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Abstract

This Ph.D. work represents the study of nucleic acid interactions
of two zinc finger proteins: mammalian Wilms' tumor suppressor
(WT1) and Xenopus transcription factor IlIA proteins (TFHIA).

WT1 is a putative transcriptional regulatory protein which is
inactivated in a subtype of Wilms' tumours. Using selection and
amplification binding assay (SAAB) we determined that the highest
affinity binding sites for WT1[-KTS] consist of a 12 base pair sequence
GCG-TGG-GCG-(T/GIG/A/TIT/G). These sequences have a four-fold
higher affinity for the protein than the nonselected sequence GCG-
TGG-GCG-CCC, as measured by a quantitative nitrocellulose filter
binding assay.

The effects of Denys-Drash syndrome (DDS) point mutations on
the DNA binding activity of WT1 were determined. SAAB assay
revealed that none of the DDS mutant proteins give rise to a new
sequence specificity. One mutation, R394W abolishes specific binding
of the protein. The remaining mutations result in reduced DNA-
binding activity, ranging from 1.4 to 14-fold, which suggests that even
small changes in DNA-binding activity may precipitate the clinical
phenotype of Denys-Drash syndrome.

Comparative analysis of the DNA binding characteristics of
Wilms' tumour and Early growth response proteins was conducted.
The stoichiometry of the DNA-protein complexes, their stability to
dissociation, and the effects of pH, temperature and salt concentration

on the equilibrium binding of these proteins to their cognate DNA



sequences have been determined. Under the conditions of 0.1 M salt,
pH 7.5, and 22 °* C WT1-ZF has an apparent dissociation constant (Kd)
of 1.14+ 0.2 x 1099 M, and EGR-1 protein has a Kq of 3.55 + 0.4 x 1009 M.
In addition, we tested relative contribution of each base pair in the
consensus binding site to the high affinity binding by point mutational
analysis, and identified important differences that exist in the binding
modes of the two proteins.

Transcription factor IIIA controls the expression of the 5S
ribosomal RNA genes during development of Xenopus laevis., and
specifically interacts with both 55 DNA and 5S rRNA molecules. The
present study assesses contributions of the central zinc fingers four
through seven to specific DNA and RNA binding activities of the
protein. The results demonstrate that each zinc finger in the zf 4-7
region contributes to both the high affinity DNA and RNA
interactions: the largest effect on TFIMA-DNA binding (10-fold) was
produced when zinc finger 5 of TFIIIA was replaced with the donor
sequences of either p43 or WT1. However, while all the zinc fingers 4-7
contribute to the high affinity 55 rRNA binding, substitution of an a-
helical portion of zinc finger 6 with the equivalent sequences from
WT1 abolished RNA-binding activity of TFIIIA, suggesting that zinc
finger 6 plays a particularly important role in binding to RNA.
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CHAPTER 1.0 EARLY GROWTH RESPONSE PROTEIN 1 (EGR-1): A
PROTOTYPICAL MEMBER OF A C;H2 ZINC FINGER FAMILY OF
TRANSCRIPTION FACTORS

1.1 Introduction

1.1.1 Overview of the EGR-1 family of transcription factors

The proliferation and differentiation of eukaryotic cells is influenced by
a multitude of stimuli, including growth factors, adhesion molecules and
other extracellular ligands. These complex long-term cellular responses are
mediated by changes in gene expression, and are coupled to the initial signal
transduction events occurring at the level of the plasma membrane. The
immediate-early genes are the earliest downstream nuclear targets for these
events. The activation of these genes is generally very rapid, transient, and
independent of de novo protein synthesis. A subclass of these genes encodes
transcription factors, which form the first step in initiation of genetic
programs that would lead to an appropriate cellular response.

The best characterized members of this group of immediate-early genes
include c-jun, c-fos, and Egr-1. Each of these genes, in turn, represents a
prototype for a family of closely related proteins. Numerous studies have
demonstrated that EGR-1 induction is universal. Various stimuli that induce
EGR-1 expression, as well as diverse cell types in which EGR-1 expression has
been described, are summarized in Figure 1.1. Extracellular stimuli that
induce EGR-1 can be grouped into the following categories: (1) mitogens; (2)
developmental or differentiation cues; (3) tissue or radiation injury; (4)
signals that cause neuronal excitation. In practically every cell type examined,
EGR-1 expression is rapidly induced by such mitogens as hormones, growth
factors, and the tumor promoter TPA (phorbol) (Sukhatme et al., 1987;
Sukhatme et al., 1988; Lau and Nathans, 1987; Lemaire et al., 1988). Various
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Figure 1.1 Biological processes mediated by EGR-1 in response to diverse



differentiative stimuli such as retinoic acid, DMSO (dimethyl sulfoxide), and
phorbol give rise to EGR-1 expression, which can be correlated with
differentiative processes of the kidney, spleen, brain, and most other tissues
(Sukhatme et al., 1988; Lemaire et al., 1988; Christy et al., 1988). In the context
of tissue injury such as ischemia or ionizing radiation, EGR-1 has been shown
to be strikingly induced (Bonventre et al., 1991; Hallahan et al., 1991). It is
likely that EGR-1 is not induced by the injury itself, but rather acts in response
to post-injury events, mediating subsequent processes of cellular proliferation
and differentiation. Numerous lines of evidence exist indicating an
important role of EGR-1 in neuronal signaling. For example, EGR-1 levels
increase dramatically in the brain following seizure activity (Sukhatme et al.,
1988). A dramatic increase in EGR-1 levels is observed following
electroconvulsive shock therapy, dopamine receptor activation, and opiate
withdrawal (Bhat et al., 1992). Finally, the expression of EGR-1 in developing
and adult brain emphasizes the importance of EGR-1 in neurophysiological
processes (Watson and Milbrandt, 1990). Thus, EGR-1 mediates responses of
enormous complexity. It acts in different cellular contexts and is able to
respond to a multitude of extracellular signals.

All members of the EGR family share highly similar, C;H> zinc finger
DNA-binding motifs. At present, the closest members of the EGR family of
transcriptional regulators are: EGR-2/Krox20 (Chavrier et al., 1988; Joseph et
al., 1988), EGR-3 (Patwardhan et al., 1991), and EGR-4/NGFI-C/pAT133
(Patwardhan et al., 1991; Crosby et al., 1991; Muller et al., 1991). All of the
above proteins have zinc finger domains that are virtually identical to that of
EGR-1 (Figure 1.2). The EGR-1 zinc-finger domain is over 95% identical to
that of EGR-2 (Joseph et al., 1988) and 91% identical to that of EGR-3 at the
amino acid level (Patwardhan et al., 1991). The residues important for specific
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Figure 1.2 Comparison of DNA-binding domains of the EGR-1 family of
proteins. Zinc fingers and adjacent sequences of the EGR-1 family of proteins
are aligned. Conserved cysteine and histidine residues are marked (¢); the a-
helical region is underlined; conserved residues important for determining

binding specificity are enclosed; basic residues are denoted (+) (Gashler &
Sukhatme, 1995).



DNA recognition are conserved, and most of the changes are conservative
substitutions (Figure 1.2). The homology between these proteins extends to
short stretches of adjacent basic sequences but sharply drops outside this
region. This suggests that these proteins may recognize the same DNA target
sequences through their zinc fingers, but that interactions with other
transcriptional regulatory proteins are distinct for each family member. This
multigene family offers a great system to study the relationship between
signal transduction and gene expression in both normal and transformed
cells.

The Wilms' tumor gene product has four zinc fingers, three of which
possess related but less homologous zinc finger DNA-binding domains
(approximately 65% identity to the EGR-1 zinc finger domain) (Gessler et al.,
1990; Call et al., 1990). The mammalian ubiquitous transcriptional activator
Spl has three related zinc fingers (Kadonaga et al., 1987). Sp1 finger 2 is most
similar to EGR-1 fingers 1 and 3 (Kadonaga et al., 1987). Another distant
member of the EGR family of proteins is a yeast protein MIG1 involved in
responses to glucose repression (Nehlin and Ronne, 1990). It contains two
zinc fingers that are most similar to the second and third fingers of EGR-1
protein, with 60% identical residues (Nehlin and Ronne, 1990). Outside the
zinc fingers, MIG-1 has no obvious similarity to other proteins. This absence
of sequence conservation outside the zinc finger motifs is a common finding
among CzH3? zinc finger proteins. Therefore, a comparison of the family
members must rely on an alignment of finger sequences. Studies of the
immediate-early proteins and downstream promoter elements they target
will continue to enhance our knowledge of protein-DNA interactions and

general mechanisms of transcriptional activation and repression.



1.1.2 Gene targets of EGR-1 regulation

Consistent with its role in cellular proliferation and differentiation,
EGR-1 binds and regulates genes involved in these functions. Some
discussion follows on the best documented instances that involve regulation
by EGR-1.

Platelet-derived growth factor A (PDGF-A) is a potent mitogen which is
present at elevated levels in response to growth factors or cytokines (Wang
and Deuel, 1992). An EGR-1 binding site has been defined in the promoter
region of the PDGF-A gene (Wang and Deuel, 1992). The DNA fragment
bound by EGR-1 has the following sequence: GAG-GAG-GAG-GAGGA.
Although this site deviates from the consensus EGR-1 binding sequence,
which is GCG-G/TGG-GGG, it competes equally well in the gel-shift
competition experiments. Similar motifs have been identified in promoters
of other growth-related genes, such as the insulin receptor, the tumor growth
factor B, the epidermal growth factor receptor, c-myc and c-Ki-ras (Wang and
Deuel, 1992).

Another gene whose expression is regulated by EGR-1 is thymidine
kinase (tk), an important player in DNA biosynthesis. Using monoclonal anti
- EGR-1 antibodies, it was shown that EGR-1 was one of the components of
the tk promoter complex obtained from serum-stimulated nuclear extract
(Molnar et al., 1994). Further transient transfection experiments
demonstrated that EGR-1 activates a reporter driven by a tk promoter element
(Molnar et al., 1994).

EGR-1 has been shown to be required for differentiation of myeloblasts
along the macrophage lineage (Nguen et al.,, 1993). The use of EGR-1
antisense oligomers in the cell culture medium resulted in blocked

macrophage differentiation in normal myeloblasts as well as myeloid



leukemia cells. Thus, the authors clearly demonstrated that expression of
EGR-1 is essential for macrophage differentiation.

The myosin heavy chain a gene (a-MHC) was shown to be expressed in
concordance with EGR-1 in stimulated cultures of cardiac myocytes (Gupta et
al.,, 1991). Transient transfection assays using a CAT reporter containing o-
myosin heavy chain promoter showed 10-fold induction of the promoter
activity by an EGR-1 expression vector (Gupta et al., 1991). The region of the
rat a-MHC promoter that is responsive to EGR-1 has been defined, and
shown to contain a potential EGR-1 binding site (Gupta et al., 1991). The a-
MHC induction appears to be tissue-specific since it was observed in the
myogenic Sol8 cell line, but not in NIH3T3 fibroblasts (Gupta et al., 1991).

EGR-1 is expressed at high level in the rat adrenal gland and in PC12
cells as demonstrated by Elbert et al., (1994). A proposed function for EGR-1 in
adrenergic differentiation may be via regulation of phenylethanolamine N-
methyltransferase (PNMT) (PNMT is an adrenal enzyme that converts
norepinephrine to epinephrine) (Elbert et al., 1994). The analysis of the
PNMT promoter revealed that it contains two potential EGR-1 binding sites,
one of them differing only by one nucleotide from the EGR-1 consensus DNA
binding sequence. Transient transfections showed that EGR-1 can stimulate a
PNMT reporter by fourfold (Elbert et al., 1994).

Despite the abundance of data on EGR-1 induction by mitogenic
signals, additional EGR-1 gene targets await elucidation. Finally, in vitro
studies of the EGR-1 involvement in cellular proliferation and differentiation

need to be correlated with the in vivo role of EGR-1.



1.1.3 Identification of EGR-1 cDNA, and characterization of its protein product

Using differential screening techniques, several groups set out to
identify novel genes which have a low level of expression in nondividing
cells but which are rapidly up-regulated in cells stimulated by mitogen. The
following criteria were used to isolate such novel genes: (1) transcripts should
be rapidly and transiently induced by serum stimulation of quiescent cells; (2)
these genes should be induced without intervening protein synthesis, i.e. the
induction should not be affected by inhibitors of protein synthesis, such as
cycloheximide; (3) expression should be induced by a wide spectrum of
mitogens, such as growth factors, hormones, and other ligands; (4) expression
should be induced in a broad array of cell types; and (5) the genes should be
highly conserved in evolution.

The novel immediate-early gene has been cloned by a number of
research groups. Sukhatme et al. (1987, 1988) identified a gene designated Egr-
1 . The authors used a differential screening technique to screen a library
from BALB/c 3T3 cells stimulated with serum in the presence of
cycloheximide. Clones which preferentially hybridized to cDNA from serum
and cycloheximide-treated fibroblasts were identified by comparing them to
cDNA from quiescent cells. A 3.4-kb transcript appeared upon mitogenic
stimulation of a variety of cell types, and was designated Egr-1. Using a
similar differential screening strategy, Milbrandt (1987) independently
isolated a transcript named NGFI-A, which was activated in rat
pheochromocytoma PC12 cells by nerve growth factor, and is a rat analog of
the mouse Egr-1. The same gene has been independently cloned by other
groups, using a similar approach: zif268 was cloned from serum-stimulated
3T3 fibroblasts from BALB/c mice (Lau and Nathans, 1987); tis8 was
identified as a phorbol-inducible gene in 3T3 cells (Lim et al., 1987); the



chicken homolog, cef5, was cloned as a v-src - inducible gene from chicken
embryo fibroblasts (Simmons et al., 1989); gene 225 was identified as a T-cell-
activated transcript (Wright et al., 1990), and Krox24 was isolated from serum-
stimulated 3T3 cells by hybridization to a highly conserved domain of the
Drosophila factor Kruppel (Lemaire et al., 1988).

Sequence analysis of EGR-1 revealed that the protein contains three
tandemly repeated zinc finger motifs of C2H; type that govern the DNA-
binding function of this protein (Sukhatme et al., 1988; Lau and Nathans,
1987; Lemaire et al., 1988; Christy et al., 1988) (Figure 1.3A). The coding
sequence of the protein is highly conserved across species, indicating the
importance of the Egr-1 gene product. Complementary DNAs from human
(Suggs et al., 1990), rat (Milbrandt, 1987), mouse (Sukhatme et al., 1988;
Lemaire et al., 1988; Christy et al., 1988), chicken (Simmons et al., 1989), and
zebrafish (Drummond et al., 1994) are highly similar. The product of the Egr-
1 gene is a protein of 80-82 kDa (Cao et al., 1990). Cell fractionation studies
and immunocytochemistry demonstrated that EGR-1 is localized to the
nucleus, which is consistent with its putative DNA-binding function (Cao et
al., 1990; Day et al., 1990). Further examination of the amino acid sequence of
the EGR-1 protein showed it to contain basic residues clustered in the zinc
fingers and the adjacent sequence (Figure 1.3B). The amino-terminal amino
acids are rich in proline and serine-threonine residues, organized in stretches
of tree to five consecutive amino acids. There is one series of seven
consecutive serine-threonine residues, which is followed by seven glycines
(Figure 1.3B). The carboxyl terminus of the EGR-1 protein is also rich in
proline and serine/threonine residues. The regions of the protein containing
proline amino acids are predicted to lack a-helical secondary structure,

whereas the high content of serine and threonine residues indicates that
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Figure 1.3 (A) A diagram of the functional domains of EGR-1 protein: the
serine-threonine N-terminal domain is shown in the hatched box on the left;
black bars represent zinc finger motifs; the C-terminal proline-serine-
threonine domain is designated by a hatched box on the right. (B) Coding
sequence of murine EGR-1. The three zinc finger motifs are enclosed in a box;
zinc-coordinating cysteine and histidine residues are circled; serine, threonine
and tyrosine residues in the N-terminal portion of the sequence are

underlined (Gashler & Sukhatme, 1995).
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EGR-1 may be subject to phosphorylation. Indeed, alkaline phosphatase was
shown to convert slow migrating form of EGR-1 to the faster migrating form
as seen on SDS-PAGE (Cao et al., 1990; Day et al., 1990).

Further structure-function analysis of EGR-1 protein defined its
activation, repression, DNA binding and nuclear localization domains
(Gashler et al., 1993), summarized in a diagram in Figure 1.4. Thus, the
organization of EGR-1 is modular in nature, which is characteristic of many
classical transcription factors. A potent activational domain was mapped to
the serine- and threonine-rich amino terminal domain, using deletion
analysis of EGR-1 (Gashler et al., 1993). These EGR-1 activation sequences
were shown to be independent domains by placing them in the context of
other proteins. When residues 3-281, or 3-138, or 138-281 were fused to the
DNA-binding domain of the yeast factor GAL4, they activated transcription
100-fold as GAL4 fusions (Gashler et al., 1993). These findings were confirmed
by studying NGFI-A protein, the rat homolog of EGR-1 (Russo et al., 1993). A
weak transactivation domain was mapped by several laboratories to the C-
terminus of EGR-1: amino acids 420-533 (Russo et al., 1993; Gashler et al.,
1993).

A repression domain of EGR-1 was identified when a small internal
deletion 5' to the zinc-finger domain (amino acids 284-330) resulted in almost
5-fold increased transactivation in HeLa cells (Gashler et al., 1993). This was
an unexpected finding. Further experiments have shown that this repression
domain is also modular in nature, since it could be fused to the DNA-binding
domain of GAL4, and represses transcription 7- to 10-fold (Gashler et al., 1993).
This serine/threonine-rich domain is highly conserved in evolution
(Drummond et al., 1994), and is distinct from repression domains of other

transcriptional regulators, such as the alanine- and glycine-rich repression
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domain in Kruppel (Licht et al., 1990), hydrophobic- and proline-rich Even-
skipped repressor (Han and Manley, 1993), or proline- and glycine-rich
repressor of WT1 (Madden et al., 1993). The fact that 7 out of 24 amino acid
residues of the EGR-1 repression domain are serine or threonine suggests that
the repression function may be regulated by phosphorylation.

Consistent with its transcriptional regulatory function, EGR-1 was
shown to localize to the nucleus (Cao et al., 1990; Day et al., 1990). Generally,
nuclear localization signals are short stretches of 8-10 amino acids rich in basic
and proline residues (Silver et al., 1984). In EGR-1, the only regions rich in
basic residues are the three zinc finger region and the adjacent stretch of basic
amino acids, suggesting that the nuclear localization signal resides in those
sequences. Using a series of deletion mutants of EGR-1 along with subcellular
fractionation and Western blot analysis, amino acids 315 to 429 were shown to
be important for proper targeting to the nucleus (Day et al., 1990). However,
the zinc finger region alone (amino acids 331 to 419) was not sufficient for
nuclear localization of the protein. The basic sequence 5' to the zinc finger
domain (amino acids 315 to 330) was also required for nuclear targeting (Day
et al., 1990). Thus, EGR-1 has a bipartate nuclear localization signal, the

largest portion of which coincides with the DNA-binding domain.

1.1.4 DNA-binding function of EGR-1

The DNA sequence to which EGR-1 binds was initially identified based
on the assumption that EGR-1 regulates its own expression and might,
therefore, bind to the 5' upstream flanking sequence of the Egr-1 gene (Christy
and Nathans, 1989). Using bacterially expressed EGR-1 protein, specific
binding to one promoter fragment was observed in gel mobility shift assays

(Christy and Nathans, 1989). This binding site was located within 650 base
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pairs 5' to the transcription start site of Egr-1. DNase-I footprinting
experiments identified the sites of contact in the Egr-1 promoter binding
sequence, as well as a number of sites 5' to other genes (Christy and Nathans,
1989). These sequences, taken together, were used to establish a consensus
high-affinity binding site sequence GCG-G/TGG-GCG. Further methylation
interference experiments indicated that EGR-1 makes extensive contacts along
this sequence (Christy and Nathans, 1989).

EGR-1 is the first C2Hj zinc finger protein for which a high resolution
structure was obtained. The structure of the complex consisting of the cloned
three zinc finger peptide and the 12-bp DNA containing the specific 9-bp
sequence has been solved at 2.1-A resolution (Pavletich and Pabo, 1991)
(Figure 1.5). The structural information obtained in this study served as a
topological blueprint for other members of the zinc finger family. This EGR-1
- DNA complex was recently refined at 1.6 A (Elrod-Erickson et al., 1996). The
new structure confirms all the basic features of the 2.1 A model, and reveals
additional critical details of the complex.

The crystal structures show that the three fingers wrap around the
double helix, describing a C shape (Figure 1.6). The overall alignment of the
fingers on the DNA is antiparallel (finger 1 binds near the 3' end, and finger 3
binds near the 5' end of the 5'-GCGTGGGCG-3' consensus binding site). [The
mode of TFIIIA - DNA interaction is also antiparallel, with most of the
contacts involving the guanine-rich strand of the DNA (Smith et al., 1984;
Vrana et al., 1988)]. The a-helices of the zinc fingers are tipped at ca.45°
relative to the plane of the base pairs; therefore, they are only approximately
aligned with the major groove. The N-terminal end of each a-helix makes
specific contacts with the base pairs, each helix interacting primarily with the
3-bp subset of the 9-bp consensus binding site.
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Figure 1.5 Sequence of the EGR-1 zinc finger peptide and of the DNA binding
site used in cocrystallization. (A) Sequences of the three zinc fingers are
aligned by conserved residues and secondary structure elements. a-helices
are enclosed in boxes, and B-sheets are indicated by arrows. The conserved
cysteine and histidine residues are highlighted in bold. (B) Sequence of the
duplex oligonucleotide used in cocrystallization (Pavletich & Pabo, 1991).



Finger 3

Figure 1.6 The overall arrangement of the three zinc fingers of EGR-1 in the
major groove of DNA (Pavletich & Pabo, 1991).



The N-terminal strand of each B-sheet makes no contact with DNA,
while the more C-terminal strand contacts the sugar-phosphate backbone
along one DNA strand. The amino acid side chains directly involved in
contacts with the DNA bases lie at a-helical positions -1, 2, 3, and 6 (numbered
relative to the first residue in each a-helix). Base specific contacts identified
in the original crystal structure are primarily hydrogen bonds with the G-rich
strand of the DNA (Figure 1.7). The higher resolution structure provides a
more detailed view of the EGR-1-DNA interface with more direct and water-
mediated contacts. The summary of direct base and phosphate contacts is
shown in Figure 1.8. Water-mediated and van der Waals contacts to bases
and phosphates are summarized in Figure 1.9.

Many features of this complex were correctly predicted by sequence
analyses and mutational studies (Nardelli et al., 1991). Site-directed
mutagenesis experiments with DNA-binding domains of Krox-20 and Spl
proteins substituted the nonhomologous amino acids in the recognition o-
helices and resulted in interconversion of the specificity of the mutant finger
(Nardelli et al., 1991). Thus, even prior to the solution of the EGR-1 crystal
structure, some of the base-contacting positions had already been identified.

Fingers 1 and 3 have identical residues at positions -1, 2, 3 and 6 of the
a-helix: R, D, E, R, whereas finger 2 has R, D, H, and T at the corresponding
positions. Fingers 1 and 3 make two primary contacts to the guanines of the
GCG subsite using the guanidinium group of the arginines to hydrogen bond
with the N7 and O6 of the guanines in each subsite (Figure 1.10A). The
interaction of arginine with guanine was predicted to play an important role
in sequence-specific recognition based on its unique stereochemical
complementarity (Seeman et al., 1976). Indeed, these contacts are the most

prominent ones in the EGR-1 - DNA complex. These arginines also interact
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Figure 1.7 Sketch summarizing the principal amino acid-base contacts as seen

in the original EGR-1 X-ray structure (Pavletich & Pabo, 1991).
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three zinc fingers; (B) Drawing of the Arg-guanine interaction that is present
in fingers 1 and 3; (C) Drawing of the His-guanine interaction seen in finger 2

(Pavletich & Pabo, 1991).
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with an aspartic acid, which is the second residue within each a-helix. The
carboxylate oxygens of the aspartic acid make hydrogen bond-salt bridges with
the Ne and Nn of the guanidinium group of the arginines that are already
bound to the first G of each subsite, thus stabilizing the interaction of the long
arginine side chain with the base (Figure 1.10B). Finger two uses an arginine
and a histidine to contact the guanines of the middle base pair subsite TGG. A
histidine-guanine interaction that occurs in finger 2 is shown in Figure 1.10C.

The new 1.6 A structure helps explain the roles of the aspartic acid
residues at position 2 of the recognition helices. The crystal structure shows
that the Arg -1/Asp2 residue pairs make water-mediated contacts with the
cytosine which is base paired to the guanine contacted by Arg -1 (as well as
with the phosphate on the 5' side of this guanine). These contacts are seen in
all three zinc fingers. In fingers one and three, these aspartates also make
water-mediated contacts with the neighboring base 5' of the critical guanine.
For instance, Asp +2 in finger 1 makes a water-mediated contact with cytosine
9, and an analogous contact is made by Asp +2 of finger 3 to the N4 of cytosine
3 (Figure 1.9). The crystal structure shows that Asp +2 of finger 2 clearly
contacts cytosine 8', and tentatively suggests that Asp +2 residues from fingers
1 and 3 forms weak interactions with a base positioned outside the canonical
triplet on the secondary, C-rich strand of the DNA (Figure 1.8). In the original
X-ray structure one of the oxygens of the aspartic acid was shown to be within
hydrogen bonding distance to a neighboring base on the parallel, C-rich strand
of the DNA. However, since the H-bonding geometry was not ideal, these
contacts were presumed unimportant for recognition (Pavletich and Pabo,
1991). More favorable geometries were observed in the refined structure
(Elrod-Erickson et al., 1996). For example, when Arg -1 of finger 3 contacts Gy,
this interaction: is stabilized by Asp +2 of the same finger, which in turn
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contacts As' (the complementary base to Ts on the opposite strand) (Figure
1.8). Such contact was clearly demonstrated for finger 2 (Asp48 interacting
with Cg). The corresponding interactions for fingers 1 and 3 had less
favorable stereochemistry.

There are several pieces of evidence suggesting that this contact
contributes to recognition in other zinc finger proteins. In the cocrystal
structure of the Drosophila regulatory protein Tramtrack complexed with its
DNA the homologous aspartic acid in the second zinc finger was shown to
make direct hydrogen bonds with the secondary DNA strand (Fairall et al.,
1993). Replacement of the aspartic acid by alanine in the second zinc finger of
the S. cerevisiae ADRI1 protein resulted in significant reduction of protein
binding to its cognate site (Thukral et al., 1991; Thukral et al., 1992).

Several biochemical studies also propose the interaction of Asp +2 with
the parallel strand of the DNA. Zinc finger phage display selection studies
provided original support for this interaction. The technique of phage display
makes use of the expression of zinc finger regions that carry partially
randomized recognition helices as part of a phage coat protein. By then
allowing the phage carrying zinc finger peptides on its surface to equilibrate
with a target DNA sequence, it is possible to isolate and amplify the specific
zinc finger proteins that recognize desired DNA target sites. In the study by
Choo and Klug (1994a) the sequence of the middle finger of EGR-1 was
randomized to test new binding specificities. Strikingly, in almost all of the
selected fingers in which arginine interacts with the 3' guanine, aspartic acid
was selected at position +2. When position -1 was not arginine, aspartic acid
at position +2 was practically never selected. This suggests that the aspartic
acid residue +2 plays an important role in contributing to the specificity of the

protein-DNA complex. This result also emphasizes the importance of
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arginine in conferring DNA-binding ability. In our study of Denys-Drash
WT1 protein mutants the substitution of arginine for a tryptophan was
detrimental to DNA-binding activity (Borel et al., 1996). In a complementary
study by Choo and Klug (1994b), a bias toward G or T at the 3rd position of the
recognition subsites was demonstrated, and it was concluded that the amino
acid at position +2 was able to modulate the specificity of the amino acid at
other positions. Thus, it was proposed that Asp +2 makes a cross-strand
contact. Swirnoff and Milbrandt (1995) carried out binding site selections to
derive the high-affinity consensus binding site for EGR-1 family of proteins.
Their findings support the importance of aspartic acid for sequence
recognition by EGR-1 protein family members. The authors noted a very
strong selection for thymine at position 5 and less frequently for guanine,
while adenine or cytosine were never selected. Both A and C, the
complementary bases to T or G at position 5 have hydrogen bond donor
groups (N6 and N4) that can interact with the carboxylate oxygen of Asp +2.
These results support the idea that the hydrogen bond potential on the
secondary DNA strand contributes to recognition. Another implication of
these findings is that a single zinc finger can actually specify not 3 bp, as
originally proposed, but 4 bp DNA sites, and these binding sites overlap by
one base pair. Recently published work by Isalan, et al. (1997) demonstrates
that EGR-1-like zinc fingers can, in fact, specify overlapping, 4-bp subsites. In
this study, the third zinc finger of EGR-1 protein was modified to remove the
finger's potential for DNA interactions. Normally, the third zinc finger
interacts with the first triplet of the EGR-1 consensus sequence. However, as a
result of finger three alterations, changes were observed in the 5' position of
the middle triplet of the DNA binding site. Thus, deleting the contact from
finger 3 affects the specificity for the 5' base of the binding site of finger 2.
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Further selection and gel mobility shift experiments pointed to the same
conclusion (Isalan et al., 1997). Thus, the potential of zinc fingers to specify
overlapping, 4-bp subsites was demonstrated, and the role of aspartic acid at
helical position 2 was emphasized. The specificity of each recognition subsite
is, therefore, mediated by two adjacent fingers that are synergistic in their
mode of binding. This has led the authors to redefine the binding subsites for
each zinc finger, and the new schematic diagram of recognition is shown in
Figure 1.11.

The roles of the third a-helical residues are also refined in the 1.6 A
structure (Elrod-Erickson et al., 1996). The role of His49 (the third residue in
finger 2 a-helix) was previously discussed in the original EGR-1 crystal
structure (Pavletich and Pabo, 1991). This residue was previously shown to
make a direct hydrogen bond to N7 of guanine 6. In the new structure, this
histidine may be contacting O6 of the guanine instead. In addition, His49 also
makes a series of van der Waals interactions with the methyl group of
thymine 5. The significance of the histidine-thymine interaction was
demonstrated by Swirnoff and Milbrandt (1995) in their binding site selection
experiments. Thus, histidine contributes to the recognition of two bases on
the G-rich DNA strand.

Glutamic acid residues which occur at a-helical position three of
fingers 1 and 3 were suggested to contribute to specificity because biochemical
site selection and binding studies all show a preference for cytosine at the
center of triplets recognized by fingers one and three (Christy and Nathans,
1989; Jamieson et al., 1994; Swirnoff & Milbrandt, 1995). As revealed in the
refined crystal structure, the carboxylate groups of Glu2l and Glu77 do not
make any base-specific contacts. However, the side chains of these glutamates

do hydrogen bond to the backbone amides of the arginines immediately
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Figure 1.11 Schematic diagram of EGR-1 zinc fingers interacting with the
proposed overlapping, 4-bp DNA subsites (Isalan et al., 1997).



preceding the o helix (Argl8 in finger 1, and Arg74 in finger 3). Glu2l can
also hydrogen bond to the backbone amide of Ser17, while Glu77 makes a
corresponding contact to Ala73. In addition, these glutamic acid residues
make van der Waals contacts to the edge of the corresponding cytosines.
These contributions, albeit modest, may play a role in favoring cytosines over
other bases. Another good observation was made by Nardelli et al. (1992) and
Swirnoff & Milbrandt (1995): the reason for cytosines and not guanines in the
middle of triplet 1 and 3 might be an electrostatic repulsion between the
carboxylate oxygens of the glutamates and the O6 and N7 groups of guanines.
Cytosines do not have either of these groups, and, therefore, are better
tolerated at these positions.

A number of water-mediated contacts were detected at the protein-
DNA interface that were not seen in the original X-ray structure. They are
summarized in Figure 1.9. A set of contacts with the sugar-phosphate
backbone of the DNA is also detected in the X-ray structure, and most of these
are made to the G-rich strand of the consensus site (Figure 1.8). Each finger
uses an arginine in the second PB-strand and the first zinc-coordinating
histidine to contact phosphodiester oxygens. These contacts include one
unusual arrangement in which the imidazole ring of the first histidine,
involved in zinc coordination through NE€, makes contacts to the
phosphodiester oxygens through Ny (Figure 1.12). Since zinc coordinating
histidines are conserved in all zinc fingers, it is possible that they all use these
types of contacts. The 1.6 A structure revealed additional, numerous water-
mediated phosphate contacts. They are summarized in Figure 1.9. Serine
residues that occur at position 1 of the a helices all provide phosphate
contacts: Ser75 (in finger 3) makes a hydrogen bond to phosphate 7', while
Ser47 (in finger 2) makes a water-mediated contact with phosphate 9'.
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Figure 1.12 Schematic representation of hydrogen bonding between Zn-
coordinated histidine and DN A backbone (O'Halloran, 1993).



Similarly, Ser19 (in finger 1) makes a water-mediated contact with O5' of
thymine in position 12'. Other residues also contribute to the network of
water-mediated phosphate contacts, namely Ser17 makes a water-mediated
contact to the 5' phosphate of base 9; Arg78 (the fourth a-helical residue in
finger 3) makes a water-mediated contact with phosphate 7; and Thr23
(residue 5 in the helix of finger 1) contacts the O5' of base 12'. In addition, the
conserved lysines that occur in the linker region between the zinc fingers also
make several water-mediated contacts: Lys33 (located between fingers 1 and 2)
makes a pair of water-mediated contacts to the 5' phosphate of base 5; Lys61
(located between fingers 2 and 3) makes an analogous water-mediated contact
with the 5' phosphate of base 2. An analogous phosphate contact involving
lysine residue was described for DNA-binding peptide of TFIIIA (Choo and
Klug, 1993). Mutation of this residue in TFIIIA reduces its affinity for DNA by
about sevenfold.

The important role of the linker sequences was pointed out in the
study by Wilson et al. (1992). The authors used a reversion-based analysis of
DNA-binding domains: they constructed a chimeric protein containing the
DNA-binding domain of EGR-1 inserted between the LexA DNA-binding
domain and the GAL4 transcriptional activating domain (LAG). This dimeric
protein when expressed in yeast resulted in retardation of their growth, while
a dimeric protein containing only the LexA and GAL4 domains acted as an
activator. Some yeast cells harbouring LAG eventually reverted to wild-type
growth by inactivation of LAG. Those revertants were analysed for
mutations in LAG, which all mapped to the EGR-1 zinc finger DNA-binding
domain. The majority of the mutations were found to comprise the DNA-
contacting amino acids identified in the crystal structure, while several of the

mutations lay in the linker regions of the zinc fingers. The mutation of the
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two lysines in the linker regions was disruptive, and the authors proposed
that the removal of the positive charge imparted by the lysines may
destabilize the tertiary structure of the protein. Secondly, it was noted that the
two linker regions were not equally sensitive to mutation: the second linker
was mutated seventeen times whereas the first was altered only three times,
suggesting that the linkers may not play identical roles in orienting the zinc
fingers.

Finally, the role of DNA conformation was addressed in the recent X-
ray study (Elrod-Erickson et al., 1996). It is well known that DNA
conformation either before or subsequent to protein binding is an important
determinant of sequence-specific recognition (Steitz, 1993). Thus, stretches of
A/T residues in the binding sites of the zinc finger proteins Tramtrack and
MIG1 are required for recognition (Fairall et al., 1993; Lundin et al., 1994).
While there was no bending detected in the crystal structures of EGR-1-DNA
complex, circular dichroism studies show a striking difference occurring in
the EGR-1 binding site depending on the presence or absence of the protein
(Elrod-Erickson et al., 1996). This suggests that EGR-1 DNA changes
conformation upon complex formation. The DNA also adopts a novel
conformation, both wide and deep, that has been described as Benlarged groove
-DNA. The binding sites in Tramtrack and GLI have been shown to adopt the
same conformation (Fairall et al., 1993; Nekludova & Pabo, 1994). The
significance of this Benlarged groove-DNA conformation was not clear until the
modeling studies showed that the observed interfinger contacts and the
linker length would not allow binding to canonical B-DNA (Elrod-Erickson et
al., 1996).

The original crystal structure of EGR-1 complex (Pavletich & Pabo,

1991) gave an initial view of zinc finger-DNA interactions. The new, refined
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EGR-1 - DNA structure (Elrod-Erickson et al., 1996) revealed considerable
additional complexity, and changed the widely held perception that EGR-1

uses a simple recognition scheme in its interaction with DNA.

1.1.5 Structures of other zinc finger-DNA complexes

The elucidation of high resolution structures of less closely related zinc
finger proteins - the human oncogene GLI (Pavletich & Pabo, 1993) and the
Drosophila regulatory protein Tramtrack (Fairall et al.,, 1993) provide a
broader perspective on the issue of specificity of zinc finger-DNA interactions.
The human oncogene protein GLI contains five zinc fingers, and has been
cocrystallized with the sequence of DNA derived from in vitro genomic
selection studies (since the physiologically relevant GLI-binding sites are not
yet known) (Figure 1.13). The comparison of GLI-DNA complex with the
original EGR-1-DNA structure had revealed more differences than
similarities. However, with the elucidation of the refined, 1.6A structure of
the EGR-1-DNA complex, more similarities between the two protein-DNA
complexes became apparent. The overall structure of the GLI-DNA complex
shows that fingers 2 to 5 are arranged similar to the EGR-1 fingers, wrapping
around the DNA with the N-terminal portion of their a-helices fitting into
the DNA major groove. The difference between the two complexes is that,
surprisingly, finger 1 of GLI does not make any contacts with the DNA at all
(Figure 1.14). Fingers 2 and 3 bind a section of the DNA largely non-
specifically, contacting the DNA backbone, with finger 2 providing the only
base contact in this region. On the other hand, fingers 4 and 5 do bind a
conserved 9-bp region of the site in a sequence-specific manner. These fingers
are most important for recognition. In EGR-1, all fingers make generally

similar contributions to sequence-specific recognition. Alignment of the zinc
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Figure 1.13 Sequences of the GLI zinc finger domain and the DNA-binding
site used for cocrystallization. (A) The five zinc fingers of GLI are aligned to
show the conserved amino acid residues and secondary structure elements.
The position of a-helices is underlined, and B-sheets are indicated by zig-zag
lines. Open boxes highlight residues that make base contacts in the crystal
structure, and open circles indicate residues that make phosphate contacts.
Symbols below the GLI sequence indicate the corresponding positions of side
chain-base contacts (filled boxes) and side chain-phosphate contacts (filled
circles) that were observed in EGR-1 complex. (B) DNA duplex used in
cocrystallization (Pavletich and Pabo, 1993).
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finger sequences of GLI and EGR-1 showed a clear correlation between the
positions of the base contacting residues in the two proteins. However, the
mode of docking zinc fingers against DNA shows differences, which are
reflected in the different pattern of amino acid-base interactions at the
protein-DNA interface. Despite the fact that GLI and EGR-1 belong to
different subfamilies, with very little amino acid similarity in the zinc finger
region, and different DNA sequences to which they bind, the two proteins
have the following features of the protein-DNA complex in common: (1)
each protein contacts primarily four bases in each subsite, and these subsites
can overlap; (2) four amino acids in the o helix are usually involved in these
contacts; (3) both proteins contact bases on both DNA strands, except that the
majority of EGR-1 contacts involve primary, G-rich strand of the DNA, while
GLI contacts are more evenly distributed between the two strands; (4) in both
complexes the DNA assumes a conformation that is intermediate between A-
and B-form; (5) the DNA-contacting residues of EGR-1 fall at positions -1, 2, 3,
and 6 of the a-helix, GLI also uses the DNA-contacting residues
corresponding to positions -1, 2, 3, and 6. In GLI, however, additional
residues of the a-helix make specific contacts, including positions 1 and 5.
While GLI fingers make some use of the primary contacts identified in EGR-1,
several of these interactions are unique in terms of the subsite position of the
base contacted, the strand contacted, and the nature of the sidechain-base
interaction.

The structure of a two zinc finger protein Tramtrack complexed with
its recognition DNA sequence shows many similarities with the EGR-1-DNA
complex. The contacts between Tramtrack and its DNA are summarized in
Figure 1.15. A comparison of base-specific contacts formed by EGR-1 and
Tramtrack proteins is diagrammed in Figure 1.16. The following features of
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Figure 1.15 The summary of Tramtrack-DNA contacts (Fairall et al., 1993).
The sequence of the DNA used for crystallization is shown in the top right of
the figure. The details of the protein-DNA contacts are discussed in the text.
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EGR-1 F1 & F3

Figure 1.16 Schematic summary of the principal protein-DNA contacts
observed in the cocrystal structures of the EGR-1 and Tramtrack. Residues are
numbered relative to their position in the o helix. Arrows represent
hydrogen bonds observed in the respective crystal structure (Choo & Klug,
1997).
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the Tramtrack-DNA structure are similar to those of EGR-1: (1) both fingers of
Tramtrack use the N-terminus of their a-helices to contact specific bases in
the DNA major groove; (2) the majority of contacts are made to one DNA
strand; (3) the binding sites for the adjoining fingers overlap; (4) cc—helical
positions -1, 2, 3, and 6 are used to make base-specific contacts, which coincide
with the same residue positions in EGR-1 complex; (5) finger 2 makes very
similar base and phosphate contacts to those of EGR-1 fingers. Finger 2 in
both proteins uses an arginine at position -1 for contacting guanine. The use
of position 2 in finger 2 observed in the Tramtrack cocrystal structure is
equivalent to the contact seen in finger 2 of EGR-1. In both proteins, an
aspartic acid residue at this position accepts two hydrogen bonds from an
arginine and makes an optimal hydrogen bond to a cytosine on the opposite
DNA strand. The crystal structural data of the Tramtrack complex also
illustrated novel features. Thus, finger 1 of Tramtrack has an additional B
strand, which doesn't make contacts to DNA, but is probably required for the
overall stability of finger 1. The pattern of amino acid/base contacts in finger
1 differs from those seen in finger 2 and in all three fingers of EGR-1: the
histidine at position -1 does not make a base-specific contact; instead, it
contacts a phosphate; a short serine sidechain at position 2 contacts a thymine
(this is facilitated by the DNA bending), whereas in zinc fingers 1 and 3 of
EGR-lanalogous contacts involve aspartates hydrogen bonding to adenine
bases on the opposite strand of the DNA. Curiously, about 50 % of zinc finger
sequences have a serine residue conserved at this position (Fairall et al., 1993).
Overall, although differing in some of the exact contacts, there is a remarkable
concordance between the two structures.

Recently, the structure of a designed zinc finger protein bound to

consensus DNA sequence has been solved (Kim & Berg, 1996). The overall
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mode of binding resembles that of EGR-1, with most of the amino acid-base
contacts occurring as predicted. Finally, the cocrystal structure of the four zinc
finger protein YY1 (Ying-Yang 1) complexed with a 20-bp adeno-associated
virus P5 initiator has been reported (Houbaviy et al., 1996). YY1 is a human
GLI-related protein capable of supporting specific initiation of mRNA
production (Houbaviy et al., 1996). A diagram summarizing YY1-DNA
interactions is shown in Figure 1.17. All four fingers of YY1 bind in the major
groove, with fingers 2 to 4 making multiple contacts with DNA. Finger 1, in
contrast, contacts only one base. YY1 uses similar a-helical positions within
the fingers as those used by EGR-1, GLI, and Tramtrack for making base-
specific contacts: -1, 2, 3, and 6 (Figure 1.18 A). A schematic comparison of the
DNA contacts made by EGR-1, GLI, and YY1 is shown in Figure 1.18 B. An
unusual feature of the YY1-DNA complex is the abrupt strand switching,
which is proposed to play an essential role in establishing the polarity of
transcription from the initiator element. The distribution of DNA contacts is
almost even between the two strands of DNA (template and non-template)
until the strand switch occurs in the middle of the binding site, at A10 - T31
and T11 - A30 base pairs (Figure 1.17). From Al0 to Al7, the remaining
interactions are made to the template strand with only one contact involving
the nontemplate strand (Figure 1.17). The mechanism of strand switching
was observed in other zinc finger - DNA complexes, but not to the same

extent as seen in YY1 protein - DNA complex. In conclusion, this crystal
structure reveals EGR-1 - like binding by fingers 3 and 4, while finger 1 mainly
makes phosphate contacts, but only one contact to a DNA base, and finger 2
uses an unusual lysine - guanine contact from position 3 (Figure 1.17).
Overall, the YY1 illustrates new versatility of the zinc finger DNA binding

motif.
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Figure 1.17 Schematic representation of the YY1-DNA interactions. The

template strand is labeled 'T". Protein-DNA contacts are denoted with arrows

(Houbaviy et al., 1996). The details of the complex are discussed in the text.
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Figure 1.18 Comparison of YY1 with other zinc finger structures. (A) Amino
acid sequence of YY1. The zinc fingers are aligned by their zinc-coordinating
residues. The YY1 contacts are indicated as follows: ¢, backbone contact; +,
base contact, =, touches both base and backbone. These contacts are also
presented with those seen in the structures of EGR-1 (Z1-Z3), GLI (G2-G5), and
Tramtrack (T1, T2). (B) Schematic comparisons of the DNA contacts made by
EGR-1, GLI, and YY1. DNA bases and backbone are represented by rectangles
and circles, respectively. Hatched rectangles and solid circles denote sites of

protein contact (Houbaviy et al., 1996).
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1.1.6 Studies toward a zinc finger recognition code

The recognition principals deduced from the original EGR-1 crystal
structure prompted researchers to apply the recognition rules of EGR-1 to
other C2H> proteins, such as Spl transcription factor, the mammalian Wilms'
tumor protein (Haber and Backler, 1992), Xenopus transcription factor IIIA,
the yeast MIG1 repressor (Nehlin and Ronne, 1990) and others. Comparison
of the sequences of more than 1000 zinc finger motifs has shown that amino
acids in positions involved in direct base pair contacts in EGR-1 complex are
particularly variable in the other zinc fingers (Jacobs, 1992). Observations
such as these seem to indicate that EGR-1 and at least its close relatives
recognize DNA in a similar manner. This raised an exciting possibility of
predicting DNA binding sites for proteins with unknown specificity, or
creating new proteins designed to recognize specific DNA sequences. This, in
turn, could open new opportunities for both the study of gene regulation and
de novo design of proteins with preprogrammed specificities for therapeutic
use.

Indeed, such ideas have been developed in mutational studies
involving the contact residues, some of which resulted in proteins with
changed DNA binding specificities (Nardelli et al., 1991; Desjarlais and Berg,
1992). Desjarlais and Berg designed several polypeptides of the Spl1 DNA-
binding domain that were made up of fingers of known specificity, and every
polypeptide displayed essentially the expected sequence preference. The
observed "recognition rules” were analyzed and compiled into databases
(Nardelli et al., 1991; Desjarlais and Berg, 1992). Subsequent studies showed
that application of some of these rules successfully enables zinc fingers to bind
to predetermined DN A-binding sites, and that those rules can be transferred
from one protein to another (Desjarlais & Berg, 1993). Hoffman et al. (1993)
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introduced amino acid changes at one of the three critical positions of the
yeast transcription factor ADR1, which reduced DNA binding affinity while
not disrupting the structure of the finger. This suggests that the mutated
amino acids were those involved in direct contacts with DNA.

The work of Kriwaki et al. (1992) and Kuwahara et al. (1993) presented
evidence that fingers 2 and 3 of the transcription factor Spl bind with higher
affinity than does finger 1. This finding is also consistent with the use of
EGR-1 contact positions, where fingers 2 and 3 provide more hydrogen bonds
than finger 1. Furthermore, in one of the earlier studies derivatives of the
Sp1 protein were generated, and bound to a predicted site with an affinity of 2
nM (Nardelli et al., 1991).

A different approach to designing a protein with the predetermined
binding specificity involves a selection rather than a rational design strategy.
This technique is known as phage display, and is now being extensively used
by different laboratories (reviewed in Choo & Klug, 1995) (a brief description
of the technique can be found in Chapter 1). This has proved to be a powerful
selection method used in many studies of DNA-binding proteins. Some of
the examples of using phage display to study zinc fingers include the studies
by Rebar and Pabo (1994), Choo and Klug (1994a, 1994b), and Jamieson et al.
(1994; 1996).

Rebar and Pabo (1994) used a phage display library expressing EGR-1-
phage coat protein fusions which contained randomized critical amino acids
in the first finger. Rounds of affinity selections using oligonucleotides
randomized in the region recognized by the first finger yielded variants of
EGR-1 carrying different amino acids in zinc finger 1, that bound specifically
to the new DNA sites.



Choo & Klug (1994a) in a very comprehensive study constructed a
phage display library containing over 2 million variants of EGR-1 in which
the amino acid sequence of finger 2 was randomized at eight positions. This
library was then screened against different DNA triplets representing DNA
binding subsites. As a result, 16 successful triplets were isolated and matched
to a subpopulation of fingers able to bind them. A strong bias was observed
towards the base contacting positions revealed in the crystal structure of EGR-
1 (Choo & Klug, 1994a). Other studies used similar strategies, and
demonstrated that the phage display system is a powerful tool for selecting
zinc fingers with novel DNA binding specificities, which could be used in
research or even therapy.

Another interesting study reports in vivo repression of transcription by
a C2H3 zinc finger protein designed to specifically recognize an oncogenic
sequence (Choo et al., 1994c). A protein containing three zinc fingers was
designed using a rationale based on phage display selection as well as the
available structural data. A nuclear localization signal was attached to the
protein, which directed it to the nucleus where it bound its chromosomal
DNA target sequence, and caused a specific inhibition of transcription in
vivo.

Several research groups have made attempts to describe a DNA
recognition code for transcription factors. The group led by Masashi Suzuki is
one of the most determined ones, trying to reconcile the available structural
data to deduce general rules for protein-DNA recognition (Suzuki, 1993;
Suzuki et al. 1995). A recent publication by Choo and Klug (1997) discusses
the framework of the zinc finger-DNA recognition code. However, at the
present time there isn't sufficient data to draw any far-reaching conclusions.

The remark by Harrison and Aggarwal that "the variety of protein-base pair
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contacts is more evident than their uniformity” (Aggarwal et al. 1988) still
holds today.

The new high resolution structures of zinc finger proteins (discussed in
the previous sections of this thesis) reveal very complex interactions at
protein-DNA interfaces, and emphasize the difficulties inherent in trying to
develop simple rules of protein-DNA recognition. More structural data is
necessary for elucidation of a more comprehensive set of rules which could
be used to predict DNA binding sites from the amino acid sequence of a

protein.



CHAPTER 2.0 THE WT1 WILMS' TUMOR GENE PRODUCT: A TUMOR
SUPPRESSOR INVOLVED IN REGULATION OF KIDNEY DEVELOPMENT.
2.1 Introduction

2.1.1 The concept of tumor suppressor genes.

The concept of tumor suppressor genes which play a role in negatively
regulating cell growth was introduced in the late 1960s (Harris et al., 1969).
Until then, the concept that DNA and RNA tumor viruses introduced new
oncogenes that acted in a genetically dominant fashion was the only accepted
mechanism leading to neoplastic transformation. The isolation and
identification of tumor suppressor genes took many years of exploring using
various cloning and somatic cell hybridization techniques. These extensive
studies have yielded a number of human tumor suppressor genes including
retinoblastoma (RB) (reviewed by Witman, 1993; Hamel, 1993), p53 (reviewed
by Zambetti and Levine, 1993), neuroblastoma (Brodeur, 1990), and Wilms'
tumor gene (Haber and Housman, 1992). It is without doubt that the
discovery of many new tumor suppressor genes is forthcoming, and that the
understanding of these genes and their products will eventually lead to the

development of new clinical strategies and preventative therapies.

2.1.2 Biology of Wilms' tumor and associated syndromes.

Wilms' tumor is a pediatric kidney malignancy that arises through
aberrant differentiation of the kidney stem cells. It represents the most
common solid tumor of childhood, affecting approximately 1 in 10, 000
children, and accounting for 85% of all pediatric nephroblastomas
(Stanbridge, 1990; Haber and Housman, 1992). The average age of children
affected by Wilms' tumor is 3.5 years old, but many of them die before the age
of 2. In rare cases, this tumor may develop at an older age, typically in the
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mid-20s. The treatment of this malignancy includes surgery and
chemotherapy, and, in the case of advanced disease, radiation therapy. These
treatments usually result in good long-term survival (5 years follow-up):
about 80% of Wilms tumor patients are successfully cured (Lemerle et al.,
1983; D'Angio et al., 1989).

Wilms' tumor can occur in either familial or sporadic forms, with
almost 99% of the tumors arising sporadically. Most of the tumors develop
unilaterally, and only 5-10% of children are affected with the bilateral form of
the disease, which is usually inherited. Histologically, Wilms tumors
originate from residual islands of immature kidney, and consist of blastemal
cells as well as epithelial cells and muscle cells of the supporting stroma. In
the majority of the cases Wilms' tumor is not associated with any other
systemic disease. However, it can be part of the following syndromes: the
WAGR syndrome, which accounts for 1-2% of cases of Wilms' tumor, and
includes Aniridia (malformation or absence of the iris), uroGenital
malformations, and mental Retardation (Baird et al., 1992a); the Denys-Drash
syndrome (2% of all Wilms' tumors), which also includes various anomalies
of the genitourinary tract and nephropathy (Coppes et al., 1992b; Baird et al.,
1992b); Beckwith-Wiedemann syndrome (BWS) which is characterized by
growth abnormalities and a predisposition to Wilms' tumor (Koufos et al.,
1989; Henry et al., 1989). All these syndromes have in common the more
frequent occurrence of bilateral tumors which appear at an earlier age than in
sporadic cases not associated with syndromes. Based on the similarities of
tumor presentation between the Wilms' tumor and retinoblastoma (RB)
(namely, an association between familial inheritance and bilateral onset of
tumors), a "two-hit" hypothesis was proposed by Knudson et al. (Knudson,
1971; Knudson and Strong, 1972). According to this hypothesis, two



independent events leading to inactivation of both alleles of a tumor
suppressor gene are required for the tumor to develop. Whereas some
Wilms' tumors (the familial cases in particular) may conform to the two-hit
hypothesis, the genetics of the majority of Wilms' tumors are likely to be
much more complex. There are several lines of evidence to suggest a more
complex development of Wilms' tumor. First, the incidence of familial
Wilms' tumor cases is only 1-2%, which is very low compared to the 35-40%
for retinoblastoma (Brodeur, 1990; Pelletier et al., 1991c). Second,
retinoblastoma results from inactivation of a single tumor susceptibility gene
located at chromosome 13q14 (Hamel et al., 1993). In the case of Wilms'
tumor, three separate genetic loci have been linked to predisposition to the
disease.

The association of Wilms' tumor with WAGR syndrome has been of
particular importance in identifying a Wilms' tumor susceptibility gene.
WAGR patients carry cytogenetically visible chromosomal deletions
involving band p13 of the short arm of one of the two chromosomes 11
(Riccardi et al., 1978; Francke et al., 1979; Hastie, 1994). This observation
initially generated interest in the chromosomal region 11p13. Additionally,
about 20% of sporadic Wilms' tumors show loss of heterozygosity (LOH) for
11p13 markers, as indicated by analysis of restriction fragment - length
polymorphisms (RFLPs) (Lewis et al., 1988; Ton et al., 1991). The WAGR-
associated deletion was later resolved into two separate loci: an aniridia gene
(AN2/Pax-6: small eye in chromosome 2 in mouse), and a putative Wilms'
tumor suppressor gene WT1 (Gessler et al. 1990). Further physiological
evidence for the involvement of chromosome 11 in Wilms' tumors was

provided by the observation that transfer of a normal chromosome 11 (but
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not chromosomes 13 or X) into cultured Wilms' tumor cells can suppress
their tumorigenic phenotype (Weissman et al., 1987).

A second locus was mapped to chromosomal region 11p15 which has
been implicated in Beckwith-Wiedemann syndrome and Wilms' tumor
(Coppes et al., 1992; Henry et al., 1989; Koufos et al., 1989). Loss of
heterozygosity for chromosome 11p15 markers occurs in about 40% of Wilms'
tumors (Coppes et al., 1992). This locus contains genes for IGF-II (insulin-like
growth factor) and H19 mRNA. Changes in imprinting of these genes have
been linked to tumorigenesis (Zhang and Tycko, 1992; Ogawa et al., 1993;
Rainier et al., 1993).

A third locus, albeit not involved in hereditary predisposition to
Wilms' tumor, is frequently lost during tumor progression, and is thus
considered important in Wilms' tumor development (Coppes et al., 1992;
Maw et al., 1992). Tumor LOH for markers at chromosome 16q is found in
almost 20% of Wilms' tumor, and is always accompanied by LOH at 11p13
and 11p15 (Coppes et al., 1992).

2.1.3 Identification and characterization of the WT1 gene and its protein
product.

Three independent groups have reported cloning of the WT1 gene.
Genomic probe WiT-13 was isolated by Call et al. from a cosmid library of the
short arm of chromosome 11 (Call et al., 1990), which was deleted in sporadic
Wilms' tumor. This deletion was initially identified by loss of DNA markers
at 11p13 (Lewis et al., 1988). The WiT-13 DNA fragment was then used to
probe several cDNA libraries, and a cDNA clone designated WT33 was
isolated. By conducting Northern blot analysis, this cDNA clone was further
shown to hybridize to 3 kb-long mRNA species in baboon kidney and spleen,



while no detectable hybridization was observed in RNA derived from
muscle, liver, or brain (Call et al.,, 1990). Similarly, the WIT-2 gene was
isolated by Bonetta et al. (1990), using yeast artificial chromosomes, and
shown to be identical to the WT33 sequence. Gessler et al. (1990) used an
alternative strategy of chromosome jumping to isolate the WT1 gene. First, a
genomic probe was obtained using rare-cutting enzymes, which produced
sequences indicating the 5-end of a gene. This probe mapped within
chromosomal region 11pl13 which is deleted in WAGR patients.
Subsequently, using this probe, a cDNA clone termed LK15 was isolated from
a human fetal kidney cDNA library.

Analysis of the WT1 gene sequence revealed that it spans
approximately 50 kbp of DNA, and contains 10 exons. The WT1 mRNA is
about 3.5 kilobases long, and encodes a protein with a molecular weight of 47
to 49 kDa, depending on the presence or absence of two alternatively spliced
exons (Haber et al., 1991). The WT1 mRNA is expressed in a limited number
of cell types, primarily kidney cells and some hematopoetic cells (Gessler et
al., 1990; Call et al., 1990). The predicted protein sequence has functional
domains considered to be hallmarks of transcriptional regulatory proteins
(Figure 2.1). The amino terminus of WT1 is rich in proline and glutamine
residues (Lewis et al., 1988), which has been found in transactivation domains
of a number of transcription factors, such as EGR-1, SP1, CTF/NF1, and others
(reviewed in Pabo and Sauer, 1992; Mitchell and Tijian, 1989). The carboxyl
terminus of WT1 contains four zinc fingers of C;Hj type, which represents a
putative DNA binding motif characteristic of a family of sequence-specific
DNA-binding proteins (Pabo and Sauer, 1992). Fingers 2-4 of WT1 possess a
significant similarity to the three zinc fingers of the immediate-early growth
response genes, EGR.
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Figure 2.1 The amino acid sequence of WT1 protein: the amino terminus is
rich in proline, glutamine and glycine residues, commonly occuring in
clusters; the DNA-binding zinc finger region is in the carbooxyl terminus; the
zinc-coordinating cysteines and histidines are circled; serine residues that are
potential targets for the DNA-activated protein kinase are marked by an
asterisk; the 17 amino acid, and the three amino acid insertions resulting
from alternative splicing are indicated above; the arginine and aspartic acid

residues of finger three found mutated in Denys-Drash patients are boxed

(Rauscher, 1993).

A4

P

K

peLkrR@EQRRETGV

xr@‘ra'r'r;réx
Lve HE@N K@ QR N

F
F
P
K

X

ATLKGIESTGY

RGIQDYV
x@avrc@ON
Yyo@©p rrp@©eE
pro@ckTt@CR

Fs@ruwes@a

TKLQLAL *

G

E

R

S

R

v

< 10 10

el

©

v

K

=
-
wnas N
e

52



Four distinct isoforms of WT1 can be generated by differential splicing
of the primary transcript, reflecting the presence or absence of two splice
insertions. The 17 amino acid insertion is located in the amino terminus,
and contains a number of contiguous serine residues. The three amino acid
insertion (lysine-threonine-serine, or KTS) occurs between fingers 3 and 4 of
the highly conserved DNA binding domain (Figure 2.2). The most abundant
WT1 mRNA species is the one containing both insertions, and the least
common is the one without both insertions. The ratio of the four alternative
splice variants is conserved in human and mouse, and does not seem to be
developmentally regulated (Haber et al., 1991). A mechanism of alternative
splicing to generate different binding specificities has been documented for a
number of other zinc finger proteins. The chorion transcription factor CP2
and the Tramtrack proteins, both from Drosophila, use differential splicing to
alter DNA-binding specificities (Gogos et al., 1992; Hsu et al., 1992; Read et al.,
1992). Another protein, proto-oncogene Evi-1 also undergoes alternative
splicing in its zinc finger region (Bordereaux et al., 1990). However, it is not
yet known what effect this has on DNA binding. Further heterogeneity of
WT1 isoforms may be generated by a non-AUG translational initiation event,
as recently reported by Bruening and Pelletier (1996).

The presence of serine residues, especially in the 17 amino acid
alternative splice insertion, suggests potential targets for phosphorylation.
However, despite the abundance of serine residues, the WT1 protein appears
to be poorly phophorylated in COS-1 cells (Morris et al., 1991). More recent
information suggests that the +KTS splice variant of WT1 may be a better
candidate for phosphorylation (Anant et al., 1994). Recently, Ye et al. (1996)
demonstrated that both +KTS and -KTS isoforms of WT1 are subject to
phosphorylation by both protein kinase A (PKA) and protein kinase C. These
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phosphorylation events inhibited the DNA-binding ability of both proteins,
as measured in gel mobility shift assays. Moreover, activation of PKA
resulted in the reversal of WT1 suppression of a reporter construct, as well as
in alteration in nuclear translocation of the proteins (a change from nuclear
to cytoplasmic retention). Thus, phosphorylation of WT1 can have
significant and pleiotropic effects on the function of the protein.

WTI1 protein also contains potential sites for N-linked glycosylation in
the 17 amino acid insertion, as well as a number of potential recognition
motifs for a DNA-activated protein kinase (Lees-Miller, et al., 1991). The
functional significance of these features needs to be investigated further.

Consistent with its proposed function as a transcriptional regulator,
WT1 has been shown to localize to the nucleus (Pelletier et al., 1991; Morris,
et al., 1991). Using immunostaining and confocal microscopy, it was recently
observed that WT1[+KTS] isoform co-localized predominantly with the
splicing factors, while the WT1[-KTS] variant primarily associated with
transcription factors (Larsson et al., 1995). It remains to be seen whether
WT1[+KTS] or other isoforms of the protein play a role in mRNA splicing.

With respect to the subnuclear localization of WT1 isoforms, Englert et
al. (1995) have recently demonstrated that WT1 truncation mutants have
distinct subnuclear compartmentalization properties. Using
immunofluorescence studies it was demonstrated that WT1[-KTS] had a
diffuse pattern of expression throughout the entire nucleus, whereas
WT1[+KTS] produced a speckled appearance in subnuclear structures.
Similarly, truncation mutants of WT1 exhibited a speckled nuclear
distribution. These speckled structures are similar to the interchromatin
granules which contain spliceosomal components, and are thought to play a

role in spliceosomal assembly. Moreover, the dominant-negative WT1
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mutants were shown to physically associate with the wild-type WT1[-KTS] in
vivo, and thus alter the nuclear localization of the wild-type protein,
changing the distribution of WT1[-KTS] form from a diffuse to a speckled
pattern and its subsequent functional inactivation. It is of interest to point
out that many of the truncation mutations isolated occur in a heterozygous
state, with the wild WT1 allele still present (Haber et al., 1990; Pelletier et al.,
1991). Pelletier et al. (1991) proposed that these isoforms, deficient for DNA
binding, can act as dominant negative mutants. Thus, dominant mutations
of WT1 may lead to tumorigenesis without requiring the loss of the wild type
allele (Haber et al., 1990). The mechanism by which mutant WT1 proteins
can sequester wild-type WT1 is analogous to that proposed for dominant-
negative p53 mutants (Michalivitz et al., 1990; Martinez et al., 1991). The
difference between the two is that mutant p53 may associate with the wild-
type protein in the cytoplasm, while WT1 changes its sublocalization in the
nucleus. The molecular mechanism for the dominant-negative effect
observed for WT1 truncation mutants was investigated by several groups,
and found to be due to protein self-association (Moffett et al., 1995; Reddy et
al., 1995). WT1 protein was found to self-associate in vitro and in the yeast
two-hybrid assay (Reddy et al., 1995). It was found, in fact, that some WT1
truncation mutants can oligomerize more efficiently than wild-type WT1
(Moffett et al., 1995), thus antagonizing the function of the wild-type allele. In
addition, the domain of WT1 necessary for self-association was mapped to the

N-terminal 182 amino acids (Reddy et al., 1995).

2.1.4 DNA-binding activity of Wilms' tumor protein.
Once it became clear that the WT1 gene encoded a transcription factor

containing four zinc fingers of the C2H3 class, the search began to identify the
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DNA sequence the WT1 protein recognizes. The first DN A-binding sequence
was identified by Rauscher et al. (1990). They used a strategy of selecting a
DNA-binding sequence out of a pool of randomized synthetic
oligonucleotides. The authors used a bacterially expressed recombinant
protein encoding the four zinc fingers of the WT1[-KTS] isoform. The
resulting selected sequence was very GC-rich, and similar (although not
identical) to the EGR-1 consensus binding site 5'-GCGGGGGCG-3' (Cao et al.,
1990). Further analysis of the DNA-binding properties of WT1 and EGR-1
proteins, involving competition and binding site mutation experiments have
confirmed that EGR-1 and WT1 recognize a common DNA core element
(Rauscher et al., 1990) (Figure 2.3 row A). This result was perhaps not so
surprising since both proteins share a moderate degree of amino acid
sequence similarity (about 60%) in the zinc finger region, with 6 out of 6
residues proposed to be important for DNA recognition conserved between
the two proteins (Pavletich and Pabo, 1991). Subsequently, using transient
transfection assays, WT1 protein was shown to regulate transcription from
promoters containing an EGR-1 consensus binding site (Madden et al., 1991).
For quite some time the EGR-1 consensus site was presumed to be a canonical
WT1[-KTS] binding sequence. However, the results of other studies aimed at
identification of WT1 DNA binding sites have revealed extended and
additional DNA binding sequences. These results are summarized in Figure
2.3.

A novel, TC-rich binding site for WT1[-KTS] was identified from
DNAse footprinting analysis of the PDGF A-chain promoter by Wang et al.
(1993a) (Figure 2.3 row C). This second WT1 binding motif functioned equally
well in co-transfection experiments as the EGR-1 consensus sequence (Wang

et al., 1993). The TCC repeat sequences were found within a number of
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SEQUENCES WHICH BIND WTI{-KTS):

A Rauscher et /. 1990 (random oligomers)

QOOOOCTC, CTOOOCAG. GRAXXCTC. TOOXOCTOG, CAOCRCTC

the authors decided on  CLGOCTCIYT “consensus” based on homology with Egr-1

B. Bakmoce ef af, (992 (genormec tragments)

AAAMATCACTOCAGAT TTIG T TGATC T TT T TAATGATGTOG T TCTGTOG T IGTGIGIUG TG TG TG TUGT T -
GICTCTIGTIGTG TG ICCTATG TG TCAT TG IG TG IGTGG TG TG TOGTIGT

C. Wang etal 1930 (POGFA pramaert:  TOCTOCTOCTCCTCTCC

0. Nakagama er 2l 1995 (geromic sequence):  GOGTORCGAGT

E. Hamon et 3/, 1935 (random oigomers): GOGTGGGOG (T/G) (G/A/T) (T/G)

F. Ryan ef al 1995 (Pax-2 promater): TOCCTT T TOOGCCGEOGGIOCCCT.
CRGAANCCANCGFCOCTIIROXRCFGT

SEQUENCES WHICH BINO BOTH WTI(-KTS) AND WT1(+KTS)

G. Biciamoce et al, 1992 {genomic sequences):

H. Omummond ef 2f, 1994 (IGF-iI promoter):
[s=-jestecereecseera..
- - asteccerevec.

AggagCUIXOXX XX
this group aiso identified GTG oM random okgoMers as bases best recognized by Tinc finger t
L Fupprecit ec al, 1994 (WT1 promaterr  GCAGGGGGAGCC. GAGGMIGGTGTC

J. Wang ef al, 1995 (POGF-A promoter):

K. Ryanetal, 1995 (Pax-2 promoteq): (bnds TS wed, binds +KTS at high concentrations)
[eatio cecareeerecesnse cecatan oo eree oy

Figure 2.3 DNA sequences which bind WTT1 proteins (Reddy & Licht, 1996).
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promoters of other growth-related genes, such as Ki-ras, epithelial growth
factor receptor, insulin receptor, c-myc, and tumor growth factor B3 (Wang et
al., 1993). Thus, as evident from the transient-transfection assays, WT1 can
function on a variety of promoter sequences. However, the relevance of the
in vitro determined sequences to promoter regulation in the chromosomal
context has not been determined.

The most abundant splice variant, WT1[+KTS], containing the
tripeptide lysine, threonine and serine in the H-C linker region between the
third and forth WT1 zinc fingers, does not bind to the EGR-1 core sequence
appreciably (Rauscher et al., 1990). Since WT1[+KTS] represents the most
abundant isoform of the WT1 protein, subsequent attempts were aimed at
identification of a binding site for the WT1[+KTS].

Bickmore et al. (1992) used a whole-genome PCR approach to isolate
genomic DNA sequences that bind to either -KTS or +KTS splice variants of
WT1. The two WT1 isoforms were shown to have different DNA binding
specificities. Sequences isolated with WT1[-KTS] form had runs of GT
nucleotides (Figure 2.3 row B). In contrast, WT1[+KTS] did not select any GT-
rich sequences. Instead, two extended sequences (+P2 and +P5) of about 100 bp
were identified, each of which containing an EGR-1-like consensus binding
site (Figure 2.3 row G). Interestingly, DNAse I footprinting or methylation
interference analysis failed to identify the precise nucleotide sequences bound
by the WT1[+KTS] zinc fingers. In addition, the analysis performed in this
study was only qualitative, without quantitative assessment of the binding
affinities.

Rupprecht et al. (1994) had carried out footprinting analysis of the WT1
promoter, and found multiple WT1 binding sites, on which WT1 acted as a
transcriptional repressor. Two of the WT1 binding sites could bind both -KTS

59



and +KTS isoforms, and were not related to any other, previously identified
WT1 binding sequences (Figure 2.3 row I). However, methylation
interference analysis again failed to reveal a distinct pattern of protection due
to the WT1[+KTS] binding.

Drummond et al. (1994) analyzed binding of -KTS and +KTS isoforms
of WTI1 to the fetal IGF-II P3 promoter, which is an active human kidney
promoter (Drummond et al., 1992). Footprinting experiments identified a 12-
bp sequence which bound both splice variants. This site represents an
extended sequence containing features common to the EGR-1 consensus site.
A study of PDGF-A promoter also identified a GC-rich sequence capable of
binding both -KTS and +KTS variants (Wang et al., 1995) (Figure 2.3 row J).
This GC-rich sequence represents an extension of the EGR-1 binding motif.
However, the precise location of binding of WT1[+KTS] to this sequence is
not clear. Recently, EGR-1-like sequences were also found to be contained in
the Pax-2 promoter (Ryan et al., 1995) (Figure 2.3 rows F and K). Three
sequences were identified by footprinting assays; two of them bound WT1[-
KTS], and the third site could also bind WT1[+KTS] , although only with a
low affinity.

Thus, it remains unclear what constitutes a WT1[+KTS] binding site.
Therefore, at this point, it wouldn't be prudent to assign a specific DNA-
binding function to the WT1[+KTS]. Since it was demonstrated that the two
protein isoforms have distinct nuclear localizations, namely, that WT1[-KTS]
is found associated predominantly with the transcription factors, whereas the
WT1[+KTS] was found with the splicing factors, it is reasonable to suggest that
the latter isoform may have a cellular function other than binding DNA.

Since the three zinc fingers of EGR-1 and fingers 2-4 of WT1 have

structural similarity as well as recognize a common DNA sequence, it was



assumed that WT1 zinc fingers 2-4 will interact with the EGR-1 binding site in
a fundamentally similar manner. Namely, that the structural basis of DNA
recognition for WT1 will be the same as found in the EGR-1 X-ray crystal
structure, which is discussed in detail in Chapter 1 (Figure 2.4). However,
WT1 protein has an additional, first finger which suggests that WT1 may
recognize extended DNA sequences.

To date, several groups, including ours, have undertaken studies to
identify higher affinity binding sites for the WT[-KTS] protein (Figure 2.3).
Drummond et al. (1994) performed footprinting analysis of the IGF-II
(insulin-like growth factor) promoter, and identified an extended, 12 bp
sequence containing three additional base pairs immediately downstream of
the EGR-1 consensus sequence. The authors had shown that both WT1[-KTS]
and WT1[+KTS] isoforms could recognize the same 12-bp DNA sequence,
albeit with relatively low binding affinities (1.1 X 10-05 to 1.4 X 1007 M for
WT1[-KTS] and 2 - 7 X 1006 M for WT1 [+KTS}) (Drummond et al., 1994).
Additionally, the authors also conducted binding site selection experiments
aimed at identification of the WT1 finger 1 recognition subsite. They used a
peptide containing only zinc fingers 1-3 of WT1, and found an additional,
three-base pair sequence 5-GTG-3' immediately downstream of the EGR-1
consensus sequence.

Recently, a whole-genome PCR was used to identify physiological high-
affinity sites for the WT1[-KTS] (Nakagama et al., 1995). The identified 10-bp
sequence contained an EGR-1 - like site (except for an adenine at the eighth
position) and an additional thymine flanking the 3' end of the sequence: GCG
TGG GAGT (compare to the EGR-1 consensus sequence GCG GGG GCQG)
(Figure 2.3 row D). This sequence was shown to bind WT1[-KTS] with a 20 to
30-fold higher affinity than the EGR-1 consensus sequence, which suggests
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DNA-Protein Contacts Made By WT1 and EGR-1
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Figure 2.4 Protein-DNA contacts made by EGR-1 protein, and proposed DNA
contacts for WT1 zinc fingers. The important recognition helix amino acids
are shown. The asterisks on finger 3 of the WT1 protein are residues

frequently mutated in Denys-Drash patients (Rauscher, 1993).



that WT1 and EGR-1 protein share related, but not identical recognition
sequences.

In parallel with these studies, we conducted a binding site selection and
amplification assay in an attempt to identify higher-affinity binding sites for
WTI1[-KTS] (Hamilton et al., 1995). We determined that the highest affinity
binding sites for WT1[-KTS] consist of a 12-bp sequence, including an EGR-1
consensus and a 3-bp subsite recognized by zinc finger 1 (Figure 2.3 row E).
These experiments are described in detail in Chapter 3. Our results have
recently been once again confirmed in the study by Hewitt et al. (1996). It was
shown that zinc finger 1 recognizes an extended DNA binding motif, where
guanines constitute the dinucleotide downstream of the 9-bp EGR-1 - like
sequence.

On the basis of the above studies, as well as the EGR-1-DNA crystal
structural data, it is possible to propose contacts that are formed in the WT1-
DNA complex (Figure 2.5). However, more mutagenesis and structural data
are necessary to unambiguously assign specific contacts to individual amino
acids and DNA base pairs.

In conclusion, despite extensive studies, there is little agreement as to
the DNA-binding specificity of WT1[+KTS] protein. The reported dissociation
constants (Kg4s) for the WT1[+KTS] - DNA complexes are typically several
orders of magnitude higher that those for the WT1[-KTS]. The Kds for the
WT1[-KTS] also vary from study to study, perhaps reflecting different sources
of proteins, as well as different binding assays and conditions used by different
researchers. Furthermore, many groups do not perform quantitative analysis
of affinity constants, thus making it difficult to make direct comparisons
between different studies.

Recent studies described a specific RNA binding activity for WT1
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proteins (Caricasole et al., 1996; Ye et al., 1996). These findings further
complicate the question of the biological function of WT1 proteins and, at the
same time, introduce a new exciting possibility that one of the important
roles of WT1 proteins may be to bind to RNA. It was first shown that the
normal nuclear localization of WT1 proteins is not sensitive to
deoxyribonuclease, but rather to ribonuclease (Caricasole et al., 1996). Next,
the authors report that WT1, but not EGR-1 proteins can bind to specific IGF-II
(insulin-like growth factor II) RNA sequences, employing zinc fingers for this
sequence-specific interaction. Mutational analysis revealed that zinc finger 1
of WT1, which has no counterpart in EGR-1 protein, is more important for
this RNA binding activity. Therefore, a posttranscriptional regulatory
function for WT1 was proposed. A study by Ye et al. (1996) demonstrated that
WT1 can also bind an antisense RNA, designated WIT-1, which is
complementary to WT1 mRNA. Thus, WT1 may be another protein (besides
TFIIIA) to regulate gene expression by binding to both DNA and RNA.
Identification of other RNA binding targets for WT1 awaits further

investigation.

2.1.5 Transcriptional regulatory functions of WT1

Since identification of the WT1 DNA binding site as an EGRI-
consensus sequence, studies into transcriptional functions of WT1 began,
using transient transfection assays in which WT1 bound to EGR-1 sites.
Madden et al. (1991) first demonstrated that WT1 expressed from a vector
under control of a cytomegalovirus promoter functioned as a repressor of
transcription when bound to a CAT reporter construct containing three
contiguous EGR-1 binding sites. It was also shown that DNA binding was

necessary, but not sufficient for transcriptional repression. Using a set of
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truncated mutant proteins, the repression domain was mapped to the
proline- and glutamine-rich N-terminus of WT1. In addition, when the WT1
repression domain was fused to the EGR-1 zinc finger domain, this converted
EGR-1 from a transcriptional activator to a repressor (Madden et al., 1991).
Thus, a discrete, modular character of the transcriptional effector domain of
WT1 was demonstrated, and a transcriptional repression function was first
proposed for WT1.

Subsequent studies further defined the transcriptional effector domain
(Madden et al., 1993; Wang et al., 1993b). Madden et al. (1993) had
demonstrated that WT1 contains a functionally transferable repressor domain
by fusing amino acids 84-180 of WT1 to the GAL4 1-147 DNA-binding
domain. Wang et al. (1993b) confirmed that amino acid region 84-189 was
sufficient to confer repression, while amino acids 180-294 encoded a
transcriptional activation domain that activated transcription from the PDGF-
A promoter sites (Figure 2.2). Thus, WT1 protein was shown to contain
active repression and activation domains. Other transcription factors that
have modular transcriptional effector domains are the Drosophila proteins
Kruppel, even-skipped, and engrailed (reviewed in Levine & Manley, 1989).

Curiously, Madden et al. (1993) found that the minimal repressor
domain of WT1 (amino acids 84-180) functioned in NIH 3T3 mouse fibroblast
cells, but not in human embryonic kidney 293 cells. To achieve repression in
293 cells, a domain consisting of amino acids 1-298 was required. Therefore,
in some circumstances the transcriptional activation domain 180-294 is
needed to help the repression function of the 84-180 repressor domain. This
observation also suggests that the transcriptional repression function of WT1
is context-dependent, and probably involves interactions with cell-type

specific protein co-factors. A point mutation at position 201 of the repressor
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domain had been described (Park et al., 1993). This mutation results in a
substitution of aspartic acid for glycine, and converts the function of WT1
protein from a transcriptional repressor to an activator.

To date, a variety of natural promoters regulated by WT1 have been
identified and analyzed. They include the promoters of the following geres:
insulin-like growth factor II (Drummond et al., 1992), insulin-like growth
factor I receptor (Werner et al., 1993; Werner et al., 1994), platelet-derived
growth factor-A chain (Wang et al., 1992; Gashler et al., 1992; Wang et al.,
1993b; Wang et al., 1995), transforming growth factor-f1 (Dey et al., 1994),
colony-stimulating factor-1 (Harrington et al., 1993), retinoic acid receptor-a
(Goodyer et al., 1995), PAX-2 (Ryan et al., 1995), as well as the WT1 promoter
(Rupprecht et al., 1994). All of these promoters contain WT1 binding sites,
and are repressed by WT1 when assayed in transient transfection
experiments.

The finding that IGF-II and PDGF-A are overexpressed in Wilms'
tumors (Reeve et al., 1985; Scott et al., 1985; Fraizer et al., 1987) suggested that
deregulated expression of growth factor-encoding genes such as IGF-II at a
critical time could contribute to Wilms' tumor development. Further studies
of PDGF-A promoter by Wang et al. (1993b) had shown that WT1 can activate
or suppress transcription, and that separate domains of the protein were
required for either transcriptional activation or suppression. The authors also
found that WT1 binding sites both upstream and downstream of the
transcriptional start site are required for the suppression function of WT1,
whereas activation only requires either an upstream or a downstream site
(Wang et al., 1993b).

Promoters such as IGF-II and IGF-I-R (Drummond et al., 1992; Werner

et al., 1994) have also been shown to require both upstream and downstream
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binding sites for repression by WT1. However, other promoters can be
repressed from either upstream or downstream sites, complicating the
mechanism of transcriptional regulation by WT1 even further ( Madden et
al., 1991; Rackley et al., 1993; Madden et al., 1993; Rupprecht et al., 1994; Hewitt
et al., 1996). Furthermore, Hewitt and coworkers (1996) propose that multiple
WT1 binding motifs are required for transcriptional repression by WT1, and
that the multiple binding sites can be upstream of the transcriptional start
site.

Further studies of the WT1 repressor activity had defined the roles of
alternative splice variants of WT1. The study by Rupprecht et al. (1994)
examined the repression abilities of all four WT1 splice isoforms, which were
all capable of repressing the WT1 promoter. However, the splice variant
containing both the 17-amino acid and KTS insertions (the most abundant
splice variant) was the strongest repressor, capable of 58.8-fold repression of
WT1 promoter, whereas the isoform carrying the KTS insertion only could
confer a weak, 2.2-fold repression of the WT1 promoter construct. In contrast,
the 17-amino acid insertion had no added repressor function on the WT1
protein lacking the KTS insertion. It appears that the 17-amino acid insertion
converts the WT1 into a powerful repressor. This finding was confirmed in
the study of PDGF-A promoter by Wang et al. (1995). Furthermore, it was
shown that the 17 amino acid insertion could confer repressor activity when
fused to either the zinc finger domain of WT1 or GAL-4. This repression
ability was abolished when four consecutive serine residues were deleted
from the 17 amino acid peptide. This indicates that the serine residues are
important for the repressor activity of the isoforms carrying the 17 amino acid
insertion. To confer the transcriptional repression function, the splice

variants with the 17 amino acid peptide were bound upstream, downstream,
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or on both sides relative to the transcriptional start site. In contrast, the splice
variants without the 17 amino acid insertion could only repress transcription
when they were bound to both 5' and 3’ sites; binding on either side alone
resulted in transcriptional activation.

The mechanism of transcriptional repression by WT1 is not clear. If
WT1 is bound upstream of the transcriptional start site, perhaps it may
interfere with recruitment and/or stability of the initiation complex. One
might envision that binding of WT1 protein to the 3' sites could block
elongation of newly synthesized RNA molecules. However, it is not known
whether WT1 represses transcription at the level of elongation or initiation.
On the other hand, the requirement of sites both 3' and 5 relative to the
transcriptional start site could mean that functional interaction between WT1
molecules bound on both sites of the transcriptional start is necessary for
repression. A similar mechanism has been proposed for the Drosophila
even-skipped protein, acting on the Ultrabithorax promoter, where
repression proceeds via a looping mechanism (TenHarmsel et al., 1993).

Recently, WT1 protein was found to physically associate with another
tumor-suppressor protein, p53 (Maherwaran et al., 1993). This was shown by
coimmunoprecipitation and chemical cross-linking experiments.
Transfection assays using EGR-1 promoter and WT1 expression vector, but no
p53, demonstrated that WT1 acted as a transcriptional activator. However,
cotransfection of a p53 expression vector along with the WT1, resulted in
repression of the same promoter. Thus, the association of WT1 with other
proteins such as p53 can modulate its regulatory activity. The first two zinc
fingers of WT1 were recently shown to be the site of interaction with p53

(Maheswaran et al., 1995).
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It should be kept in mind, however, that p53 is known to have
pleiotropic effects on transcription, activating or repressing transcription from
a variety of promoters in either binding site-dependent or independent
fashion (Zambetti and Levine, 1993). The fact that transgenic mice with a
disrupted p53 gene undergo normal development, albeit being prone to
tumor formation (Donehower et al., 1992; Jacks et al., 1994), while mice
lacking the intact WT1 gene (Kreidberg et al., 1993) show prenatal lethality
and other developmental abnormalities suggests that not all developmental
functions of WT1 require the presence of p53. It remains to be seen what
protein factors in different cells determine whether WT1 will activate or
repress transcription.

Recently, several groups have provided evidence that WT1 protein
may associate with itself (Wang et al., 1995; Reddy et al., 1995; Moffett et al.,
1995). Wang et al. first suggested that mutant WT1 proteins may antagonize
the activity of the wild-type protein. Reddy et al. had mapped the self-
association domain of WT1 to the first 182 amino acids of the protein. When
this domain was expressed, or when two other proteins deficient for DNA-
binding were expressed, they resulted in inhibition of transcriptional activity
of WT1 (Reddy et al., 1995). Using an in vitro biochemical assay and the in
vivo yeast two-hybrid assay WT1 was found to self-associate. It was thus
proposed that WT1 mutants act in a dominant-negative fashion, contributing
to the tumorigenic development. A similar study by Moffett et al. (1995)
confirmed the above findings, demonstrating both in vitro and in vivo that
WT1 can self-associate. The authors used a Denys-Drash syndrome allele to
demonstrate that it behaves in a dominant-negative fashion, and therefore
proposed a mechanism via which WT1 mutations may act in deregulating

cellular proliferation and differentiation.
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Despite the accumulated wealth of studies on the mechanisms of
transcriptional regulation by WT1 proteins, there are still many unresolved
problems. A number of issues need to be addressed in future studies,
including the identification of cellular genes that are actual targets for WT1
regulation in both normal and cancerous cells. It is not clear what protein co-
factors modulate WT1 activity in particular cell types. It will be necessary to
identify more promoters that are controlled by WT1 proteins in order to
understand the in vivo gene targets. This is complicated by the heterogeneity
of the WT1 binding sites identified in vitro . Moreover, promoters reported
to be regulated by WT1 proteins in transient cotransfection assays may not be
relevant when analyzed in vivo. Cellular promoters that require WT1
binding sites for tissue-specific expression in cell culture or in transgenic mice
need to be identified and analyzed. Finally, transcriptional regulation by WT1
proteins should be studied in the context of native chromatin structure to
gain an insight into gene regulatory events as they occur within the nucleus.

The question remains as to the transcriptional effect of WT1: is it at the
level of transcriptional initiation, elongation, or both? Does WT1 play a role
in posttranscriptional regulation, including splicing of nascent RNA
molecules? What proteins of the basal transcriptional machinery does WT1
interact with? How is the expression of WT1 itself differentially regulated to
account for the tissue-specific and development-specific expression of the
WT1 gene? All these questions need to be answered to provide an
understanding of the role of WT1 in both normal development and

neoplastic transformation.
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CHAPTER 3.0 IDENTIFICATION OF HIGH AFFINITY BINDING SITES FOR
THE WILMS' TUMOUR SUPPRESSOR PROTEIN WT1
3.1 Introduction

Despite the fact that both WT1[-KTS] and EGR-1 can bind to the same
DNA sequence, it is not clear what the preferred target sequence for WT1[-
KTS] is, and how the affinity and specificity of WT1[-KTS] for such sites would
compare with competing factors like EGR-1. Recent crystallographic studies
of a complex formed between the zinc finger domain of the EGR-1 protein
and a consensus DNA recognition sequence (Pavletich & Pabo, 1991; Elrod-
Erickson et al., 1996) provided a structural basis for the observations that EGR-
1 and WT1[-KTS] recognize the same DNA sequence. These studies identified
those critical amino acids which contact specific base pairs in the consensus
EGR-1 binding site GCG-TGG-GCG. These contact amino acids are completely
conserved in the WTI1[-KTS] protein, thus implying a similar role in the
binding of the last three zinc fingers of WT1[-KTS] to the nine base pair EGR-1
recognition sequence (Figure 3.1A) .

The crystallographic data indicate that each of the three fingers of EGR-
1 interact with a specific 4 bp subsite within the 9 base pair consensus binding
site (Figure 3.1B). The yeast MIG1 repressor protein has two zinc fingers
corresponding in sequence to fingers 2 and 3 of EGR-1. This protein
recognizes a 6 base pair G rich sequence (Nehlin & Ronne, 1990). This trend
predicts that WT1[-KTS] will recognize a specific 12 base pair sequence, the
first 9 base pairs of which will correspond to the EGR-1 consensus sequence.
The effects on WT1-ZFP binding of mutated sequences within and flanking
an EGR-1 consensus site suggested that this zinc finger peptide derived from
WT1[-KTS] recognizes a longer sequence (Rauscher et al., 1990; Morris et al.,
1991).
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Figure 3.1 DNA sequence of the peptide encoding insert in plasmid pET-
WTZFP, with the amino acid sequence of the peptide. The region of sequence
underlined is deleted in plasmid pET-WT1AF1, the peptide product lacking
the first zinc finger of the WT1 protein. Amino acids in fingers 2-4 that are
boxed correspond to the amino acids of EGR-1 that are involved in specific
DNA recognition, and that in WT1 are proposed to play an analogous role.
Amno acids in finger 1 that are enclosed with dashed boxes occupy positions
in the alpha helix that could be involved in DNA interactions. (B)
Diagrammatic representation oof the zinc finger:3 bp DNA subsite

interactions in the EGR-1-DNA complex, and the proposed interaction of the

four WT1 zinc fingers with DNA.
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To determine the role of the first zinc finger of WT1[-KTS] in DNA
binding, I used an in vitro binding site selection assay (SAAB) (Blackwell &
Weintraub, 1990). From the crystal structure data available for the EGR-
1:DNA complex, it was reasonable to hypothesize that the first finger of WT1[-
KTS] should contact the 3-5 base pairs immediately downstream of the EGR-1
consensus site (Figure 3.1B). Therefore, an oligonucleotide with flanking
primer sites and including the target sequence -GCGTGGGCGNNNNN- was
synthesized and used as a template in the SAAB assay. After four cycles of
selection/amplification with either WT1-ZFP, a recombinant peptide
containing the four zinc finger motifs of WT1, or WT1AF1-ZFP, a
recombinant peptide containing fingers 2-4 of WT1, high affinity binding sites
were cloned and sequenced. The selected high affinity binding sites for WT1-
ZFP had the sequence: GCG-TGG-GCG-(T/GNA/T/G)(T/G)NN, whereas the
WT1AF1-ZFP did not demonstrate any sequence preference at the
corresponding DNA binding subsite. These results indicate that the first zinc
finger of the WT1[-KTS] protein is indeed required for the recognition of
additional specific DNA sequences contiguous with an EGR-1 binding site. A
quantitative binding assay was used to demonstrate that WT1-ZFP has
approximately a four fold higher affinity for the selected sites versus a
nonselected sequence. The ability of a consensus high affinity binding site for
WT1[-KTS] to act as a regulatory sequence in mammalian cells was confirmed
using a reporter gene assay. DNA sequences in the fetal promoter of the
insulin-like growth factor II gene that confer WT1 responsiveness in a
transient transfection assay bind to the WT1-ZFP with affinities that vary
according to the number of consensus bases each sequence possesses in the
finger 1 subsite. All the experiments in this study were performed by myself,

with the exception of the oligonucleotide synthesis, which was accomplished
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by Dr. Paul J. Romaniuk, and the transient transfection assays, which were

carried out by Kathleen C. Barilla.

3.2 Materials and Methods
3.2.1 Bacterial strains and DNA vectors

Plasmids pET-WT1ZFP and pET-WT1AF1 contain the coding sequences
for the four zinc finger domain of WT1 and the last three zinc fingers of the
domain, respectively. The zinc finger cassettes were cloned into the
Ndel/BamHI restriction sites of the T7 expression vector pET-16b (Studier et
al., 1990). The selected DNA sequences were cloned into the BamHI and
EcoRI restriction sites of pUC19. All DNA vectors were maintained in E.coli
strain J]M109. Protein expression was carried out in E.coli strain BL21(DE3) (F-
ompT rb mp~).

The mammalian expression vector pCB6+ and its derivative pWT1,
which contains a complete cDNA encoding the WT1 tumour suppressor
protein lacking either the 17 amino acid insertion in the transcriptional
regulatory domain or the three amino acid insertion in the zinc finger
domain (Wang et al., 1993), were generously provided by Dr. T.F. Deuel.
Plasmid AMTV-CAT, which encodes a cDNA for chloramphenicol
acetyltransferase (CAT) under control of a mouse mammary tumour virus

promoter (Thompson & Evans, 1989) was a kind gift from Dr. R. Evans.

3.2.2 Other Materials

Bacterial cell culture: yeast extract, tryptone and agar were purchased from
BDH Inc.

Chemicals: commonly used chemicals were purchased from Sigma Chemical
Inc., Fisher Scientific Company or BDH Inc.. Urea was purchased from ICN

75



Pharmaceutical Inc.. Toluene was purchased from VWR Scientific Inc.. 2, 5-
diphenyl oxazole (PPO) was purchased from Sigma Chemical Inc.

Enzymes: Restriction enzymes and T4 DNA ligase were purchased from
either New England Biolabs or Pharmacia. Taq DNA polymerase used in PCR
reactions was purchased from Promega.

Nucleotides: NTPs and dANTPs were purchased from Pharmacia.
Oligonucleotides were synthesized by Dr. Romaniuk using an Applied
Biosystems Inc. 391 DNA synthesizer.

Isotopes: [0-32P] dATP (specific activity 3000Ci/mmol) was purchased from
New England Nuclear (Du Pont).

Other: Agarose and low melting temperature agarose were purchased from
FMC Bioproducts. Gelatin was purchased from Sigma. Poly (dI-dC) was
purchased from Pharmacia. XAR-5 film was purchased from Kodak.
Oligonucleotide purification cartridges were purchased from Applied
Biosystems Inc.. Qiagen DNA purification columns with pre-packed anion-
exchange resin were purchased from Qiagen Inc.. Mermaid kit used for
recovering DNA from agarose gels was purchased from Bio 101 Inc.. His-Bind
resin and columns for protein purification were purchased from Novagen.

Nitrocellulose filters were purchased from Millipore.

3.2.3 Construction and Purification of Recombinant WT1-ZFP and WT1AF1-
ZFP Proteins.

The synthetic genes encoding the four zinc finger domain (WT1-ZFP)
and the last three zinc fingers of the domain (WT1AF1-ZFP) of WT1[-KTS]
were created by PCR, using cDNA prepared from human fetal kidney tissue
(Clontech) as a template. For the construction of WT1-ZFP, appropriate

primers were synthesized to allow for the amplification of a cassette
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incorporating the WT1[-KTS] coding sequence from the unique AfIII site to
the termination codon (Figure 3.1A). PCR products were initially cloned by
blunt-end ligation into Sma I site of pUC18 (Figure 3.2). The desired clones
were identified by DNA sequencing using an ABI 373A automated DNA
sequencer, and designated pUC-WT1ZFP. A PCR cassette encoding only the
last three zinc fingers of WT1[-KTS] (WT1AF1-ZFP) was generated using the
pUC-WTI1ZFP construct as a template, the original downstream PCR primer
and an upstream primer with the sequence
GCGCGCGGCCGAATTCATATGGAGAAA CCATACCAGTGT (Figure 3.1A).
This PCR product was cloned into Smal site of pUC18 and the correct clone
identified by DNA sequencing using an ABI 373A automated DNA sequencer.
Once the sequences were verified, the zinc finger cassettes were cloned into
the Ndel/BamHI restriction sites of the T7 expression vector pET-16b (Studier
et al., 1990) (Figure 3.3) to yield the plasmids pET-WT1ZFP and pET-WT1AF1.
The resulting synthetic genes encoded zinc finger peptides with a histidine tag
and factor Xa cleavage site fused to the amino terminus (Figure 3.1A).
Recombinant proteins were expressed by inducing log phase E.coli

(strain BL21(DE3)) containing the pET-16b constructs with isopropyl-8-D-
thiogalactopyranoside (1 mM). The cells were harvested 3 hours later by
centrifugation at 8630 x g in a Beckman JA-14 rotor. The cell pellets were
washed with buffer A (10 mM TrisHCI, pH 7.5 at 4 °C, 5 mM MgCl3, 250 mM
NaCl, 10 mM PMSF, 10% glycerol, 5 mM DTT, 5 mM imidazole), then
resuspended in the same buffer and lysed by ultrasonication (8 X 15 second
pulses on ice with 1.5 minute intervals between pulses). Cell debris was
pelleted by centrifugation in 15 ml corex tubes at 16,000 rpm for 15 minutes in
a Beckman JA-21 rotor, and the supernatant was discarded. The proteins were

extracted from the inclusion bodies by incubation overnight at 4 °C in 10 ml
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Figure 3.2 Schematic representation of the recombinant WT1-ZF plasmid,
pUC18/WTI1-ZF. Restriction enzyme sites are indicated.
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Figure 3.3 Plasmid map of pET-16b expression vector (Novagen technical

bulletin). Protein coding sequences were cloned into BamHI/ Ndel sites.
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of buffer B (buffer A containing SM urea). Recombinant zinc finger peptides
were purified to homogeneity using a 1 ml nickel-chelate affinity column.
After washing the column with 2 ml of buffer B containing 50 mM imidazole,
the recombinant protein was eluted with 1 ml of buffer B containing 150 mM
imidazole followed by 1 ml of buffer B with 250 mM imidazole. Protein
concentrations were determined by the Bradford method, using BSA as the
standard (Bradford, 1976), Protein yield averaged 10 mg per litre of bacterial
culture. On SDS-PAGE (15%), the purified WT1-ZFP migrated with an
apparent molecular mass of 22 kilodaltons (kDa), and the WT1AF1-ZFP with
an apparent molecular mass of 17 kDa (Figure 3.4).

3.2.4 Selection Amplification and Binding (SAAB) Assay.

The SAAB assay was used according to the published procedure
(Blackwell & Weintraub, 1990) with several minor modifications (Figure 3.5).
A 69 bp oligonucleotide was synthesized that included the target sequence
-GCGTGGGCGNNNNN- flanked by BamH1 and EcoR1 restriction sites and
by binding sites for M13 universal forward and reverse sequencing primers
(Figure 3.6).

Primer extension was used to convert the template oligonucleotide
into a mixture of 1024 double stranded DNA sequences. The labeling reaction
for the initial round of selection had a final volume of 40 ul, and consisted of:
10 pmol of SAAB template, 80 pmol R.U.P. (Reverse Universal Primer), NTB
buffer (S0mM Tris-HCI, pH 7.2, 10 mM MgCl, 1 mM DTT, 50 mg/ml BSA).
First, the primer was annealed by incubating the mixture at 65°C for five
minutes, then slowly cooling to ambient temperature. The reaction was
started by adding 8 nmol each of dCTP, dGTP, dTTP, 20 uCi [a-32P]-dATP and

10 units of Klenow fragment of E.coli DNA polymerase I. The reaction was
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Figure 3.4 Coomassie blue-stained 15% SDS-polyacrylamide gel showing
purifiied WT1-ZFP and WTI1AF1-ZFP proteins. Lane designated MW

represents protein molecular weight marker; Lane 1: WT1-ZFP; Lane 2:

WT1AF1-ZFP.



Synthesize template with random sequences in binding site
Synthesize opposite strand
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Incubate labeled double-stranded template with protein
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Separate bound from free DNA by gel-shift
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Isolate bound DNA and PCR-amplify

'

Label amplified selected binding sites and re-select
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Transform into E.coli

'
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Figure 3.5 Protocol for the SAAB (Selection and Amplification of Binding

site assay).
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5 GTTTTCCCAGTCACGACGAATTCTAATGCGTGGGCG —
EcoR1

— NNNNMN CCTTAGGATCCGTCATAGCTGTTTCCTG 3
Bam H1 <€
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Figure 3.6 The oligonucleotide containing a randomized target sequence for
SAAB analysis of WT1[-KTS] finger 1 subsite. Arrows represent the forward
(R.U.P.) and reverse (F.U.P.) universal primers. Endonuclease restriction sites
are underlined, the EGR-1 consensus sequence is shown in bold, and the

randomized sequence is outlined.
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allowed to proceed for 45 minutes, then the enzyme was inactivated by
incubation at 65°C for five minutes. Following second strand synthesis, the
DNA was labeled using [a-32P]-dATP, in the presence of M13 universal
primers and the Klenow fragment of DNA polymerase I. The 40 pl labeling
reaction consisted of the following: NTB buffer, 40 pmol each of F.U.P.
(Forward Universal Primer) and R.U.P., 10pmol DNA template, 40 uCi of [a-
32P]-dATP, 8nmol each of dCTP, dTTP, dGTP, and 10 units Klenow fragment
of DNA polymerase I. The reaction was incubated for 30 minutes, and
stopped with the addition of 8 nmol dATP. The labeled DNA product was
purified on a 9% non-denaturing polyacrylamide gel (29:1 crosslinking ratio
of acrylamide to bis; 16 x 16 cm x 0.75 mm), and visualized by
autoradiography. Gel slices containing labeled DNA were excised, DNA was
eluted overnight in 250 l elution buffer (0.6 M NH4Ac, 1.0 mM EDTA, 0.1%
SDS) (Sambrook et al., 1989). The eluted DNA was recovered by ethanol
precipitation, and resuspended in deionized water.

Labeled DNA (10-20,000 cpm, 0.005 pM) was incubated with either
WT1-ZFP or WTI1AF1-ZFP for 20 minutes at room temperature in a buffer
containing 20 mM HEPES, pH 7.5, 70 mM NH4Cl, 7 mM MgCl2, 0.1% NP-40,
10 uM ZnClp, 2.5 mM DTT, 100 mg/ml BSA, 30 ug/ml poly dI-dC, 6% glycerol.
Bromophenol blue and xylene cyanol were added and the reactions were
loaded immediately onto a non-denaturing 6% polyacrylamide gel in a buffer
containing 89 mM Tris, 89 mM borate, 2 mM EDTA. Following
electrophoresis at 200 V for 3 h at 4 °C, the gels were subjected to
autoradiography (Figure 3.7). The band corresponding to the DNA-protein
complex was cut out the gel, and the bound DNA in the gel slice was eluted by
incubation overnight in 250 ul of 0.6 M ammonium acetate, 1 mM EDTA,

0.1% SDS at 37 °C. The DNA was recovered by ethanol precipitation, and
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Figure 3.7 An autoradiogramm of round 3 of SAAB. (A) WTI-ZF+DNA
template; (B) WT1AF1-ZFP+DNA template. Lanes 1-7 represent protein
concentrations 0; 1.56; 3.1; 6.25; 12.5; 25 and 50 nM, respectively.



resuspended in 40 pl of deionized water. Labeled DNA was then prepared for
the next selection round using the eluted DNA as a template in a PCR
reaction (Blackwell & Weintraub, 1990). A standard PCR reaction had a
volume of 100 ul, and contained the following: 10 mM Tris-HCI, pH 8.3 at
20°C, 1.5 mM MgClp, 25 mM KCl, 50 pg/ml gelatin, 10 pl selected template
DNA, 20 nmol each of dTTP, dCTP, dGTP, and dATP, 50 pmol each F.U.P. and
R.U.P. primers, and 2.5 units Taq DNA polymerase. The reaction was
overlaid with an equal volume of mineral oil, and carried out using a Techne
PCR thermocycler. The reaction was carried out through 25 rounds of
thermal cycling, each cycle consisting of 1.5 minutes at denaturation
temperature of 94°C, 1.5 minutes at an annealing temperature of 55°C, and 1.5
minutes at an extension temperature of 72°C. The amplified DNA product
was purified by phenol:CHCI3 extraction, and ethanol precipitated with the
addition of glycogen as a carrier. The purified DNA was resuspended in 20 pl
of deionized water.

In the first round of selection, the protein concentrations were 25-100
nM; in the next three rounds the concentrations were reduced to 6, 3, and 0.75
nM respectively. DNA isolated from the last round was amplified and the
product digested with BamH1 and EcoR1 for cloning into pUC19. After
transformation of E. coli J]M109, thirty six to fifty clones were randomly
selected, and plasmid DNA prepared. The base sequences of the EcoR
I/BamH I inserts in these constructs were determined using an ABI 373A

automated DNA sequencer.

3.2.5 Construction of plasmids containing sequence elements of the insulin-
like growth factor II fetal promoter, and the non-selected sequence with the
CCC subsite for finger 1 binding
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The three WT1 recognition sequences identified in the insulin-like
growth factor II (IGF-II)gene (Drummond et al., 1992), as well as a non-selected
sequence, GCG TGG GCG CCC were created de novo by Dr. Romaniuk using
an Applied Biosystems Inc. 391 DNA synthesizer. The top strands of
oligonucleotides containing promoter elements had the following sequences:
IGF-A: GAT CCG GTT GCG CGG GGG CGA CG
IGF-B: GAT CCG GTT GCG GGG GCG GGC CG
IGF-E: GAT CCA GGA GGC GGG GGC GGC CGG AAGG,
and incorporated a BamHI site for cloning into pUC19.

The top strand of the oligonucleotide with the non-selected sequence
had the sequence: AAT TCT AAT GCG TGG GCG CCC ACC CTT AG, and
incorporated EcoRI and BamHI restriction sites for cloning into pUC19
plasmid. The base sequences of the cloned inserts in these constructs were

determined using an ABI 373A automated DNA sequencer.

3.2.6 Purification of oligonucleotides

Synthesized oligonucleotides were deprotected by incubation in 1.0 ml
of concentrated ammonium hydroxide for two hours at ambient temperature.
The supernatant was separated from the resin by centrifugation for 30 seconds
in a microcentrifuge, and incubated at 50°C overnight. The next day, the
solution was cooled prior to purification, and half of it was purified as per
protocol provided by Applied Biosystems Inc. The resulting elutant was
evaporated in a RH40-11 Speed Vac concentrator, and the pellet resuspended
in 100 pl deionized water. Oligonucleotide concentrations were determined
by absorbance at 260 nm measured using DU-65 Spectrophotometer

(Beckman) (taking into account the OD260 of a 10 M oligonucleotide solution).
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3.2.7 End-labeling of DNA

A series of DNA sequences containing WT1 binding sites were released
from plasmid pUC19 using EcoRI and HindIIl and end-labeled with [a-
32P]dATP and the Klenow fragment of E.coli DNA polymerase I (Sambrook et
al., 1989). The fill-in labeling reaction had a final volume of 40 pl, and
included the following: 50mM Tris-HCI, pH 7.2, 10mM MgSQO4, 0.1 mM DTT,
50 pug/ml BSA, 0.1 mM each dATP, dTTP, dCTP and dGTP, 25 uCi [a-
32P]dATP, and 2.5 units of Klenow fragment of E.coli polymerase I. The
labeling reaction was incubated at ambient temperature for 30 minutes;
inactivated by incubation at 65° C for five minutes, then loaded onto a 9%
non-denaturing polyacrylamide gel (29:1 crosslinking ratio of acrylamide to
bis; 16 x 16 cm x 0.75 mm). Labeled DNA product was visualized by
autoradiography, the gel band excised, and the DNA was eluted by incubation
overnight in 250 pl of 0.6 M ammonium acetate, 1 mM EDTA, 0.1% SDS. The
DNA was recovered by ethanol precipitation, and resuspended in 40 pl of

deionized water.

3.2.8 Nitrocellulose Filter Binding Assay

The binding affinities of a series of DNA sequences for the WT1[-KTS]
zinc finger peptides were quantified using a nitrocellulose filter binding assay
developed to study zinc finger protein-DNA interactions (Romaniuk, 1985;
Romaniuk, 1990). The TMK binding reaction buffer contained 20 mM Tris-
HCl, 5mM MgCly, 100 mM KCl, 100 pg/ml BSA, ImM DTT, 10 uM ZnClp, and
was adjusted to pH 7.5 20°C. The proteins were serially diluted in TMK buffer
to give final concentrations ranging from 60 nM to 0.2 nM. Prior to
incubation with DNA, the proteins were allowed to equilibrate in the binding

buffer for 15 minutes. The binding reactions were initiated by the addition of
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approximately 10,000 cpm (approximately 0.005 pmol) of labeled DNA along
with the nonspecific competitor poly (dI-dC) (Pharmacia) at 30 ng per binding
reaction. After incubation for an appropriate amount of time (minimum 30
minutes), a 180 pl aliquot was removed, and vacuum filtered through pre-
soaked 0.45 pm nitrocellulose filters (Millipore). The filters were dried and
counted in toluene-based scintillant using a liquid scintillation counter (LKB).
Non-specific retention of labeled DNA on the filters was typically in the range
of 10-15 % of input, and was taken into account to normalize measurements
of complex formation. Experimental data (at least 3 independent
determinations per data point) were fitted using a non-linear least squares
function: m2 x m1 x m0/(1 + ml x m0); where m0 = varied ligand
concentration; m1 = 109, initially; and m2 = 1, initially (Kaleidagraph version
3.0 Synergy Software, Reading, PA) designed for an Apple Macintosh
computer. The dissociation constant (K4) for a simple bimolecular
equilibrium (single component pseudo first-order reaction) was determined

as a concentration of protein required to give 50 % saturation.

3.2.9 Transient Transfection Assays

The CAT reporter plasmids were constructed by cloning
oligonucleotides containing either one or three repeats of the indicated WT1
binding motif into the unique HindIII site upstream of the transcription start
of the CAT gene in AMTV-CAT. HepG2 cells (ATCC HB8065) were cultured
in minimal essential media with Earle's salts, L-glutamine and non-essential
amino acids (Gibco BRL) with 1 mM sodium pyruvate and 10% fetal bovine
serum. Cotransfection of HepG2 with 8 ug of either pWT1 or pCB6+, 2 pug of
CAT reporter plasmid and 3 pg of pSVB-gal (Promega) in 60 mm plates
utilized a calcium phosphate protocol (Chen & Okayama, 1987). Cell extracts
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were prepared in 1X Reporter Lysis Buffer (Promega) 48 h after transfection.
B-galactosidase activity was measured (Sambrook et al., 1989) and was then
used to normalize the cell extracts for transfection efficiency before the
extracts were assayed for CAT activity. CAT activity was measured by a non-
chromatographic technique utilizing solvent partitioning of the labeled
substrate ([14C]-acetyl coenzymeA) from the product ([14C]-acetylated
chloramphenicol) (Sleigh, 1986).

2.3 Results
2.3.1 Isolation of DNA binding subsite for finger 1 of WT1-ZF by SAAB.

The selection/amplification assay (Blackwell & Weintraub, 1990) was
used to identify the preferred target sequences for the WT1-ZFP peptide,
which lacks the KTS insertion between fingers 3 and 4 introduced by
alternative splicing. Four cycles of SAAB analysis were carried out to select
high affinity binding sites from a low-degeneracy pool containing the target
sequence -GCGTGGGCGNNNNN- flanked by PCR primer sites. This
oligonucleotide was synthesized assuming, based upon the crystal structure
data available for the EGR-1:DNA complex (Pavletich & Pabo, 1991), that
fingers 2-4 of WT1 would interact with the EGR consensus sequence
GCGTGGGCG. By extension of the analogy to the EGR-1 protein, the first
finger of WT1 should contact the 3-4 bases immediately downstream of the
EGR consensus site, which is the region randomized in the template
oligonucleotide. The WT1AF1-ZFP protein which lacks the first zinc finger
was used in a parallel selection procedure to serve as a negative control. After
the final round of selection and amplification, high affinity binding sites from
the WT1-ZFP selection, as well as sequences from the WT1AF1-ZFP selection,

were cloned into pUC-19 and 36 or more clones of each were sequenced. The
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SAAB Template: ..GCGTGGGCGNNNNN. .
Sequences of bases 10-14 of fifty clones

GAGCG TAACA

TAACC
GANCT

TACAC
GCACC TACAT

TACCC
GCTCT

TAGCA
GGGCA TAGGG
GGGCG TAGTA
GGGGT TAGTG
GGGTG
GGGTG TATCT

TATGC
GGTAG TATGT
GGTAT TATNN
GGTGA
GGTGC TCCAA
GGTGG TCCCA
GGTTG

TGACC
GTAAA TGACC
GTACC

TGCTA
GTTGA

TGGAC
TGTAC TGGGA
TGTAC TGGGG
TGTCA TGGGG
TGTCA
TGTCT TTTAC

TTTCC
TTGAC
TTGGA
TTGGC

Figure 3.8 Sequences of bases 10-14 arising from the random SAAB template
after four rounds of selection with WT1-ZFP. Fifty clones were isolated after
ligation into plasmid pUC18 and sequenced by standard methods. The
sequences have been sorted according to their identity at bases 10-12.
Nucleotides shown as "N" could not be determined unambiguously, and
these were not used in calculating the distribution frequencies shown in
Table 3.1.



Table 3.1 Frequencies of Nucleotides Selected by WT1-ZFP and WT1AF1-ZFP

WT1-ZFPa
Position: 10 11 12 13 14
A 0.0 (0.0) 30.0 (13.9) 140(11.1) 24.0(9.8) 30.0 (43.0)
C 0.0 (0.0) 8.0 (0.0) 12.0(13.9) 38.0(16.1) 34.0(21.4)
G 36.0(55.6) 46.0(55.6) 34.0(38.9) 26.0(41.9) 22.0(17.9)
T 64.0(444) 16.0(30.5) 38.0(36.1) 120(32.2) 14.0(17.9)
WT1AF1-ZFPb
Position: 10 11 12 13 14
A 152 242 6.5 193 323
C 273 33.3 22.5 259 194
G 273 242 38.7 38.7 25.8
T 30.3 18.2 32.2 16.1 22.6

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

bCompiled from the sequences of 36 clones chosen randomly after the final

selection round.



sequences of 50 clones chosen from the final pool of DNAs selected by WT1-
ZFP are shown in Figure 3.8. The percentage frequencies of the four bases at
each of the five randomized positions are shown in Table 3.1 for both WT1-
ZFP and WT1AF1-ZFP. A chi-square test of the base distribution at each
position indicated that only the distributions at positions 10, 11 and 12 in the
WT1-ZFP selection experiments were non-random (x<0.025), while all other
distributions can be considered random (x>0.05). The high affinity binding
site for WT1-ZFP had the sequence: GCG-TGG-GCG-(T/G)}A/G)(T/G)NN. In
contrast, WT1AF1-ZFP, that had a deletion of the first zinc finger, showed no
preference at all for DNA sequences derived from the five degenerate
positions. The reproduciblity of the SAAB results was tested by repeating the
selection of sequences with the WT1-ZFP. The results obtained were
essentially the same (Table 3.1), with a slight difference in the preference
demonstrated for position 11 (G/T rather than A/G). It is interesting to note
that only a three base pair sequence was selected for the WT1-ZFP finger 1
binding subsite, while 4 bp recognition subsites are observed for EGR-1

protein.

3.3.2 Quantitative Binding of WT1-ZFP to Various DNA Sequences

A nitrocellulose filter binding assay (Romaniuk, 1990) was used to
determine the affinities of the WT1-ZFP for several high affinity binding sites
selected in the SAAB assay. A non-selected sequence, GCGTGGGCGCCC, was
also tested for binding to WT1-ZFP. Figure 3.9A shows typical binding curves
measured for WT1 recognition sequences containing TGT and CCC finger 1
subsites, and for an unrelated sequence, a thyroid hormone receptor response
element (TRE). The values of the apparent association constants (K3) for the

binding of WT1-ZFP to these DNA sequences can be derived from the data
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assuming a simple bimolecular interaction. The results of several
independent experiments indicate that the WT1 element with the consensus
TGT finger 1 subsite binds WT1-ZFP with an apparent K, of 8.40+1.21 X 108
M-1, while the nonconsensus CCC element has an apparent K, of 2.1030.41 X
108 M-1. In comparison, the TRE sequence binds WT1-ZFP with
approximately two orders of magnitude less affinity (K, estimated to be ca. 3 X
106 M-1). K, values for a number of the selected high affinity binding sites
were measured using the same assay, and these sequences have affinities for
WT1-ZFP that are equal to that of the TGT sequence (Table 3.2). In
comparison, the WT1 element containing the CCC finger 1 subsite
significantly reduced the binding of the WT1-ZFP, decreasing the affinity
four-fold compared to the selected, high affinity binding sites. The affinities
of the TGT element (K3 = 1.67+0.05 X 108 M-1) and the CCC element (K, =
0.9240.09 X 108 M-1) for the mutant peptide WT1DF1-ZFP, which lacks the
first zinc finger of WT1, are almost equivalent (Figure 3.9B). It is apparent
that the difference in affinities of selected vs. non-selected sequences for WT1-
ZFP is almost completely attributable to the interaction of finger 1 with the
base 10-12 subsite defined by the SAAB experiments (Table 3.2). These data
give a clear indication of the contribution made by finger 1 of the WT1-ZFP to
the overall free energy of DNA binding. These results also indicate that the
SAAB assay easily discriminates between elements that differ in their binding
affinity for a specific protein by as little as four-fold.

WT1 binding sites have been identified in a number of eukaryotic
promoters (Drummond et al., 1990; Gashler et al., 1992; Wang et al., 1992;
Harrington et al., 1993; Rupprecht et al., 1994; Dey et al., 1994). To determine
the biological significance of the WT1 recognition sequences selected in the
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Figure 3.9 (A) Results of an nitrocellulose filter binding assay measuring the
equilibrium binding of WT1-ZFP to the WT1 element with a TGT subsite for
finger 1 (closed circles), the WT1 element with a CCC subsite for finger 1
(open squares) or a thyroid hormone receptor element (open circles). Curves
represent the best fit of the data in each case to a simple bimolecular
equilibrium. (B) Results of an nitrocellulose filter binding assay measuring
the equilibrium binding of WT1AF1-ZFP to the WT1 element with a TGT
subsite for finger 1 (closed circles) and the WT1 element with a CCC subsite
for finger 1 (open squares).
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Table 3.2 Relative Affinities of WT1 Binding Sites for WT1-ZFP and

WT1AF1-ZFP

DNA Sequence?

Relative Affinity for

Relative Affinity for

WT1-ZFPb WT1AF1-ZFPb
TGT 1.00 1.00
CcCC 0.2240.04 0.56+0.07
GGG 0.98+0.26 n.d.
TAG 0.98+0.37 n.d.
GGT 0.81+0.30 n.d.

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

bDetermined as the ratio of the apparent K, measured for each binding site to

that measured for the TGT binding site in parallel. Mean * standard deviation

reported for two or more independent determinations, n.d. = not determined.



SAAB assay, we compared the binding affinity of WT1-ZFP for three sites
identified in the promoter of the insulin-like growth factor II gene
(Drummond et al., 1992), with the affinity of the protein for the high affinity
TGT target sequence identified by SAAB analysis. As the results in Figure 3.10
show, the three WT1 sites isolated from the IGF-II promoter act as high
affinity target sequences for the WT1-ZFP, with affinities roughly equal to that
of the idealized TGT element. In relative terms, the three elements have
affinities for WT1-ZFP in the order (from highest to lowest) of IGF-B2IGF-
E>IGF-A (relative affinites being 1.00, 0.77+0.22 and 0.28+0.08 respectively).
This correlates well with the SAAB results: IGF-B has bases 10 and 11 that
conform to the SAAB consensus, IGF-E has only 1 consensus base but it is in
the critical 10 position, and IGF-A has only 1 consensus base but it is in the
less critical 11 position. In summary, our data demonstrated that WT1[-KTS]
binds to a 12 bp DNA sequence with high affinity, and that the relative
affinities of WT1 binding sites in genomic DNA can be understood based

upon this consensus binding sequence.

3.3.3 An In vitro Selected WT1 Binding Site Acts as a Strong Transcriptional
Regulator.

It has been demonstrated that WT1 can activate, or repress,
transcription from a promoter depending upon the number and location of
WT1 binding sites (Madden et al., 1991; Wang et al., 1993; Werner et al., 1993).
To demonstrate that a high affinity WT1 binding site selected in vitro can act
as a transcriptional regulator in vivo, we tested a series of reporter constructs
in which the chloramphenicol acetyltransferase (CAT) gene was fused to the
mouse mammary tumor virus LTR promoter containing a variable number

of the TGT sites cloned upstream of the transcription start site. This reporter
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Figure 3.10 (A) Sequences of WT1 elements identified in the fetal promoter
of the IGF-II gene. (B) Results of an nitrocellulose filter binding assay
measuring the equilibrium binding of WT1-ZFP to the WT1 element with a
TGT subsite for finger 1 (closed circles), the IGF-A element (open squares), the
IGF-B element (closed squares) or the IGF-E element (open circles). Curves

represent the best fit of the data in each case to a simple bimolecular

equilibrium.



gene construct has been used to demonstrate the gene regulatory function of
thyroid hormone reponsive elements cloned into the unique Hind I site
(Thompson & Evans, 1989). Similar tests of the regulatory activity of other
WT1 binding sites have utilized an analogous tk-CAT reporter system
(Madden et al., 1991). The MTV-CAT reporter constructs were co-transfected
into HepG2 cells with a eukaryotic expression vector containing the human
WT1 cDNA, or the expression vector without an insert. After 48 hours, cell
extracts were prepared and after normalization for transfection efficiency,
were assayed for CAT activity. As the results in Figure 3.11 show, insertion of
a single TGT site in the MTV promoter gives rise to a significant stimulation
of transcription by WT1 compared to basal expression. Insertion of three
tandem TGT sites gives a much larger responsiveness to WT1. This increased
responsiveness is primarily the result of a significant decrease in basal
promoter activity with the insertion of three tandem sites, compared to the
basal promoter activity with the insertion of one site.

A number of the putative WT1 binding sites identified in several
promoters do not conform to the consensus site we have identified by the
SAAB assay. To confirm that such sites also act as transcriptional regulators
responsive to WT1 in this system, we cloned either one or three copies of the
lower affinity CCC site into the MTV LTR promoter. As the results in Figure
3.11 show, a single CCC site has approximately the same effect on promoter
activity as a single TGT site has. In contrast, three tandem CCC sites provide
approximately twice the responsiveness to WT1 than that observed for three
tandem TGT sites. In this case, the increased responsiveness observed for
three vs. one CCC site is directly the result of a decrease in the basal activity of
the promoter: the level of CAT activity expressed as the result of WT1
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Figure 3.11 (A) CAT reporter gene constructs used in transient transfection
assays to measure WT1 responsiveness. Boxes represent the number of WT1
elements with the indicated finger 1 subsite sequence inserted into the unique
Hind 0OI site of the DMTV-CAT plasmid. (B) Assay of chloramphenicol
acetyltransferase activity in cell extracts prepared from transient transfections.
Each transfection of HepG2 cells included the indicated reporter plasmid, and
either the eukaryotic expression plasmid pCB6+ which does not express WT1
(open bars), or pWTI1 (closed bars), a pCB6+ derivative that does express WT1.
Cpm values are reported as the mean + standard deviation from 5 or more
independent experiments. Fold activation is reported as the ratio of cpm
obtained in transfections with pWT1 to the cpm obtained in transfections

with pCB6+.
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activation is the same whether the MTV promoter contains one or three CCC

sites.

3.4 Discussion

The DNA binding domain of WT1[-KTS] consists of four zinc fingers,
the last three of which have significant homology to the three zinc fingers of
EGR-1. Molecular details of the interaction of the zinc fingers of EGR-1 with a
consensus binding site have been resolved by X-ray crystallography (Pavletich
& Pabo, 1991; Elrod-Erickson et al., 1996), and are discussed in detail in
Chapter 1 of this thesis. The three homologous zinc fingers found in WT1[-
KTS] retain the specific amino acids of EGR-1 that are involved in DNA
binding. The first, unique zinc finger of WT1[-KTS] might be expected by
analogy to interact with a subsite contiguous to the EGR-1 consensus site,
implying that WT1[-KTS] recognizes a 12 (or longer) base pair sequence in
target promoters.

In addition, the structures of two other zinc finger:DNA complexes
have been solved by X-ray crystallography: the SWE:DNA complex (Fairall et
al., 1993) and the GLI:DNA complex (Pavletich & Pabo, 1993). The results of
these investigations demonstrated that zinc finger interactions with double
stranded DNA are not restricted to one specific strand, nor to contiguous
three base pair subsites. Interactions can span both strands of the DNA,
subsites can be larger than 3 base pairs and can be overlapping, and some zinc
fingers might not interact with the DNA at all.

Given this variability in the ways by which zinc fingers can interact
with DNA, we designed an experiment to determine the full binding site for
WT1[-KTS] that would favour the most likely hypothesis (mechanism of

interaction identical to EGR-1) without preventing the identification of other
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modes of binding. The template for the selection of high affinity sites was
designed to have a random sequence of five base pairs immediately
downstream of the nine base pair EGR-1 consensus site. Based upon the
antiparallel binding of EGR-1 to its nine base pair consensus site, the first
finger of WT1[-KTS] would be expected to interact with a contiguous subsite
immediately downstream. To verify that any sequences selected from this
template by the complete WT1[-KTS] zinc finger domain were the result of
the specific interaction of finger 1 with the DNA, the selection assay was
carried out in parallel with a zinc finger peptide containing only fingers 2 to 4
of WT1[-KTS].

The results of this experiment indicate that the first zinc finger of
WT1[-KTS], like the three fingers homologous to the EGR-1 protein, binds to
a three base pair subsite within a 12 base pair consensus binding site for WT1[-
KTS]. This subsite has the consensus sequence (T or G),(G or A or T), (G or T).
If the first zinc finger of WT1[-KTS] interacts specifically with the same strand
of DNA as the other zinc fingers, it would appear from the selected consensus
sequence that this finger interacts preferentially with keto substituents in the
major groove of the DNA (Figure 3.12). The absolute discrimination for G or
T in the first position (base 10) suggests that this nucleotide may form the
strongest interaction with an amino acid side chain within the a-helix of the
first zinc finger. Selection at the other two positions was somewhat less
stringent (and varied from experiment to experiment for base 11), and so it is
not clear exactly what role these two positions might play in protein binding:
they could provide specific DNA-protein contacts, or they might provide a
DNA sequence context that optimizes the interaction of finger 1 with the
DNA.

While this work was in progress, a report was published describing the
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Major groove

Minor groove

Figure 3.12 The hydrogen-bond donors and acceptors presented by Watson-
Crick base pairs to the major groove and the minor groove (Steitz, 1990).
Two inverted triangles represent hydrogen bond donors; diamond-shaped

symbols represent hydrogen bond acceptors; a circle - a methyl group.



results of a SAAB experiment conducted with a recombinant peptide
encompassing fingers 1-3 of WT1[-KTS] (WT1AF4-ZFP) (Drummond et al.,
1994). Apparently selection experiments conducted by this group with the
full four finger domain did not result in the selection of any specific
sequences, most probably because of the high protein concentrations (=5 uM)
used in the assay. However, when the experiment was repeated with the
WT1AF4-ZFP protein, a final selection round at 10 pM peptide yielded a
strong selection of a three base pair subsite with a GT(C or T) consensus
sequence. My data shows a somewhat less stringent sequence was selected at
approximately 10,000-fold lower concentrations of a full four finger peptide.
Nevertheless, the sequence selected with the three finger WT1AF4-ZFP
peptide is a member of the consensus sequence we identified with the full
zinc finger domain of WT1[-KTS].

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

result of specific interaction of the first zinc finger with DNA.
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In addition to providing information on the relative affinities of
selected vs. non-selected sequences for WT1-ZFP, the nitrocellulose filter
binding assay also provides a measure of the apparent association constant for
the equilibrium binding of this peptide to DNA. A previous study reported
the equilibrium constants measured by a gel mobility shift assay for the
binding of a WT1 zinc finger peptide to a 12 base pair WT1 selected sequence
to be 7.1 X 106 M-1 vs. a value of 4.5 X 106 M-! for a non-selected sequence
including the 9 base pair EGR-1 consensus site (Drummond et al., 1994). The
zinc finger peptide WTI1-ZFP that we have constructed binds to a selected
DNA sequence with a K3 value measured by a nitrocellulose filter binding
assay of 8.40+1.21 X 108 M-1 vs. 2.1040.41 X 108 M1 for a non-selected sequence.
In the gel mobility shift assay that was used as part of the SAAB experiment,
we observed strong binding of 0.75 nM WT1-ZFP to selected DNA sequences
in agreement with the affinities measured by the filter binding assay. The
values for equilibrium constants that we measure are about two orders of
magnitude higher than those reported earlier, and consistent with the
reported equilibrium binding constant of 1.7 X 108 M-1 for the interaction of
the zinc finger domain of EGR- 1with its consensus DNA sequence (Pavletich
& Pabo, 1991). Thus the zinc finger domain of WT1 binds with high affinity
to a twelve base pair consensus sequence.

Putative WT1 binding sites have been identified in a number of native
promoters, and it has been demonstrated by transient transfection assays that
these promoters can be regulated by WT1[-KTS] (Drummond et al., 1990;
Gashler et al., 1992; Wang et al., 1992; Harrington et al., 1993; Rupprecht et al.,
1994; Dey et al., 1994). However, many of these putative WT1 recognition
sites do not conform completely to the finger 1 subsite that we have identified

by the in vitro SAAB assay. To determine whether these naturally occuring
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sites bind WT1 with high affinity, we measured the affinities of three WT1
sites from the fetal promoter of the IGF-II gene for WT1-ZFP. These three
sites had affinities for WT1-ZFP that were similar to the affinity of the
consensus TGT selected site. However, the three IGF sites were not
equivalent in their affinities for WTI1-ZFP, but varied in affinity in
relationship to their divergence from the finger 1 subsite consensus sequence.
These results link the in vitro SAAB experiment to biologically relevant sites
in genomic DNA, and again demonstrate the contribution of the first zinc
finger of WT1 to the interaction of the protein with DNA.

WTI1 acts as a transcriptional regulator in vivo, and natural selection
will have designed WT1 recognition sites based both on DNA binding affinity
and this regulatory function in a way that the in vitro SAAB assay is unable
to. To probe this relationship, we compared the regulatory action of the
selected, high affinity TGT site with the regulatory action of the non-selected,
lower affinity CCC site in the MTV-CAT reporter gene system. In a single
copy, both sites confer a similar positive regulatory response of the MTV LTR
promoter in this reporter to WT1. This result is consistent with reports that
the WT1 protein acts as a transcriptional activator on promoters that contain
binding sites located exclusively upstream or downstream of the transcription
start site (Wang et al., 1993). However, when the sites are present in three
copies, it becomes apparent that the lower affinity CCC site confers greater
responsiveness to WT1 than does the high affinity TGT site. This result is
intriguing because it suggests that the strength of the interaction of finger 1
with DNA may in some way modulate the ability of the protein to regulate
transcription. In addition, the multiple copies of either WT1 site significantly

dampen the basal level of transcription from the MTV promoter, another
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effect that may be active in natural selection. Further investigation will be
required to completely understand these phenomena.

In summary, our data have demonstrated that WT1[-KTS] binds to a 12
base pair DNA sequence with high affinity, and that the relative affinities of
WT1 binding sites in genomic DNA can be understood based upon this
consensus binding sequence. Investigation of the specific nature of amino
acid-DNA interactions of finger 1 of WT1 will enhance further our

understanding of the structure and function of this tumor suppressor protein.
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CHAPTER 4.0 WT1 MUTATIONS AND THE DENYS-DRASH SYNDROME
4.1 Introduction

Denys-Drash syndrome (DDS) is a rare human disease. Its symptoms
include Wilms' tumor, genital anomalies and nephropathy (Drash et al.,
1970). Heterozygous WT1 point mutations have been identified in over 95 %
of DDS patients, pointing to a crucial role WT1 plays in the genesis of the
Denys-Drash syndrome (Pelletier et al., 1991). The WT1 mutations observed
in DDS patients can be classified into four categories: (1) missense mutations
of DNA-binding amino acids - the most common group of mutations; (2)
substitution of zinc binding amino acids; (3) nonsense mutations leading to a
frameshift and removal of entire zinc fingers, and (4) early termination.
These mutations are summarized in Figure 4.1 A.

The most common mutations affect the key amino acids proposed by
analogy to EGR-1 to contact DNA. Arginine 394 appears to be a hot spot of the
missense mutations reported in 19 of 38 cases (50 %) of DDS patients (Pelletier
et al., 1991; Coppes et al., 1992; Bruening et al., 1992; Baird et al., 1992; Sakai et
al., 1993; Akasaka et al., 1993; Baird & Cowell, 1993; Nordenskjold et al., 1994).
This mutation is located in exon 9, which encodes zinc finger 3 of the WT1
protein (Figure 4.1B). Other mutations identified in exon 9 involve aspartate
396 substitutions (reported in 6 individuals) (Bruening et al., 1992; Baird et a.,
1992b; Nordenckjold et al., 1994; Pelletier et al., 1991; Little et al., 1993), as well
as frame shift (at position 386; Ogawa et al., 1993), and truncation mutations
(at position 390; Little et al., 1992; Baird et al., 1992a; Quek et al., 1993; Varanasi
et al., 1994). In addition, a mutation interfering with splicing at exon 9 was
isolated (Huff et al, 1991). Mutations mapping to exon 8 (zinc finger 2)
involve arginine 366 (Henry et al., 1989; Bruening et al., 1992), histidine 373
(Little et al., 1993; Sharma et al., 1994), and histidine 377 (Pelletier et al., 1991).
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Figure 4.1 (A) WTI1 mutations associated with Denys-Drash syndrome.
Point mutations and frameshifts in the zinc finger region of WT1.

mutation to stop codon; f = frameshift after the indicated amino acid (Reddy

et al., 1996).
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Cysteine 330 to tyrosine transition was observed in zinc finger 1 (Huff et al.,
1991).

Thus, most mutations described are single amino acid substitutions
clustered in the zinc finger region of WT1 protein. They were therefore
postulated to interfere with DNA binding of WT1 by either disrupting the
DNA-binding activity, or lowering the affinity of the WT1 for DNA. The
DDS phenotype elicited by the loss of DNA binding can also be explained by
altered WT1 dosage. Given that the levels of WT1 protein are very tightly
regulated during development, the disruption of the dosage of functional
WT1 ptotein may precipitate the observed DDS symptoms.

It is intriguing that the clinical manifestations of DDS syndrome in
different patients do not clearly correlate with any specific type of WT1
mutation detected. Individuals with identical mutations in WT1 protein
exhibit the entire spectrum of clinical symptoms. The simplest explanation
may be that other genes influence the phenotypic expression of various WT1
mutations. Finally, there is a case reported of an individual who carries a
WT1 mutation, and yet is phenotypically normal (Coppes et al., 1992). This
individual's son has DDS syndrome, and carries the same mutation as the
father: exon 9 arginine 394 to tryptophan missense mutation, the most
common mutation found in DDS patients (Coppes et al., 1992). This
observation suggests that even though most DDS patients have constitutional
WT1 mutations, not all of them result in the disease. A possible explanation
for this observation is that perhaps the mutant WT1 allele is not expressed
during the crucial stages in development. The genetic background and other
epigenetic factors of an individual may also influence the effects of a
reduction in WT1 gene dosage. In addition, WT1 was suggested to play a

more important role in male genitourinary development, since genetic
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females with WT1 mutations associated with DDS have a significantly lower
frequency of urogenital abnormalities than males (Coppes et al., 1993).

The majority of mutations in DDS patients have been found in a
heterozygous state, suggesting that the DNA-binding - deficient isoforms may
act in a dominant-negative fashion. This hypothesis was first proposed by
Pelletier et al. (1991). Later, Bradeesy et al. (1994) demonstrated that a protein
containing amino acids 1 - 222 represents a minimal domain required for the
dominant negative effect. Reddy et al. (1995) confirmed that protein
containing amino acids 1 - 182 interferes with transactivation by wild-type
WT], acting in a dominant-negative fashion. Thus, dominant negative WT1
alleles could inhibit the WT1 transcriptional activation function, eventually
leading to progressive renal failure. Another mechanism by which mutant
WT1 isoforms may alter appropriate gene expression is through conferring
new DNA-binding specificity, thus resulting in a change of gene networks
regulated by WT1 protein.

To test this hypothesis, we conducted selection and amplification
binding assays (SAAB) for the Denys-Drash mutant proteins. Five different
mutations were introduced into the zinc finger domain of WT1 (Figure 4.2).
Two missense mutations in the second zinc finger substitute arginine 366
with a histidine or a cysteine. This substitution was proposed to disrupt an
arginine-guanine interaction, based on analogy with the EGR-1 - DNA
complex (Pavletich and Pabo, 1991). The remaining three mutations are in
finger 3 of WT1, and substitute arginine 394 with a tryptophan, and aspartic
acid 396 with either an asparagine or a glycine residue. DNA templates were
randomized for finger 2 and 3 binding subsites. DNA binding affinities of the
Denys-Drash mutant proteins for the selected sequences were measured using

a nitrocellulose filter binding assay. This work is a collaborative study with

111



112

320 — o
wni-zkl -k rereufelryecfclukevyexesacoufdlsrklgTc
&) .. A4 i
& & c. H - 5
i " N % :
WT1-ZF2 -sxp\'otu?xocsaa?s'ﬁ‘sﬁox_xa,aokkg'rc
3 T 3 T
ER-1-ZF1 - ER 2 ¥ AfGle v £ s|C|o r 2 7 s|r|s|o|= L T|R|H]Q R R|HIT G
. N « - N ; ;
379 = . N7V 5 %
wn-ZF3-vprQ'CE;x'r--_(:Qar:?s%s’l{ﬁi.x'r_;{ 2 THITC
ER-1-Z72 - Q K P F QG|R I - -|Clu & k 7 s|r[s|oju]e T TH|I TlglTc
4 Y 3 s
13 A : £ I G4 I
WTi-ZF4 - E D P F S[C|R w ¢ s|c|e k kK F r|R[S|D|E L V|R|H|H N M[BIQ R
ER-1-7¢3 - 2 kK P F al[c]r w - -|€|c r k 7 a|R[5|D|E & ¥|R|H|E K I{H|L R

Figure 4.2 Comparison of the sequences of WT1 and EGR-1 zinc fingers.
Residues involved in DNA binding and their counterparts in WT1 are
enclosed in clear boxes. Shaded boxes indicate residues that coordinate to zinc.

Finger 2 and 3 Denys-Drash missense mutations are also indicated.



Frank Borel, Kathleen Barilla and May Iskandar from Dr. Romaniuk's
research group. I performed site-directed mutagenesis and expression and
purification of the WT1-ZF Denys-Drash protein mutants, as well as the

initial DNA-binding assays with the mutant proteins.

4.2 Materials and Methods
4.2.1 Construction and expression of Denys-Drash mutant proteins
The WT1-ZFP Denys-Drash mutants (R366H, R366C, R394W, D396G, D396N)
were constructed by site-directed mutagenesis (Nelson & Long, 1989). The
plasmid pUC WT1ZFP which contains the zinc finger domain of WT1 cloned
into pUC19 (construction described in Chapter 3), was used as a
template and the following mutagenic primers were used. The base
alteration that introduces each mutation is underlined:
R366C: AGG TTT TCT IGT TCA GAG CAG
R366H: AGG TTT TCT CAT TCA GAG CAG
R394W: AGG TCC TCC TGG TCC GAC CAC
D396G: TCC CGG TCC GGC CAC CTG AAG
D396N: TCC CGG TCC AAC CACCTG AAG

DNA sequencing using an ABI 373A automated DNA sequencer was
used to verify that only the desired mutation was introduced into the WT1-
ZFP cDNA. Mutant cDNAs were cloned into the Nde I and BamH I sites of
the T7 expression vector pET16b (Studier & Moffatt, 1986, Studier et al., 1990).
The resulting constructs encode zinc finger peptides with a histidine tag and a
factor Xa cleavage site fused to the amino terminus and were used to
transform Escherichia coli BL21 (DE3) pLysS. Expression and purification of
the zinc finger proteins were carried out as described previously (Chapter 3).

Protein concentrations were determined by the Bradford method, using BSA
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as the standard (Bradford, 1976). SDS-polyacrylamide gel analysis was used to
determine protein purity (Figure 4.3). Protein yield averaged 10 mg per litre
of bacterial culture. Fractional activity of each protein preparation (75%-

100%) was determined by a saturation DNA binding assay.

4.2.2 Selection amplification and binding (SAAB) assay

The SAAB assay was carried out according to a published method
(Blackwell & Weintraub, 1990), with minor modifications (Figure 3.5). The 67
base pair template oligonucleotides contained a central region including the
WT1 consensus sequence randomized in either the finger 2 or finger 3
recognition sites (5' TAAT GCG TGG NNN TGT CCTAA 3' and 5 TAAT
GCG NNN GCG TGT CCTAA 3' respectively) flanked by Eco RI (5') and
BamH I (3") recognition sequences and the M13 forward universal primer
(F.U.P.) sequence (5') and a sequence complementary to the M13 reverse
universal primer (R.U.P., 3') (Figure 4.4).

The template was labeled for the initial round of selection by primer
extension using 10 pmol of the oligonucleotide annealed to 80 pmol R.U.P. in
1X Klenow buffer (New England Biolabs), and extended in 0.2 mM dGTP, 0.2
mM dCTP, 0.2 mM dTTP, 20 uCi [a-32P]-dATP and 9 units Klenow (New
England Biolabs) with incubation at room temperature for 45 minutes. The
resulting double-stranded DNA containing a mixture of 64 possible sequences
in the randomized region was purified on a 12% non-denaturing
polyacrylamide gel, and eluted overnight at room temperature in 250 pl of 0.6
M ammonium acetate, 1 mM EDTA, 0.1% SDS.

Labeled DNA (200,000 cpm) was incubated with the proteins as described
previously (Chapter 3), except the incubation mixture used Tris rather than

HEPES to buffer the solution. The reactions were loaded onto a 5% non-
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Figure 4.3 Coomassie blue-stained 15% SDS-polyacrylamide gel showing
purifiied WT1-ZFP Denys-Drash mutants. Lane designated MW represents
protein molecular weight marker; Lane 1: wild-type WT1-ZFP; Lane 2: R366H;
Lane 3: R366C; Lane 4: R394W; Lane 5: D396G; Lane 6: D396N.
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(B) SAAB template for WT1 finger 3

Figure 4.4 The SAAB template oligonucleotides containing randomized

sequences for the WT1[-KTS] finger 2 (A) or finger 3 (B) recognition.



denaturing polyacrylamide gel which had been pre-electrophoresed for 20
minutes at 250 V at 4°C. Migration on the gel was monitored by loading one
lane with 5 pl of 0.1% bromophenol blue, 0.1% xylene cyanol, 25% glycerol.
The gel was run in 0.3 X TBE at 250 V at 4°C until the bromophenol blue had
migrated 12 cm. The gel was then subjected to autoradiography for 2 to 4
hours at 4°C, and the band corresponding to the lowest protein concentration
at which a protein-DNA complex was visible was excised and the DNA eluted
as described above. The eluted DNA was amplified using F.U.P. and R.U.P. as
primers, radioactively labeled, and a new round of selection was begun using
lower protein concentrations.

Four rounds of selection were sufficient to isolate the highest affinity
binding sites for each protein from the pool of random DNA sequences. The
enrichment of high affinity sites for the WT1 proteins was followed by the
proportion of DNA bound to the proteins after each round of selection. The
lowest protein concentrations at which a protein-DNA complex could be
observed in round 4 were: WT1-ZFP, 0.5 nM; R366H, 1.25 nM; R366C, 7.5 nM;
R394W, 100 nM; D396N, 12.5 nM; D396G, 12.5 nM. The final PCR products of
round 4 were digested with Eco RI/Bam HI and cloned into pUC19. The
original randomized oligonucleotides were converted to a double-stranded
form with cold dNTPs, and also subject to PCR amplification, restriction
endonuclease digestion and ligation into pUC19. A sample of each ligation
was used to transform E. coli strain J]M109. Plasmid DNA was isolated from at
least 50 colonies of each transformation and sequenced using either the
Sequenase kit (Amersham) or an ABI 373A automated DNA sequencer and
dye primer chemistry (Applied Biosystems).
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4.2.3 Nitrocellulose Filter Binding Assay

The binding affinities of a series of DNA sequences for the WT1-ZFP
and the Denys-Drash mutants were quantified using a nitrocellulose filter
binding assay developed to study zinc finger protein-DNA interactions

(Romaniuk, 1990). The details of the assay are described in Chapter 3.

4.3 Results
4.3.1 Selection of DNA binding sites for Denys-Drash mutant proteins.

To determine whether the Denys-Drash mutant proteins could confer
new DNA-binding specificities, four rounds of selection, amplification, and
binding assay (SAAB) were carried out for each mutant. A wild-type WT1-ZF
peptide served as a negative control. The SAAB templates were: 5'-GCG TGG
NNN TGT-3' for finger 2 mutants, and 5-GCG NNN GCG TGT-3' for finger 3
mutants. PCR products of the final rounds of selections were cloned, and
about 50 randomly picked clones were sequenced for each SAAB experiment.
The results of the finger 2 SAAB experiments are shown in Table 4.1, with the
frequencies of the selected nucleotides summarized in Table 4.2. Apparently,
the mutation of the recognition arginine at position -1 of the finger 2 a-helix
did not result in a new specificity for either mutant, as all the proteins
selected the wild-type guanine with an almost 100% frequency. Interestingly,
adenine was selected with a high frequency at position 8 of the consensus
binding site by all finger 2 mutants. This is a definite deviation from the
wild-type EGR-1 consensus site, and, perhaps, reflects the real differences that
exist in the binding specificities of the two proteins. Curiously, a preference
for a thymine was revealed at position 9 for the R366H mutant, whereas the
wild-type guanine was predominantly selected by both the wild-type WT1-ZF
and the R366C proteins.
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Table 4.1 Finger 2 subsite sequences selected from a randomized template by
wild type WT1-ZFP and the finger 2 point mutants

Subsite Protein
Sequence WT1-ZFP R366H  R366C
CAC - 1 -
GAA - 1 -
GAC - 2 1
GAG 38 13 19
GAT 3 23 3
GCA - 2 7
GCC 1 - 1
GCG 2 1 2
GCT - - 4
GGA - - 2
GGC - 2 -
GGG 3 - 1
GGT - - 1
GTA - - 2
GTG 1 3 5
GTT 1 1 2
TAA - - 1
TAG - 1 -




hase 7
protein aonc WTI R366H R366C none WTH R366H R 166C
A 29 0 7] 0 25 82 82 17
o 9 4} 2 0 235 R 6 K
(9 " 9% 96 98 19 > 1 3
T b 2 2 2 (7 4 8 %3
base 9
none wWTI R366H R366C

A 17 0 6 24

C 17 4 10 4

G 29 88 36 53

r 37 8 48 20

Table 4.2 Frequendes of each nucleotide selected at the finger 2 subsite
positions by WT1-ZFP and the finger 2 point mutants

base 4 base S
protein. aone WTL D3IG D396N R394W none WTI D396G D396N R3IMW
A 19 0 0 0 o 20 6 0 0 2
C 22 0 0 2 0 27 0 0 0 0
G 10 34 16 10 s 21 9 100 100 16
T 29 66 33 88 8s 26 2 0 (4] 2
base 6

none WTL D396G D3I9N RIMW

A 7 0 0 0 1]

C 18 0 (1] 0 0

G 1S (00 100 {00 44

T 40 0 0 0 56

Table 4.3 Frequendies of each nucleotide selected at the finger 3 subsite
positions by WT1-ZFP and the finger 3 point mutants



The data for the finger 3 mutants are shown in Table 4.3, with the
selection frequencies indicated in Table 4.4. Even though there were three
finger 3 mutants tested vs. two in finger 2, the number of subsites selected for
finger 3 mutants is almost half that selected for finger 2. This indicates a
higher stringency selection, perhaps pointing to a more important role played
by finger 3 in DNA recognition. Curiously, the aspartic acid substitution
mutants (D396G and D396N) along with the wild-type WT1-ZF selected the
wild-type site (T/G)GG. Apparently, the loss of the buttressing interaction
between this aspartic acid residue and an arginine does not result in alteration
of binding selectivity: a guanine base was selected with a 100% frequency.
However, a substitution of an arginine 394 for a tryptophan resulted in a
change of specificity: a thymine was preferentially selected over a guanine at

position 6 of the binding site.

4.3.2 Measuring the binding affinities of the mutant peptides for the selected
DNA sequences

The binding affinities of the mutant proteins for the selected sequences
were measured using a nitrocellulose filter binding assay (Romaniuk, 1990),
and compared to those of the wild-type protein. The representative binding
curves are shown in Figure 4.5. The values of the dissociation constants are
shown in Tables 4.5 and 4.6. The affinities correlate well with the frequencies
of the selected nucieotides at the given positions. Thus, an adenine at
position 8 was preferentially selected by the wild type and the finger 2 mutant
proteins. Indeed, the affinity of the wild-type protein for the GAG triplet is
two-fold higher than for the GCG sequence derived from the EGR-1
consensus site. A thymine (position 4) in the finger 3 recognition triplet was

also preferentially selected over a guanine, which is reflected in the two-fold
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Table 4.4 Finger 3 subsite sequences selected from a randomized template by

wild type WT1-ZFP and the finger 3 point mutants

Subsite

Sequence WT1-ZFP

Proteins

D396G D396N R394W

CGG

GAG

GGT
GTG
TAG
TAT
TGG
TGT

TTT

17

1
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Figure 4.5 The equilibrium binding of the WT1 element GCG TGG GAG TGT
to WT1-ZFP (open circles), R366H (closed diamonds) and R366C (open
squares). Data points represent the mean of six or more determinations and
error bars indicate the standard deviations. Curves represent the best fit of

the data to a simple bimolecular equilibrium.
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GCG-TGG-GAG-TGT

WT1.-ZFP protcin K¢ (nM)Y relauve affimity”
wild type 0.77 £ 0.07 1
RIGGH 299 +0.19 0.26
R3IG6C 10.8 £ 0.57 0.07 B

GCG-TGG-GAT-TGT

WTI!-ZFP protcin Kq (aM) relative affinity’ selecuvity”
wild type 1.93 £ 008 1 2.50
R366H 262 £0.17 0.71 0.88
R366C 14.1 £ 09¢ 0.14 1.30

Table 4.5 Binding affinities of wild type and finger 2 mutant WT1-ZFP for

selected DNA sequences
Ratio of K4(GAG subsite)/ Kq(GAT subsite)

. GCG-TGG-GCG-TGT
WT-ZFP protein Ke (aM) relative affinity®

wild type 1.54 £0.12 1

D396G 4.11 £0.29 037

D396N 124 £ 0.80 0.12

GCG-GGG-GCG-TGT
WT1-ZFP peotein K¢ (aM)y* relative affinity” selectivity®

wild type 3.56 £034 1 233
D396G 551 +£029 0.63 1.33
D39%6N 262+24 0.14 213

Table 4.6 Binding affinities of wild type and finger 3 mutant WT1-ZFP for
selected DNA sequences

aDissociation constants are expressed as the mean with standard deviations of
a minimum of six independent determinations

bRatio of Kg(mutant WT1-ZFP)/K4(wild type WT1-ZFP)

“Ratio of Kq(TGG subsite) / Ky(GGG subsite)



higher affinity for the TGG vs. GGG triplet. In contrast, a thymine at position
6 of the finger 3 recognition triplet was never selected by the wild type protein
or the aspartic acid mutants (D396G and D396N). Accordingly, these proteins
showed no detectable binding affinity for the finger 3 subsite TGT. In
addition, the R394W mutant showed no specific DNA-binding affinity for any
of the selected sequences. The fact that this protein selected some sequences
in the SAAB experiment probably reflects nonspecific binding due to the high
protein concentrations (100 nM or more) used in the assay. This is the only
protein mutant that lacks the specific DNA-binding activity. The other four
Denys-Drash mutants showed varying degrees of reduced DNA-binding
affinities which range from 1.4 - to 14 - fold. It is of interest to note the
differences in severity of each individual amino acid mutation. Thus,
substituting an arginine in zinc finger 2 for a cysteine produced a greater
reduction in binding affinity: 14-fold for the GAG subsite, and 7.2-fold for the
GAT subsite. Replacement of an arginine with histidine, on the other hand,
resulted in a 3.9-fold and a 1.4-fold reduction in affinity for the GAG and

GAT subsites, respectively.

4.4 Discussion

Almost all (95%) of the Denys-Drash patients have constitutional WT1
mutations (Coppes et al., 1993). These mutations involve key amino acids
within the zinc finger domain of WT1, affecting the DNA-binding function of
the protein. This study was designed to determine the effects of these
mutations on the DNA-binding ability of WT1, as well as to address a
question of whether these mutations confer new DNA-binding specificities.

The binding site selection and amplification experiments with the 5

zinc finger mutant proteins did not result in a selection of a new, high-
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affinity DNA sequence for any of the mutant proteins. In fact, the protein
with the most common mutation found in DDS patients, R394W, shows no
detectable DNA binding. The remaining four protein mutants displayed
altered DNA binding selectivities. Thus, both finger 2 mutants R366H and
R366C had reduced sequence selectivity, with the largest effect observed for
the R366H mutant (Table 4.5). However, this mutant had a four-fold lower
affinity for the selected GAG relative to the wild-type protein, whereas the
R366C mutant resulted in a 14-fold reduction in binding affinity. Presumably,
histidine substitution at this position is less disruptive for the WT1 DNA-
binding function than the cysteine substitution due to the capacity of the
histidine to interact with guanines. This histidine could also form a number
of van der Waals interactions with the thymine in position 9 of the triplet,
thus explaining why both thymine and guanine were selected at this position.
A uniform selection of an adenine residue at position 8 of the finger 2
binding subsite by the wild-type and the mutant proteins, as well as the
higher affinity of the wild type protein for the adenine-containing sequence
indicates that this adenine base is an important determinant in WT1
sequence specificity. The results of the human genomic DNA selection
studies also identified adenine at position 8 (Nakagama et al., 1995). The
authors proposed an interaction between a glutamine (Q369) of the WT1 and
an adenine. In addition, the results of the mutagenesis study described in
Chapter 5 of this thesis confirm the importance of this adenine for high-
affinity binding. Strikingly, when the guanine at position 9 was replaced by a
thymine, the affinity of the wild-type WT1-ZF protein was reduced only by a
factor of 2.5. Position 9 was identified as one of the key determinants for
recognition in the EGR-1 X-ray study (Pavletich & Pabo, 1991). Mutagenesis
studies with EGR-1 and WT1-ZF show that substitution of guanine at
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position 9 with a cytcsine completely abolished binding of both proteins
(Chapter 5 of this thesis). It remains to be seen why thymine is so well
tolerated at this position.

In a recently refined crystal structure of EGR-1 - DNA complex, aspartic
acid residues found at the second positions of the a-helices were shown to
play an important role in recognition by not only stabilizing the arginine-
guanine interaction, but by establishing direct hydrogen bond contacts to the
secondary strand of the DNA (Elrod-Erickson et al., 1996). Thus, it is not
surprising that mutations of this amino acid will have deleterious effects on
the protein function. Indeed, both glycine and asparagine substitutions of
aspartate in finger 3 result in a three-fold and 8-fold reduction in binding
affinity, respectively. In terms of selectivity, only a glycine mutant had an
appreciably reduced sequence selectivity. Interestingly, all the proteins used
in the finger 3 selection experiments preferred a thymine over a guanine at
position 4 of the binding sequence, while adenine or a cytosine were never
selected. This agrees well with the results of the refined EGR-1 crystal
structure (Elrod-Erickson et al., 1996), which showed that both thymine 4 and
its complementary base on the opposite strand of the DNA (adenine 4') are
involved in contacts with the protein: thymine 4 is used by a finger 2
histidine to establish a number of van der Waals contacts, whereas adenine
4' is contacted by an aspartic acid residue of the first finger of EGR-1. Finally,
replacement of a guanine at position 6 abolished WT1-ZF binding. This is
consistent with the role this base plays in the EGR-1 - DNA recognition, as
identified in the X-ray structure (Pavletich & Pabo, 1991), as well as with a
number of mutagenesis studies which observed the loss of binding upon
substitution of the guanine at this position (Rauscher et al., 1990; Nakagama
et al., 1995, Hamilton et al., 1997). However, while guanines at positions 6
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and 9 play an equally important role in the binding of EGR-1, there must be a
functional nonequivalence between these positions for the WT1 binding as
thymine is tolerated at position 9, but not at position 6.

In summary, the results of this study point to several interesting
conclusions. The SAAB experiments did not yield new DNA sequence
specificities, thus suggesting that the Denys-Drash syndrome likely does not
arise due to a change in the gene networks regulated by the WT1 protein. The
most common DDS mutation, R394W, abolished specific binding of the
protein. Other mutations resulted in reduced binding activities, ranging from
1.4 to 14-fold. This suggests that even small changes in the DNA-binding
activity of WT1 protein can contribute to the development of the Denys-
Drash syndrome, suggesting that the cellular levels of WT1 must be very
tightly regulated. It is still not clear whether the reduced DNA-binding
affinity of the DDS mutants is directly attributable to the phenotype seen in
DDS patients, or whether the dysfunctional WT1 protein may interfere with
the function of other cellular proteins. This study also provides insights into

the roles of some of the key amino acids to the WT1 recognition.
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CHAPTER 5.0. COMPARATIVE ANALYSIS OF THE DNA BINDING
CHARACTERISTICS OF WILMS' TUMOUR AND EARLY GROWTH
RESPONSE PROTEINS

5.1 Introduction

The demonstration that the WT1 protein is able to bind to the EGR-1-
like sequences suggests that there may be a regulatory link between these two
proteins: the WT1 protein may act as an antagonist of EGR-1 transcription
factors, or may be a tissue-specific factor that is involved in maintaining a
particular differentiated phenotype. The balance in the levels of EGR-1 and
WT1 proteins may be critical: inactivation of WT1 could result in the onset of
neoplasia.

The X-ray crystallographic studies of the EGR-1 zinc finger region
bound to a 9 base pair fragment of DNA containing an EGR-1 consensus site
have been serving as a topological blueprint to understand the mechanism of
DNA binding by WT1 (Pavletich & Pabo, 1991; Elrod-Erickson, 1996). The
details of the high-resolution analysis are discussed in detail in Chapter 1. All
of the residues of the EGR-1 zinc fingers critical for specific binding to DNA
are conserved in fingers 2-4 of WT1. However, despite the high degree of
similarity shared between the WT1 and EGR-1 DNA-binding domains, there
are a number of structural differences that suggest that the molecular details
of DNA binding are not identical between the two proteins. These structural
differences include approximately 50% dissimilarity between the WT1 and
EGR-1, as well as an additional zinc finger present in WT1 protein.

To provide a clear quantitative picture of the interaction of WT1 and
EGR-1 proteins with their DNA binding sites, we constructed peptides
encompassing the zinc finger regions of these proteins (WT1-ZF and EGRI1-

ZF), and used a nitrocellulose filter binding assay to measure various
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parameters of a bimolecular equilibrium. The stoichiometry of the DNA-
protein complexes, their stability to dissociation, and the effects of pH,
temperature and salt concentration on the equilibrium binding of these
proteins to their cognate DNA sequences have been determined. In addition,
the relative contribution of each base pair in the consensus binding site to the
high affinity binding was determined by point mutational analysis. This
study is a collaborative effort of several members of Dr. Romaniuk's lab:
Cathy Juricic and Kathy Barilla made the DNA constructs incorporating single
mutations encompassing the WT1 and EGR1 consensus binding site; Franck
Borel assayed EGR1-ZF binding to the mutant DNA sequences. The

remaining experiments I performed myself.

5.2 Materials and Methods
5.2.1 Construction and purification of recombinant WT1-ZF and EGR1-ZF
proteins

The construction of a synthetic gene encoding the zinc finger region of
EGR-1-ZF protein was conducted by analogy with that of WT1-ZF (please,
refer to Chapter 3). The purification of the recombinant proteins was
performed as described previously (Chapter 3). Typical protein yields
averaged 10 mg per litre of bacterial culture. On SDS-PAGE (15%), the
purified EGR1-ZF migrated with an apparent molecular weight of 17,000 kDa
(Figure 5.1). The purified protein products were aliquoted and stored at -80'C.

Protein aliquots were used only once when thawed.

5.2.2 Construction of mutant WT1-ZF and EGR1-ZF DNA binding sequences
Oligonucleotides incorporating point mutations at each one of the 12
positions of the WT1-ZF and EGR1-ZF consensus binding sequence were
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Figure 5.1 Coomassie blue-stained 15% SDS-polyacrylamide gel showing
EGR1-ZF protein purified by affinity chromatography. Lane designated MW
represents protein molecular weight marker; lane 1: total column pass-

through; lane 2: purified EGR1-ZF.



synthesized by Dr. Paul ]J. Romaniuk using an Applied Biosystems Inc. 391
DNA synthesizer. The oligonucleotide with a mutation at position 1 (1C) had
the following sequence: GATCCA CCG TGG GCG TGT AG, where a
highlighted sequence represents the consensus binding site, and an
underlined position denotes a mutated base. Similarly, other mutations were
introduced: 2(T, A, G), 3C, 4(A, C, G), 5C, 6C, 7C, 8(A, G, T), 9C, 10C, 11C, 12C
(Table 5.1). The oligonucleotides were cloned into BamHI site of pUC19, and
their sequences verified by automated DNA sequencing using an ABI 373A

automated DNA sequencer and fluorescent dye primers.

5.2.3 End-labeling of DNA

Individual mutant DNA sequences were released from plasmid pUC19
using EcoRI and HindIll restriction enzymes, and end-labeled with [a-
32P]dATP and the Klenow fragment of E.coli DNA polymerase I (Sambrook et
al., 1989). The details of the labeling protocol are provided in Chapter 3.

5.2.4 Nitrocellulose Filter Binding Assay

The binding affinities of a series of DNA sequences for the WT1-ZF and
EGR1-ZF peptides were quantified using a nitrocellulose filter binding assay
developed to study zinc finger protein-DNA interactions (Romaniuk, 1990).
The details of the assay are described in Chapter 3.

5.3 Results
5.3.1 Equilibrium binding constants

We have made a detailed investigation of the mechanisms of DNA
binding by both WT1-ZF and EGRI1-ZF proteins, using methods that have
been applied successfully to the study of the DNA and RNA binding
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Table 5.1 Sequences of mutant oligonucleotides harbouring

individual base pair substitutions in the EGR1-ZF and WT1-

ZF consensus DNA binding site

G1C

GATCCACCG TGG GCG TGT AG

C2A

GATCCA GAG TGG GCG TGT AG

C2G

GATCCA GGG TGG GCG TGTAG

c2T

GATCCA GTG TGG GCG TGTAG

G3C

GATCCAGCC TGG GCG TGT AG

T4A

GATCCA GCG AGG GCG TGTAG

T4C

GATCCAGCG CGG GCG TGT AG

T4G

GATCCAGCG GGG GCG TGT AG

G5C

GATCCAGCG TCG GCG TGT AG

G6C

GATCCAGCG TGC GCG TGT AG

G7C

GATCCA GCG TGG CCG TGT AG

C8A

GATCCA GCG TGG GAG TGT AG

C8G

GATCCA GCG TGG GGG TGTAG

C8T

GATCCAGCG TGG GIG TGT AG

GoC

GATCCAGCG TGG GCC TGT AG

T10C

GATCCAGCG TGG GCG CGT AG

G1uc

GATCCAGCG TGG GCG TCT AG

T12C

GATCCAGCG TGG GCG TGEC AG
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properties of the zinc finger protein Xenopus transcription factor TFIIA
(Romaniuk, P.J. 1985; Romaniuk, P.J. 1990). Purified recombinant zinc finger
peptides of WT1-ZF and EGR1-ZF were used to determine the parameters of
the equilibrium binding of the proteins to their preferred DNA binding
sequences. DNA binding was measured by titrating radiolabeled DNA with
increasing amounts of purified protein and measuring the fraction of DNA
bound by gel shift and filter binding assays (Romaniuk, 1990). Each data point
shown in Figure 5.2 represents the mean of at least 3 independent
determinations. The apparent dissociation constant (K{) measured for WT1-
ZF - DNA complex is 1.14+ 0.2 x 10-% M under conditions of 0.1 M KCl, pH 7.5
and incubation at 22°C. The respective value for the EGR1-ZF - DNA binding
is 3.55 + 0.4 x 1099 M under the same conditions.

To determine the nature of the equilibrium, the dissociation constants
and the fraction of active protein, we performed a Scatchard analysis
(Scatchard, 1949) of the interaction between the DNA consensus site and both
WT1-ZF and EGR1-ZF proteins. In this analysis the protein concentrations
were held constant (2 nM for WT1-ZF, and 5 nM for EGR1-ZF), and the DNA
concentrations were varied from 0.31 to 30 nM. The results of the Scatchard
analysis are shown in Figure 5.3. The lines indicate the theoretical curves
calculated for the formation of a simple bimolecular equilibrium. The
dissociation constants measured from the slopes of the lines are 9.7 x 1010 M
for WT1-ZF - DNA complex, and 2.05 x 109 M for EGR1-ZF - DNA complex.
Both values are in close agreement with those measured using the standard
filter binding assay. The results of the Scatchard analysis also indicate that the
protein preparations are 100% active in the DNA binding assays.

To determine the time required for the two systems to reach a true

equilibrium, we conducted a time-dependence assay, in which the
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Figure 5.2 Equilibrium binding curves of WT1-ZF (A) and EGR1-ZF (B)
proteins to their target DNA sequence. The affinities of WT1-ZF and EGR1-
ZF proteins for their consensus DNA sequence were measured using a
nitrocellulose filter binding assay. Each line represents the best fit for the
formation of a simple bimolecular complex with Kd values of 1.14 x 1009 for
WT1-ZF (R = 0.994), and 3.55 x 10-09 for EGR1-ZF (R = 0.997). Each data point
is the mean of three or more independent determinations, with the

associated standard deviations indicated with the error bars.
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Figure 5.2 (B) Equilibrium binding curve of EGRI1-ZF to its target DNA
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Scatchard Analysis of WT1-ZF
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Figure 5.3 (A) Scatchard analysis of WT1-ZF. Scatchard analysis of the
interaction between WT1-ZF and its consensus DNA binding site. The line
represents the best fit for the formation of a simple bimolecular complex with
a Kd value of 0.97 x 109 M (R=0.997). Each data point is the mean of two
independent determinations, with the associated standard deviations

indicated with the error bars.
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Scatchard analysis of EGR-1
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Figure 5.3 (B) Scatchard analysis of EGR1-ZF. Scatchard analysis of the
equilibrium binding of EGR1-ZF to its DNA sequence. The line represents
the theoretical curve calculated for a simple bimolecular equilibrium with a
Kd value of 2.05 x 1099 M (R=0.999). Each data point is the mean of two
independent determinations, with the associated standard deviations

indicated with the error bars.
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dependence of the apparent K values were measured as a function of
incubation times. Figure 5.4 shows that in a reaction mixture containing a
target DNA and a competitor DNA (poly dI-dC) both proteins reach the full
equilibrium after 60 minutes of incubation. The difference in the shapes of
the time-dependence curves may reflect distinct modes of binding employed
by each protein. The differences in the binding modes may include different
kinetic rates of dissociation (not determined in this study), as well as other
unidentified components of the equilibrium, such as influences of
conformational changes occurring upon complex formation, sequential
versus simultaneous binding by individual zinc fingers, and others. Because
the time-dependence experiments were conducted last, incubation times used
in the experiments described in this paper, were 45 min (with the exception of
the temperature-dependence assay which was allowed to proceed for 60
minutes). Therefore, the apparent association constants were measured and

used in the comparative analysis.

5.3.2 Monovalent salt dependence of the K3 for DNA binding

The affinity constants were measured at potassium concentrations that
varied from 0 to 400 mM. The results given in Figure 5.5 show that the
binding interaction has an optimum between 100 mM and 250 mM for the
WT1-ZF protein, with affinity sharply declining at higher salt concentrations.
The optimum binding for the EGR1-ZF protein is between 0 and 100 mM
potassium salt with a decrease in binding affinity observed at higher salt
concentrations. Both proteins exhibit dramatic dependencies of their binding
constants on the monovalent salt concentration. Analysis of the salt
dependence of the protein - DNA binding provides information about the

number of cationic groups on the protein that interact with DNA phosphates
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Figure 5.4 Time dependence of the binding of WT1-ZF (closed circles) and
EGR1-ZF (open circles) to DNA consensus sequences. Apparent K;s were
determined using the nitrocellulose filter binding assay in TMK buffer. Each
data point is the mean of 3 or more independent determinations, with the

associated standard deviations indicated with the error bars.
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in each complex. The number of ion pairs formed in a protein-DNA
interaction can be determined using an analysis of the salt dependence of Ka
based upon ion displacement (von Hippel & Schleich, 1969; Record et al.,
1976). The number of ion pairs can be obtained using the equation: In Kopsd =
In K° - Zy In[M*] - Z In(0.5 (1+(1+4 KM84psq [Mg2+])0-3)) where K° is the
apparent K3 at 1M salt, Z is the number of ion pairs formed, y is the fractional
counterion bound per phosphate in the DNA (assumed to be 0.88 for double-
stranded DNA), and KM8}¢q is the observed binding constant for the Mg2+ -
DNA interaction. From the results presented in Figure 5.5 we calculated that
there are 71 ion pairs formed in the WT1-ZF-DNA complex, and 6%1 ion
pairs formed in the EGR1-ZF-DNA complex. This comparison indicates that
WT1-ZF makes more ionic bonds to DNA than does EGR1-ZF.

The values of electrostatic and nonelectrostatic contributions to the
observed free energy of binding can be determined using an analysis of the
salt dependence of K5 based upon ion displacement (von Hippel, P.H. and
Schleich, T. 1969; Record, M.T. et al. 1976). However, the determination of
these values was not possible since both proteins demonstrate the presence of

anionic binding sites.

5.3.3 pH dependence of K,

The pH dependence of the apparent Kz for DNA binding was
determined using appropriate buffers ranging from pH 5.5 to 9.0. As shown
in Figure 5.6, both the WT1-ZF and EGR1-ZF-DNA interactions have a broad
pH optimum from pH 5.5 to 8. Both proteins demonstrate a striking
similarity in the pH dependence of the binding affinity. The affinity decreases
at pH values above 8, which suggests that at low proton concentrations some

of the functional groups on either protein (such as e-NHj groups of arginines)
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Figure 5.5. KCI concentration dependence of the binding of WT1-ZF (closed
circles) and EGR1-ZF (open circles) to consensus sequences. The effect of
increasing the KCl concentration in the binding buffer on the K, was
measured using the nitrocellulose filter binding assay. Each data point is the
mean of 3 or more independent determinations, with the associated standard
deviations indicated with the error bars. The experimental data were fit to
equation 5 of Lohman et al (1980) by a regression method which varied the

number of ion pairs and the apparent K; at 1M salit.
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Figure 5.6. pH dependence of the binding of WT1-ZF (closed circles) and
EGRI1-ZF (open circles) to DNA consensus sequences. The effect of changing
the pH of the binding buffer from 5.5 to 9.0 on the K; was measured using the
nitrocellulose filter binding assay. Each data point is the mean of 3 or more

independent determinations, with the associated standard deviations

indicated with the error bars.
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or DNA get deprotonated. This reduces the amount of ion release that
accompanies complex formation, and therefore the observed K,s decrease

with increasing pH.

5.3.4 Effect of divalent metal ion concentration on DNA binding

The effect of the divalent metal ion concentration on the efficiency of
binding was measured by varying the Mg?* concentrations over a broad range:
from 0 mM to 20 mM. The data in Figure 5.7 illustrates that WT1-ZF and
EGR1-ZF binding have an optimum at 4 to 5 mM Mg?2*, gradually decreasing

at either lower or higher Mg2+ concentrations.

5.3.5 Temperature dependence of the K; value

The effects of temperature on the binding affinities of WT1-ZF and
EGR1-ZF proteins have been determined using a range of temperatures from
4°C to 37 °C. The data is shown in Figure 5.8, and demonstrates the opposing
effects of temperature on the WT1-ZF - DNA and EGR1-ZF - DNA complex
formation. For WT1-ZF, the affinity of the interaction is highest at 37°C,
while EGR1-ZF - DNA binding favors the lower values of the temperature
range: the binding affinity is highest at 4°C.

A number of thermodynamic parameters can be calculated from these
data: the free energy of the interactions can be calculated using the equation:
AG’= - RTInK; (Lohman, T.M. & Maskotti, D.P. 1992), assuming that the
apparent K3 value derived from the filter binding experiments is equivalent
to the association constant for the WT1-ZF-DNA and EGR1-ZF-DNA
equilibrium. The values of AH® can be calculated from van't Hoff analysis,
and the values of AS® can be derived using the equation: AG*=AH’-TAS".

At 22°C, the AG® of the WT1-DNA interaction has a value of -12.1 kcal
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Figure 5.7. Effect of the magnesium ion concentration on the binding of
WT1-ZF (closed circles) and EGR1-ZF (open circles) to DNA consensus
sequences. The K; values were determined using the nitrocellulose filter
binding assay in TMK buffer supplemented with Mg2+ concentrations shown.
Each data point is the mean of 3 or more independent determinations, with

the associated standard deviations indicated with the error bars.
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Figure 5.8. Temperature dependence of the binding of WT1-ZF (closed circles)
and EGR1-ZF (open circles) to DNA consensus sequences. The K, values
were determined at temperatures ranging from 4°C to 37°C, using the
nitrocellulose filter binding assay. The van't Hoff plot was used to calculate
the enthalpy of these interactions by fitting each data set by linear least-
squares analysis. The two correlation coefficients are greater than 0.99. Each
data point is the mean of 3 or more independent determinations, with the
associated standard deviations indicated with the error bars. The enthalpy
values were determined from the slope of each line using the equation:

dinKa _ -AH°
d(1/T) R
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mol-1; AH® has a value of +6.6 kcal mol-1, and AS° has a value of +63.3 cal
mol-! deg-l. This indicates that the WT1-ZF-DNA complex formation is an
entropy driven process. The corresponding parameters for the EGR1-ZF-
DNA interaction are: AG’= -11.4 kcal mol-!; AH"= -6.9 kcal mol1; and AS°=

15.3 cal mol-l deg'l, and indicate that, in this case, the complex formation is an
enthalpy driven process. The entropic binding process may reflect the release
of counter ions and ordered water molecules as well as possible
‘conformational changes that accompany protein-DNA complex formation.
The enthalpic contribution to the free energy change indicates the amount of

heat transferred in the course of the reaction.

5.3.6 Cation and anion effects on binding

We measured the effects of substituting potassium chloride by various
anions and cations in the binding buffers. The varied cations and anions
were kept at 0.1 M concentration. Replacement of potassium by sodium,
lithium, or ammonium didn't have a significant effect on the measured Kas
for either protein. The substitution of chloride by anions like acetate, nitrate,
and iodide resulted in the decrease of Ka observed in the following order:
acetate > chloride > nitrate > iodide (Table 5.2). While acetate and nitrate
produced only modest changes in the Kas, the largest effect was observed by
substituting chloride for iodide (about 100 - fold reduction of Kas for both
proteins). The dependence of the binding on the identity of the anionic

species indicates the presence of anionic binding sites on the proteins.

147



Table 5.2 Effect of the different monovalent salts on the binding of WT1-ZF

and EGR1-ZF to DNA consensus sequences

— — —
WT1-ZF EGR1-ZF

Relative Relative
Salt K4 (M) affinity K4 (nM) affinity
KCl 1.14 £ 0.09 1.00 3.55 £ 0.02 1.00
NaCl 0.76 + 0.01 1.5+ 0.75 2.76 + 0.08 1.29 + 0.06
LiCl 0.86 + 0.16 133 £020 247 £0.1 1.44 + 0.03
NH4Cl 0.58 + 0.14 196 + 0.35 321£0.11 1.11 + 0.04
NaNO3 1.47 £ 0.03 0.78 + 0.06 499 +0.13 0.71 + 0.03
NaCH3COO 12+0.14 095 + 0.04 2.71 + 0.03 1.31 £ 0.11
Nal 68.50 + 6.61 0.017 + 0.002 - >0.005

aApparent dissociation constants determined by nitrocellulose filter binding
assay. The salt concentrations were kept constant at 0.1M. Each value reported
represents the mean of 3 or more independent determinations with the

associated standard deviations.

bThe errors for relative affinities are given by the expression s = {(s1/M1)? +
(s2/M2)2}1/2 x M1/M2, where M1 and M2 are the respective dissociation
constants for wild-type and mutant DNA and the s values are the

corresponding standard deviations for these determinations.

CBinding affinity too low to be determined accurately.
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5.3.7 Identification of relative contributions of each base pair in the consensus
site to the binding specificities of WT1-ZF and EGR-1 proteins

The relative contribution of each base pair in the WT1-ZF consensus
sequence 5' GCG TGG GCG TGT 3' to the binding affinity has been tested by
point mutational analysis. The binding affinity of each mutant DNA was
determined using the nitrocellulose filter binding assay. An identical analysis
has been carried out for the EGR1-ZF protein interacting with the same
consensus DNA sequence. These experiments have yielded a detailed picture
of the interaction of each base pair in the DNA with the proteins under
investigation. The results are presented in Table 5.3, and provide valuable
information in assessing the relative importance of putative WT1 and EGR-1
binding sites as they are identified in genomic DNA.

Our analysis revealed that the guanine to cytosine substitutions at
positions 3, 5, 6, 7, and 9 resulted in a drastically reduced (over 500-fold)
affinity of binding for both WT1-ZF and EGR1-ZF proteins. This corresponds
to the pattern of guanines shown to be contacted in the EGR-1 - DNA co-
crystal structure (Pavletich & Pabo, 1991; Elrod-Erickson et al., 1996). The
dissociation constants for these substitutions are indicated as "undetectable”
in Table 5.3, since we could not accurately measure the equilibrium constants
for those DNA mutants. The first guanine of the consensus binding site has
also been shown to be contacted in the X-ray structure. However, this
position appears to have a less drastic effect on binding. When the guanine is
substituted by a cytosine, the binding affinity is reduced by approximately 10-
fold for WT1-ZF, and about 5-fold for EGR1-ZF. Replacement of guanine
residue with cytosine at position 1 removes the hydrogen-bonding potential
for arginines, since cytosine has no hydrogen-bond-accepting groups in the
major groove. This results in diminished affinity for both proteins, however



150

Table 5.3 Dissociation constants for WT1-ZF and EGR1-ZF binding to wild-

type and mutant DNA consensus sequences

Relative Relative
DNA affinity for WT1-ZF affinity for EGR1-ZF
wild-type 1.00 1.00
Gic* 0.09 +0.014b 0.18 + 0.03
C2A 0.01 +0.005 0.15 £ 0.02
QG 0.015 + 0.005 0.20 + 0.04
2T 0.88 +0.14 0.79 £ 0.13
GaC* < 0.005 < 0.005
T4A < 0.005 < 0.005
T4C < 0.005 < 0.005
T4G 0.64 +0.09 0.69 +0.10
GsC* < 0.005 < 0.005
GeC* < 0.005 < 0.005
G7C"* < 0.005 < 0.005
C8A 4.54 £0.75 0.08 + 0.01
C8G 1324027 0.04 +0.01
c8T 0.99 +0.12 0.25 + 0.04
GocC* < 0.005 < 0.005
T10C 0.88 £0.14 --
Gl1C 0.28 + 0.06 -
T12C 0.53 £0.01 --

aApparent dissociation constants determined by nitrocellulose filter binding
assay. Each value reported represents the mean of 3 or more independent
determinations with the associated standard deviations.

bThe errors for relative affinities are given by the expression s = {(s1/M1)? +
(s2/M2)2}1/2 x M1/M2, where M1 and M2 are the respective dissociation
constants for wild-type and mutant DNA and the s values are the
corresponding standard deviations for these determinations.

CBinding affinity is too low to be determined accurately.

"The positions of contacted residues in the EGR-1/DNA co-crytsal (Pavletich
and Pabo, 1991). In each case an arginine (positions 1,3,6,7,9) or a histidine
(position 5) interact with guanine residues in the DNA consensus sequence.



still providing a significant level of binding affinity. While nucleotides 3, 6,
and 9 are contacted by an arginine residue immediately preceding the a-helix
(position -1), the first and seventh bases in the binding site are contacted by
fingers 1 and 3 which use arginines at a-helical position +6 as identified in
the EGR-1 - DNA crystal structure. The reduction of the binding strength
observed for thhe mutant at position one may reflect nonequivalence of the
contributions to the binding affinity by the different nucleotides of the first
triplet, as well as different roles played by arginines depending on their
position in the recognition a-helix. However, we observed a much greater
drop in affinity due to the substitution at position 7 than at position 1. This is
evident from the fact that both guanine at position 7 and its complementary
mate (C7') on the opposite DNA strand are involved in hydrogen bond
contacts from an Arg 24 and an Asp 48, respectively, whereas there is only one
residue contacted at position 1, as revealed in the crystal structure. In
addition, Arg +6 (finger 3) interaction with the first guanine is not stabilized
by a buttressing contact with an aspartic acid residue as observed in all three
zinc fingers for the arginines at position -1. It may also be that individual zinc
fingers provide nonequivalent contributions to the binding affinity. Overall,
there is an excellent correspondence with the X-ray structural data in the way
both proteins respond to changes in positions identified as direct base-pair
contacts.

Base pairs 2, 4 and 8 are not involved in direct contacts with the EGR-1
zinc fingers. However, substitutions at any one of them demonstrated strong
preferences at each of these positions. Thus, substitution of a cytosine residue
at position 2 with adenine or guanine residues results in approximately 100-
fold decrease in binding affinity for WT1-ZF, but only a 5-6-fold drop in
affinity for the EGR1-ZF protein, suggesting that this interaction is more
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critical for the WT1-ZF protein than for the EGR1-ZF. On the other hand,
introduction of another pyrimidine, thymine, does not appreciably affect the
binding strength of either protein, resulting only in a slight (less than 15%)
decrease in the binding affinity. There may be several ways of rationalizing
the observed effects: the identity of the base on the G-rich DNA strand, the
stereochemical nature of the base, the contacts to the secondary, C-rich DNA
strand or a combination of these features contribute to the strong selective
pressure at this position. Indeed, water-mediated and van der Waals contacts
are made to the second cytosine as well as to the complementary guanine at
position 2' of the secondary strand as detected in the EGR-1 - DNA crystal
structure. It is not readily apparent, however, why the magnitude of the
affinity change is different between the two proteins. It is possible that WT1-
ZF contacts are more stereochemically constricted that those of EGR1-ZF.
More mutagenesis and structural data will be necessary to determine why the
presence of guanine or adenine at position 2 is more disruptive for the WT1-
DNA interaction.

The thymine substitution for either an adenine or a cytosine at
position 4 abolished the binding ability of both WT1-ZF and EGR1-ZF (over
500-fold reduction in affinity), while both proteins showed just a slightly
reduced (about 30 %) preference for a guanine residue in this position. As
identified from the X-ray analysis, there are no direct hydrogen-bonding
contacts made at this position. The threonine which could provide a
hydrogen from its hydroxyl group to the major-groove hydrogen-bond
acceptors of thymine (O4) or guanine (N7 and O6) is too far away to make
such a contact (Pavletiich & Pabo, 1991). However, as described in Chapter 4,
His 49 makes van der Waals contacts to the T4 as detected in the refined

structure. Additionally, Asp +2 of finger 3, which forms a residue pair with
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Arg -1 through a salt bridge, was tentatively suggested to accept a hydrogen
bond from the N6 amine group of the adenine A4’ located on the opposite
strand of the DNA. In the X-ray structure, this interaction did not have a
perfect geometry, and therefore its importance for DNA binding was not clear.
In this study, we show that this contact likely occurs, as it is very important
for the overall affinity of binding of both proteins. This interaction would
also explain a preference for a cytosine at position 4' (complementary to the
guanine on the primary strand): a cytosine, analogous to an adenine, also has
a hydrogen-bond donating amine group - N4 - available for interacting with
aspartic acid. In a recent study, Swirnoff & Milbrandt (1995) also
demonstrated a strong selection for a thymine at position 4, and less strongly -
for a guanine, whereas adenine or cysteine were never selected. The authors
also showed that a methyl group of thymine was important for the optimum
binding affinity by introducing a uracil substitution at position 4, which
reduced binding strength of EGR-1.

Further differences in the binding preferences for the WT1-ZF and
EGR1-ZF proteins were revealed when the cytosine at position 8 of the
consensus site had been substituted by an adenine. The binding affinity of the
EGR1-ZF protein dropped by a factor of about 12, whereas the binding ability
of the WT1-ZF protein was actually improved by a factor of 4.5. The two
other substitutions at position 8 - 8G and 8T gave nearly a wild-type affinity
for the WT1-ZF protein. However, in the case of EGR1-ZF protein, the 8G
and 8T mutations had resulted in a 25-fold and a 4-fold reduction in binding
affinity, respectively. Cytosines at positions 2 and 8 are symmetrical in terms
of their location in the EGR-1 nonamer binding site. However, there are
different degrees of tolerance to substitutions at these positions. In the case of

EGR1-ZF binding, some of the observed effects are implicit in the crystal
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structure. Thus, cytosine 8 and its complementary base guanine 8' are both
involved in water-mediated and van der Waals interactions with a number
of amino acids: Asp -1 of finger 1 makes a water-mediated contact to C8; at the
same time, Glu +3 of finger 1 makes van der Waals contacts to the same base;
while three amino acids - Ser 47 and Asp +2 of finger 2 and Arg +6 of finger 1
make a series of water-mediated interactions to G8'. As mentioned earlier, at
position 2 there are two amino acids making water-mediated bonds to C2 and
G2', and one amino acid making van der Waals contacts to C2. Clearly, there
is nonequivalence between positions 2 and 8 which is reflected in varying
degrees of tolerance to substitutions at these positions.

In the case of WT1-ZF protein, position 8 of the DNA recognition
sequence clearly plays a different role than it does in EGR1-ZF binding. Finger
2 of WT1-ZF has a glutamine at a-helical position +3, which EGR1-ZF doesn't
have in its corresponding finger 1. This glutamine has the potential to be
either a hydrogen bond donor or acceptor, which would help explain the base
preferences seen in our data (A > G > T or C). Therefore, WT1-ZF protein
uses a distinct mode of DNA binding from that of EGR1-ZF. In addition,
comparison of the binding preferences between fingers 4 and 2 of WT1
suggests that different fingers of WT1 provide nonequivalent contributions to
the binding.

The previously identified positions 10-12 for the WT1-ZF finger 1
binding (Drummond et al., 1994; Hamilton et al., 1995) had a relatively high
tolerance for sequence alteration (Table 5.1). The largest reduction (four-fold)
in affinity was observed when a guanine was substituted for a cytosine at
position 11 of the binding site. Finger 1 of WT1 has a histidine at position +3

of the a-helix, which could be involved in contacting guanine 11. More
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structural and mutagenesis data will be required to unambiguously assign

specific amino acid-base interaction to finger 1 of WT1.

5.4 Discussion

The demonstration that WT1 protein binds to the DNA sequences
similar to a consensus site for the EGR-1 protein, and can regulate promoters
(Madden et al.,, 1991; Rauscher et al.,, 1990) containing such sequences,
suggested that WT1 and EGR-1 proteins may act as antagonists in
developmental regulation. We conducted a detailed quantitative analysis to
define how the affinity and specificity of WT1-ZF for common regulatory sites
would compare with competing factors such as EGR1-ZF. We investigated
the molecular details of the interaction by measuring the preferences of WT1-
ZF and EGR1-ZF proteins for various buffer components, as well as effects of
temperature and incubation times on the binding efficiency.

The equilibrium dissociation constants were determined to be 1.14 £ 0.2
x 10709 M for WT1-ZF, and 3.55 + 0.4 x 109 M for EGR1-ZF protein, assuming
that the complex formation is the result of a simple bimolecular equilibrium.
Scatchard analysis had confirmed that both proteins form a 1 : 1 complex with
DNA. The association constants measured by the slope of the Scatchard plot
were in close agreement with those measured using the standard filter
binding assay. The Scatchard analysis also confirms that the protein
preparations were 100% active.

Measuring the monovalent salt dependence of the Ka for DNA binding
indicated that WT1-ZF interaction has an optimum between 0 mM and 200
mM potassium, whereas EGR1-ZF apparently requires lower monovalent salt
concentrations (from 0 to 100 mM) for the optimum binding. Both proteins

demonstrate a dramatic decrease in binding affinity at higher salt
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concentrations. In addition, we estimated the number of cationic residues
and phosphates that interact in each complex: WT1-ZF protein forms about 7
such interactions, whereas EGR1-ZF makes 6. This number of phosphate
contacts exactly corresponds to the number of phosphates found to be directly
contacted in the EGR-1 - DNA co-crystal structure (Pavletich & Pabo, 1991).
Additional, weaker water-mediated phosphate contacts were also observed in
the refined EGR-1 structure (Elrod-Erickson, 1996), which were not detected in
our analysis.

Determination of pH dependence of the DNA binding activity showed
that both WT1-ZF and EGR1-ZF proteins can achieve optimum binding at a
very broad pH range, declining at higher pH. The study of the effects of
divalent metal ion concentration on DNA binding had shown that WT1-ZF
achieves its optimal binding at 5 mM Mg?2*, while EGR1-ZF prefers a more
modest concentration of about 1 mM Mg2+ for its optimum binding.

A number of thermodynamic parameters were obtained and compared
for the WT1-ZF - DNA and EGR1-ZF - DNA interactions. At 22° C, the WT1-
ZF - DNA complex had the following thermodynamic values: AG’= -12.1 kcal
mol-1; AH’= +6.6 kcal mol‘l, and AS°= +63.3 cal mol'l degl. The
corresponding parameters for EGR1-ZF - DNA interaction are: AG'= -11.4 kcal
mol-1; AH'= -6.9 kcal mol-l, and AS°’= +15.3 cal mol-! deg -l. The large
positive value of AS° for the WT1-ZF - DNA interaction indicates that it is an
entropy driven process, where ordered water molecules and counter ions may
become displaced from the binding interface upon complex formation. In
contrast, the EGR1-ZF - DNA interaction appears to be an enthalpy driven
process in the temperature range studied. These differences in
thermodynamic parameters provide us with important insights into the

mechanisms of protein-DNA complex formation in each case. As noted by

156



Beaudette & Langerman (1980), entropy-driven processes are often a reflection
of hydrophobic interactions that occur in the system, whereas a large
enthalpic contribution usually results from the formation of hydrogen-bond
and van der Waals contacts. Thus, WT1-ZF protein contains 7 hydrophobic
amino acids in its recognition a-helices, compared to 2 hydrophobic amino
acids found in the corresponding regions of EGR1-ZF, which is consistent
with our finding of a large entropic contribution to the overall free energy of
binding in the WT1-ZF - DNA complex. Refined EGR-1 structure, on the
other hand, revealed an extensive network of van der Waals and water-
mediated contacts, which occur to both the DNA bases and the backbone
phosphates and provide additional contributions to the binding energy. This
is also consistent with the enthalpic driving force leading to the EGR1-ZF -
DNA complex formation.

We used a nitrocellulose filter binding assay to determine the affinities
of the WT1-ZF and EGR1-ZF proteins for a number of DNA point mutants
designed to test the relative contributions of each base pair to the high affinity
binding. The crystallographic data obtained for the EGR-1 - DNA complex has
provided a structural framework for understanding the molecular basis of the
interaction. Since the critical amino acids in EGR-1-ZF which contact specific
base pairs in the EGR-1 consensus site are completely conserved in the WT1-
ZF protein, it was reasonable to predict that the last three zinc fingers of WT1-
ZF will play a similar role in their binding to the 9 bp EGR-1 recognition
sequence. However, this prediction had to be tested considering that WT1-ZF
protein contains a number of structural differences. These include an
additional zinc finger (the first zinc finger of WT1) which does not possess
significant homology with any of the three EGR1-ZF zinc fingers at the amino
acid level (Call, KM. et al. 1990), and the approximately 50 % dissimilarity in
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the amino acid sequences between the EGR1-ZF protein and fingers 2-4 of the
WT1-ZF.

In addition, crystal structural data available for a number of other zinc
finger proteins, including Tramtrack (Fairall et al., 1993), SWI (Fairall et al.,
1993), and GLI (Pavletich & Pabo, 1993) reveal complex and nonuniform
recognition mechanisms taking place in different protein - DNA systems.
The details of these structures are discussed in Chapter 4. In the view of this
diversity in the binding modes observed for various zinc finger proteins, and
the structural differences existing between the WTI1-ZF and EGR1-ZF
proteins, we made a detailed investigation into the roles of individual base
pairs in the binding of WT1-ZF and EGR1-ZF proteins.

Overall, our results confirm the main recognition themes established
in EGR-1 crystal structural data, while revealing additional details and
providing a quantitative view of the importance of individual bases in high-
affinity recognition. In agreement with the crystal structure, the critical
guanines of the primary strand (positions 3, 5, 6, 7, and 9) provide the most
important energetic contributions to the high affinity binding for both WT1-
ZF and EGR1-ZF proteins. Substitutions at any of these positions resulted in
the loss of binding by both proteins. Position 1, albeit shown to be involved
in contact in the EGR-1 - DNA co-crystal, provides a less important
contribution to the overall binding: a guanine to cytosine substitution at this
position resulted in a 10-fold decrease in binding for WT1-ZF, and a 5-fold
decrease for EGR1-ZF. Previous methylation interference studies by Lamaire
et al. (1990) indicated a weaker interaction made by EGR-1 at position 1. This
smaller contribution from position 1 to the overall binding energy can be
underscored by the fact that there is only one contact made at this position,

and this arginine-guanine contact is not stabilized by the aspartic acid side
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chain. A similar Arg-G contact made at the third position in the binding site
resulted in the loss of binding by both protein. The additional water-
mediated contact formed between Asp+2 of finger 3 of EGR-1 (or, by analogy,
finger 4 of WT1) combined with the stabilized Arg-Asp-G contact likely
contribute to the higher energetic cost of sequence disruptions at this position.
Position 2 of the recognition sequence was found to be important for the
binding of both proteins. The sequence preferences were observed to be in the
following order: C 2T » A » G. However, substitution of cytosine with either
purine had a more deleterious effect on WT1-ZF binding, reducing its affinity
by about 100-fold, whereas the corresponding drop in EGR1-ZF affinity was
about 5-fold. It is likely that the stereochemical nature of the base plays an
important role in recognition. It is not clear, however, why the affinity for
WT1-ZF was reduced to a greater extent than that for EGR1-ZF. The role of
position 2 is discussed in more detail in the results section.

The refined EGR-1 crystal structures demonstrated a direct role for the
aspartic acid residue in finger 2. However, it was not clear whether the
corresponding aspartic acid residues in fingers 1 and 3 also contribute to
specific recognition, since they did not have a perfect geometry (Elrod-
Erickson, 1996). Our mutagenesis data supports the importance of these
aspartic acid residues for sequence-specific recognition of the fourth and
seventh bases of the binding site, which are in the third and second zinc
finger binding subsites, respectively. Both WT1-ZF and EGR1-ZF proteins lost
their DNA binding activity when substitutions were made at these positions.
However, we didn't test the importance of position 10 for EGR1-ZF binding.
This would have given us an insight as to the contribution of aspartic acid
residue in finger 1 to EGR1-ZF recognition, and, possibly, would have
extended the EGR1-ZF recognition sequence to 10 base pairs. WT1-ZF showed
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just a slightly decreased binding upon introduction of a cytosine at position
10. There is evidence from the work of others which corroborates our
findings. Thus, a similar contact was seen in the TTK/DNA crystal structure:
an aspartic acid located at the tip of finger 2 makes a good hydrogen bond to a
cytosine on the secondary strand (Fairall et al., 1993). Replacement of the
homologous aspartic acid in the second zinc finger of ADR1 protein
significantly reduced protein binding to its DNA recognition sequence
(Thukral et al., 1991; Thukral et al., 1992). Binding site selection studies
support the same view: only thymine or guanine were selected at position 4
and 10 of the DNA sequence (Swirnoff & Milbrandt, 1995). The latter authors
also proposed that single zinc fingers of EGR-1 as well as related family
proteins may specify overlapping, 4-base pair subsites of DNA. This notion is
supported in the refined EGR-1 crystal structure (Elrod-Erickson, 1996), in the
study by Isalan et al. (1997), as well as in our study. While both thymine and
guanine at position 4 could have satisfied a contact from aspartic acid to the
secondary DNA strand (providing amine groups of A and C), we observed a
preference for a thymine over a guanine for the binding of both proteins.
This preference for a thymine at position 4 can be explained by the van der
Waals contacts made by histidine +3 of the second finger of EGR1-ZF or the
third finger of WT1-ZF. A similar observation was made by Swirnoff &
Milbrandt (1995), who suggested that histidine +3 of EGR1-ZF contributes to
the recognition of two adjacent bases at positions 4 and 5. More discussion is
provided in the results section of this chapter.

As discussed earlier, adenine at position 8 provides a significant
contribution to the high affinity binding of the WT1-ZF (4.5-fold increase
compared to cytosine at this position). In contrast, this substitution reduced

the binding strength of EGR1-ZF by 12-fold. This demonstrates that the two
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proteins share related, but not identical DNA recognition specificities. The
importance of an adenine at position 8 of the DNA site has been previously
demonstrated for WT1 protein by Nakagama et al. (Nakagama et al., 1995).
An additional interaction provided by a glutamine residue (Q352) of the
WT1-ZF, which EGR1-ZF does not possess, was proposed by Nakagama et al.
(1995). The results of the previous high affinity binding site selection
experiments obtained in our lab identified the same phenomena: the wild
type WT1-ZF protein selected an adenine at position 8 with high frequency
(Borel et al., 1996). In addition, our data demonstrate that EGR1-ZF has a
distinct preference (10-fold higher affinity) for a cytosine versus an adenine at
position 8.

In conclusion, the data presented in this study provides accurate
measurements of equilibrium binding parameters for WT1-ZF and EGR1-ZF
proteins. Quantitative analysis of the contribution of each base pair in the
DNA consensus binding sequence to the overall binding affinity was defined
using DNA point mutants. Every base pair in the binding sequence was
found to contribute, with varying degrees, to the high affinity binding for
both proteins. The analysis demonstrated important differences in the
binding mechanisms that exist between the WT1-ZF and EGR1-ZF proteins,
with respect to both the thermodynamics, and the sequence preferences. This,
in turn, suggests that the WT1 and EGR-1 proteins may act on distinct
promoter sequences, while being able to compete for common regulatory
sites. The information obtained from these mutagenesis studies extends our
knowledge of the mechanisms of binding by the zinc finger proteins. Further
studies into the physiological roles of these two regulatory proteins should

provide valuable information into the origins of specificity, as well as shed
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light on the involvement of both proteins in normal development and

neoplastic processes.



CHAPTER 6.0 TFIIIA IS A PROTOTYPE OF THE C;H2 FAMILY OF ZINC
FINGER PROTEINS

6.1 The C2H zinc finger domain

The majority of biological processes involve specific interactions
between macromolecular species. The specific interactions are mediated by a
multitude of distinct structural domains that maintain an appropriate
stereochemical fold. Typically, in order for the polypeptides to fold
autonomously, they need to be at least 50 amino acids long.

About a decade ago, a novel class of domains consisting on average of
30 amino acids was discovered. These domains are too small to fold
independently, but fold stably when coordinated zinc ions stabilize the
conformation. The ability of zinc to be tetrahedrally coordinated within such
domains, as well as the lack of redox activity of the zinc ion, led to the
evolution of a wide range of zinc-stabilized structural domains now known
to exist.

Zinc has been known to be an essential trace element for eukaryotes for
over a century (Coleman, 1992). An average adult human body contains 2.3 g
of zinc (compared with 4 g of iron) (Coleman, 1992). This makes zinc the
second most abundant trace metal in eukaryotes. As new families of zinc
containing proteins continue to emerge, specific functions can be assigned to
zinc to justify its abundance.

The first discovery of a zinc metalloprotein involved in transcription
was made in 1983 by Hanas et al., who demonstrated that transcription factor
IIA from Xenopus oocytes was a zinc protein, and that zinc coordination
correlated with its ability to bind DNA (Hanas et al., 1983). Of all the CoH>
zinc fingers studied to date, this unique polyfinger DNA- and RNA-binding

protein is, perhaps, the most extensively studied of all.
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From the nucleotide sequence of the gene, Klug and coworkers (Miller
et al., 1985) deduced that the amino acid sequence of the translated product
could be arranged so that a pair of conserved cysteines and a pair of conserved
histidines separated by a 12 - to 13 - residue spacer defined 9 repeat series of
amino acid sequences of 28 residues within the TFIIIA protein as follows: - C
-X2-5 - C -X12-13 - H -X3.4 - H -, where X - any amino acid. There was an
additional pair of conserved amino acids found within the Xj2-13 spacers: an
aromatic amino acid, F or Y, and a branched aliphatic amino acid, commonly
L. The pairs of C and H residues were proposed to tetrahedrally coordinate
Zn2+* jons.

The term " zinc finger" was coined by Miller et al. (1985) who proposed
that the 12 - 13 -residue loop or "finger" formed the DNA binding surface
(Figure 6.1A). The model of tetrahedral Zn2+ coordination was confirmed by
extended X-ray absorption fine structure (EXAFS) which showed that the zinc
absorption edge in TFIIIA was fit to a tetrahedral coordination sphere with
two sulfur and two nitrogen atoms as ligands (Diakun et al., 1986). The zinc is
bound to conserved histidine N€2 atoms at 2 A distance, and to cysteine SY
atoms at 2.3 A distance, with an affinity varying from 1009 M to 10-12 M,
depending on a particular zinc finger sequence (Diakun et al., 1986).

The stoichiometry of zinc metal calculated for TFIIIA showed it to
contain 7 to 11 zinc atoms, which was more consistent with the 9 zinc fingers
of TFIIA than the originally reported 2 zinc ions per TFIIIA molecule (Miller
et al., 1985). Proteolysis studies, revealing periodic intermediates of a limited
digest coupled with the analysis of cDNA sequence of TFIIIA (Miller et al.,,
1985) supported the general idea of a repeated structural unit, each of which
bound a single zinc ion. Model structures for the zinc finger motif have been

put forward by Berg (1988) and Gibson et al. (1988). The first NMR structure of
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a zinc finger was determined by Parraga et al. (1988) and Lee et al. (1989) and
resembled more closely the model of Berg. Since then several NMR
structures for zinc fingers have been published (Klevit et al., 1990; Omichinski
et al.,, 1990, 1992; Kochoyan et al., 1991a, b; Neuhaus, et al., 1992). Model
building, employing an insightful use of the structural data bases, two-
dimensional nuclear magnetic resonance analysis and X-ray crystal structures
have separately suggested an approximate structure for these zinc fingers.

The structure of each of the zinc finger domains consists of two
antiparallel B-strands and an a-helix surrounding a centrally bound zinc ion
(Figure 6.1 B). Three-dimensional structures now available for a number of
zinc finger proteins very nicely accommodate the conserved sequence
features. The cysteine and histidine side chains are involved in zinc
coordination, and the three other conserved residues pack to form a
hydrophobic core adjacent to the metal coordination unit. The use of
hydrophobic amino acids by zinc fingers to stabilize local zinc protein
structure differs from the folding strategy of metallothioneines which lack
aromatic side chains.

As was proposed earlier (Berg, 1988), the a-helix in a zinc finger is
directly involved in sequence-specific recognition, interacting in the major
groove of the DNA. Thus, the zinc finger provides yet another way of
inserting an a-helix - the most common mode of DNA recognition - into the
DNA major groove.

The overall fold of an individual zinc finger has been shown to be
maintained entirely by the zinc coordination as well as the packing of the
hydrophobic framework residues. Michael et al. (1992) had used a minimalist

finger peptide consisting of 26 amino acids, 16 of which were alanine residues,
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and thus provided direct evidence for the importance of zinc coordination
and the central hydrophobic core for maintaining the tertiary fold.

Once folded, zinc fingers are very stable structures, displaying little
internal motion (Palmer et al., 1991), and resistance to protease digestion
(Miller et al., 1985) or thermal denaturation (Frankel et al., 1987). Zinc fingers
isolated under metal chelating conditions display no sequence specific DNA
binding ability (Frankel et al., 1987; Lee et al., 1991a). Therefore, the tertiary
structure of a protein is inseparable from its function.

Significant variation exists within the zinc requiring protein families,
particularly within the Cys;His; class of zinc finger proteins. The differences
include such structural features as the nature and positioning of hydrophobic
core residues, the spacing between the coordinating cysteine and histidine
residues, the sequence of the interfinger linker regions, or the number of B-
strands in the zinc fingers. Two proteins, SWI5 and Tramtrack, deviate from
the classic BBa zinc finger fold. The amino terminal finger of SWIS has an
irregular B-sheet consisting of three strands as opposed to the canonical two
(Nakaseko, 1992; Neuhaus, 1992). Interestingly, folding of finger 1 appears to
be dependent on the presence of the additional strand. Another example of a
three-stranded B-sheet was discovered in the amino-terminal finger of the
Drosophila transcription repressor protein Tramtrack (Fairall et al., 1993).
The third strand, while essential for DNA-binding activity, makes no direct
contact with DNA in a co-crystal structure, suggesting it is somehow
important for maintaining finger structure. It remains to be seen why these
SWI5 and Tramtrack fingers differ from other known C>Hj fingers.

The extent of zinc finger occurrence in eukaryotes is astonishing. It
was estimated that as much as 1% of the DNA in human cells specifies zinc

fingers (Rhodes and Klug, 1993). In chromosome 19 the figure is as high as
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8% (Rhodes and Klug, 1993). The zinc-finger containing proteins that have
been identified so far carry from as few as two zinc fingers (MIG1), found in
yeast, to as many as 37 tandem fingers (Xfin) in Xenopus. Well over 1300
zinc finger cDNA sequences have now been reported, suggesting that the
C2H3 zinc finger domains represent the most abundant DNA binding motif
in eukaryotic transcription factors.

These transcriptional regulators are involved in a multitude of
functions, such as differential gene expression [MIG1 (yeast), MBP-1 (human)],
developmental gene regulation [Kruppel and Tramtrack from Drosophila ,
EGR-1, mKr2, Krox-20 from mouse, Xfin, p43 and TFIIIA from Xenopus,
tumor suppression [WT1 (identified in human and mouse)], human
oncogenesis [GLI (human)], ubiquitous transcriptional regulation [Sp1], to
name but a few.

The term "zinc finger"” is sometimes loosely applied to other classes of
zinc containing proteins, and has been used to refer to to almost any sequence
that has a set of cysteines and/or histidines within a relatively short
polypeptide chain. These other classes of proteins include large families such
as the nuclear hormone receptor superfamily (Evans, 1988), the RING finger
protein family (Freemont, 1993), which includes the breast and ovarian cancer
susceptibility gene BRCA 1 (Miki et al., 1994) and the retroviral CCHC motifs
represented by HIV-1 nucleocapsid protein (Blake and Summers, 1994).
Recently, an NMR structure of human transcriptional elongation factor TFIIS
has been reported (Quian et al. 1993a). This small domain binds nucleic acid
and consists of a three-stranded B-sheet. The zinc is coordinated tetrahedrally
by four cysteine residues. This type of structure is novel among the zinc-
binding and nucleic acid-binding domains and thus represents a further

striking example of diversity of zinc-containing motifs. Additionally, other
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proteins have been shown to contain structural zinc ions, such as the tumor
suppressor p53 (Cho et al., 1994) and the human growth hormone-prolactin
receptor complex in which the zinc forms a bridge between the hormone and
the receptor (Somers et al., 1994).

To give an appreciation for the diversity of zinc-binding miotifs, the
schematic representation in Figure 6.2 shows zinc modules from various
protein families that differ in metal coordination strategy, secondary
structure, and modularity, giving rise to distinctly different global folds. Each
of these molecules exhibits nucleic acid recognition strategies that are unique
among the zinc modules.

From an evolutionary point of view, it could be argued that the C;Hj
class evolved from a single primordial ancestor, and that multifinger proteins
are the result of internal gene duplication. This hypothesis is supported by
the conservation of the zinc-coordinating, hydrophobic and H/C link
residues, as well as the fact that most zinc fingers are encoded by separate
exons (six of nine TFIIA fingers are localized to separate exons (Tso et al.,
1986)).

To rationalize the evolution of zinc fingers from the point of view of
added diversity, one might argue that the zinc fingers have originally
evolved as simple repeating motifs that could interact with RNA molecules
(which inhabited the prebiotic soup before the DNA), and which later
evolved to interact with DNA. Thus, the ability of TFIIIA to interact with
both DNA and RNA suggests that perhaps it is an example of an original
nucleic acid binding protein.

The reason for linking several zinc finger units together to create a
functional protein can be underscored by the fact that isolated single fingers

do not recognize DNA sequences specifically (Parraga et al., 1988). For
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Figure 6.2 Representative structures from various zinc finger families,
illustrating structural diversity among zinc-binding and nucleic acid-binding
domains (Schmeideskamp & Klevit, 1994).
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Figure 6.2 (a) EGR-1 finger 2 of C2Hj; type; (b) the GAL4 Zn;Cg binuclear
cluster; (c) the glucocorticoid receptor DNA-binding domain; (d) the amino-
terminal retroviral-type CCHC finger of HIV-1 nucleocapsid protein; (e) the

carboxy-terminal metal-binding domain of GATA-1.



example, in a three-finger protein SWITCH 5 (SWI5) two linked fingers had
to be present for the protein to be able to interact with DNA with a reasonable
affinity (Nakaseko et al., 1992). By then applying NMR to the first two zinc
finger motifs of SWIS5, it was confirmed that adjacent zinc fingers do not meld
with each other, that they are truly independent "reading heads" joined
together by flexible linkers.

This modular nature of zinc finger proteins is unique among the
classes of DNA binding proteins. From an evolutionary point of view,
producing a protein with multiple fingers could be advantageous for several
reasons: such a protein could recognize longer stretches of DNA (important
for an organism with a larger genome size); such a transcriptional regulator
could bind DNA with higher specificity, and thus produce more stable
interaction; finally, the specificities of individual fingers could be combined,
giving rise to new binding specificities.

When speaking of "modularity” of zinc finger proteins, the
independence of each zinc finger structure doesn't always imply that finger-
finger interactions do not exist. For most zinc finger proteins examined, there
are a few interfinger interactions taking place, and in general they are not
conserved between different proteins.

For example, in the EGR-1 crystal structure there are conserved
hydrogen bonds observed between zinc fingers 1 and 2 where an arginine
located in the C-terminal portion of an a-helix of the first finger hydrogen
bonds to the backbone carbonyl of a serine located in the turn between the B-
sheet and the «-helix of the next finger. A similar interaction is seen for
fingers 2 and 3, where arginine hydrogen bonds to the backbone carbonyl of
an alanine residue (Pavletich & Pabo, 1991). A similar pattern of interfinger
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interactions is observed in an NMR structure of MBP-1 protein (Omichinski
et al., 1992): the two zinc fingers interact through hydrogen bonding of amino
acids located in the same regions of the zinc fingers as seen in EGR-1 (C-
terminal region of an a-helix of a first zinc finger and the "tip"” region of the
next finger) (Figure 6.3). The GLI - DNA co-crystal structure has revealed that
both hydrogen bond and hydrophobic interactions occur, especially between
zinc fingers 1 and 2 (Fairall et al. ,1993). As mentioned earlier, an NMR
structure of SWI5 (Nakaseko et al., 1992) revealed no interfinger contacts.
However, a possibility exists that the adjacent zinc fingers may come into
contact when complexed with DNA.

Although the focus of this overview is the structure and function of
zinc domains, it should be kept in mind that DNA binding is only the initial
step in gene activation/repression. The majority of the polypeptide chain in
the native zinc-containing transcription factors is taken up by the
transactivating domains which are involved in interactions with other
proteins, most notably the components of the basal transcriptional
machinery. Figure 6.4 shows the schematic representations of complete zinc-

containing transcription factors.

6.2 Structure/function analysis of TFIIIA
6.2.1 Purification and characterization of TFIIIA gene product

The fact that TFIIIA represents one of the best studied transcription
factors is, perhaps, best explained by its great abundance in a naturally
occurring system: Xenopus oocytes, which contain approximately 0.7-1 x 1012
molecules of TFIIIA per cell (Shastry et al., 1984). In the cytoplasm, TFIIIA
predominantly exists as a component of a 7S ribonucleoprotein particle,

which is composed of one molecule of TFIIIA and one molecule of 55 rRNA
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Figure 6.3 Schematic representation of the interfinger orientations of (A)

MBP-1 zinc fingers and (B) EGR-1 fingers 1 and 2 (Omichinski et al., 1992).
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(Picard & Wegnez, 1979). Using conventional chromatography, TFIIA was
purified to homogeneity (Picard & Wegnez, 1979). Only later, when it was
shown that TFIIIA could specifically bind DNA (Engelke et al., 1980) was it
realized that one of the roles of TFIIIA is that of transcriptional regulation
(Engelke et al., 1980; Pelham & Brown, 1980; Honda & Roeder, 1980). Other
methods for TFIIIA purification have been developed, and include density-
gradient centrifugation followed by DEAE cellulose chromatography (Smith
et al.,, 1984), ion exchange chromatography (Romaniuk, 1985), as well as
expression of recombinant TFIIIA in E.coli (Del Rio & Setzer, 1991).

The Xenopus laevis TFIIA is a 344-amino acid, 38.5 kDa protein,
containing nine C2H> zinc finger motifs located at the aminoterminus
(Brown et al., 1985; Miller et al., 1985). TFIIIA protein is proposed to be an
extended rather than a globular protein (Reynolds & Gottesfeld, 1983; Hanas
et al., 1984) based on its mode of DNA binding. First, TFIIIA binds a long
stretch of DNA without compacting it into a tighter conformation or
significantly changing the DNA linking number (Reynolds & Gottesfeld, 1983;
Hanas et al., 1984). Second, proteolytic fragments of TFIIIA retain their ability
to bind specific DNA regions, which suggests that TFIIIA must be in an
extended conformation when interacting with DNA, to be able to cover the
long internal control region (Ginsberg et al., 1984; Miller et al., 1985).

The amino acid sequence of the DNA-binding domain of TFIIIA is
shown in Figure 6.5, and a schematic diagram showing TFIIIA alignment
along the ICR is given in Figure 6.6, where the 30 kDa N-terminal DNA-
binding domain, and a 10kDa C-terminal transcriptional activation domain
are indicated (Smith et al., 1984). Amino acids 294 to 313 (Vrana et al., 1988),
and 284 to 297 (Mao & Darby, 1993) within the C-terminus have been shown

to be important for the transactivational function of TFIIIA. This region is
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Figure 6.6 Schematic diagram illustrating alignment of TFIIIA zinc finger
region along ICR (Miller et al., 1985).



rich in lysine residues which are proposed to mediate interactions with other
components of the transcriptional machinery (Smith et al., 1984). Potential

N-linked glycosylation sites were found in the C-terminal region of TFIIIA
(Miller et al., 1985). However, the role of this post-translational modification
is not yet clearly determined. The elucidation of the zinc finger structure of
the TFIIIA DNA-binding domain is described in the previous section of the

chapter.

6.2.2 TFIIIA gene expression

Xenopus laevis contains a single copy of the gene encoding TFIIIA per
haploid genome (Ginsberg et al., 1984; Taylor et al., 1986, Tso et al., 1986;
Scotto et al., 1989). The TFIIIA gene is approximately 11 kilobasepairs in
length and contains nine exons separated by eight introns (Tso et al., 1986).
The relative position of exons and introns, as well as the fact that 6 out of 9
zinc fingers of TFIIIA are encoded by separate exons suggest that TFIIIA
evolved from a primordial ancestor specifying a zinc finger motif (Tso et al.,
1986). The TFIIIA promoter was found located 5' to the transcriptional start
site, and has features characteristic of many polymerase II transcribed genes
(Tso et al., 1986). A consensus TATA box sequence is at position -32, and a
CAAT box sequence is at position -96 (Tso et al., 1986). Further regulatory
sequences include seven positive and four negative cis-acting elements,
identified by deletion studies (Matsumoto & Korn, 1988; Hall & Taylor, 1989;
Scotto et al., 1989; Pfaff et al., 1991; Pfaff & Taylor, 1992).

The levels of TFIIIA mRNA and protein reach their maximum in the
early stages of oogenesis (approximately 1012 molecules/cell), and drop to
about 4x10° molecules per cell in later stages of a tailbud embryo (Shastry et
al., 1984; Andrews & Brown, 1989). Since the expression of TFIIIA is tightly
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developmentally regulated (Andrews & Brown, 1987), both housekeeping and
stage-specific transcription factors are expected to interact with the TFIIA
promoter (Pfaff et al., 1991). A protein that binds to one of the positive
regulatory sequences was identified and shown to recognize the core sequence
CACGTG located at positions -269 to -264 (Scotto et al., 1989). This protein,
termed the distal element factor (TDEF), is homologous to the adenovirus
major late transcription factor, which belongs to the helix-loop-helix class of
transcriptional regulators (Sawadogo & Roeder, 1985; Hall & Taylor, 1989;
Scotto et al., 1989). The TDEF protein occurs in both oocyte and somatic cells.
However, it was shown to regulate transcription only in oocytes, suggesting
that it acts in a cell-specific fashion (Hall & Taylor, 1989).

Additional level of complexity in TFIIIA gene expression is introduced
by the demonstration that the oocyte and somatic forms of TFIIIA are
expressed from two different, overlapping promoters, utilizing distinct
transcriptional start sites (Kim et al., 1990; Martinez et al., 1994). Moreover, it
was recently demonstrated that both RNA polymerases I and II are involved
in TFIIIA gene expression in somatic cells (Martinez et al., 1994). However,
the significance of the involvement of the two RNA polymerases is not yet
understood. Even though remarkable progress has been made toward
understanding the regulatory mechanisms of TFIIIA gene expression, several
questions still remain, such as the roles of other transcription factors, the fine
details of the differential regulation of somatic versus oocyte TFIIIA genes, as

well as the role of chromatin structure.

6.2.3 Roles of TFIIIA in transcription and storage of 55 rRNA
Transcription factor IIIA has a dual role as a positive transcription

factor required for transcription of 55 rRNA genes (Honda & Roeder, 1980), as
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well as a storage protein for 55 rRNA (Engelke et al., 1980). Association of
TFIIA with the 55 rRNA also serves to transport 55 rRNA from the nucleus
into the cytoplasm where it is stored until it is required for ribosomal
assembly in immature oocytes (Guddat et al., 1990). The binding of TFIIIA to
the 55 rRNA gene nucleates an ordered assembly of a transcription
preinitiation complex (Segall et al., 1980; Shastry et al., 1982; Bieker et al.,
1985). First, TFIILA binds to the internal control region of 5S rRNA gene, and
forms a metastable complex (Engelke et al., 1980; Bieker & Roeder, 1984).
Next, TFIIIC binds and stabilizes this complex (Lassar et al.,, 1983).
Subsequently, TFIIIB binds (Bieker et al., 1985; Bieker & Roeder, 1986), and is
responsible for maximal transcription rates (Kassavetis et al., 1990). The
preinitiation complex is very stable, and persists through many cycles of
transcription by RNA polymerase II (pol III) (Bogenhagen et al., 1982; Setzer
& Brown, 1985). Transcription of the 55 rRNAs from Xenopus has become a
model system for the study of the mechanisms that control eukaryotic RNA
synthesis.

In eukaryotic cells, RNA polymerase IIl is responsible for the
transcription of genes encoding 5S rRNA, tRNA, several cytoplasmic and
nuclear RNAs (7S K and L, 4.5 S RNAs) and some virus-associated RINAs
(adenovirus-associated VAI and VAII, EBERI and EBERII) (Ciliberto et al.,
1983a). The most striking common feature shared by the genes transcribed by
pol I (with several exceptions) is that promoters are contained in the coding
sequence (Sakonju et al., 1980; Bogenhagen et al., 1980). Other similarities
include the fact that Pol III genes are quite short compared to the average
length of pol I or pol II genes (Ciliberto et al., 1983); the coding sequence is
defined at the 3' end by at least one cluster of T residues, which are required

for efficient transcriptional termination (Bogenhagen & Brown, 1981).
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The binding of TFIIA to 5S rRNA forms a 7S ribonucleoprotein (RNP)
particle which serves to stabilize and transport the 55 RNA molecule (Guddat
et al., 1990). Upon export from the nucleus to the cytoplasm, the ribosomal
protein L5, which also binds 5S rRNA, displaces TFIIIA from its interaction
with 55 rRNA, and the complex of L5 and 5S rRNA is incorporated into a

ribosome in the nucleolus (Wormington, 1989).

6.2.4 Structure and function of 55 rRNA and its gene

The 5S rRNA is an essential component in all ribosomes, prokaryotic
and eukaryotic, except those from mammalian mitochondria (Kjems et al.,
1984). The first discovery of ribosomal 55 rRNA was made in 1963 (Erdmann
et al., 1987). Since then, their structure and function have been studied
extensively. The ribosomal RNA components are among the most highly
conserved macromolecules in all living systems. Sequence comparisons of a
large number of 5S rRNAs isolated from a wide range of organisms revealed
a high degree of structural conservation throughout evolution (Hori &
Osawa, 1987; Erdmann et al., 1987; Wolters & Erdmann, 1988). Due to this
high conservation, the sequences of 55 rRNA genes and their transcripts were
used to measure phylogenetic distances between distantly related organisms.

There are three classes of 55 rRNA genes: major-oocyte (Xlo), trace-
oocyte (Xlt), and somatic (Xls) that are transcribed (Fedoroff & Brown, 1978;
Peterson et al., 1980). The haploid Xenopus genome contains approximately
20,000 copies of the major-oocyte type genes which are transcribed only in
oocytes , and about 400 copies of somatic 55 rRNA genes that are transcribed
in both oocyte and somatic cells (Peterson et al., 1980). There are six
nucleotide differences between the somatic and the oocyte gene sequences

(Xing & Worcel, 1989). Trace oocyte genes are represented by approximately
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2,000 copies per haploid genome, and combine some features of the oocyte-
type genes, as well as somatic type (Brown et al., 1977). In addition, there are
approximately 24,000 copies of 55 rRNA pseudogenes per haploid genome
that have no known function since they do not produce a transcript (Fedoroff
& Brown, 1978). The organization of the Xenopus 55 rRNA genes is shown
in Figure 6.7. The main components of each gene copy are the GC-rich region
which includes the gene and the pseudo-gene sequences, and a variable AT-
rich block, called the spacer DNA (Miller et al., 1978; Fedoroff & Brown, 1978).

Based on the extensive sequence comparisons, a consensus model for a
5S rRNA molecule has been proposed, and is shown in Figure 6.8 (Delihas &
Andersen, 1982). These molecules are 120 nucleotides long, have a molecular
weight of about 40 kDa, and assume a Y-shape composed of five helical
regions (I through V), and five loop domains (designated A through E)
(Delihas & Andersen, 1982; Kiintzel et al., 1983; Delihas et al., 1984).

6.2.5 Role of TFIIIA zinc fingers in RNA recognition

The dual function of TFIIIA as a positive transcription factor and a
storage protein involved in regulation of 55 rRNA gene expression requires it
to bind to two different nucleic acids - DNA and RNA (Engelke et al., 1980;
Pelham & Brown, 1980). TFIIA interacts with DNA and RNA in a mutually
exclusive manner (Pelham & Brown, 1980). Except for the Wilms' tumor
protein (Caricasole et al., 1996), TFIIIA is the only other CaHj class protein
capable of interacting with both DNA and RNA. In parallel to the study of
TFIIIA-5S DNA interaction, the RNA binding function of the factor has been
the subject of intense investigations.

TFHIA - 5S rRNA equilibrium binding was characterized by Romaniuk
(1985). The factor binds 5S rRNA with an apparent association constant of 1.4
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x 109 M-01 under the conditions of 0.1 M salt, pH 7.5 and 20°C. The affinity of
the nonspecific interaction with tRNAFPhe, on the other hand, is at least two
orders of magnitude lower than for the 55 rRNA. Mutagenesis studies
covering the entire 55 rRNA molecule complemented by nuclease digestion
and hydroxyl radical footprinting cumulatively suggest the following features
of TFIIIA - 5S rRNA interaction (Anderson & Delihas, 1986; Baudin et al.,
1989; Christiansen et al., 1987; Pieler et al., 1984; Romaniuk, 1985; Romaniuk
et al., 1988; Romaniuk, 1989; Baudin et al., 1989; You & Romaniuk, 1990; de
Stevenson et al., 1991; You et al., 1991; McBryant et al., 1995; Zhang et al., 1995;
Rawlings et al., 1996): almost all of the 55 rRNA molecule is involved in
TFIIA interaction, especially helices II, IV & V and loops A & E; the binding
of TFIIIA is most notably altered by changes in the higher order structure,
rather than base-specific contacts. The important role of RNA conformation
for TFIIIA recognition is also evident from the experiments using 55 rRNAs
isolated from different species (Hanas et al., 1984; Pieler et al., 1984b;
Romaniuk, 1985; Andersen & Delihas, 1986). TFIIA has comparable affinities
for various eukaryotic and bacterial 5S rRNAs, supporting the notion that the
overall three-dimensional fold of 55 rRNA molecules is the major
determinant for specific interactions.

Since TFIIIA interacts with two different nucleic acids, it wasn't clear
whether DNA and RNA interactions are mediated by different zinc fingers,
and what features of individual zinc fingers were responsible for this
differential activity. Hence, considerable effort went into defining high-
affinity RNA-binding fingers of TFIIA. It was soon found that while the
amino-terminal three zinc fingers predominate in DNA binding, the central
zinc finger triplet - fingers 4 to 7 - primarily mediate high-affinity RNA
binding (Theunissen et al., 1992; Clemens et al., 1993). In fact, a polypeptide
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consisting of fingers 4 to 7 has been shown to have higher affinity for 55
rRNA than the full length protein (McBryant et al., 1995). Similarly, Setzer et
al. (1996) reported that polypeptide containing zinc fingers 4 to 9 bound 5S
rRNA with a two-fold higher affinity than the full-length protein. This
suggests that fingers 4 to 7 contain the necessary information for RNA
recognition, as well as that there is a certain degree of interference between
the zinc fingers. Combining the available RNA mutagenesis data (Sands &
Bogenhagen, 1987; You et al., 1991; Theunissen et al., 1992) with the results
using truncated TFIIIA mutants Clemens et al. (1993) proposed a model in
which individual fingers are assigned to distinct structural elements of 55
rRNA (Figure 6.9). A peptide containing zinc fingers 5 to 7 was shown to
have a 30-fold lower 55 rRNA affinity than the one with zinc fingers 4 to 7,
indicating an important contribution for finger 4 (Clemens et al., 1993).
Mutagenesis of finger 4 resulted in a four-fold reduction in affinity relative to
the wild-type protein, while mutations in finger 6 showed a 30-fold drop in
binding affinity (Clemens et al., 1993). Perhaps, the mutation introduced in
finger 4 involved a residue (GInl21) which makes nonspecific backbone
contacts, whereas a threonine (Thr176) in finger 6 may participate in a base-
specific contact. This would explain the difference in the magnitude of
affinity change for the two mutations. It is interesting to point out that all
three mutations introduced in finger 6 produced significant reduction in
binding affinity. These mutations were made in the amino acid triplet TWT
which are the surface residues of finger 6 (Clemens et al., 1993). This triplet
sequence is conserved in the same position in finger 6 of another 55 rRNA-
binding protein, p43 (Joho, 1990). Like TFIIIA, p43 protein contains nine zinc
fingers, seven of which are the same size as their counterparts in TFIIIA (Joho

et al., 1990), (Figure 6.10). In addition, unlike TFIIIA, p43 only binds to 55
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rRNA, and has no DNA-binding ability. There is, however, only a limited
amino acid sequence identity (33%) shared by the two proteins. This amino
acid identity extends to the consensus zinc ligands (C & H), hydrophobic
amino acids (Miller et al., 1985; Brown et al., 1985) and the TWT motif in
finger 6 (Joho et al., 1990). The fact that only structure-determining amino
acids are conserved between the two proteins suggests that it is not the overall
three-dimensional fold of a zinc finger that confers specificity for either DNA
or RNA.

The importance of fingers 4 and 6 for 55 rRNA binding is further
demonstrated by the complementary 55 rRNA mutagenesis data. Fingers 4
and 6 were shown to bind to loop E and loop A regions of 55 rRNA,
respectively (Clemens et al., 1993; McBryant et al., 1995). Loop A represents
the central hinge region of the 55 rRNA, and is proposed to orient the
adjacent arms of the molecule (Westhof et al., 1989). Likewise, loop E was
also shown to provide important secondary and tertiary features necessary
for specific TFIIIA interaction (Romaniuk, 1985; Huber & Wool, 1986;
Christiansen et al., 1987; Wimberly et al., 1993). Thus, protection and missing
nucleoside experiments emphasize the role of loop E as a major structural
determinant for TFIIIA - 55 rRNA recognition. Similarly, substitutions in
loop A result in reduction of TFIIIA binding affinity (Sands & Bogenhagen,
1987; Romaniuk, 1989; You et al., 1991). Although secondary and tertiary
structure of 5S rRNA has been implicated as the major determinant of TFIIIA
binding, it is still not clear whether loop A residues provide direct base-
specific contacts or serve to preserve the overall integrity of the 55 rRNA
molecule.

In a recently published study RNA binding by a zinc finger 4-7 peptide

of TFIIIA was assayed using alanine substitutions made in the four positions
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predicted to be a-helical in each of the RNA-binding fingers 4-7, as well as by
phage display of zinc finger 4 (Friesen & Darby, 1997). Substitutions in fingers
4 and 6 resulted in the most significant reduction in RNA affinity: 77- and 30-
fold, respectively. In contrast, substitutions in fingers 5 or 7 did not
appreciably affect the RNA-binding ability. The effect of histidine to
asparagine substitution in zinc fingers 4, 5 and 6 studied in the context of the
full-length TFIIIA showed only a modest reduction in RNA binding: 2.6 - 4.1-
fold (Setzer et al., 1996). This effect could probably be explained by supposing
that the remaining fingers assume an alternative mode of binding, and
compensate for the mutated ones. Other researchers observed a reduced
affinity of fingers 5-9 compared to fingers 6-9, and a 60-fold decrease in affinity
for a peptide containing fingers 1-6 relative to the 1-7 finger fragment (Darby
& Joho, 1992; Clemens et al., 1993), suggesting that fingers 5 and 7 do provide
an important contribution to the binding affinity. It is possible that amino
acid determinants providing RNA specificity in fingers 5 and 7 are different
from those mutated in the "alanine substitution” study (Friesen & Darby,
1997), and lie elsewhere in the zinc fingers. RNAse protection assays showed
alterations visible only for mutant fingers 4, 5 and 6 (Setzer et al., 1996).
Finger 5 and 6 mutants showed a loss of protection over helices II, IV & V
(Setzer et al., 1996). In contrast, no protection could be detected for the 3-
finger amino terminal fragment, even though it was shown to bind 55 rRNA
with affinity that was only two-fold lower relative to the wild-type protein
(Setzer et al., 1996). An explanation offered by the authors is that perhaps the
finger 1-3 fragment - 55 RNA complex undergoes a very rapid dissociation,
and the 5S RNA is cleaved by the CV1 RNAse shortly thereafter, which
results in a lack of an RNAse footprint.
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In an attempt to define amino acids in zinc finger 4 important for RNA
binding, a phage-display method was used to screen a collection of mutant
finger 4 sequences in which amino acids at positions -1, +2, +3 and +6 were
randomized to generate the mutants with every possible amino acid
substitution at these four positions (Friesen & Darby, 1997). These positions
are used by EGR-1 protein for making direct hydrogen bond contacts to the
DNA bases (Pavletich & Pabo, 1991), and were, by analogy, presumed
important for TFIIIA - RNA recognition. Lysine at position -1 was selected in
all the clones sequenced, and conserved in the wild-type protein, suggesting
an important RNA contact or zinc finger structural role for this residue. Over
half of the clones selected serine (versus asparagine in the wild-type) at +2
position. Serine was found at the +2 position in a number of other zinc-
finger proteins (Pavletich & Pabo, 1991; Pavletich & Pabo, 1993; Kim & Berg,
1996). Only five other clones revealed identity with the wild-type: glutamine
at position +3, and valine at position +6. Subsequent binding assays showed
that Lys'l — Ala-l substitution reduced zf 4-7 binding affinity 37-fold, while
alanine substitutions at other positions resulted in a 7-fold lower affinity.
Thus, some aspects of zinc finger - RNA interaction appear to be similar to
DNA recognition, with some of the a-helical positions used for recognition of

both nucleic acids.

Because different subsets of TFIIIA zinc fingers interact with different
nucleic acids, a view emerged that TFIIIA is a fusion of a specific DNA-
binding and an RNA-binding modules. However, this is an oversimplified
view which does not acknowledge the contributions to the binding made by
the remaining zinc fingers in each complex (Theunissen et al., 1992; Darby &
Joho, 1992; Del Rio et al., 1993; Setzer et al., 1996). In addition, information

obtained from studies using isolated sets of zinc fingers or zinc finger
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mutants, while providing useful insights, may not necessarily reflect the
binding mechanism of the full-length protein. Setzer et al. (1996) quantified
thermodynamic contributions of different "broken finger" mutants of TFIIIA
as well as N- and C-terminal TFIIIA fragments to RNA binding, and revealed
that, similar to DNA binding, there exists a thermodynamic interference
between zinc fingers at opposite ends of the protein. The sum of the free-
energy change (AG®) observed for the N- and C-terminal fragments is greater
than the AG® of the full-length TFIIIA. If the two fragments were binding
independently, the sum of AG® for the two fragments should be less than or
equal to the AG® of the full-length protein.

Only two proteins, TFIIIA and Wilms' tumor protein have been
demonstrated to bind both DNA and RNA. Another Xenopus protein, p43,
(Joho et al., 1990) is able to bind RNA. However, p43 does not appear to bind
DNA. A possibility exists that, in addition to these proteins, the function of
other C2H> type zinc finger proteins may also be through specific interactions
with RNA. This possibility needs to be further investigated. Furthermore, it
was recently reported that some zinc finger proteins may function through
sequence-specific recognition of DNA-RNA hybrids (Shi and Berg, 1995). The
basal transcription factor Spl and a designed finger protein ZF-QQR were
shown to recognize DNA-RNA hybrids in a sequence-dependent manner.
Strikingly, the binding affinities of these proteins for the DNA-RNA hybrids
were equal to or even higher than those for the consensus DNA binding sites.
This DNA-RNA binding activity may be a general property common to many
other members of the CoHj protein class. Although at present there are no
known physiologically relevant examples of such interactions, DNA-RNA
heteroduplexes are formed in such biological processes as gene transcription,

DNA replication, and the reverse transcription of retroviruses. Therefore,
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the potential of zinc finger proteins to specifically interact with DNA-RNA
heteroduplexes, and, perhaps, macromolecules other than nucleic acids,

exists, and requires further investigation.

6.2.7 Role of TFIIIA zinc fingers in DNA recognition

TFIIIA interacts specifically with the intragenic control region (ICR) of
the 55 rRNA gene (Engelke et al., 1980) which overlaps the promoter region
required for accurate transcription initiation (Sakonju et al., 1980;
Bogenhagen et al., 1980). The stoichiometry of the interaction is 1 : 1
measured in titration experiments (Smith et al., 1984; Bieker & Roeder, 1984;
Romaniuk, 1990). From DNA mutagenesis and in vitro transcription studies,
the sequence comprising the ICR was defined and includes a region from base
pairs +45 to +97 (Pieler et al., 1985a; McConkey & Bogenhagen, 1987). The
functional domains of the Xenopus 55 rRNA gene promoter consist of three
elements: box A (bp +50 to +64), box C (bp +80 to +97), and an intermediate
spacer element (IE) (bp +67 to +72) (Pieler et al., 1985b; Pieler et al., 1987; You et
al., 1991; Hayes & Tullius, 1992) (Figure 6.11). The box A component is
common to all pol III genes that are regulated via intragenic promoter
elements (Pieler & Theunissen, 1993). Box C and the intermediate element,
on the other hand, are specific to 55 rRNA genes (Sakonju & Brown, 1982;
Smith et al., 1984; Pieler et al., 1987). The 55 DNA ICR appears to assume a
Benlarged groove-DNA conformation (Fairall et al., 1989) which is found in a
number of DNA binding sites of other zinc finger proteins (Fairall et al., 1993;
Nekludova & Pabo, 1994). Studies using metal probes which recognize DNA
on the basis of its shape (Huber et al., 1991) indicate that the structure of the
ICR is not uniform throughout the sequence, but rather contains distinct

segments of predominantly A-like, or B-like conformation, reflecting the
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periodicity with which TFIIIA interacts with the ICR. In addition, the binding
of TFIIIA induces bending of the 55 gene promoter (Fairall et al., 1989;
Schroth et al., 1989; Bazett-Jones & Brown, 1989).

Extensive studies of the interaction of TFIIIA with the 55 promoter
DNA sequence indicate that three elements of the ICR provide
nonequivalent contribution to the overall binding affinity. Chemical
modification experiments revealed that methylation of eight guanine
residues clustered at the 3' end of the ICR (box C) abolished TFIIIA binding
(Sakonju & Brown, 1982). The same dramatic drop in TFIIIA binding affinity
was observed upon ethylation of the eight phosphates in the same region of
the TFIIIA binding site (Sakonju & Brown, 1982). The importance of the box
C element for TFIIIA interaction was demonstrated in mutagenesis
experiments (Sakonju et al., 1981; Pieler et al., 1985a; Pieler et al., 1987; You et
al., 1991) and in methylation protection studies (Fairall et al., 1986). The latter
showed a gradual increase in TFIIIA protection of the DNA binding site in the
5' to 3' direction (toward the C box) (Fairall et al., 1986). In contrast, box A and
the intermediate element provide modest contributions to the overall
strength of TFIIIA binding (Sakonju et al., 1981; Pieler et al., 1985a; McConkey
& Bogenhagen, 1987; You et al., 1991). Studies using substitution mutagenesis
within the box C and IE (Veldhoen et al., 1994) have further refined the
regions as well as individual base pairs that contribute to the high affinity
binding. Thus, base pairs 78-79 and 92-96 are not essential for the high-affinity
interaction. Substitution at position 70 has a large effect, while substitution at
position 71 has a moderate effect, and positions 67 to 69 have no effect.
Substitutions at positions 81, 85, 89 and 91 have a dramatic effect, whereas

positions 80, 82, 83, 86-88, and 90 have varying degrees of influence.
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Therefore, almost every base pair within the box C region plays an important
role in binding of TFIIIA.

A quantitative measurement of the TFIIIA-55 DNA equilibrium has
been carried out by Romaniuk (1990). TFIIIA binds 5S DNA with an apparent
association constant of 1.90 x 109 M0l in 0.1 M salt, pH 7.5, at 22°C (Romaniuk,
1990). Analysis of the thermodynamic parameters obtained from measuring
temperature dependence of the binding of TFIIIA to 55 DNA indicates that
TFIIA - 55 DNA interaction is largely enthalpy driven at temperatures above
19°C, and is entropy driven at lower temperatures (Romaniuk, 1990). The
DNA binding activity of TFIIIA has a broad pH optimum between 6 and 8
units of pH. The optimal divalent ion concentration (MgClz)is SmM. The
binding is insensitive to the identity of the monovalent cation in the binding
buffer. The analysis of the monovalent salt dependence of the binding
allowed the determination of the number of ion pairs that form at the TFIIIA
- 55 DNA interface. There are as many as eight ion pairs formed (Romaniuk,
1990), which is consistent with the previous chemical modification
experiments which determined that eight phosphates are essential for the
binding of TFIIIA (Sakonju & Brown, 1982). The binding shows dramatic
dependence on the identity of the anionic species, decreasing 100-fold
following the lyotropic series (Romaniuk, 1990). This indicates the presence
of several anion-binding sites on TFIIA.

Numerous studies using mutant TFIIIA proteins provide
complementary information about TFIIIA - 55 RNA gene complex formation.
The results of footprinting experiments using truncated TFIIIA demonstrate
that the amino-terminal zinc fingers interact primarily with the C box of the
ICR, while the carboxy-terminal fingers interact with the A box region

(Vrana et al., 1988). DNase I and hydroxyl radical footprinting studies suggest
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that TFIIIA makes contacts primarily along one side of the double helix
(Engelke et al., 1980; Churchill et al.,, 1990; Vrana et al., 1988). The
arrangement of the individual zinc fingers over the 55 RNA gene promoter
has been dissected using a series of recombinant polypeptides. The studies
revealed that the contributions from the zinc finger domains are not
functionally equivalent. The three amino-terminal zinc fingers (zf 1-3) are
necessary and sufficient for high-affinity DNA binding, providing about 95%
of the binding free energy (Christensen et al., 1991; Liao et 1., 1992; Clemens et
al., 1992; Choo & Klug, 1993; Hansen et al., 1993; Zang et al., 1995). TFIIA
variants with altered fingers 2 or 3 have significantly reduced DNA binding
affinities (Theunissen et al., 1992; Darby & Joho, 1992; Del Rio et al., 1993; Zang
et al., 1995). Finger swap and amino acid substitution studies conducted in Dr.
Romaniuk's laboratory had identified that TFIIA zinc fingers 2 and 3 provide
the majority of free energy of TFIIIA - DNA complex, whereas finger 1
provides energetically less important contacts (Zang et al., 1995).
Furthermore, a number of amino acids in the a-helical regions of the zinc
fingers were identified as the most important residues for establishing high
affinity interaction. These residues are predicted to occur at positions within
the a-helix involved in DNA base recognition, by analogy with the EGR-1 -
DNA complex (Pavletich & Pabo, 1991). It was recently shown that alanine
substitutions at four critical a-helical positions -1, +2, +3, and +6 in any one of
the first three fingers of zf 1-3 of TFIIIA eliminated DNA binding (Friesen &
Darby, 1997). These four a-helical positions were chosen by analogy with the
contact amino acids identified in the available crystal structures of C2H3> zinc
finger proteins. The results of these studies indicate that amino acids
important for TFIIIA DNA-binding affinity may be at the same positions of

the recognition a-helix as those of EGR-1 and other closely related proteins.
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Interestingly, whereas alanine substitutions in fingers 1 and 2 abolished DNA
binding, the same substitutions in finger 3 produced less dramatic reduction
in DNA binding. This result is different from the "broken finger” mutants of
TFIIA, which displayed a relatively small change in affinity for DNA: 2.5-
and 7-fold for fingers 1 and 2, respectively (Del Rio et al., 1993). It also differs
from the data obtained in our lab (Zang et al., 1995). The discrepancy may be
attributable to the fact that the "broken finger" mutants were created in the
context of the full-length TFIIIA protein (Del Rio et al., 1993), whereas the
alanine substitutions were made in the three-finger amino-terminal
fragment (Friesen & Darby, 1997), where other zinc fingers are not present to
compensate for the loss of DNA contacts. In addition, different sources of the
proteins, as well as the methods employed could all have contributed to these
differring sets of data.

The peptide containing fingers 1-3 of TFIIIA binds to the box C
promoter element (Liao et al., 1992), covering the region of approximately
nucleotide positions 79 to 92 (Hayes & Tullius, 1992). Judging from the
pattern of the hydroxyl radical and DNase I footprinting experiments with
full length TFIIIA, or truncation mutants, a change in the orientation of
TFIIIA relative to the DNA occurs at positions where fingers 4 and 6 are
shown to bind (Clemens et al., 1992; Hayes & Clemens, 1992; Fairall & Rodes,
1992). Therefore, fingers 4 and 6 are proposed to cross the minor groove.
Finger 5 binds in the major groove of the intermediate element, and the C-
terminal triplet - fingers 7-9 - interacts with the box A sequence (Hayes &
Tullius, 1992; Clemens et al., 1994). The model in which fingers 1-3 and 7-9
wrap around the ends of the TFIIIA binding site, while fingers 4-6 span the
center, crossing the minor groove twice was originally proposed by Hayes and

Tullius based on the results of the missing-nucleoside and hydroxyl radical
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footprinting experiments (Hayes and Tullius, 1992) (Figure 6.12A). A very
similar model was proposed by Clemens and coworkers (1994). Interestingly,
it was found that polypeptide containing zinc fingers 1 to 5 binds the DNA
with higher affinity than the wild-type TFIIIA, but the addition of finger 6
weakens the binding to DNA. These effects may be due to an altered
conformation that the peptides adopt, resulting in the change in the strength
of DNA-binding activity (Clemens et al., 1994). Fingers 7, 8 and 9 were shown
to be dispensable for DNA binding. It should be noted, however, that fingers
8 and 9 are absolutely required for transcriptional activity (Rollins et al., 1993;
Del Rio & Setzer, 1993). Thus, it appears that different subsets of TFIIIA zinc
fingers provide energetically different contributions to the DNA interaction,
contact DNA regions of different size, and bind in both major and minor
grooves of the DNA.

The previous models for the TFIIIA - 55 DNA interaction were based
on the assumption that the nine fingers of TFIIIA would interact with DNA
in essentially the same way as does EGR-1 protein (Fairall et al., 1986;
Churchill et al., 1990), with all the zinc fingers providing approximately equal
contributions to the binding (Figure 6.12C). In fact, only the first three zinc
fingers of TFIIIA show the closest similarity with the consensus sequences of
other zinc finger proteins (Gibson et al., 1988; Klug & Rhodes,1987; Jacobs,
1992). The overall TFIIIA - DNA interaction appears much more complex
and asymmetrical than originally proposed in the early models. A number of
recent studies of TFIIIA-DNA interaction cumulatively confirm the view that
there is a high degree of non-uniformity and functional interdependency
among the zinc fingers (Clemens et al., 1994; Rawlings et al., 1996; Rowland &
Segall, 1996; McBryant et al., 1996). Perhaps, proteins with relatively large
numbers of zinc fingers should be analyzed differently from the small and
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compact ones, like EGR-1. Therefore, simple extrapolation of an EGR-1-like
mode of binding is not adequate when trying to understand proteins such as
TFIIA.

A series of "broken-finger" TFIIIA mutants were created, in which
histidine residues were substituted by asparagines to introduce structural
disruptions in each zinc finger (Del Rio et al., 1993). These experiments
confirm that zinc fingers 1 and 9 are least important for DNA binding, while
the most deleterious effect on DNA binding is produced when finger 3 is
mutated (Del Rio et al., 1993). Curiously, while disruption of finger 4 did not
result in any alterations of the footprint, it displayed the second largest
reduction of the binding affinity (Del Rio et al., 1993). These results suggest
that finger 4 plays an important role of correctly linking the first zinc finger
triplet with the middle triplet. The finger swap experiments conducted in our
lab (Zang et al., 1995) also identified fingers 2, 3, and 4 as important for TFIIIA-
DNA interaction, and agree very well with the findings from the "broken
finger" experiments (Del Rio et al., 1993).

The short sequences connecting zinc fingers, called linkers, are highly
conserved in evolution (Choo & Klug, 1993). Therefore, it was proposed that
they play an important functional role which until recently was not well
understood. A linker of the sequence TGEKP is conserved between many
zinc finger proteins, including EGR-1, but only in the linkers of the three
amino-terminal fingers of TFIIA (Gibson et al., 1988; Jacobs et al., 1992; Choo
& Klug, 1993). The role of the interfinger linker sequences in the amino-
terminal three zinc fingers has been assessed in a number of studies
involving single and multiple amino acid substitutions (Smith et al., 1991;
Choo & Klug, 1993; Clemens et al., 1994). These substitutions result in
reduction of DNA-binding between 7- and 24-fold (Choo & Klug, 1993).
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Interestingly, replacement of the first linker of TFIHIA with the linker
connecting zinc fingers 3 and 4 abolished DNA binding (Choo & Klug, 1993).
This suggests that different linkers provide nonequivalent contributions to
the finger-finger relationships. Thus, linker sequences are important
determinants of the overall structural integrity of TFIIIA and are required for
high-affinity DNA binding. It remains to be established whether the function
of the linker sequences is to correctly position the zinc fingers relative to the
other domains of a protein, provide flexibility /rigidity, or make DNA contacts
(the latter is less likely), or any combinations of the above.

Recently, a solution structure of the first three zinc fingers of TFIIIA
complexed to its cognate DNA (base pairs 79 to 93 in the ICR numbering
scheme) has been reported (Wuttke et al., 1997). Nuclear magnetic resonance
spectroscopy has been employed to solve the high resolution structure.
Figure 6.13 shows the amino acid sequence of zf 1-3 and the sequence of the C
block of the 55 DNA element. The structure reveals that the three zinc finger
peptide wraps around the DNA major groove, much like the zinc fingers of
EGR-1. However, there are several new features: each zinc finger contacts 4 to
5 base pairs of the DNA, novel amino acids (such as tryptophan at position +2
of the finger 1 a-helix and arginine at position +10 of finger 3) are involved in
making direct base contacts, while the entire a-helix of finger 3 is used for
making sequence-specific contacts.

In summary, the protein-DNA recognition by the zf 1-3 fragment of TFIIIA is

mediated by electrostatic and hydrogen bonding interactions, as well as
structural complementarity at the protein-DNA interface. All contacts occur
in the major groove of the DNA on both coding and noncoding DNA stands
(with the majority of the contacts made to the non-coding strand). The

contacts to the sugar-phosphate backbone, while not providing specificity,
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Figure 6.13 (a) Amino acid sequence of zf 1-3. The construct consists of
residues 11 to 101 of TFIIIA. Conserved zinc ligands (Cys and His) are
underlined; the B-strands are indicated by arrows, and the a-helix by a
cylinder. Boxes indicate residues involved in making hydrophilic contacts to
DNA bases, and circles denote those involved in contacting the DNA
phosphate backbone. (b) DNA sequence of the C-block element of the 5S
RNA gene. Both structural (nucleotides 1-30) and biochemical (nucleotides

79-93) numbering schemes are shown.
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help anchor the zinc fingers to the DNA as well as properly orient them in
the major groove.

Individual fingers appear to provide nonequivalent contributions to
the overall binding. Thus, finger 3 contributes more than any other finger to
the TFIIIA-DNA interaction. Indeed, unlike any other zinc finger-DNA
structures characterized todate, the entire length of finger 3 of TFIIIA (i.e.
positions -1 to +10) are involved in sequence-specific base contacts. Extensive
mutagenesis data of finger 3 and corresponding DNA site also point to the
critical role of finger 3 in the high affinity binding by TFIIIA (Zang et al., 1995;
Veldhoen et al., 1994; Pieler et al., 1985). An unusual feature of finger 1
interaction is the extensive network of hydrophobic interactions formed by
Trp28 (position+2 in the a-helix). It contacts four bases on both strands of the
DNA, which has not been previously documented for any other zinc finger
proteins.

The role of the interfinger linker structures are of particular interest as
NMR structure determination provides a dynamic view of the interaction. It
was shown previously that point mutations in the linker sequences can be
deleterious to DNA binding (Choo & Klug, 1993; Clemens et al., 1994). The
present NMR structure shows that linker sequences adopt a highly ordered
structure upon the DNA complex formation thus actively contributing to the
overall stability of the complex. Similarly, protein-protein interactions
between zinc fingers indirectly contribute to the high affinity DNA binding.
Another striking feature of the present NMR structure is that a surprisingly
large number of DNA-contacting side-chains exhibit conformational
flexibility within the protein-DNA interface without loss of specificity.

In conclusion, the study gives a molecular level prospective for the

accumulated mutagenesis and footprinting data available for TFIIA.
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CHAPTER 7.0 THE STUDY OF THE NUCLEIC ACID INTERACTIONS OF
ZINC FINGER 4-7 REGION OF TFIIIA
7.1 Introduction

In a recently published study, Zang et al. (1995) observed that the
substitution of the TFIIIA zinc fingers 4 to 7 by the equivalent zinc fingers of
an RNA-binding protein p43 produced a 100-fold reduction in the DNA
binding affinity of the resultant protein construct. This effect can be explained
by either assuming that a number of energetically important contacts are lost,
or that the improper alignment of the mutant protein over the DNA
precludes high-affinity interaction. Replacement of the finger 7 alone, on the
other hand, did not result in a significant change in the binding affinity (Zang
et al., 1995). Therefore, the remaining fingers 4, 5, and 6 must possess
important determinants of the DNA-binding specificity.

We have approached the problem relating to the functional role of the
zinc finger 4 to 6 region in high-affinity nucleic acid binding by quantitatively
analyzing the properties of wild-type TFIIIA and a set of the mutant forms of
the protein containing substitutions of an entire zinc finger, or either halves
of a given finger. The donor proteins used were p43 and Wilms' tumor
proteins. Since these donor proteins belong to the same zinc finger family as
does TFIIIA, the stereochemical fold of the resultant mutant proteins is
expected to be maintained. Thus, the differences in the measured protein-
nucleic acid binding affinities are presumed to be attributable to the lost or
gained contacts. p43 protein was chosen as a donor since it does not have a
DNA-binding activity, and, therefore, would not interfere with the analysis of
the DNA-binding properties of zinc fingers under investigation. Similarly,
the Wilms' tumour protein does not specifically interact with either the 5S

rRNA nor its gene, and is thus also well suited for the purposes of the study.
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The proteins were purified to homogeneity, and assayed for their DNA and
RNA binding abilities using a nitrocellulose filter binding assay. This is a
collaborative study with Dr. Paul ]J. Romaniuk, who synthesized the
oligonucleotides for the PCR-mediated site-directed mutagenesis, and
Kathleen Barilla, who constructed and purified the Tp series of proteins , as
well as made constructs for the expression of the WTF and TFW series of
mutants (see nomenclature in the results section of this chapter). I
constructed and purified the TF(4-7)WT mutant, carried out the expression
and purification of the WTF and TFW sets of the mutant proteins, as well as
carried out all the DNA and RNA binding experiments.

7.2 Materials and Methods
7.2.1 Construction of TFIIIA finger swap mutants

The TFIIIA mutants were produced by site directed mutagenesis, which
was either PCR-mediated, or carried out with the use of a transformer kit
(Clontech Laboratories, Inc.). Plasmid pT7-TF containing the TFIIIA cDNA
(Ginsberg et al., 1984) was a kind gift from Dr. J] Tso. The Ndel/BamHI
fragment of pT7-TF was cloned into the same restriction sites of the
expression plasmid pET-11b (Studier et al., 1990) to yield pTF4 (Veldhoen,
Ph.D. thesis). To facilitate mutagenesis, zinc finger 4 to 7 region of TFIIIA was
amplified from pTF4 using primers which incorporate restriction sites Bgl II
and Xhol for insertion back into TFIIIA cDNA (Table 7.1). The amplified zinc
finger 4-7 fragment of TFIIIA was cloned by blunt-end ligation into Smal site
of pUC19, and the sequence of the resulting plasmid was verified by
sequencing. The resultant plasmid was designated pUC19-zf4-7 (Figure 7.1A).
To create a TFIIIA mutant in which zinc fingers 4-7 are replaced with the zinc

fingers 1-4 of WT1, specific primers were designed to amplify zinc finger
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Table 7.1 Sequences of oligonucleotides used in construction of TFIIIA

substitution mutants (see details in the text).

Copstructname  Oligonucleotide sequence

pUC19-zf4-7

pUCI9-WT1-BX

Tp4A

Tp4B

TpSA

TpSB

TpSC

Specific Comments

CATATGAAGATCTGCGTCTATGTGT
ACTAGTATCTCGAGGGCAGAGATA

CA

AGATCTGCGTCTATGTGTGTGCT
TACCCAGGCTGCAAT

CATATGAAGATCTGCCCCTTAAAG
TGCTTTGTTCCGGGCTGTAAGAGA
AGCTTCAAGAAACACAAT

AACTGTGGCAAAGCTTTCAGGAAA
AAGCGTGCATTAAGGCGTCATCTG
TCCGTTCACAGTAATCAGCTGCCA
TACGAA

AGTCACACACAGGAGCCGCTAT
CCGTATGTGATGTTCCAGGCTG
TTCCTGGAAGTCTTCTTTGCCT

AAGCGGTTTTCTTCGGTTGCCAAG
CTTGTAGCTCATCAAAAACGCCAT
CGAGGCTATCCCTGC

TGGAAGTCTTCTTCGGTTGCCAAG
CTTGTAGCTCATCAAAAACGCCAT
CGAGGCTATCCCTGC

Upstream; Bgl IT site
Downstream; Xho [
site

Upstream; Bgl IT site
Downstream; Xho [/

Replaces first 15 a.a.
of TFIIIA finger 4
with first 15 a.a. of
p43 finger 4

Replaces last 15 a.a.
of TFIIIA finger 4
with last 15 a.a. of
p43 finger 4

Replaces first 15 a.a.

of TFHIA finger Swith

first 15 a.a. of p43
finger 5

Replaces last 15 a.a

of TFIIA finger Swith

last 15 a.a. of p43
finger 5

Swaps TFIIIA finger
5 with p43 finger §
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Constructpame  Oligonucleotide sequence

Tp6A

Tp6B

WTF4

WTF5

WTF6

TFW4

TFWS

TFW6

Specific Comments

GTCCATGCAGGCTATCGCTGCAG
TTATGAAGGTTGCCAAACTGTGA
GTCCGACTTGGACATTATAC

GGAAAGACTTGGACAGCACTGCA
GACACACGTGAAAAAACATCCGC
TCCTAGCAGTATGTGAT

AAGAGATATAAAAAGCATAACCAG
CTGAAGGTGCACCAGTTCAGCCAC
ACTCAAGAGAAACCATAC

AGGTTTTCTCTTCCATCCCGGCTTA
AGAGACACGAAAAGGTACATGCAG
GTGTGAAACCA

CGAAAGTTCAAGACGTGGACCCTC
TATCTTAAGCACGTCGCCGAGTGT
CATCAAGATGAAAAGCCCTTC

AAAGCATTCTTTAAACTCAGTCAT
TTACAGATGCATTCGCGCAAGCA
CACAGGGCAGCTGCCA

CGGTTTTCTAGATCTGACCAGTTA
AAACGTCATCAAAGACGCCATACA
GGCTATCCC

GTGGGAAAGAGATCTGATCATCTC
AAGACACACACAAGAACCCATACG
GGCCTAGCAGTATGT

Replaces first 15 a.a.
of TFIIIA finger 6with
first 15 a.a. of p43 £.6

Replaces last 15 a.a.
of TFIIIA finger 6with
last 15 a.a. of p43

Replaces last 15 a.a.
of WTI finger 1 with
last 15 a.a. of finger 4
of TFIIIA

Replaces last 15 a.a.
of WT1 finger 2 with
last 15 a.a. of finger 5
of TFIIIIA

Replaces last 15 a.a.
of WT]1 finger 3 with
last 15 a.a. of finger 6
of TFIIA

Replaces last 15 a.a.
of TFIIIA finger 4
with last 15 a.a. of
finger 1 of WT1

Replaces last 15 a.a.
of TFIIIA finger 5
with last 15 a.a. of
finger 2 of WT1

Replaces last 15 a.a.
of TFIIIA finger 6
with last 15 a.a. of
finger 3 of WT1
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pUC19-WT1-BX

Figure 7.1 Schematic diagramm illustrating construction of (A) pUC19-zf4-7;
(B) pUC19-WT1-BX



region of WT1, and incorporate Bgl II and Xho I restriction sites for
subsequent cloning into full-length TFIIIA ¢cDNA (Table 7.1). The general
PCR protocol was used as described in Chapter 3 of this thesis. The PCR
product was cloned into pUC19, sequenced, and designated pUC19-WT1-BX
(Figure 7.1B).

Mutants Tp5A, Tp5B, TFW4, TFW5, WTF4, WTF5, and WTF6 were
generated using PCR-mediated site directed mutagenesis procedure (Nelson
& Long, 1989). The nomenclature 'Tp' refers to TFIIIA mutants in which the
first or last 15 amino acids within a given zinc finger were replaced with the
first or last 15 amino acids of the corresponding finger of p43. The
nomenclature 'WTF' refers to constructs in which TFIIIA zinc fingers 4-7
were replaced by fingers 1-4 of the WT1 protein, and, subsequently, a-helical
regions of TFIIA fingers 4-6 were placed back. 'TFW' refers to TFIIIA
substitution mutants in which a-helical regions of zinc fingers 4, 5, and 6 are
replaced with those of the WT1 zinc fingers 1, 2, and 3.

pUC19-zf4-7 was used as a template to create mutants Tp5A, TpSB,
TFW4 and TFW5. pUC19-WT1-BX was used as a template to create mutants
WTF4, WTF5, and WTF6. As the first step, the mutagenic sequence (Table
7.1) and a unique flanking primer site (RUMP) were introduced into the wild
type template DNA (Figure 7.2). The 50 pul PCR reaction contained: PCR buffer
(10 mM Tris-HCI pH 8.3 at 20°C, 1.5 mM MgClp, 25 mM KCl), 50 pg/ml gelatin,
2.5 nM each of dTTP, dGTP, dCTP, and dATP, 10 pmol FUMP and mutagenic
primer, 1 ng template DNA, and 1.25 units Taq DNA polymerase. The
reaction was overlaid with 50 pl mineral oil prior to thermocycling. Twenty
four rounds of thermal cycling were carried out using the following
conditions: denaturation temperature of 94°C (1.5 minutes), an annealing

temperature of 55°C (1.5 minutes), and an extension temperature of 72°C (two
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Step 1: Incorporate mutations into the protein sequence

Hind II1

EcoR I mutagenic primer amH
Bgl 1l Xho I
Extend the PCR-generated
mutant template

Bgl II Xho I
Step 2: Amplify the mutant template RUP
< samm— _R
UMP
T o N,

Figure 7.2 Schematic chart of the PCR-mediated site-directed

mutagenesis protocol used to create TFIIIA substitution mutants
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minutes). The second step reaction (80 ul) contained: 1 ng template DNA,
PCR buffer (10 mM Tris-HCI pH 8.3 at 20°C, 1.5 mM MgClj, 25 mM KCl), 50
ng/ml gelatin, 5 nmol each of dTTP, dGTP, dCTP, dATP, 1-3 ul step 1 PCR, and
2.5 units Taq DNA polymerase. Initially, five rounds of thermocycling were
carried out under the following conditions: denaturation temperature of 94°C
(3 minutes), an annealing temperature of 55°C (1.5 minutes), and an
extension temperature of 72°C (two minutes). 20 pl reaction buffer containing
20 pmol universal mutagenic (UMP) and M13 reverse universal primers
(RUP) were added, and 25 additional cycles, identical to step 1, were carried
out.

The PCR products were purified by phenol: CHCIj3 extraction, and
ethanol-precipitated. The Tp series mutant constructs were cloned into EcoR
I and BamH 1 sites of pUC19, and TFW & WTF constructs were cloned into
EcoR I and Hind I sites of pUC19 for sequence verification. The correct
sequences were subsequently subcloned into Bgl I and Xho I sites of pTF4 for
protein expression.

Mutants Tp4A, Tp4B, Tp5C, Tp6A, Tp6B, and TFW6 were created with
the use of the transformer site-directed mutagenesis kit (Clontech laboratories
Inc., 1994) (Figure 7.3). Sequences of mutagenic oligonucleotides are given in
Table 7.1. Sequences of selection primers are shown in Table 7.2. All the
procedures were performed as per protocol (Clontech laboratories Inc., 1994).
The resultant constructs were subcloned into Bgl I and Xho I sites of pTF4

plasmid for protein expression.

7.2.2 Expression and purification of TFIIIA proteins
Expression and purification of recombinant TFIIIA proteins was carried

out as described by Del Rio & Setzer (1991). 100 ml LB medium supplemented
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Table 7.2 Sequences of selection primers used in transformer mutagenesis

protocol to construct substitution mutants of TFIIIA

N ¢ o 5 Specifi

Trans Oligo Sca I/Stul  GTGACTGGTGAGG Turns wild type pUC19
CCTCAACCAAGTC Sca I site at 2177 to Stu I

Switch Stu I/Sca I GTGACTGGTGAGT Turns Stu I site in pUC19
ACTCAACCAAGTC back to wild type Sca I



with 100 pg/ml ampicillin was inoculated with 1 ml of overnight culture of E.
coli strain BL21(DE3) harboring expression plasmid of interest (containing
either wild type or mutant TFIIIA gene). The culture was grown at 37°C with
shaking at 300 rpm to an O.D.ggg of 0.5 to 0.7. Protein synthesis was initiated
by addition of ZnSO4 and IPTG to final concentrations of 50 pM and 1mM,
respectively. After induction for three to four hours, cells were harvested by
centrifugation at 3800 x g for 10 minutes at 4°C, in a Beckman JA-20 rotor, and
washed with 10 ml of ice-cold TAB buffer (20 mM HEPES pH 7.4, 5 mM
MgCl,, 50 uM ZnSO4, 5 mM DTT, 10% glycerol, 250 mM NaCl). All the
following procedures were carried out on ice. The cells were pelleted once
more, and resuspended in 4 ml of TABP buffer (TAB buffer + 1 mM PMSE).
Cells were sonicated using a microtip sonicator (Heat Systems-Ultrasonics W-
385) at setting four, 50% duty cycle for 6 x 20 second intervals with 1 minute
cooling between the pulses. The sonicated cells were centrifuged for 20
minutes at 12000 x g in a Beckman JA-20 rotor. The pellet was resuspended in
1 ml of TABUP buffer (TAB + 5M urea + PMSF) and mixed by inversion
overnight in a coldroom (4°C).

The solubilized extract was spun in a microcentrifuge for 20 minutes at
14000 x g, and the supernatant removed to a new tube. A series of
ammonium sulphate cuts was started by addition of 0.666 ml of TABAS (TAB
saturated with (NH4),SO4) to bring the sample to 40% saturation, and mixed
by inversion for one hour. The proteins precipitated by the first round of
salting-out were pelleted by centrifugation at 12000 x g for 20 minutes, and
discarded. More (NH4)2SO4 was added to the remaining supernatant to
achieve 80% saturation. The sample was mixed by inversion for one hour,
pelleted by centrifugation at 12000 x g for 20 minutes, and the pellet
resuspended in 10 ml of TABU-250 (TAB + 5 M urea + 250 mM NaCl). This
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protein solution was loaded onto BioRex 70 column (800 pl) pre-equilibrated
with TABU-250. The column was then washed with 1 ml of loading buffer,
followed by TABU-400 (TAB + 5M urea + 400 mM NaCl). The protein was
eluted from the column in 800 pl of TABU-600 (TAB + 5M urea + 600 mM
NaCl). Purified proteins were aliquoted and stored at -70°C. The purity of
each protein preparation was checked on a 10% SDS-PAGE (Figure 7.4 & 7.5).
Protein concentrations were determined by the method of Bradford (1976)

using BSA as a standard.

7.2.3 Radiolabeling of 5S DNA

The 5S rRNA gene was released from plasmid pXlo (Romaniuk et al.,
1987) using EcoRI and HindIll endonucleases of restriction and end-labeled
with [0-P32]-dATP and the Klenow fragment of DNA polymerase I (Sambrook
et al., 1989). The details of the labeling protocol are the same as in Chapter 3
of this thesis.

7.2.4 Synthesis and Radiolabeling of 5S rRNA

A method of in vitro run-off transcription was used as described by
Romaniuk et al. (1987). The pXlo plasmid containing 55 rRNA gene was
digested with Dral which cleaves the DNA at position +121 relative to the
first nucleotide incorporated into RNA. The digested DNA was extracted
with 100 pul of phenol: CHCIl3, and DNA precipitated with ethanol. The DNA
pellet was dried in Speed Vac concentrator, resuspended in deionized water,
and stored at -20°C.

Internally labeled 55 rRNA was made as described by Romaniuk et al.
(1987). The labeling reaction had a final volume of 100 ui, and contained: 40
mM Tris-HCI pH 8.0, 15 mM MgClp, 5 mM DTT, 1mM spermidine, 100 ug/ml
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Figure 7.4 Coomassie blue-stained 15% SDS-polyacrylamide gel showing
TFIIA wild type and mutant proteins. Lane designated MW represents
protein molecular weight marker; lane 1: wild-type TFIIIA; lanes 2-8: Tp4A,
Tp4B, TpSA, Tp5B, Tp5C, Tp6A, TpéB.
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Figure 7.5 Coomassie blue-stained 15% SDS-polyacrylamide gel showing
TFIIIA wild type and mutant proteins. Lane designated MW represents
protein molecular weight marker; lane 1: wild-type TFIIIA; lanes 2-4: WTF4,
WTFS5, WTEF6; lanes 5-7: TFW4, TFWS5, TFW6.



BSA, 1000 U/ml RNasin, 0.5 mM each ATP, CTP, UTP, 0.0125 mM GTP, 50
nCi [«-P32] GTP (600Ci/mmol), 1 pg of template DNA and 0.6 ug of T7 RNA
polymerase. The reaction was incubated for 3 hours at 37°C, and purified on
an 8M urea, 12% polyacrylamide gel. The gel band containing the labeled
RNA was excised, eluted overnight in elution buffer and ethanol precipitated
(Sambrook et al., 1989). The level of radiolabel incorporation was determined
using an LKB 1214 Rackbeta Scintillation counter and toluene to which 0.4%

PPO was added as a scintillant.

7.2.5 Nitrocellulose filter binding assays
The binding affinities were quantified using a nitrocellulose filter
binding assay as described on page 88 of this thesis, except the binding

reactions were supplemented with 28 g/ml of nonspecific competitor polyA.

7.3 Results
7.3.1 Effects of zinc finger substitution mutagenesis on the DNA binding
activity of TFIIIA

The first part of this study was to determine the contributions of
individual zinc fingers 4, 5, and 6 to the high affinity DNA binding of TFIIIA.
The employed strategy was to replace one half of a zinc finger at a time with
the corresponding sequences of the p43 protein (Figure 7.6) to assess whether
the second half (a-helical portion) of the zinc finger sequences, presumed to
be the "recognition” helix by analogy with the EGR-1 protein, would provide
a greater contribution to the binding than the first half. A nitrocellulose filter
binding assay was used to measure the affinity for each mutant protein. The
results of the experiments are given in Table 7.3 in a form of relative affinities

to the wild-type TFIIIA.
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a-helix

<
-1123456
GEAVPLKCFUPGCKASFRKKAALRRHLSVHSN
NIKICVYVCHFENCGKAFKKHNQLKVHQFSHTQ

EPLSVCDVPGCSWKSSSVAKLVAHQKRHRG
QLPYECPHEGCDKRFSLPSRLKRHEKVHAG

YRCSYEG CQTVSPTWTALQTHVKK HAG
YPCKKDDSCSFVGKTWTLYLKHVAECHEK

Figure 7.6 Comparison of the amino acid sequences of zinc fingers 4-6 of

the donor p43 with the zinc fingers 4-6 of TFIIIA. The structural

cysteines and histidines are outlined; the conserved "TWT' triplet in

finger 6 is shown in bold.



Table 7.3 The effects of TFIIIA zinc finger substitution mutations on the DNA

and RNA binding of the factor

Mutant Relative affinity for 55 Relative affinity for 55
rRNA gene rRNA
Tp4A 0.72+0.14 0.84 +0.09
Tp4B 0.59+0.04 0.14 £ 0.02
TpSA 0.29+0.05 0.50 + 0.06
TpSB 0.23+£0.02 0.82+0.11
Tp5C 0.09 £0.002 0.83+0.10
Tp6A 1.02 +£0.09 0.88 +£0.02
Tp6B 1.56 £ 0.09 0.89 £0.02

The nomenclature 'Tp' refers to TFIIIA mutants in which the first or last 15
amino acids within a given zinc finger were replaced with the first or last 15
amino acids of the corresponding finger of p43. Letters A, B, and C refer to the
first half, second half, or the whole zinc finger region replaced.

Relative affinities were calculated using the mean values of the association
constants determined for the mutant proteins (each value representing the
mean of three independent determinations), and compared against the value
of the wild-type TFIIIA association constant (Ka=1.9 x 109 M-1 for DNA; K3=1.4
x 109 M-1 for RNA).



The substitutions of either halves of finger 4 resulted in a less than a
two-fold reduction in DNA binding, thus implying that likely no specific
hydrogen-bond contacts were disrupted. Finger 5 mutants produced more
substantial decreases in the binding ability: the entire finger 5 swap mutant
(TpSC) showed a 10-fold drop in binding, while either half resulted in about
four-fold lower affinity. This suggests that some specific contacts between
finger 5 and 55 DNA were disrupted by the mutations. Finally, finger 6
mutants showed an unchanged (in the case of the Tp6A mutant), and an
actually improved binding (if only by a factor of 1.5) in the case of Tp6B
mutant. It is interesting to note that no single mutant proved accountable for
the dramatic reduction in binding seen when fingers 4-7 of TFIIIA are
substituted with those of p43. Rather, it appears that the integrity of each
TFIIIA zinc finger in the 4-6 finger region is required for the maximum
binding. Of all the mutants tested, finger 5 seems to provide the most
significant contribution to the overall binding affinity to DNA, while finger 4
provides the most significant contribution to 55 rRNA binding. The sample
binding curves are shown in Figure 7.7.

The next two sets of mutants were created using Wilms' tumour zinc
fingers as donors (Figure 7.8). Initially, we substituted the 4 to 7 region of
TFIIA with zinc fingers 1 to 4 of WT1. The resultant construct (TF(4-7WT))
did not have detectable DN A-binding activity, an effect similar to the one
observed with the p43 as a donor of fingers 4-7 (Zang et al., 1995). Again, the
explanation may be that this effect is due to the loss of specific protein-DNA
contacts, or to the altered spatial arrangement of the zinc fingers in the
context of the full-length protein. In the first set of mutants (WTF4-6), the a-
helical portions of TFIIIA zinc fingers were reintroduced into the TF(4-7)WT

one at a time to determine precisely which portions of zinc fingers 4-6 were
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Figure 7.7 Equilibrium binding cury¢gsef TFIIIA and Tp5B mutant proteins
interacting with 55 DNA. Each data point is the mean of three or more

independent determinations, with the associated standard deviations

indicated with the error bars.
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NIKICVYVCHFENCGKAFKKHNQLKVHQF SHTQ
KRPFMCRYPGCHKRYFKLSHLQMHSRKHTG

QLPYECPHEGCDKRFSLPSRLKRHEKVHAG
EKPYQCDFKDCERRFSRSDQLKRHQRRHTG

YPCKKDDSCSFVGKTWTLYLKHVAECHQD
VKPFQCKT CORKFSRSDHLKTHTRT HTGKTS

LAVCDV CNRKFRHKDYLRDHQKTHEK
EKPFSCRWPS CQKKFARSDEVR HHNMHQR

Figure 7.8 Comparison of the amino acid sequences of zinc fingers 1-4 of

the donor WT1-ZF with the zinc fingers 4-7 of TFIIIA. The structural

cysteines and histidines are shaded.



Table 7.4 The effects of TFIIIA zinc finger substitution mutations on the DNA
and RNA binding of the factor

Mutant Relati ffinity for 55 Relati ffinity for 55
RNA gene tRNA

WTF4 0.06 £0.01 <0.01

WTEFS 0.04 £ 0.06 <0.01

WTF6 <0.01 <0.01

TFW4 0.34 £ 0.04 0.16 £0.02

TFWS5 0.08 £0.008 0.48 +0.07

TFWé6 0.55 £0.037 <0.01

The nomenclature 'WTF' refers to constructs in which TFIIIA zinc fingers 4-7
were replaced by fingers 1-4 of the WT1 protein, and, subsequently, a-helical
regions of TFIIIA fingers 4-6 were placed back. 'TFW' refers to TFIIIA
substitution mutants in which a-helical regions of zinc fingers 4, 5, and 6 are
replaced with those of the WT1 zinc fingers 1, 2, and 3.

Relative affinities were calculated using the mean values of the association
constants determined for the mutant proteins (each value representing the
mean of three independent determinations), and compared against the value
of the wild-type TFIIIA association constant (Ka=1.9 x 102 M-1 for DNA; K3=1.4
x 109 M-1 for RNA).
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necessary to restore the wild-type DNA-binding activity of TFIIIA. The results
of filter-binding assays shown in Table 7.4 reveal that no single finger could
rescue the binding of TF(4-7)WT to a significant degree. Mutant WTF6 did
not produce any improvement in binding, suggesting that it either is the least
important finger for DNA binding, or that it couldn't establish any contacts
due to the imposed structural constraints. Mutants WTF4 and WTF5 did
show somewhat improved binding: their affinities were about 17-fold and 22-
fold lower relative to the wild-type TFIIIA, respectively. This small
improvement is not surprising since more than one TFIIIA finger is replaced
in a given construct.

In the second set of mutants, the a-helical portions of the WT1 zinc
fingers were introduced into the fingers 4, 5, and 6 of the full-length TFIIIA.
The resultant mutant proteins were designated TFW4, TFW5, and TFW6.
Again, the largest reduction in binding affinity to 55 DNA was seen for the
finger 5 mutant (about 13-fold), the next largest - for finger 4 (about 3-fold),
followed by finger 6 (less that 2-fold). These results are consistent with the

effects we observed using other mutants in this study.

7.3.2 Effects of zinc finger substitution mutagenesis on the RNA binding
activity of TFIIIA.

In parallel to determining the effects of the zinc finger mutants on
DNA binding, we also measured the affinities of these mutant proteins for 55
rRNA. The TF(4-7)WT did not specifically bind to 5S rRNA, although it
exhibited a fairly high nonspecific binding for the molecule (Figure 7.9). The
results of the RNA binding studies are summarized in Tables 7.3 and 7.4.
Most of the mutations presented in Table 7.3 (mutants which incorporate p43

sequences) did not disrupt RNA binding appreciably, displaying almost wild-
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Figure 7.9 Competition assay for 55 rRNA binding using tRNAPhe 35 a
competitor. Open circles represent TFIIIA; closed circles represent T F(4-7)WT
proteins. Each data point is the mean of three independent determinations,

with the associated standard deviations indicated with the error bars.
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type affinities for RNA. The exception is mutant Tp4B, which showed an
almost 10-fold drop in binding. The substitution of the first 15 amino acids in
finger 5 produced a 2-fold reduction in binding, while swapping its a-helical
15 amino acids resulted in an almost wild-type affinity. The two categories of
mutants in Table 7.4 (created using WT1 sequences as a donor) reveal the

following: mutants WTF4, WTF5, and WTF6 did not recover any RNA-
binding activity of the TF(4-7)WT protein. This is not surprising, since an
extensive region of zf 4-7 has been replaced with exogenous (WT1) sequences
in those constructs. The second category of mutants (TFW4-6) showed that
while substitutions of the a-helical regions in fingers 4 and 5 produced
approximately 6- and 2-fold reduction in binding, respectively, replacement of
a-helical region in finger 6 abolished RNA binding. The reason why this
result is so dramatically different from the one using a similar p43
substitution mutant of finger 6 is that unlike p43, WT1 protein doesn't have
amino acid homology to TFIIIA in finger 6 sequence (except for the structural
amino acids), Figure 7.6. p43, on the other hand, is equipped with amino acid
triplet TWT, located at the tip of finger 6. This triplet amino acid sequence is
conserved between TFIIIA and p43 (Joho et al., 1990; Clemens et al., 1993). In
fact, these three amino acids in finger 6 are the only ones, apart from the zinc-
coordinating cysteines and histidines and the structural aromatic residues
that are conserved between the two proteins. The role of these amino acids in
sequence-specific RNA recognition by TFIIIA and p43 needs to be investigated

further.

7.4 Discussion
Since the demonstration that DNA- and RNA-binding activities of

TFIIIA could be separated between the different zinc finger subsets of the
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protein, TFIIIA began to be viewed as a fusion between two proteins that
specifically evolved to interact with the two different nucleic acids.

However, the results of many recent studies conclusively demonstrate
that all the zinc fingers are important for contributing to the overall DNA-
and RNA-binding energy. Just as importantly, the zinc fingers do not provide
equal contributions to the binding to either DNA or RNA. Although zinc
fingers 1 to 3 were shown to dominate in DNA binding, substitution of zinc
fingers 4-7 with their counterparts from p43 protein result in a 100-fold
reduction in DNA-binding affinity (Zang et al., 1995), while maintaining
wild-type RNA-binding affinity. We undertook this study to determine the
contribution of each zinc finger in the central zinc finger triplet of TFIIIA to
specific DNA and RNA binding. Several sets of TFIIIA mutants were
generated, in which specific zinc finger sequences were replaced with those of
p43 or Wilms' tumour proteins. Nitrocellulose filter binding assay was used
to quantitatively determine affinities of the mutant proteins for both nucleic
acids.

Analysis of the DNA-binding data for the Tp series of mutants
indicated that the DNA-binding affinity correlated to that of the wild-type
TFIIA in the following order: Tp6B > wt TFIIIA = Tp6A > Tp4A > Tp4B >
TpSA > TpSB > TpSC. The largest reduction in DNA affinity was observed for
mutant Tp5C (10-fold). Similarly, substitution of the finger 5 a-helix by the
corresponding sequence of the WT1 protein (mutant TFWS5) resulted in a 13-
fold reduction of DNA-binding affinity. These findings are consistent with
the current model of TFIIIA - DNA binding, in which finger 5 interacts with
the major groove of the intermediate element (Clemens et al., 1992). In fact, it
was shown that a zinc finger peptide containing fingers 1-5 bound DNA with
higher affinity than full-length TFIIIA (Clemens et al., 1994). Additionally, a
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strong footprint was obtained for finger 5 binding site (Clemens et al., 1994).
'Broken finger’' experiments also identified a significant contribution of finger
5 to DNA binding (Del Rio et al., 1993). The structural disruption of the finger
resulted in almost 7-fold decrease in DNA-binding affinity (Del Rio et al.,
1993). The ten- to thirteen-fold reduction in DNA binding that we observed
reflects a disruption of up to four hydrogen bonds that finger 5 makes in the
intermediate element of the ICR (assuming that an energetic cost of a single
hydrogen bond is reflected in a three-fold drop in binding affinity, as well as
that energies of individual bonds are additive). Methylation interference
experiments previously demonstrated that finger 5 makes two major groove
contacts with guanines on the non-coding DNA strand (Clemens et al., 1992),
which also agrees well with our findings. Complementary data from the
DNA mutagenesis experiments conducted in our laboratory (You et al., 1991;
Veldhoen et al., 1994) identified that the IE, and, in particular, two base pair
positions within the IE are important for TFIIIA interaction (GC base pairs 70
and 71). These data agree well with the findings that finger 5 is important in
promoter recognition by TFIIA.

Finger 4 mutants produced a relatively modest decrease in the DNA
binding: between 2- and 3-fold. Clemens et al. (1994) showed that addition of
finger 4 to the three amino-terminal zinc fingers does not contribute
significantly to DNA binding. Moreover, hydroxy-radical studies have shown
that finger 4 makes closest contacts with the minor groove of the DNA (Hayes
& Clemens, 1992). Interestingly, structural disruption of finger 4 in the
'broken finger' experiments lowered the DNA-binding affinity by as much as
9.3-fold (Del Rio et al., 1993). However, no alterations in the footprinting
pattern were observed for the finger 4 TFIIIA mutant in the same study. It

was thus assumed that finger 4 does not make any specific contacts with
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DNA, but rather plays a role as a linker which positions adjacent fingers over
the 55 DNA. In a recent study, McBryant et al. (1996) found that mutations in
finger 4 DNA binding sequence resulted in a two-fold decrease in binding
affinity, which is in concordance with our data. Interestingly, a binding site
selection and amplification assay performed by the same group (McBryant et
al., 1996) failed to recover wild-type finger 4 binding site sequence, but instead
resulted in a selection of purine-rich sequence. This finding suggests that the
overall DNA structure, rather than its particular sequence is the primary
determinant of finger 4 binding affinity. Moreover, chemical modifications
in the major groove of the finger 4 binding site did not affect high-affinity
DNA binding of zf 1-5. These results further support the previously proposed
model in which finger 4 binds across the DNA minor groove (Clemens et al.,
1992; Hayes & Tillius, 1992).

Although both fingers 4 and 6 were proposed to interact with the
minor groove of the DNA, the mutations in the two fingers produced
nonequivalent results: while finger 4 mutants had an approximately two-fold
reduction in binding, substitutions in finger 6 showed an improved DNA
binding (Tp series of mutants). This may indicate that the two zinc fingers
play distinct roles in DNA recognition by TFIIIA. There doesn't seem to be an
unanimous agreement in the literature as to the energetic contribution of
finger 6 to the overall DNA-binding affinity. Thus, Clemens et al. (1994)
reported that addition of finger 6 to the 1-5 zf peptide weakened its binding to
DNA by about three-fold. However, a loss of the binding affinity was detected
in the 'broken-finger' experiments (Del Rio et al., 1993), which demonstrated
a 3.4-fold drop for finger 6 mutant (versus a 9.3-fold drop for finger 4). It is of
interest to note that the amino acid sequence of finger 6 of TFIIIA deviates

most significantly from the consensus sequence established for fingers 1-3, as
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well as from certain sequence elements of fingers 4 to 9 (Jacobs, 1992).
Perhaps, due to this uniqueness finger 6 of TFIIIA adopts a distinct mode of
DNA interaction in the context of the full-length protein.

With respect to the high-affinity RNA binding, most of the TFIIIA - p43
mutants (Tp4-6) retained the majority of the RNA-binding affinity. It is easily
explained given that both proteins specialize in binding to the same RNA
target, 5S rRNA. In addition, amino acids TWT located in the recognition a-
helix of TFIIIA are conserved at the same position in finger 6 of p43, thus
retaining the specific RNA-binding activity. Mutants that showed reduced
RNA-binding activity include Tp4B mutant, which had about eight-fold
lower affinity than the wild-type TFIIA, and TpSA mutant with a two-fold
drop in affinity. The importance of finger 4 for RNA binding was previously
demonstrated by many researchers. Thus, Clemens et al. (1993) showed that
deletion of zinc finger 4 from the 4-7 zinc finger peptide resulted in a 20-fold
drop in RNA binding. The fact that our substitution mutants produced
smaller effects may be attributable to the use of the full-length TFIIIA protein,
in which the loss of certain contacts may be compensated for by the rest of the
protein. Different methods of assaying for affinities can also have an effect on
the measured affinity values. A recent study by Friesen & Darby (1997) using
a zf 4-7 zinc finger peptide of TFIIIA demonstrated that alanine substitutions
in zinc fingers 4 or 6 of TFIIIA had a 77- and a 38-fold drop in affinity for
RNA, respectively. In contrast, finger 5 alanine substitution mutant
produced only a modest change in the RNA binding.

Finally, the most dramatic effect on RNA binding was revealed upon
substitution of the 15 «a-helical amino acids in zinc finger 6 with the
corresponding region of WT1 protein (mutant TFW6). This substitution
abolished specific RNA binding, while retaining almost wild-type affinity for
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DNA. This suggests that the protein was active in our assays. A loss of RNA
binding due to mutations in a single zinc finger was not previously observed.
This may be due to the fact that other researchers used donor proteins that
have extensive amino acid similarity with TFIIA, thus creating mutants
which retain significant levels of binding energy. As mentioned earlier, the
three conserved amino acids at the tip of finger 6 may directly contribute to
sequence-specific recognition of 55 rRNA. Thus, although the three-
dimensional structure as opposed to a specific sequence of 55 rRNA is
proposed to be the primary determinant for TFIIIA recognition, some
sequence-specific contacts may also contribute to the interaction. A good
candidate for such an interaction may be the loop A region of 55 rRNA,
which was shown to provide direct contacts to the finger 6 (Romaniuk, 1989;
Baudin et al., 1991; You et al., 1991; Setzer et al., 1996). The contacts of specific
amino acids in zinc finger 6 of TFIIIA need to be assigned to individual
residues in 5S rRNA.

In conclusion, this study provides quantitative analysis of the
contributions of the central zinc fingers of TFIIIA to the high-affinity DNA
and RNA binding. No single zinc finger in the central triplet proved to be
responsible for the dramatic, 100-fold reduction in DNA binding affinity
observed when all three zinc fingers were replaced. Rather, the central zinc
fingers provide an integrated contribution to the DNA binding. In addition,
we found that mutations in finger 6 a-helix result in a loss of specific RNA
binding. Thus, finger 6 contains major determinants to support high-affinity
RNA binding. The details of this phenomenon deserve further

consideration.
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8.0 Conclusions

Nucleic acid binding properties of three zinc finger proteins - WT1-ZF,
EGR-1-ZF and TFIIIA were examined in the course of my Ph.D. work
described in this thesis. Quantitative measurements of protein-nucleic acid
equilibria were made using a nitrocellulose filter binding assay.

Wilms' tumour protein is a putative transcription factor of the C2H>
zinc finger family, and has four zinc finger motifs. EGR-1 - a prototypical
member of the same family - has three zinc fingers for which consensus DNA
binding site has been defined. Despite the fact that both WT1 and EGR-1 can
bind to the same sequence, it was not clear what the preferred target sequence
for WT1 was. In order to identify high affinity binding sites for WT1 and to
determine the role of the additional, first zinc finger of WT1, we conducted a
binding site selection assay (SAAB). The DNA target site had the sequence:
GCG-TGG-GCG-NNNNN. The results of this experiment reveal that the
high affinity binding site for WT1-ZF had the sequence: GCG-TGG-GCG-
(T/G)(A/IGNT/G)NN. A WT1AF1-ZF protein which lacks the first zinc finger
was used as a control, and showed no sequence preferences at any of the
randomized positions. WT1-ZF protein had a four-fold higher affinity for the
selected sequence versus the non-selected sequence GCG-TGG-GCG-CCC. The
responsiveness of promoters containing either selected or non-selected
sequences was measured in transient transfection assays using MTV-CAT
reporter system. These experiments revealed that the lower affinity CCC site
when present in three tandemly repeated copies confers greater
responsiveness to WT1 than does the high affinity TGT site. Further
experiments are necessary to clarify these phenomena.

Five point mutations in zinc fingers 2 and 3 of WT1 were isolated in

DDS patients. It was therefore suggested that these mutations may interfere
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with the normal function of WT1 by either lowering its affinity for DNA
target sites, or conferring new DNA binding specificities. To test these
possibilities, SAAB experiments were conducted for the DDS mutant proteins
using two DNA templates: one with finger 2 randomized subsite, the other-
with finger 3 randomized subsite. None of the five DDS mutant proteins
selected new, high-affinity DNA binding sequences. This suggests that the
observed DDS phenotype is likely not due to a change in gene networks
regulated by WT1. Mutant R394W had no detectable DNA binding. The
remaining mutants showed altered DNA binding selectivities. These mutant
proteins had reduced DNA binding affinities, ranging from 1.4- to 14-fold.
Thus, even small changes in DNA-binding affinity can result in a phenotype
seen in DDS patients.

A number of equilibrium binding parameters for WT1-ZF and EGRI1-
ZF proteins were measured using a quantitative nitrocellulose binding assay.
The equilibrium dissociation constants were determined to be 1.14 + 0.2 x 10
-09 M for WT1-ZF, and 3.55 + 0.4 x 1009 M for EGR1-ZF protein under the
following conditions: pH 7.5, 0.1M KCI and incubation at 22°C. Point
mutational anaysis was performed to measure the contribution of each base
pair to high affinity binding for the two proteins. While exhibiting
similarities, important differencies were revealed in the binding mechanisms
of the two proteins, with respect to both thermodynamics and DNA sequence
preferences. = Thus, WT1-ZF-DNA interaction appears to be mostly an
entropy driven process while EGR1-ZF-DNA interaction is driven by
enthalpy. Placing adenine at position 8 of the consensus binding site resulted
in 4.5-fold increase in WT1-ZF DNA-binding affinity while the EGR-1-ZF
affinity dropped by a factor of 12 suggesting that the two proteins may act on

distinct promoter sequences.
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Transcription factor IIIA is necessary for the expression of the 55 rRNA
genes and the storage of the 55 rRNA molecules. TFIIA has thus both DNA
and RNA binding activities. The roles of zinc fingers 4 through 7 in DNA
and RNA binding were determined. The substitution of zinc fingers 4-7 of
TFIIA with those of WT1 resulted in the loss of DNA binding. The majority
of mutations in individual zinc fingers produced modest effects on either
DNA or RNA binding. The largest reduction of DNA binding affinity was
observed when finger 5 of TFIIIA was mutated (10-fold), whereas substitution
of an a-helical region of finger 6 abolished RNA binding activity. These
findings suggest that the energetic contributions of TFIIIA zinc fingers for
binding to either DNA or RNA are not equal. Thus, finger 6 is indispensable
for high affinity RNA binding, while no single finger in the zf region 4-7 has
the same effect on DNA binding of the factor.
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