the assignment procedure is also given
in the Supporting Information.

The NMR spectra indicate that the structures of the free
+KTS and-KTS isoforms are almost identical. Overlaid
1H-15N-HSQC spectra of free+KTS and-KTS are shown
in Figure 2a, and a quantitative comparison of1HN, 15NH,
and13CR, 13Câ, and13C′ chemical shift differences between
the two isoforms of wt1-4 is presented in Figure 3. The
structural similarity of+KTS and -KTS is striking, as
evidenced by the identical positions of>95% of the
corresponding1HN-15N peaks in the overlaid HSQC spectra
(Figure 2a). Large differences in backbone amide1H and
15N chemical shifts between+KTS and-KTS are observed
only for the Glu411 residue immediately N-terminal to the
alternative splice site. A few subtle differences in1HN and
15NH shifts between wt1-4 isoforms are also evident in the
region from Thr404 to Lys412 (Figures 2a and 3). Signifi-
cantly, with the exception of the Thr40613CR shift (∆δ[(+KTS)

- (-KTS)] ) -0.35 ppm), all the13CR, 13Câ, and13C′ chemical
shifts of free isoforms of wt1-4 are superimposed (all
∆δ[(+KTS) - (-KTS)] < 0.2 ppm). A qualitative characterization
of the φ, ψ backbone conformations in proteins can be
obtained from a comparison of1HR, 13CR, and13C′ chemical
shift deviations from statistical coil values (∆δcoil). A
summary of∆δcoil values for+KTS is shown in Figure 4.
The negative1HR and positive13CR and13C′ ∆δcoil values in
regionsR1, R2, R3, andR4 of Figure 4 clearly demonstrate
the presence of anR-helix in the “finger-tip” region of each
zinc finger of WT1. TheR-helix andâ-sheet structures found
in both isoforms of WT1 are characteristic of the Cys2-His2

zinc finger motif. It is noticeable, however, that there are
small 1HR, 13CR, and 13C′ ∆δcoil values in the C-terminal
residues of the first threeR-helices (R1-R3) in the-KTS
isoform as well as the+KTS shown in Figure 4. This
indicates poor helical geometry and fraying of the helix in
regions that are predicted to be well-structured from the Egr1/
DNA Xray structure (21, 22).

NMR Spectra of the DNA Complexes of the+KTS and
-KTS Isoforms.Assignment of the1H, 15N, and 13C
backbone and13Câ side-chain resonances for the DNA-bound
complexes of wt1-4 proved more difficult than for the free
protein. Two experimental enhancements were needed to
circumvent short carbonT2 times and extreme1H, 15N, and
13C line-broadening during triple resonance data collection
for the 25 kDa protein-DNA complexes. First, all nonex-
changeable H atoms in the+KTS and-KTS proteins were
deuterated, resulting in sufficiently long (>100 ms)13CR T2

times to record a set of deuterium-decoupled HNCACB and
HN(CO)CACB spectra for each wt1-4/DNA complex. In
addition, all NMR spectra were acquired at 310 K, compared
to 293 K for the free wt1-4 proteins. The line-narrowing
effect of deuteration and increased temperature on the DNA-

FIGURE 2: (a) Overlaid1H-15N-HSQC spectra of free-KTS (blue peaks) and+KTS (red peaks). Alternatively spliced Lys408-Thr409-
Ser410 residues and residues with different1HN and15NH shifts beween-KTS and+KTS are annotated, with the KTS splice site residues
annotated in red. (b) Overlaid1H-15N-HSQC spectra of DNA-bound-KTS (blue peaks) and+KTS (red peaks). The Lys408 residue in
the alternative splice site (red annotation), residues that had resonances in the-KTS/DNA spectrum but not in the+KTS/DNA spectrum
(blue annotation), and many residues with large1HN and 15NH chemical shift differences beween DNA-bound-KTS and+KTS (black
annotation) are indicated. Note: the Ser410 resonance was assigned in the+KTS/DNA complex, but was not visible at the contour level
shown in the1H-15N-HSQC spectrum presented above.
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bound+KTS and-KTS complexes was significant. The
1HN-15N line widths of the two wt1-4/DNA complexes,
shown in overlaid HSQC spectra in Figure 2b, are compa-
rable to the corresponding1HN-15N line widths of the free
wt1-4 isoforms (Figure 2a).

Chemical Shift Changes upon DNA Binding. Comparison
of Figures 2a and 2b and the1HN, 15NH, and 13CR shift
differences between free and DNA-bound+KTS and-KTS
presented in Figure 5 illustrates that there are greater

differences between the+KTS and-KTS isoforms when
they are bound to DNA. Due to slight differences in solution
conditions for the bound and free proteins, there are some
small systematic changes in the chemical shifts. In particular,
there is a small change in∆δ due to the temperature
difference between free (293 K) and DNA-bound (310 K)
NMR experiments and a small2H/1H isotope effect (∆δI)
on the13CR and13Câ shifts in the wt1-4 DNA complexes.
Overall, these combined temperature and isotope effects are
small for the13CR [∆δI+∆δ(393 K-293 K) ∼ -0.1 to-0.2 ppm],
15NH [∆δ(393 K-293 K) ∼ 0.3 to -0.3 ppm], and1HN [∆δ(393

K-293 K) ∼ -0.05 to-0.15 ppm] shifts in wt1-4. Accord-
ingly, only residues with DNA-induced chemical shift
changes (∆δcomplex- free) outside these ranges are considered
to be significantly shifted. It is clear from Figure 5 that only
a subset of the backbone resonances is significantly affected
by DNA binding. The chemical shift changes upon DNA
binding are of two types: (1) those that result from direct
contact with the DNA at known contact sites, and (2) those
that arise due to conformational changes at sites distant from
the DNA binding site.

DISCUSSION

The recently published solution structure of the three
N-terminal zinc fingers of TFIIIA (zf1-3) bound to nucle-
otides 79-93 of the 5S RNA gene (26) illustrates the
importance of peptide linkers between adjacent zinc fingers
in mediating sequence-specific DNA recognition. The peptide
linkers in zf1-3 are nearly identical to the highly conserved
TGEKP consensus sequence in WT1 and Egr1 (see Figure
1a). Upon binding to DNA, the zf1-3 linkers adopt well-
defined structures involving multiple hydrogen-bonding
interactions with the preceding finger, and pack against the
adjacent fingers to bury substantial areas of the protein
surface (26). Although we have not yet calculated three-
dimensional structures of the WT1 isoform complexes, it is
clear that similar mechanisms are operating for at least some
of the zinc fingers of WT1. Interestingly, the chemical shift

FIGURE 3: Comparison of backbone1HN, 15NH, 13CR, 13Câ, and13C′ chemical shift differences as a function of residue number between the
-KTS and+KTS isoforms free in solution. PredictedR-helix andâ-sheet structures are indicated (21, 22).

FIGURE 4: Chemical shift deviations in from random coil (δ∆coil)
for1HR, 13CR, 13C′ nuclei in free+KTS as a function of residue
number. PredictedR-helix andâ-sheet structures are indicated (21,
22).
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changes that accompany DNA binding by the TFIIIA zinc
fingers (27) reflect the structural changes in the linker regions
and helices, and parallel those observed in the present work.

Chemical Shift Mapping of DNA-Binding Interfaces. The
DNA contact residues in fingers 2-4 can be inferred by
analogy with the contacts observed in the highly homologous
Egr1 complex (21, 22) (see Figure 1). For the-KTS
complex, significant chemical shift changes are observed,
especially in the1HN and13CR shifts, for residues in fingers
2-4 in the immediate vicinity of the DNA base contacts.
These include Ser365, Arg366, and Arg372 (finger 2);
Arg394-His397 (finger 3); and Ala426, Arg427, and Asp429
(finger 4). The large∆δcomplex- free

13CR values for Arg394-
His397 in finger 3 of the-KTS/DNA complex (Figure 5)
are particularly striking and suggest that the N-terminal
portion of theR-helix in finger 3 may become less helical
upon binding to DNA. Significantly, the three homologous
residues (Arg377, Asp379, and His380) in Egr1 make the
only direct hydrogen bonds to DNA bases in finger 2 of the
Egr-1/DNA crystal structure (Figure 1a). Many of the WT1
mutations associated with Denys-Drash syndrome have been
mapped to finger 3 (28-30). The most common of these
mutations, Arg394f Trp, is located at position-1 of the
R-helix in finger 3 in a region that is shown by our data to
be critical for site-specific DNA recognition and binding
affinity. For the+KTS/DNA complex, similar DNA-induced
chemical shift changes are seen for several residues in fingers
2 and 3 that are in the immediate vicinity of the DNA base
contacts, including Arg366, Arg372, Arg394, and Ser395;
resonances corresponding to Asp396 and His397 are too
broad to assign for this complex.

For both the-KTS and +KTS complexes with DNA,
there are very few chemical shift changes in the DNA
interface of finger 1 (Figure 5). This suggests that finger 1
binding is weaker than for the other fingers, in agreement
with binding studies with mouse Igf-2 exon 2 DNA, where
it was determined that the deletion of finger 1 had no dele-
terious effect on DNA binding by either-KTS or +KTS.
Indeed, finger 1 has been implicated in RNA binding (17).

Chemical Shift Mapping of DNA-Induced Conformational
Changes for the-KTS Isoform. Significant chemical shift
changes occur upon DNA binding (Figure 5) in regions that
are distant from the DNA contact site. This observation
exactly parallels that for the DNA complex of zinc fingers
1-3 from TFIIIA and reflects structure formation in the
linkers induced by DNA binding (26). The most significant
DNA-induced change in the-KTS/DNA complex is an
increase in helical character in the C-terminal region of the
first three zinc fingers (Figure 5). Figure 4 shows that the
residues in these C-terminal regions are not helical in the
free proteins. This increase in helical structure is observed
generally in zinc finger proteins and can be accounted for
by the formation of a DNA-induced C-capping interaction
that acts as a “snap-lock” to hold the multifinger protein on
the DNA (31). Figure 6 shows a schematic representation
of the hydrogen bonding in the helices of the four fingers,
deduced from the NMR spectra of the DNA complex of
-KTS. The C-terminus ofR4 is the same in the free and
complexed-KTS protein, since there are no residues to form
a C-cap for this helix. For fingers 1-3, DNA-induced helix
termination motifs [RL C-cap (32) and Schellman C-cap (33)]
are observed that involve the first two or three residues of

FIGURE 5: Comparison of DNA-induced1HN, 15NH, and 13CR chemical shift changes (δ∆complex - free) for -KTS (red bars) and+KTS
(yellow bars) as a function of residue number. Red and white striped bars indicateδ∆complex - free

1HN, 15NH, or 13CR values of-KTS/DNA
for which a corresponding value for the+KTS/DNA complex could not be determined. Residues in the C-terminal region of finger 3 with
largeδ∆complex - free

13CR (box a) and15NH (arrows b and c) values for DNA-bound-KTS, but not+KTS, are indicated. PredictedR-helix
andâ-sheet structures are indicated (21, 22). The solid black portions in theR-helices of fingers 1-3 indicate the locations of the DNA-
induced C-capping threonine residues.
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the conserved linker sequence (consensus sequence TGEKP).
The DNA-induced capping of the helix in fingers 1-3 sta-
bilizes and extends the C-terminus of the helix, as observed
for a number of other zinc finger-DNA complexes (31),
and accounts for the positive changes in13CR chemical shifts
of the -KTS/DNA complex compared to the free protein.

Influence of the KTS Insertion. Remarkably, in the+KTS/
DNA complex, the same DNA-induced C-capping motifs
are observed in fingers 1 and 2, but not in finger 3 (Figure
5). These observations suggest that C-terminal helix capping
stabilizes the DNA complexes of both-KTS and+KTS
isoforms, and that this stabilization is reduced in the+KTS/
DNA complex because one of the three C-capping motifs is
severely destabilized in the DNA-bound+KTS isoform. It
is important to note that these DNA-induced helix termina-
tion motifs in both wt1-4/DNA complexes are distant from
the protein-DNA interface.

The KTS insertion occurs between G407 and E408 in the
sequence of WT1-KTS, in the middle of the conserved
TGEKP linker (Figure 1a). The role of the linker in in-
creasing affinity for DNA has recently been elucidated (26,
31). Since the T and G residues are present at the C-terminal
end of the helix of finger 3 in the+KTS isoform as well as
in the -KTS isoform, it is somewhat puzzling that the
capping interaction is so thoroughly abrogated in the+KTS
isoform.

A possible explanation for this resides in additional inter-
actions, over and above those expected for classicRL helix-
capping motifs. It appears that theRL C-caps in zinc finger-
DNA complexes are supplemented by an interaction between
the amide proton of the conserved glutamic acid residue of
the linker and the Oγ of the conserved threonine (31). Such
an interaction is present in the majority of published zinc
finger-DNA structures. Given that this same TGEKP linker
sequence is present between fingers 1-2 and fingers 3-4
in -KTS, but disrupted between fingers 3-4 in +KTS
(Figure 1a), it seems likely that twoi,i+2 Glu amide proton
to Thr Oγ hydrogen bonds help to stabilize the-KTS/DNA
complex; in contrast, only one such hydrogen bond (between
fingers 1-2) is possible for the+KTS/DNA complex. The
large difference in the Glu41113CR chemical shift between
DNA-bound-KTS and+KTS (Figure 5) is consistent with
the disruption of the Glu411 to Thr406 Oγ hydrogen bond
in the+KTS/DNA complex. In addition, the chemical shift
of the Glu 411 amide proton is significantly shifted upon
complexation of WT1-KTS, consistent with the formation
of the Thr Oγ hydrogen bond, but shows only a small shift
on binding of the+KTS isoform. In fact, this additional set
of interactions provides enthalpic compensation for the
entropy loss incurred on going from the flexible free state
of the protein to the DNA-bound form. The additional
entropic cost of constraining the longer finger 3-finger 4
linker in the +KTS isoform is also deleterious to DNA
binding. As a consequence, it appears that finger 4 remains
largely unbound in the+KTS isoform (see later discussion).

It is still puzzling why the NH of the inserted lysine of
the KTS sequence could not act equally well in the formation
of the hydrogen bond with the Thr Oγ. It is doubtless
significant that the residue at the third position of the linkers
in DNA-binding zinc fingers is a conserved negatively
charged amino acid (Glu, Asp, or in a few cases Gln),
whereas the residue in the insertion is a highly hydrophobic
(close to the backbone) or positively charged (toward the
end of the side chain) amino acid. This conservation and its
replacement with a different amino acid type in+KTS point
to a specific charge interaction that needs to occur in the
linker for efficient formation of the NH-Oγ hydrogen bond.
These results imply that the “snap-lock” mechanism of
stabilization of the zinc finger-DNA complex (31) involves
many interactions, including but not limited to the C-capping
of the helix of the zinc finger when it is followed by an
appropriate linker sequence and another zinc finger.

We conclude that the presence of the extra residues in the
+KTS isoform prevents formation of the required structure
in the linker between fingers 3 and 4. The consensus TGEKP
linker sequence gives rise to a highly specific structure in
complexes with DNA (26, 31), a structure that confers
considerable stabilization on the complex by enabling
specific protein-protein interactions between the adjacent

FIGURE 6: Model of backbone hydrogen bonding in the four
R-helices of DNA-bound-KTS and+KTS. Hydrogen bonding
was predicted from NMR data in Figures 4 and 6, and 3D structures
of Egr1 (21, 22) and zf1-3 (26) complexes with DNA. Brackets
depicting hydrogen bonding originate at the residue that donates
the amide proton and proceed to the residue with the carboxyl
oxygen. Hydrogen bonding patterns indicative of anR-helix (i,i+4)
and 310-helix (i,i+3) are indicated. C-capping hydrogen bonds use
dotted brackets.RL C-caps are characterized by onei,i+4 (R)
hydrogen bond, while the Schellman C-cap has both ani,i+3 (310)
and ani,i+5 (6f1) hydrogen bond. DNA-induced C-capping in
finger 3 is observed in the-KTS/DNA complex only. Brackets
below the sequence indicate that both of the residues that participate
in the hydrogen bond have helical (φ,ψ) dihedral angles; brackets
above the sequence indicate that one or both of the participating
residues does not have helical dihedral angles.
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fingers. Structuring of the linker also positions the zinc
fingers correctly for recognition of their target DNA se-
quences. These interactions are disrupted in the+KTS
isoform because the additional linker residues cannot ac-
commodate the required linker structure and because of the
entropic cost of ordering the longer linker.

Does Finger 4 in the+KTS Isoform Bind to DNA?The
DNA-binding properties in finger 4 appear to be isoform-
specific. For the-KTS complex, a noticeable chemical shift
difference, ∆δcomplex - free, corresponding to DNA base
contact, is seen for the1HN of R427, and significant DNA-
induced chemical shifts are also observed for the13CR of
both Ala426 and Asp429 (Figure 5). However, these changes
are absent for finger 4 of the+KTS/DNA complex. Other
evidence points to a significantly lower affinity of finger 4
for the DNA: Figure 5 shows that the15NH values for Thr404
and Thr406 in the+KTS/DNA complex are very similar to
those of the free+KTS protein, which is characterized by
flexible linkers between adjacent fingers. The absence of
DNA-induced chemical shift changes suggests that finger 4
in the +KTS complex may in fact not be tightly bound to
the DNA. This most likely accounts for the significantly
lower affinity of the+KTS isoform for this particular DNA
sequence (14-16).

CONCLUSION

WT1 may function as an activator or a repressor of gene
expression (28), and, depending on the isoform and its
localization, the protein may act both at the transcriptional
and at the posttranscriptional level. The presence of different
isoforms of the WT1 protein represents an efficient means
of utilizing a single gene sequence for diverse, though related
functions. We have identified numerous site-specific in-
tramolecular and intermolecular interactions that occur both
near and distant from the protein-DNA interface that
stabilize the-KTS and+KTS complexes with DNA. Some
of the interactions that occur in fingers 3 and 4 of the-KTS/
DNA complex are abrogated, or at least greatly diminished,
in the +KTS/DNA complex. This information sheds new
light on the molecular basis for the different DNA-binding
properties of the-KTS and+KTS isoforms of WT1, and
can be used to advance understanding of their various roles
in transcriptional regulation in vivo.
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