Chapter 3

MODIFYING THE BINDING SPECIFICITY OF THE HOMEODOMAIN PROTEIN,

AKR

3.1 Statement of Authorship

This section was written for submission to DNA and Cell Biology. The authors are M.L. Tegada
and R.G. Dedley. | performed all of the experiments and wrotetheinitia draft of the manuscript as
well as participating in its subsequent editing. Special thanks to Mr. Vitdi Petrounevitch for his

tremendous assistance with all of the modelling presented in this chapter.

3.2 Abstract

Homeodomain-containing proteins are key regulators of development and differentiation. Although
the overadl structures of homeodomain-containing proteins vary significantly, structura studies of a
number of homeodomains, free or complexed to DNA indicate that they bind to their recognition
sequences in a highly conserved manner. Avian Knotted-Related (AKR) is a highly unusual

vertebrate homeodomain protein with an lle a position 50 of the DNA recognition helix, helix 3.

Presently, along with severa other 11e50-containing homeodomain proteins that include Meisl, the
Meis-related group (MRG) of proteins and PKNOX/Prepl, AKR isclassified on the basis of athree
amino acid loop extenson (TALE) inserted between helix 1 and 2. The Ile50-containing
homeodomain proteins share a significant degree of identity within their helix 3 regions and
consequently recognize a binding element 5’ -TGACAG-3', designated the MPRE for Me s/Prep
recognition element. However, AKR differs from the other 11e50-containing TALE proteinsin that

its lomeodomain is located near the NH,-terminus of the protein and it displays high affinity
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binding to a site, Opt-1, whose sequence matches that of the MPRE, in the absence of cofactor(s).
In addition, studies thus far have indicated that AKR does not interact with any of the cofactors
demonstrated for Meisl or Prepl. To determine the underlying factors responsible for the
differences observed in binding to the MPRE sequence by AKR or Meisl and Prepl, we mutated
specific nucleotides within the hexanucleotide core aswell asthe 5’ and 3’ flanking regions. These
studies revealed that AKR makes specific contacts within an area of approximately 13 nucleotides.
The potentialy greater number of contacts available may explain, in part, the higher binding affinity
observed for AKR. We aso demonstrate that the amino acid residues that determine the DNA-
binding specificity and affinity of AKR reside within the homeodomain. To examine the relative
contributions of specific amino acids within the NH,-termina arm or helix 3 regions to the DNA-
binding affinity or specificity of AKR, the amino acids a pogtions 4, 6, 47, 50, 52 and 54 of the
homeodomain were mutated. PCR-mediated target site selection was performed to determine the
optima binding sites of these mutant proteins. The result of these studies indicate that increasing
the number of basic residues in the NH-terminad arm results in mutant proteins that exhibit an
increased variability in their nucleotide preferences throughout the hexanucleotide core. In contrast,
the helix 3 mutants displayed changesin their preferences for nucleotides at specific positons within
the hexanucleotide core of the AKR binding site. Lastly, we have refined our molecular model of
the AKR/DNA complex and used it to rationalize the impact of the mutationsintroduced into AKR,

upon the binding specificity of these mutant proteins.

3.3 Introduction

The avian Very Low Density apolipoprotein Il (apoVLDLII) isamaor egg-yolk protein produced
exclusvely in hen liver during vitellogenesis. Hepatic expression of this gene can aso be induced
in embryos, chicks and roosters by administration of estrogen [295; 298]. All of the elements
essential for the efficient hormone-responsive expression of the apoVLDLII gene can be found
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within a 300-nucleotide region of the proxima promoter [327-330]. Deetion and mutational

analyses demonstrated that a region spanning -229 to -247 from the mgjor transcriptional start Steis
critical to the estrogen-responsiveness of the gene [313]. The sequence of this site, designated F,
bore no resemblance to any previoudy characterized factor binding site. EMSA performed using
nuclear extracts from a variety of tissues and an oligonucleotide binding site representing the F
sequence, indicated the existence of a dower migrating complex that was abundant in al tissues
examined except blood [317]. The ubiquitoudy expressed factor responsible for this activity was
cloned from a day 9 embryonic liver cDNA library using labelled concatamers of F [314]. At the
time of its characterization, the sequence of this factor was most similar to that of the maize

homeodomain protein Knotted-1, hence it was designated Avian Knotted-Related (AKR).

The homeodomain is one of the most widely studied, highly conserved DNA-binding motifs and
hundreds of homeodomain-containing proteins have presently been identified. The amino acids that
dictate the secondary structure of the homeodomain are highly conserved across species. Therefore,
it is not surprising that proteins containing these motifs bind to their regulatory dementsin ahighly
analogous manner (Figure 3.1) [259-262]. The recognition hdix, helix 3 of the homeodomain is
inserted into the major groove of the DNA where it establishes the mgjority of base-specific
contacts.  Within this helix, varying levels of importance have been ascribed to amino acids at
positions 47, 50, 51 and 54. Of these, the residues at positions 50 and 54 have been suggested to be

the most critical determinants of binding specificity [259; 263-265].
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Figure 3.1. A ribbon diagram of the AKR homeodomain bound to its DNA recognition
element. Amino acids 2 to 61 of AKR were threaded using the data generated from the crystal
structure of yeast TALE homeodomain protein MAT&2 complexed to its recognition element [279].
The resultant structure was coupled to a 15-base pair fragment of DNA was generated with Sybil
v6.4 using the sequence of the optima binding site of AKR, Opt-1. The DNA/protein complex
underwent energy minimisation and Procheck analysis. This structure was then rendered using
Mol Script and Raster3D software [352; 353]. The positions of helices 1 to 3 are shown aong with
the position of the TALE region. The sequence of the double-stranded fragment of DNA is

presented numbered from 1 to 30, dong with the positions of the maor and minor grooves.
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Although the amino acids that determine the DNA binding specificity of the homeodomain are
predominantly located within helix 3, it appears that different combinations of amino acids at
positions 3 to 7 in the NH,-terminal arm also contribute to the preference of a specific
homeodomain protein for particular nucleotides within its binding site core [260; 266-268]. In these
cases, it has been suggested that differencesin the amino acid composition of the NH,-termina arm
of these proteins, specificaly the number of basic residues present, can result in small changes in
the orientation of the amino acids side chains in the NH,-terminus. This is then transmitted through
the protein resulting in minor adjustments of side chainsin helix 3. This significantly influences the
stability, and consequently the specificity with which the proteins bind to their recognition
elements. Subtle repositioning of the protein has been used to explain why the Ubx and Dfd
homeodomains with nearly identical recognition helices select binding sites that differ in the region

presumably contacted by helix 3 [269].

There are a number of puzzling observations concerning the DNA-binding specificity described for
homeodomain proteins. The binding motifs involved are typically only 5-6 base pairsin length and
as such are encountered frequently in the genome. In addition, homeobox proteins that specify
entirely different biological functions are capable of recognizing very similar, if not identical, DNA
sequences in vitro [257; 258]. Therefore, it is difficult to reconcile the biologica diversity
displayed by these proteins in vivo with the apparent redundancy and lack of specificity suggested

by in vitro studies.

In order to explain the molecular basis of homeodoman/DNA recognition it is necessary to
integrate three types of information: i) the structure of the homeodomain of interest, ii) the
identification of the amino acid-base pair contacts that influence the specificity of DNA/protein

interactions and iii) the mode of binding to DNA (monomeric binding, homo/heterodimerization).
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The binding specificities of several families of homeodomain proteins are influenced by the
presence of an extra domain with DNA-binding properties, asin the case of the CUT homeodomain
proteins, the POU domain proteins, the LIM homeodomain proteins and the paired domain groups.
This extra domain augments the stringency with which these proteins recognize their response
elements [270; 354; 355]. Although, sequence analysis of AKR reveaed no other recognized DNA
binding moatifs, the homeodomain does contain a three amino acid insertion between hdlices 1 and
2. Thisfeature has been used to categorize AKR as amember of the TALE (three amino acid loop

extension) group of homeodomain proteins [248; 332].

The involvement of a homeodomain protein partner can aso raise the binding specificity and
affinity of homeodomain/DNA interactions. This is exemplified by the interactions of the yeast
mating type homeodomain proteins MATal/MAT&2. In the diploid &a cel type, the two
homeodomain proteins form heterodimers that binds to sites upstream of haploid-specific genes
(hsg) [278]. In the absence of &2, the al protein exhibits no detectable specific binding to DNA..
However, the presence of al in solution dramatically raises the affinity of & for hsg operators.
[279]. Inamanner anaogous to the interactions of MATal and MAT&2, the members of the PBC
family of proteins that include the mammalian oncoproteins Pbx1-3 and their various isoforms, the
Caenorhabditis elegans ceh-20 and their Drosophila orthologue, extradenticle (Exd), have been
demonstrated to act as co-factorsfor anumber of Hox proteins[280-285]. PBC/Hox dimersbind to
elements that are composites of PBC and Hox recognition elements. Furthermore, the choice of
Hox protein partner depends upon subtle differences within the DNA binding site. Recently, Pbx1
has also been shown to interact with the 11e50-containing members of the TALE group of
homeodomain proteins, which include Mesl, the Meis-related proteins Mrgl (Meis2) and Mrg2
(Meis3) and Prepl/pKnoxl [263; 288-290]. These proteins share a high degree of identity
throughout the DNA recognition helix and as a result bind a common recognition motif, 5' -

TGACAG-3, designated the MPRE or Meisl/Prepl Recognition Element. The sequence of the
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MPRE is quite divergent from the canonical homeodomain 5 -TAAT-3' motifs. Meisl and Prepl
bind to DNA as heterodimers with members of the PBC class of proteins [263; 288-290]. More
recently, homothorax (Hth), the drosophila orthologue of Meisl, has been demonstrated to be
essentia to the nuclear localization of exd [291; 356; 357]. Meisl has also been shown to dimerize
with members of the AbdB-like family of homeodomain proteins in manner that increases the
stahility of Meisl binding to its recognition dement [292]. Findly, Jacobs et al. (1999) have shown
that trimers comprised of Pox/Meis and Hoxbl regulate the transcriptiona activity of the Hoxb2

enhancer [293].

AKR was the first vertebrate homeobox protein to be identified with an lle a position 50 of helix 3.
It binds to an atypicad homeodomain recognition element within the F ste of the form 5'-
TGACAT-3, which exhibits a 5/6 natch to the MPRE [313; 314]. PCR-assisted target site
selection indicated that AKR bound optimally to a site with a sequence identical to the MPRE
[320]. Presently, AKR is classified as a member of the 1le50-containing group of TALE
homeodomain proteins. However, a number of characteritics distinguish AKR from the other
members of this group. The homeodomain of AKR is situated near the NH,-terminus of the
protein, in contrast to the more traditional COOH-terminal location. The composition of the NH,-
termina arm of the AKR homeodomain aso differs from that of the other 11€50-containing TALE
proteins (Figure 3.2). Additiondly, the amino acid residues comprising the TALE region
participate in the interactions between Exd/Ubx, MATal/MAT&2, and Pbx1/HoxB1l. These
residues are highly conserved within groups of proteins. However, a high degree of variability
exists across groups These three residues are L SN for members of the PBC group, LTH for Meisl,

MRG1 and MRG2, IGH for Prepl and RYN for AKR (Figure 3.2).

93



Figure3.2. A comparison of theamino acid sequences of avariety of homeodomain proteins
to that of AKR. A BLAST search for sequences similar to the homeodomain region of AKR was
carried out using the services available at the NCBI [358]. Of these, only the sequences from a
representative of each class of homeodomain proteins were subjected to CLUSTAL aignment
available at http://www.hgsc.bcm.tmc.edu/tools. Subsequently, the homeodomain sequences of the
Drosophila protein Antennapedia (Antp) and the yeast protein MAT&2 wereincluded. Homologies
are indicated a the bottom of the alignment as similarities (shown in lowercase) and identities
(shown in uppercase). Theregion of the NH,-terminal arm, the helices of the homeodomain and the

TALE region are indicated above the alignment.
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AKR does not contain any of the other protein interaction motifs that have been demonstrated to
exist in the members of the PBC or Meisfamily of proteins. TGIF, the murine orthologue of AKR,
has been shown to participate in the smad2-mediated downregulation of severd TGFa-responsive
genes through its recruitment of histone deacetylase 1 (HDACL) [324]. Thisindicatesthat TGIF,
and by andogy AKR, may employ adifferent set of co-factors than those recruited by the PBC or
MEIS proteins. AKR and TGIF both exhibit high affinity binding to their recognition eementsin
vitro. Additiondly, AKR displays high affinity binding to sites (F and Opt-1) that share a high
degree of identity to the MPRE (5 -TGACAG-3) aswell asasite, designated G, whose sequenceis
completely diverged from the MPRE [314; 320]. In contragt, the high affinity binding of the other
members of this particular group of TALE homeodomain proteins is dependent upon interactions
with the members of the PBC class or with other Hox proteins [263; 288-290]. Studiesthusfar,
have indicated that both AKR and TGIF act as potent repressors of genes that are responsive to

nuclear hormone receptors [314; 319; 320].

To begin to explain the variability in the binding affinities displayed by AKR and the 11e50-
containing TALE proteins for their common consensus element, we introduced changes to various
nucleotides outside of the hexanucleotide core binding element of the F site. The results indicate
that AKR establishes contacts to a 13 base pair region of DNA that encompasses this
hexanucleotide core element. We have aso generated truncations of AKR and demonstrate that
regions outside of the homeodomain do not influence the specificity and affinity of binding.

Structura and chemical information regarding the role of a particular residue in dictating the DNA
binding specificity can be obtained in part, by systematic mutation of key predicted residues of the
homeodomain. Here, we describe the effects of specific mutations, generated within the NH,-
termina arm and the recognition helix of the homeodomain, on the DNA binding affinity and
specificity of AKR. We have aso refined our previous model to enable usto rationalize the effects

that these mutations exert upon the binding specificity of this unusual homeodomain protein. This
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modd provides insights into the causes of the differencesin binding affinity displayed by AKR and

other 11e50-containing TALE proteins.

3.4 Materialsand Methods

3.4.1 Construction and expression of DNA-binding mutants of AKR

DNA-binding mutants of AKR were generated using arecombinant PCR strategy. A GST-AKR;.
178 construct was used as a template for all PCR reactions. This construct encodes the first 178
amino acids of the protein, which includes the first 34 NH,-terminal amino acids, the 63 amino acid
homeodomain and 81 COOH-termina amino acids. In thefirst step of each reaction, NH,-termina
as well as COOH-termina fragments of AKR were PCR-amplified to include various point
mutations using the sets of primers described in Table 3.1 (Appendix A) aong with the invariant
primers RGD981 and 5319. The primerswere designed such that the two products overlapped by a
region of approximately 15 nucleotides containing the mutated site. A typica PCR reaction
contained 20 mM Tris-HCI pH 8.2, 10 mM KCI, 6 mM (NH,),SO,, 20 mM MgCL,, 0.1% Triton X-
100, 10 ng/ il nuclease free BSA, 0.3 mM dNTP, 10 ng of template, 1 iM each primer and 2.5 U of
Pfu ™ DNA polymerase (Stratagene) in afinal volume of 100 il. The resultant NH,- and COOH-
termina fragments were gel purified and ethanol precipitated. In the second step, the two PCR
products from the first reaction were mixed (approximately 10-20% of each), denatured, annealed
and the recombinant product made double-stranded in the initial step of the PCR reaction, which
contained no primers. The common NH,- and COOH-terminal invariant primers (RGD981 and
5319) were then added and the PCR reaction was alowed to proceed as described above. The
resultant product was subcloned into the PGEX2T vector using the BamH| and Smal sites on the
vector. All GST-fusion proteins used were expressed and isolated using the pGEX system

(Pharmacia) according to the manufacturer’s suggestions.
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3.4.2 Binding Site Selection

The random oligonucleotide used previoudy to determine the optima binding site of wild-type
AKR was used in these experiments (RGD783, Table 3.1 Appendix A). This oligonuclectide
consisted of 24 base pairs of random sequence flanked by elements of non-random sequence that
were used as priming sites to PCR-amplify the selected sequences using primers RGD784 and 785
(Table 3.1, Appendix A). These non-random flanking sequences a so contained EcoRI, BamH | and
Hindlll restriction sites in order to facilitate cloning of the selected PCR-amplified products. Site
selection was carried out as described previoudy but with a few modifications [320]. Briefly, 5 ig
of the purified wild-type full-length AKR or the mutant GST-AKR;.17g fuson proteins, was
incubated aong with gpproximately 400 ng of the randomer binding site pool, on ice for 1 hour in a
30 il reaction volume (25 mM HEPES, pH 8.0, 12.5 mM MgCl,, 50 nM KCl, 10% glyceral, 1 ig
BSA, 2 mM dithiothretiol, 1 ig of poly di- dC). Protein/lDNA complexes were then precipitated
using 5 il of a protein A-purified fraction of rabbit polyclona anti-AKR antiserum generated by a
former member of this laboratory [359]. This antibody displays specific binding to recombinant
wild-type AKR and has never been observed to disrupt DNA binding by the wild-type protein in
EMSA, suggesting that it would not affect the DNA binding of the mutant proteins. Thereaction
was alowed to proceed with rotation for 30 minutes at £C at which point 15 il of a 10% (v/v)
durry of GammaBind® Plus Sepharose® (Pharmacia Biotech) in NET (50 mM Tris-HCI pH 8, 150
mM NaCl, 1 mM EDTA, 0.02% (w/v) sodium azide, 1% (v/v) NP40, 0.1% (v/v) Triton X-100,
0.1% (w/v) SDS, 0.1% (v/v) Tween 20) was added and the mixture was incubated a further 30
minutes. After centrifuging at 12 000 rpm for 30 s in a microcentrifuge (Eppendorf), the resulting
pellets were washed in cold wash buffer (25 mM HEPES, pH 8.0, 12.5 mM MgCl,, 50 mM KCl,
10% glyceral, 1 ig BSA, 2 mM dithiothretiol). After 5 washes, the bound DNA was released by
incubation a 55°C in dution buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 0.5% SDS, 300 mM

NaOAc) and subsequently ethanol precipitated in the presence of 1 ig of glycogen. The selected
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products were resuspended in 10 il of water and 5 il was re-amplified by PCR to be used in a
subsequent round of selection. Following 6 rounds of enrichment the GST-AKR;.17¢ mutant and
their respective selected products were tested by EMSA, under conditions of binding Site excess, in
order to determine whether al of the mutants had retained DNA-binding activity. Postive selected
dtes, verified in this manner, were cloned into pBluescript SK™ (Stratagene). An average of 30
independent clones were sequenced using the dideoxy chain termination method [336] and
Sequenase Version 2.0 (US Biochemicals). The resultant nucleotide sequences of these cloneswere

then visudly aigned.

3.4.3 Electrophoretic mobility Shift Assays (EMSAS)

Semi-quantitative EM SAs were used to assess the relative binding affinity of the GST-AKR.;7g
binding site mutant proteins for the wild-type F' as well as the various selected binding sites (Table
32 and Table 3.3, Appendix A). For these assays, the double-stranded binding ste
oligonucleotides were labelled to equivaent specific activities. An oligonucleotide complementary
to the 3’ -end of each site was labdled with **P-dATP using T, polynucleotide kinase (primer 7919,
Table 3.1). A portion of the labelled oligonucleotide was then annedled to the single-stranded
binding sites and the second strand synthesized using klenow fragment [336]. The resultant
labdled double-stranded products were then purified usng a 10% polyacrylamide ge (19:1
acrylamidebis-acrylamide) run under non-denaturing conditions. The binding sites where then
extracted from the gel by passive diffusion using elution buffer (50 mM Tris-HCI, 5 mM EDTA,
100 mM NaOAc, 0.5% SDS), and ethanol precipitated along with 1ig of glycogen (Boehringer
Mannheim). EMSAs were carried out as described previously [314]. Protein/DNA complexes
were separated using 6% polyacrylamide gels (29:1 poly:bis-acrylamide) in 1 x Tris borate EDTA
buffer at 140 V for 3 hours. The gels were dried and the bands visualized by autoradiography. For
determination of equilibrium dissociation congtants (Ky) a constant amount d protein (0.25 ig)
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from each of the AKR binding mutants was incubated with various amounts of labelled DNA (4 x
10" M to 2.0 x 10° M) for 30 minutes at 4°C to alow protei/DNA complexes to reach
equilibrium in EMSA binding buffer minus poly dli- dC. Electrophoresis conditions were as
described above. Bound and Free DNAs were quantitated using the Instantimager™ (Electronic
Autoradiography, Packard, Meridan, CT 06450). The apparent K4 of the GST-AKR.17g binding

mutants for their various selected sites was determined by Scatchard analyses.

3.4.4 Western Blotting

All of the steps described were performed at room temperature unless otherwise specified. Protein
samples (0.5 to 1 ig) were boiled in 1 X SDS sample-loading buffer (25 mM Tris-HCI pH 6.8, 4%
(w/v) SDS, 20% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol, 0.002% (w/v) bromophenol blue) for
5 to 10 minutes with vortexing. Particulate matter was then removed by centrifugation at 12000
rpm for 10 minutes. The various samples were subjected to SDSPAGE (4% stacking gdl, 12%
separating gel) with a pre-stained broad-range protein standard (New England Biolabs). The gel
was run a 140 V for 3 hoursin 1 x protein ge running buffer (25 mM Tris, 250 mM glycine pH
8.3, 0.1% (w/v) SDS). The separated samples were subsequently transferred from the gel onto
polyvinylidene difluoride (PV DF) membrane (Immobilon™-P, MILLIPORE). This membrane had
been pre-cut to the dimensions of the gel, soaked in methanol for 10 sec and then rinsed in water.
The membrane, aswell asthe protein gel, was soaked in 1 x transfer buffer (39 mM glycine, 48 mM
Tris base, 0.037% (w/v) SDS, 20% (v/v) methanol) for 10 minutes. Transfer was carried out
overnight a 120 mA using a TE Series Transphor Electrophoresis unit (HOEFER Sciertific
Instruments, San Francisco). The fiddlity of the transfer was verified by staining the membrane in
amido black (0.1% (w/v) Amido Black 10% (v/v) 2-propanol 2% (v/v) glacial acetic acid) for 30 s
followed by four rounds of destaining in 100 mL of destain solution (25% (v/v) isopropanol, 10%
(v/v) glacid acetic acid). The blots were air dried for 510 minutes and stored at 4°C for up to 2
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months.  Alternatively, immediately following destaining the blot was washed 3 times, for 5
minutes each time, in 1 X TBST (20 mM Tris pH 7.5, 150 mM NaCl, 0.05% (v/v) Tween20).
Blocking was carried out in 30 mL blocking solution (4% (w/v) Carnation brand skim milk powder
in1x TBS-T) for 1 hour. At this point the primary antibody (1/500 dilution) was added to 5 mL of
fresh blocking solution and this was incubated for 4 hours with gentle shaking [359]. The blot was
washed 5 times, for 5 minutes each time in 1 x TBST and subsequently incubated with a
horseradish peroxidase-conjugated goat anti-rabbit monoclond antibody (1/10000 dilution in 10
mL of blocking buffer) (PFIERCE ImmunoPure® No. 31462, Lot 97061216). Following a 2 hour
incubation the blot was again washed 5 times, for 5 minutes each time, in 1 x TBS-T. The
Renaissance® system (NEN™ LifeScience Products) was used to develop the blot and the bands

were visuaized by autoradiography on X-ray film.
3.4.5 Molecular modelling of the AKR homeodomain

The amino acid sequence from position 2 to 61 of the AKR homeodomain (GenBank accession no.
U25353) was submitted to SWISSPROT server at http://expasy.hcuge.ch/swissmod/SWISS-
MODEL.html in FASTA format. This server threadedthe &-carbons of AKR using the coordinates
derived from the crystal structure of the MAT&2 homeodomain complexed to DNA (MMDB 1D
3857, PDB ID 1YRN). The resultant structure was then docked to a fragment of double-stranded
DNA that was generated using Sybyl v6.4 software (Tripos Inc., St. Louis), as guided by the
MAT&2/DNA complex structure. The DNA sequence used was that of the optimal binding element
of AKR, Opt-1 (5-CTCTATGACAGATCT-3, the hexanuclectide core binding dement is
underlined). Following energy minimization the homeodomain/DNA complex was analysed using
Procheck, a program that checks the stereochemical quality of protein structures[360]. Thefigures
derived from this model were generated using the Molscript [352] and Raster3D programs [353].
The surface model depicting the putative hydrophobic pocket of AKR was generated using GRASP

[361].
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3.5 Results

3.5.1 AKRrecognizes DNA inamanner that isdistinct from the I1e50-containing member sof the

TALE family of homeodomain proteins.

Previous results indicated that AKR was capable of establishing contacts to nucleotides 3’ - of its
hexanucleotide response eement. As shown in Figure 3.3, AKR exhibits an increased binding to
the FM2 mutant gte in which the GG dinucleotide 3' to the hexanucleotide core binding element,
5-TGACAG-3, ismutated to AA (shown underlined in Figure 3.3A). In addition, a Site selection
protocol performed using in vitro trandated AKR also indicated a preference for an ATCT
tetranucleotide 3' to the 5 -TGACAG-3' core [320]. To examine whether AKR established an
extended set of contactsto nucleotides 5’ of the core binding element, a number of mutations were
introduced to nucleotidesin this region (binding sites FMC1 to FMC6, Table 3.3 Appendix A). The
ability of AKR to bind these 6 sites was then tested in EMSASs. Full-length AKR displaysabinding
preference for these mutant binding sites in the order FM C3>FM C4>FM C5>FM Cé/wt F>FMC2
(Figure 3.4B). As expected AKR fails to recognize the FMCL binding site since this particular
mutation disrupts the core-binding element. These results demonstrate AKR binding preferences
for TASTT>CA>CT/GC>AT at positions 3 and 4, 5’ of the hexanucleotide core binding el ement.
The results indicate that AKR establishes contacts to a 13-base pair region of DNA, which is
appreciably larger than the typica tetranucleotide elements bound by the hox proteins or the
hexanucl eotide e ements bound by Meisl/Prepl and the Meis-related homeodomain proteins. The
greater number of contacts established by AKR to its recognition element may be responsible for
the greater DNA binding activity observed for this protein. The differences in binding affinities
observed for Meisl and AKR could a so result from structural differences between the two proteins,

particularly in regions outside of their homeodomains.
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Fgure 3.3 Electrophoretic mobility shift analysis of AKR binding to native and mutant F'
binding sites. In vitro trandated full-length AKR was incubated with **P-labelled F, FM1 and
FM2 oligonucleotide binding sites in the presence of pre-immune or immune antisera. A, the
sequences of the F, FM1 and FM2 binding sites are provided. The hexanucleotide core of the F
ste is underlined. The nucleotides confirmed by methylation interference analyses to mediate the
binding of AKR to F are designated with solid squares. B, Lane 1, no protein; lanes 27, 1iL
unprogrammed lysate in the presence of FM2 (lanes 2 and 3), FM1 (lanes 4 and 5) and F' (lanes 6
and 7) and 3 iL of a rabbit polyclona anti-AKR antibody (lanes 3, 5 and 7); lanes 8-16, 1 iL of in
vitro trandated full-length AKR in the presence of FM2 (lanes 810), FM1 (lanes 11-13), and F
(lanes 14-16) and 3 iL of pre-immune (lanes 10, 13 and 16) or immune sera (lanes 9, 12 and 15) as

indicated [adapted from Ryan et al. (1995) [314]].
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Figure 3.4. Electrophoretic mobility shift analysis of AKR binding to native and mutant F'
binding sites. In vitro trandated full-length AKR was incubated with **P-labelled F, FMC1 to
FMC6 oligonucleotide binding sites. A, the sequences of the respective binding sites are presented.
Apart from the sequence of F, only the nucleotide differences are listed. The hexanucleotide core
of the binding sites is demarkated with a black bar. The positions of the residues determined by
methylation interference to be contacted by AKR are denoted by black squares. B, lane 1, no
protein; lanes 2-8, 1iL in vitro trandated full-length AKR incubated in the presence of wild-type F
(lane 2), FMCS5 (lane 3) and FMC3 (lane 4), FMC4 (lane 5), FMC6 (lane 6), FMC2 (lane 7), FMC1
(lane 8). C, lanes 1-4, 1iL of unprogrammed rabbit reticulocyte lysate (lane 1) or 1iL of in vitro
trandated AKR;1.114 (programmed) (lanes 24) incubated in the presence of wild-type F. The
construct AKR»;.114 encodes the homeodomain at position 35 to 99 as well as 20 NH,-terminal and
15 COOH-termina amino acids. Lane 2, 1 iL of in vitro trandated AKR,;.114 Lane 3, 3iL of a
polyclond anti-AKR antibody; lane 4, 3 iL of preimmune serum. Lanes 510, 1 iL of in vitro
trandated AKR»1.114 incubated in the presence of FMC5 (lane 3), FMC3 (lane 4), FMCA4 (lane 5),
FMCS6 (lane 6), FMC2 (lane 7), FMC1 (lane 8). Bound and Free binding sites are designated by B

and F, respectively.
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To determine whether regions outside the homeodomain are important for the binding specificity or
activity of AKR, various truncations of the protein were generated, in vitro translated and usedin
EMSA dong with the mutant binding stes FMC1 to FMC6. The results of EMSA performed using
these truncations along with the various mutant binding sites, indicate that the binding specificity of
AKR resides in the homeodomain itself. Therefore, only the results obtained with AKRy;.114 are
shown (Figure 34C). To determine if AKR displayed similar binding in vivo, EMSAs were
performed using liver nuclear extracts adong with the various mutant binding sites (FMCL to
FMC6). Asshown in figure 3.5, EMSAS using these nuclear extracts and the mutant binding sites
resulted in the formation of four complexes. Using mutant binding sites that abrogate or enhance
AKR binding (FM1 and FM2 respectively) we have shown previoudy that the DNA/protein
complex designated B contains AKR (Figure 3.5C) [314]. The relative binding of this complex to
the mutant sites was similar to that obtained using thein vitro trandated full-length AKR or AKRy;.

114 indicating that AKR dictates the specificity of DNA binding within this presumed complex.
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Figure 3.5. Electrophoretic mobility shift analysis of AKR binding to native and mutant F'
binding sites. Nuclear extracts (0.5ig) isolated from estrogen-treated rooster liver wereincubated
with *P-labdled F, FMC1 to FMC6 oligonucleotide binding sites. A, the sequences of the
respective binding sites are presented. Apart from the sequence of F, only the nuclectide
differences are listed. The hexanucleotide core of the binding sites is demarked with a black bar.
The positions of the residues determined by methylation interference to be contacted by AKR are
denoted by hollow circles. B, lane 1, no protein; lanes 27, 2 iL rooster liver nuclear extracts
(0.25i¢/ iL) incubated in the presence of wild-type F' (lane 2), FMC5 (lane 3) and FMC3 (lane 4),
FMC4 (lane 5), FMC6 (lane 6), FMC2 (lane 7), FMCL1 (lane 8). C, lane 2, 2 iL rooster liver
nuclear extracts (0.25ig/ iL) incubated in the presence of wild-type F' (lane 1), FM1 (lane 2) and
FM2 (lane 3). The complex presumably containing AKR is designated with a B. The unbound

sites are designated by F (free).
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3.5.2 Mutationsin the homeodomain of AKR produce subtle differencesin the manner inwhichthe

protein recognizes DNA.

Previoudy, we introduced specific mutations in the NH,-termina arm and the helix 3 regions of
AKR [320]. These AKR mutants exhibited levels of binding activity that were quite different from
those observed for the wild-type protein. Furthermore, the mutations alowed these proteinsto bind
to stes not recognized by wild-type AKR. This suggested that the mutations had modified the
target site requirements of the homeodomain. To determine the specific effects of these changes
upon the binding site preferences of the variant AKR proteins, we performed PCR-ass sted binding
Ste sdlection using a protocol that we have used previoudy to determine the optimal binding site of
wild-type AKR [320]. AKR recombinant proteins were used to screen a library of binding sites
containing 24 base pair cores of random sequence. These 24 base pair cores are flanked by 20 base
pairs of non-random sequence that could be used to PCR-amplify the selected products. In
addition, the flanking sequences contained restriction sites to alow the subsequent subcloning of
the final pool of selected products. Limiting amounts of the library were used to enhance the
likelihood of selecting high affinity binding sites. The mutants used in the sdlection protocol were
generated in the GST-AKR;.17g construct, which encodes a protein that is missing 111 COOH-
termind amino acids. Single amino acid mutations were introduced at positions in the NH,-
terminal arm and the recognition helix, hdix 3. Recombinant full-length AKR was included as a
positive control since the results produced with this control could be compared to our previous
results in order to gauge the relative effectiveness of the protocol. Inaddition, GST alone was used
as a negative control. Bound sites were immunoprecipitated using a rabbit polyclona anti-AKR
antibody generated by a previous member of the laboratory [359]. In order to verify that the
mutations introduced had not modified the epitopes recognized by this antiserum, western blotting
was performed using al of the mutant fusion proteins generated. Wild-type GST-AKR;.173 was

included as a positive control. Figure 3.6 demonstrates that this antibody is capable of recognizing
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the wild-type and mutant GST-fusion proteins. The sizes of the bands recognized by the antibody
indicated that the GST fusions were expressed properly. The isolated sites were amplified as
described in the Material and Methods section and another round of selection was initiated.

Following 6 rounds of enrichment, EMSAs were performed using the various GST-AKR;. 178
mutants and their respective selected site poals, in order to confirm the DNA-binding activity of the
mutant proteins prior to cloning and sequencing of the selected sites. The results of a number of
studies have indicated that some combinations of amino acids in the homeodomain are inconsistent
with DNA binding [261; 268; 349]. This may explain the lack of DNA binding activity exhibited
by the R54M mutant, since this mutant did not bind either to F or a number of binding sites
recognized by the wild-type protein [320]. Similar results were obtained with the NH,-termina
double mutant (R4K, G6R) and the homeodomain mutant 150G (Figure 3.7). The data gathered
from visually aignment of the binding site pools selected by the remaining GST-AKR;.;75 mutant
proteins are presented in Figure 3.8 in the form of a consensogram. The numbering of the
nucleotide positions is given in Figure 3.9 to facilitate the description and subsequent discussion of
theresults. The numbering is such that the sequence of the hexanucleotide core binding dement 5’ -
TGACAG-3 spans positions 1to 6 and sequence 5’ and 3’ of the core are described as-1to-3 and
+1 to +4, respectively. Generadly, the ggquences of the selected binding sites resembled the
sequence of the F site. However, the mutations caused minor variations to the nucl eotides specified
by these proteins, particularly within the hexanucleotide core. The consensus sequence determined
for the sdlected binding site pool is presented using the Staden letter code of ambiguity provided in
Table 34  (Appendix  A). This tadble may dso be found &

http://www.angis.su.oz.au/Documents/Tables/.
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Figure 3.6 Theprotein-A purified rabbit polyclonal anti-AKR antibody isableto recognizeall
of the GSTAKR1.17;3 mutants generated. The various mutants were expressed and purified as
described in the Materials and Methods section prior to being separated on a 12% SDS
polyacrylamide gdl (4% stacking), transferred onto Immobilon™-P membrane and probed using a
rabbit polyclond anti-AKR antibody generated by a former member of this laboratory [359)].

Molecular weight markers are delineated in kilodatons (kDa).
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Figure 3.7 The different mutants display varying degrees of binding to their respective
selected binding site pools. EMSA analysiswas performed using the respective binding mutants
(0.25 ig) and a portion of the amplified pool of selected sites (1 to 2 iL). After a 20 minute
incubation on ice in the presence of 500 ng of the double-stranded non-specific competitor poly
di- dC, the DNA/protein complexes were then loaded onto a6% non-denaturing PAGE in 1 x TBE
and electrophoresed at 30 mA for 3 hours. The gel was then dried and the bands visuaized by
autoradiography on X-ray film. Lane 1, no protein (NP); lane 2, GST only; lane 3, I50K; lane 4,
I150G; lane 5, GST only; lane 6, A52K; lane 7, NP, lane 8, N471; lane 9, GST only; lane 10, R4K;
lane 11, G6R; lane 12 R4K/G6R; lane 13, R54M; lane 14, wt GST-AKR;.175; lane 15, thrombin-

cleaved recombinant full-length AKR.
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Figure 3.8 Defining optimal binding sitesfor the GSTAKR.;7s mutants. Binding Site selection
was performed, as described under Materials and Methods, using the various mutant proteins. The
sequences of the selected sites were then visually aligned and the results are presented in the form
of a consensogram that depicts the percent occurrence of a given nucleotide at a particular position
for A, recombinant full-length AKR; B, the R4K mutant; C, the G6R mutant; D, the N471 mutant;
E, the I50K mutant and F, the A52K mutant. The consensus sequences displayed beneath each
consensogram were derived in the following manner. 1n the flanking region a specific nuclectide is
considered “preferred”, if it appears with afrequency 3 40% at aparticular position and thisvaueis
two-fold higher than the next highest level. Within the hexanucleotide core binding element a
nucleotide is considered to be preferred, if it appears with a frequency 350% and if this vaue is
two-fold greater that the next higher level. Two and three nucleotides are listed in the same position
using the Staden code of ambiguity (http://www.angis.su.oz.au.) if they appear equivaently at this
position at afrequency 3 30%. An N depictsregionswere any of the 4 bases were found to occur at

equivaent frequencies.
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Figure 3.9 Sequence and numbering of the F' binding site. A, The sequence of the F siteis
shown in dong with the numbering scheme used to express and to discuss the results of PCR-
assisted binding site selection performed with the various mutants. B, Alignment of the binding
stesincluded in theResults and Discussion sections. The numbering scheme used to describe these

binding sites is presented. The hexanucleotide core binding sites are aigned and underlined.

118



-3-2-112345 6+1+2+3+4

S -CTCTATGACATGGTT-3’
3’-GAGATACTGTACCAA-S’

Wt F’ 5’-CTATGACATGGTTG-3"
FM1 5’-CTATTATATGGTTG-3’
FM2 5’-CTATGACATTTTTG-3’
Opt-1 5’-CTATGACAGATCTG-3"
R4K/OMBSI 5’-TCGTGGCAGGTTTG-3’
G6R/OMBS2 5’-TAATGACAGGTATG-3’
N471/0MBS3 5’-CTATGATAGGCTTG-3’

[S0K/OMBS4 5’-CTAGGACAGGTTTG-3’
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Thrombin-cleaved AKR, used as a positive control, selected sites with a consensus sequence, 5' -
C(CIT)(GIA)TGACAGNNCT-3' (hexanucleotide core binding e ement is underlined), that matches
the sequence of the hexanucleotide core binding eement of the Opt-1 site selected previoudy [320].
However, the sequence of the regions flanking this core varied dightly (Figure 3.8A). Postion -3
was occupied by C in 76% of the sequences selected, in contrast to 48% in the Opt-1 sequence. In
the present results, the identity of the nucleotides a positions +1 and +2 was more unclear

compared to the AT residues that were found to occupy these positionsin the previoustria. Lastly,
a CT dinucleotide was found at positions +3 and +4 in 54% and 43% of the cloned selected

sequences, respectively. This was consistent with our previous results.

The Arg4 and Gly6 residues of the NH,-termina arm of the homeodomain were mutated to Lys and
Arg, respectively. Lys4 and Arg6 are found predominantly among members of the PBC class of
homeodomain proteins (Pbx, Ceh-20, Exd), members of the pknox and Meis classes, as well as
members of the BEL group of homeodomain proteins (Figure 3.2) [248; 260; 332; 338]. As
described previoudy, these are dl classfied as members of the TALE family of homeodomain
proteins. As shown in Figure 3.8B, the R4K binding mutant selected sites with a consensus
sequence 5 -TCGTGRCAG(A/G)TNN-3 (where R denotes an A or G) that resembled the
sequence of the F (5 -TGACAT-3') and Opt-1 (5 -TGACAG-3') hexanucleotide core binding
elements (al are underlined). The R4K mutation effectively relaxes the stringent binding
requirements of the wild-type homeodomain within the core binding eement, specificaly at
positions 1, 2, 3 and 5. In the flanking regions, the R4K mutant displayed a dight preference for a
TC dinuclectide a postions -3 and -2, respectively while a G was found at postion 5 in
approximately half of the clones sequenced. This DNA-binding mutant also exhibits a preference
for a purine at position +1 and a T at position +2. Of the two NH,-terminal mutations, the G6R
mutant appeared to have the least effect on the binding specificity of the protein. This mutant

selected sites with a consensus sequence 5 -TANTGACAGNTAN-3' (hexanucleotide core is
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underlined). In the sequence selected by the wild type AKR, 5 of the 6 positions in the core binding
ste 5-TGACAG-3' were invariart in al of the selected sequences and a G residue occupies the
sixth position in 80% of the cloned sequences [320]. In the binding Sites selected by the G6R
mutant, the nucleotides at positions 2, 3, 4 and 6 are invariant and identical to those selected by wit
AKR (Figure 3.8C). However, the nucleotides at positions 1 and 5 match the Opt-1 core binding
ste only 77% and 81% of the time, respectively. The sequence of the core binding site selected by
the R4K mutant 5 -TGRCAG-3', dthough similar to that of the Opt-1 core binding Site, displays a
high degree of variability at postions 1, 2, 3 and 5 (63%, 70%, 37% and 63% matches respectively,
to the sequence of the Opt-1 core binding € ement) while positions 4 and 6 remained invariant to the

Opt-1 hexanucleotide core sequence.

Within the recognition helix, 11e47 is most commonly found in members of groups 1-11 and 13 of
the HOX family, where it makes hydrophobic contacts with the methyl group of thymine [261;
342]. The members of these groups do not contain a TALE between helices 1 and 2 of the
homeodomain. The N471 mutant selected sites with a sequence (the core hexanucleotide binding
element underlined) of 5 -CYRTGAYAGDCNN-3' (whereY denotes T or C, R denotesA or G, D
denotes A, G or T) (Figure 3.8D). Positions 1, 2, 3 and 5 are invariant and identica to those
selected by the wild-type protein. The N471 mutant selected a T or C at position 4 of the core
hexanucleotide element with frequencies of 50% and 46%, respectively. In the flanking regions,
this mutant selected a purine and pyrimidine at positions -2 and -1, respectively. The identity of the
nucleotide at position +1 was more variable since the mutant displayed a preference for G>A>T

while a C was present at position +2 in 61% of the selected sequences (denoted as D, Figure 3.8D).

Lys 50 is present most frequently in the paired family of homeodomain proteins where it specifiesa
GG dinucleotide at the first two positions of the core binding site [338; 343]. The I50K mutant
preferred to bind to a ste with the sequence 5 -HWNKGACAGNTNN-3' (Figure 3.8E,
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hexanucleotide core is underlined, W denotes a T or A, K denotes T or G). This matched the
sequence of the Opt-1 core binding element at positions 3 to 6. However, the 150K mutant
displayed more variability for the bases at positions 1 and 2 (52% and 76% matches, respectively, to
the Opt-1 sequence). Intheflanking regions, the nucleotide preferences of this mutant were unclear
a positions-3, -1, +1, +3 and +4. At the -2 position the I50K mutant displayed a preference for an
A or T (36% and 40% occurrence respectively, denoted as W) compared to the A sdlected by the
wild-type protein (50% occurrence). The T specified at position +2 appeared in approximately 50%
of the clones sequenced and matched the nucleotide at this position in the Opt-1 core

hexanucleotide hinding site.

Lysisfound at position 52 of the helix 3 region in the members of the PBC class of proteins [362] .
This residue is aso found predominantly at this position in Ceh-33, 34 and 40 as well as the sine
oculis family of homeodomain proteins [363]. Previoudy, we determined that the A52K binding
mutant only retained the ability to bind the Opt-1 binding site (MLT, unpublished results). These
results suggested that mutating Alab2 to Lys diminished the ability of the protein to bind DNA or
possibly increased the selectivity of the protein. In order to examine the effects of the A52K
mutation, binding site selection was aso performed with this mutant. The cloned sites selected by
this mutant displayed a consensus sequence of 5-NTNTGACAGAAAT-3 (Figure 3.8F). The
nucleotides at positions 1, 2, 3 and 4 are invariant and match the sequence of the core
hexanucleotide element of Opt-1. Although the nuclectide preference a position 5 was more
variable, an A occupied this position in 64% of the cloned sequences. In the flanking regions, the
A52K mutant exhibits a preference for T at position -2 compared to the A selected by the wild-type
protein. This mutant exhibits a high degree of variability for its nucleotide preferences at postion 1
selectingan A, T or C in 87% of the clones sequenced (29% frequency of occurrence for each of the

3 nucleotides). Interestingly, the consensus sequence displayed a preference for A at positions +1,
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+2 and +3 (40%, 43% and 43% frequency of occurrence, respectively) while a T was present at

position +4 at the same frequency.

3.5.3 The mutant proteinsdiffer in the binding affinitiesthey exhibit for the wild-typeF' steand

their selected sites

We had previoudy quantified the affinities of wild-type AKR to binding sites, F and G, present in
the apoVLDLII proxima promoter [320]. Opt-1 was determined by binding site selection. The
equilibrium dissociation constants (K4) determined for the F and G sites were similar and an order
of magnitude lower than the Ky vaue determined for Opt-1. In order to compare the binding
affinities exhibited by the mutant proteins for their respective selected sites we determined Ky
values for these interactions as outlined in the Materials and Methods section. To generate the
appropriate optimal binding sites for these mutants only those nucleotides that were selected for
with a frequency >50% were incorporated into the native F' sequence. Scatchard analyses of the
data generated from EM SA performed using the mutant proteins and their respective selected sites
indicates that the R4K, G6R and 150K mutants display Kgs similar to that obtained for wt AKR
binding to the F and G sites (Table 3.5, Appendix A) [320]. The N47] and A52K mutants
displayed a similar affinity for their respective selected sites that was an order of magnitude lower
than those obtained for the wt or mutant AKRs. The lower vaues for these mutants may reflect
minor perturbations in their DNA contacts or disruptions to their secondary structure caused by

these mutations.
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3.5.4 Arevised model for AKR/DNA interactions

Our previous attempts to model the homeodomain were somewhat limited by the capabilities of the
software used which alowed us to include only amino acids 8 to 56 of the homeodomain [320].
Consequently, we were unable to model the NH,-terminal arm of AKR. Recent advances in

software design have alowed us to remodel the homeodomain in its entirety.

To generate the revised model we used a region encompassing amino acids from 2 to 61 of the
AKR homeodomain. AKR and MAT&2 are sufficiently homologous through their homeodomains
(32% identity, 41% dgmilarity) to pemit use of the SWISS-3D modeling server
(http://expasy.hcuge.ch/swissmod/SWISS-MODEL .html) to generate a preliminary modd of an
AKR homeodomain/DNA complex. This server threaded the a-carbons of the submitted sequence
using the coordinates derived from the structure of the MAT&2 complexed to its recognition
element [279]. A double-stranded fragment of DNA was generated whose sequence 5’ -
CACTATGACAGATCT-3 (corebinding site is underlined) incorporated the sequence of the Opt-
1 binding site shown and numbered in Figure 3.10 [320]. The docking position was derived from
the MAT&2/DNA complex structure as outlined in the Materials and Methods section. The model
underwent extensive energy minimization and was evauated for stereochemica and steric
violations using Procheck [360]. The resultant three-dimensiona structure is illustrated in Figure

3.10.

As expected, the mode confirms that the NH,-terminal region establishes numerous contactswithin
aminor groove region that spans A10 to T13 of the binding site core (Figure 3.11). The magjority of
contacts appear to be made by the Arg residues at positions 3, 4 and 5 of the NH,-terminal arm.
These residues establish numerous contacts with the nucleotides at positions 10-14, 20 and 21 of the

DNA. This region includes several bases 3 of the core binding eement.
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Figure 3.10 A space filling model of the AKR/Opt-1 complex. Moddling and energy
minimization was performed using the program Sybil 6.4. A, front view and B, rear view of the
contacts established by key residues within the AKR recognition helix to Opt-1. Nucleotides are

numbered from 1-12 to facilitate discussion. The residues of the AKR homeodomain are presented

in colours that correspond to the respective atoms.
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Figure 3.11 Ribbon diagram of the AKR homeodomain bound to its DNA recognition
element. Amino acids 2 to 61 of AKR were threaded using the data generated from the crysta
structure of yeast TALE homeodomain protein MAT&2 complexed to its recognition element [279] .
The resultant structure was processed and rendered as outlined in the Materials and Methods
section. A, ball-and-stick representation of the contact area of the residuesin the NH,-termina arm
in the AKR/Opt-1 complex modedl. Key resduesin AKR are highlighted and labelled. B, rear view
of figure 3.11A. The sequence of the double-stranded fragment of DNA is humbered from 1 to 30,

along with the positions of the mgor and minor grooves.
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Within the recognition helix the model indicates that residues 47, 50, 54 and 55 establish the
majority of base-specific contacts to bases T6 to C9 within the mgjor groove (Figure 3.12). Asnd7
is cgpable of making direct contacts with A, G, and T at positions 8, 22 and 23. 1150 isin position
to make a number of hydrophobic interactions with T6, G7 and possibly A8. Along with 1150,
Arg54 may have the greatest number of major groove contacts to nucleotides A8, T21, G22 or T23.
Lastly, Arg55 is positioned to make a number of charged interactions with the nucleotides at the 3' -

end of the hexanucleotide core. Specifically, Args5 may contact a region from C20 to G22.

The model aso indicates the presence of a putative hydrophobic pocket in the AKR homeodomain
that is comprised of Leul6, Argl7, Leu20, Trp48, Phed9 and Alab2. Figure 3.13 depicts the
solvent-accessible surface of AKR, caculated and displayed with GRASP [361]. The double-
stranded DNA molecule is displayed as a full atomic model. The possble existence of a
hydrophobic pocket is of interest since the interactions of MAT&2/MATal as well as the
interactions of the PBC homeodomain proteins and their various Hox partners occur via the
hexapeptide motif of the Hox proteins and a hydrophobic pocket in the PBC partner. In these
examples the amino acids that comprise these hydrophobic pockets have been shown to include
amino acids in the TALE region that are well conserved in Pbx and Exd [362]. Our model suggests
that residuesin the TALE region of AKR do not contribute to the structure of the pocket. However,
the TALE residues are located in the vicinity of the pocket and as such maintain the potential to
contribute in some manner. At present, it is unclear whether amino acid residues in the regions
outside of the homeodomain participate in the formation of this pocket since we were unable to
model AKR inits entirety because of the lack of an appropriate template with which to perform the

moddling.
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Figure3.12 Ribbon diagram of therecognition helix of thehomeodomain of AKR bound toits
DNA recognition element. Amino acids 2 to 61 of AKR were threaded using the data generated
from the crystal structure of yeast TALE homeodomain protein MAT&2 complexed to its
recognition element [279]. The resultant structure was processed and rendered as outlined in the
Materials and Methods section. A, bal-and-stick representation of the contact area of the residues
in helix 3 in the AKR/Opt-1 complex model. Key residuesin AKR are highlighted and labelled. B,
rear view of figure 3.12A. The sequence of the double-stranded fragment of DNA is presented

numbered from 1 to 30, aong with the positions of the mgor and minor grooves.
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Figure 3.13 Molecular surfacerepresentation of the putative hydrophobic pocket of AKR.
The solvent accessible surface of AKR complexed to DNA is shown. The respective amino acids
that comprise the hydrophobic pocket are highlighted in white lettering. A, front and B, rear views
of amino acids 2 to 61 of AKR complexed to its recognition element [320]. The sequence of the
Opt-1 binding site used to generate the AKR/DNA model. This figure was prepared using the

program GRASP [361].
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3.6 Discussion

3.6.1 Arevised model of AKR/DNA interactions

Although the overdl structures of homeodomain containing proteins vary significantly, they aso
exhibit amilarities. For example, equivalent &carbons for residues 358 of the homeodomains
from Drosophila engrailed (en) and the yeast MAT&2 can be superimposed with an average root
mean-square deviation (r.m.s.d.) value of 1.0 A [364]. Comparatively, superimposing the structures
of several independently determined Antp homeodomains resultsin an r.m.s.d. value of 0.2 A [365].
With this in mind, the data compiled by the Molecular Modelling Database (MMDB) indicates that
if amodd and template share approximately 50% identity, the deviation of the final model from the
template structure is approximately 3A. This reinforces the vaidity of the data generated through

modelling studies such as those described here.

Previoudly, we generated a model of an AKR/DNA complex using coordinates derived from studies
of the crystal structure of the MAT&2/MATal dimer complexed to DNA [279]. However, dueto
the limitations of the server, only 53 amino acids of the homeodomain could be moddlled. These
problems were further complicated since the length of the DNA molecule to be used for docking

with the protein was limited to 6 nucleotides. Consequently, we were not able to model the NH,-
terminal arm of AKR, nor could we make any predictions about residues that would make contacts
to nucleotide positions outsde of the hexanucleotide core. In the current study, advances in

software design at the server have alowed us to model the homeodomain in its entirety using a 15-
base-pair strand of DNA that encompasses the core binding element. In thisreport, we haverefined
the structure of our previous model as described in the Materials and Methods section. A space-
filling modd of the AKR homeodomain complexed to the Opt-1 site has been generated (Figure
3.10). This space-filling modd illustrates clearly that the homeodomain of AKR binds the mgor

groove of its recognition element in a manner identica to that which is highly conserved among
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homeodomain-containing proteins. The NH,-terminal arm behaves asafinger, completely inserting
itself into the minor groove of the DNA where the Arg residues at positions 3 to 5 make the greatest
number of contacts to nucleotides A10 to T13/A18 to T21 (Figure 3.11). Additiona contacts are

aso observed to A8C9/G22T23 in the major groove of the hexanucleotide core binding el ement.

Piper et al. (1999) suggest that the preference for a G at position 7 of the Pbx1/HoxB1 binding site
may result from the lack of contacts by the Hox NH,-termina arm to base pair 7 [277]. The authors
suggest that the presence of a leucine at residue 4, whose bulky hydrophobic side chain rules out
minor groove contacts, causes the arm to bend away from the DNA. Our model suggests that
residue 7 of the homeodomain NH,-termina arm is positioned such that substitution of the wild-
type Asn residue with an Ile as in Meisl, or Vd as in Prepl may also protrude into the minor
groove region. Thiswould cause the NH,-terminal arm to bend away from the DNA and result in

the lower binding affinity observed for these proteins.

Our modd predicts that the residues, which determine the binding specificity of the AKR

homeodomain, reside at positions 50 and 54 in the helix 3 region of the AKR homeodomain. These
residues determine the nucleotide identities at positions 6, 7 and 8 to 10, respectively, (5 -TGACA-
3') of the hexanucleotide core binding site. Contacts established by the Asn47 to G22, T23 and
C24 reinforce the contacts made by both 1150 and Arg54. Electrostatic interactions made by Arg55
to the backbone at nucleotides T21 help to reinforce Arg54 contacts to this nucleotide. The
additional contacts this residue makesto C20 help determine the identity of the complementary G at
position 11 of the hexanucleotide core. This may explain the ability of AKR to recognize either aT

or G a this position (Figure 3.12).

Our modd aso predicts the presence of a putative hydrophobic pocket in the AKR homeodomain
consisting of Leul6, Argl7, Leu20, Trp48, Phed9 and Ala52. The crysta structures of
Pbox1/HoxB1 and Ubx/Exd dimers indicate that the TALE loop contributes to the formation of a
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hydrophobic pocket that is comprised of residues Phe20, Leu23a, Pro24, Tyr25, Arg53, Tyr56 and
Lys57. Of these residues, only Tyr25 and Arg53 are conserved in AKR. In AKR, the residues at
positions 20, 56 and 57 have been replaced by the hydrophobic amino acid Leu and Pro24 by Tyr
(Figure 3.2). It is possible that this hydrophobic pocket mediates interactions between AKR and a
putative cofactor protein in a manner analogous to the PBC/Hox interactions. Interactions of AKR
with a cofactor are suggested by the high molecular weight of the ubiquitous complex present in
nuclear extracts (Figure 3.5C). This complex displays abinding specificity similar to that of invitro
trandated full-length AKR on both wt F' and a number of mutant binding sites (Figures 3.4 and
3.5). Theseresults suggest that any interaction of AKR with a cofactor does not effectively modify
the binding specificity determined for AKR in isolation. In addition, it is possible that variations in
the residues comprising the hydrgphobic pocket of TALE proteins could dictate the type of cofactor
recruited. However, a present there is no evidence that AKR and its murine orthologue TGIF
interact with other cofactors through the hydrophobic pocket. 1t has been shown that TGIF interacts
with histone deacetylase 1 (HDACL) in a DNA-independent manner and that this interaction is
dependent upon residues outside the homeodomain in both the NH,- and COOH-terminal regions of
TGIF [366]. In addition, we have shown here that both the NH,- and COOH-termina regions of
AKR are important in the downregulation of the estrogenrinducible activity of the proximal
promoter of apoVLDLII by AKR (Figure 4.12, Chapter 4). Furthermore, the ability of Pbx or Exd
to interact with their respective Hox partners resides both in the homeodomain and in a small

COOH-termina region of the protein. Thus, there is some evidence to suggest that residues outside
the homeodomain can be important for protein-protein interactions in which these homeodomain
proteins participate. Since we were only capable of modelling the homeodomain of AKR it was not
possble to determine if additiond residues outside of the homeodomain interact with the

hydrophobic pocket.
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3.6.2 AKR bindsitsrecognition element in a manner distinct from that of the 11€50-containing

TALE proteins

As mentioned previoudy, the amino acid sequence and overall structure of the homeodomain is
highly conserved even among evolutionarily distant organisms. Therefore, it is not surprising that
these proteins bind to their regulatory eements in a very similar manner. Most homeodomains
share a preference for amotif containing a5 -TAAT-3 coreand vary only in their preferences for
bases immediately 3’ to this core. However, we demonstrated previousy that AKR binds a
sequence, Opt-1, that containsthe hexanucleotide core 5 -TGACAG-3'. This sequence matchesthe
sequence of the MPRE, recognized by the Meisl/Prepl proteins. We aso showed that AKR
establishes specific contacts with several G residues 3' of the hexanucleotide core of site F in the
apoVLDLII promater (Figure 3.3 and reference [313]). These observations were corroborated by
the results of binding site selection which indicated that, in vitro, AKR has the ability to specify
nucleotides 3’ of the Opt-1 hexanucleotide coreelement (5 -TGACAGATCT-3') [320]. Theresults
of EMSA using the mutant binding sites FMC1 to FMC6 demonstrate that AKR maintains
nucleotide preferences for bases at positions 5’ of this core, which expandsthetotal arearecognized
by the AKR homeodomain to a minimum of 13 nuclectides. Binding Ste sdection studies
performed with Meis/Pbx or Prep/Pbx complexes have failed to identify nucleotide preferences
outside of the core regions selected by these proteins. The larger arearecognized by AKR coupled
with its demonstrated nucleotide preferences at specific positions outside of the hexanucleotide core

may explain, in part, the higher affinity that this protein displays for the MPRE [320].

3.6.3 Mutations in the NH,-terminal arm and helix 3 of AKR result in subtle changes in the

nucleotide preferences of the homeodomain

The differences exhibited in the binding of AKR and the 11e50-containing TALE group of
homeodomain proteins © their recognition elements may aso reflect subtle changes caused by
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amino acid differences in the two proteins, particularly through their NH,-termina arms. To
determine the effects that the changes to the number of charged residues within the NH,-termina
arm of AKR had upon the binding specificity of the protein, the Arg and Gly residues at positions 4
and 6 were mutated to Lys and Arg (R4K, G6R), respectively. These residues are found
predominantly among members of the PBC class of homeodomain proteins, members of the PKnox
and Meis classes, as well as members of the Bel group of homeodomain proteins (Figure 3.2) [248;
260; 332; 338]. With the exception of Bell, whose recognition element is yet undetermined, al of
these homeodomain proteins recognize elements containing a 4base pair core, 5-TGAC/T-3'.
However, the high affinity binding of these proteins requires interactions with a PBC co-factor.
Previoudy, we demonstrated that both the R4K and G6R NH,-termina mutants exhibit increased
binding to the F site over that observed with the wild-type protein (Figure 2.4 and 2.6, Chapter 2).
We suggested that these mutations augment the charged contacts with the DNA phosphate
backbone, enabling the mutated homeodomains to tolerate a variety of nucleotide changes within
the hexanucleotide dement that abolished binding by the wild-type protein. To determine the
effects of these mutations upon the binding site specificity of AKR, we repeated our PCR-based
binding site selection using the mutated AKR proteins [320]. The results of these assays, shown in
figure 3.8, indicate that both mutations increase the variability of the nucleotides present in the
hexanucleotide core, specifically positions 1 to 3 and 5 for the R4AK mutant (5TGACAG-3') and
positions 1 and 5 for the G6R mutant (5 -TGACAG-3'). This is congstent with the observed
effects of these mutants on the DNA binding activities of the R4K and G6R mutants Figure 2.4,
Chapter 2). The results of binding site sdection indicate that the increased binding activity
observed for the R4K and G6R mutants coincides with a genera decrease in the stringency with

which they are able to discriminate the nucleotides at positions throughout the hexanuclectide core.

Mutating Gly6 to Arg results in increased DNA binding. Gly is capable of adopting conformations

that are sericaly forbidden for other amino acids because of their bulkier side chans.
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Consequently, the Gly at position 6 of the wild-type AKR homeodomain may confer a high degree
of flexibility to the NH,-terminal arm and enable AKR to reinforce its minor groove contacts
resulting in a higher degree of binding specificity. In the GBR mutant, the flexibility is diminished
and the basic charge of Arg generates a number of new contacts specificaly with T21 and G22,
which may explain the increased binding activity observed for this mutant. As with the G6R
mutant, the R4K mutation increases DNA binding activity. Since both Lys and Arg are strongly
basic and are positively charged at physiologica pHSs, it is difficult to reconcile the increased
binding activity observed for the R4AK mutant. Lys would not modify the number of H-bonds or
charged interactions. However, the increased flexibility of the Lys residue may enable this mutant
to accommodate a greater number of interactions than Arg, which would presumably stabilize
interactions that are not favoured by the Arg in the wild-type protein. Structuraly, Arg differsby a
carbon atom from Lys. The larger Arg may be stericaly hindered from maximizing al of its
potential DNA interactions. With respect to the lack of observable DNA binding activity for the
R4K/G6R double mutant, it is possble that the optimal representation of postively charged
residues in the NH,-terminal arm of AKR was exceeded such that the resulting electrostatic
repulson disrupted the minor groove contacts made by the protein. With this in mind, it is worth
noting that there are only a small number of homeodomain proteins that incorporate >5 basic

residues in their NH,-terminal arms.

In contrast to AKR and TGIF, which have relatively high binding affinities for their recognition
elements, the other 11e50-containing homeodomain proteins including Meisl and Prepl require a
cofactor in order to bind tightly to the MPRE. We have demonstrated here that residues at positions
4 and 6 can sgnificantly influence the binding affinity of AKR. Additionally, our model suggests
that the residue a position 7 of the NH,-terminal arm may also have an impact on the binding
affinity of the homeodomain for its recognition element. The presence of hydrophobic residues at

this position could disrupt the contacts made by the residues in the NH,-termina arm, destabilizing
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the base specific contacts of the residues in helix 3 and resulting in the lack of detectable binding.
The Meig/Prep proteins have lle or Va residues respectively at position 7 compared to the Asn
residue in the AKR homeodomain. Thus, the differences in the binding affinities of AKR and the
other 1le50-containing TALE homeodomain proteins for their recognition eements may reflect

amino acids present at key positionsin the NH,-terminal arm.

The contributions of the NH,-terminal arm residues to the DNA binding specificity of AKR are
complemented by the direct contacts established by helix 3 residues. As mentioned previoudly, the
binding specificity of the homeodomain is determined by the composition of amino acids at
positions 47, 50, 51, 54 and 55. The variability of these residues generates a type of combinatoria
code that defines the nucleotide requirements of the homeodomain within its recognition eement
[260; 268]. Therefore, we mutated these residues to those more commonly found in other

homeodomain proteinsin order to determine the effects upon the binding site specificity of AKR.

The residue at position 47 is most commonly found in members of groups 1-11 and 13 of the HOX
family, where it makes contacts to thymine [261; 342]. When N47 of AKR was mutated to Ile
(N471 mutant) the protein displayed a preference for a T or a C residue at position 4 of the
hexanucleotide core whereas the wild-type protein always selected a C at this core position. In
addition, the mutant protein specified a T at position -3 and +3 relative to the core sequence in over
50% of the sites selected, as does the wild-type protein (Figure 3.8 compare A and D). This mutant
displays preferences for specific nucleotides outside the core compared to the wild-type protein.
Although the Asn to Ile mutation enables this mutant protein to recognizeaC or T at position 4 the
higher K4 determined for this mutant binding to its optimal binding site suggests that the net effect
of this mutation is to disrupt the tight binding of the protein. Although the Ile residue is capable of
hydrophobic interactions with either C or T at position 4, our model indicates that this molecule is

larger and less flexible than the wild-type Asn.
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A Gly at position 50 is found predominantly among the members of the PBC class of TALE
homeodomain proteins. These proteins recognize abinding element 5’ -TGAT-3' that resemblesthe
F' sequence (5'-TGACAT-3'). The 150G mutant did not exhibit any DNA binding activity. We
cannot rule out the possibility that the lack of activity demonstrated by this mutant is a result of the
incorrect folding of this bacterially produced protein. However, the crystal structures of a
Pbx1/Hox or Ubx/Exd dimers on DNA show that Gly does not participate in contacts to its binding
site core [277; 287]. Thus, the larger lle residue in AKR may establish additional contacts and thus
be important in the ability of AKR to bind DNA. Our model suggeststhat 1150 establishes contacts
to the first two bases (underlined) in the hexanucleotide core (5 -TGACAG-3') and thus plays a
crucia role in determining the idertities of the nucleotides at these two positions (Figure 3.11). A
Gly residue at position 50 would essentially abrogate these contacts. Our inability to detect any

DNA binding by this mutant supports this hypothesis (Figure 3.7).

Lys a postion 50 of the homeodomain is found in the paired and six families of homeodomain
proteins where it specifies a GG dinucleotide at the first two positions of the recognition element
(5GGCTTA-3') [338; 343; 363]. Thel50K AKR mutant specified abinding sitewith A and T at
postions -2 and +2. Significantly, the I50K mutant AKR exhibited a decreased specificity in the
hexanucleotide binding site core. In sites selected by the wild-type protein positions 1 and 2 were
invariably T and G, respectively whereas the 150K mutant selected T and G only 36% and 76% of
the time, respectively. The modelling of the 150K mutant suggests that Lys50 is capable of
establishing a greater number of contacts with the GG dinucleotides at positions 1and 2 whereas the
wild-type Ile formed mainly hydrophobic interactions with the T and G residues at these positions

inthe F site.

We proposed previoudly that the residue a position 54 makes a great number of base-specific
contacts. There is aso consderable variability in the identity of the resdue at this position within

groups of homeodomains. This provides a potentia source of variation in sequence specificity
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[338]. The Arg at position 54 was changed to Met, a residue that is found predominantly at this
position in members of the Antp family of homeodomain proteins. Met 54 is positioned to make
contactsto the T at position 4 of the tetramer core (5'-TAAT-3) in the Antp/DNA complex [365].
Previous results suggested that this mutation abrogated the ability of the protein to bind DNA [320] .
Alternatively, the R54M mutation may have modified the binding specificity of the protein such
that it no longer recognized F or any of its derivative binding sSites. To clarify the effects of the
R54M mutation it was subjected to binding site selection. The results of binding Site sdlection
suggest that this mutant may be serioudy impaired for binding DNA vdidating the indications of

the model that this residue the mgjor critical determinant of the binding specificity of AKR.

Lagtly, the Ala a position 52 was changed into Lys. Similar to position 54, there is considerable
variability with respect to the residue found at position 52 across families of homeodomain proteins.
However, Lysis found at this position in the members of the PBC class of proteins as well as the
Caenorhabditis elegans proteins Ceh-33, 34 and 40. The results of EMSA performed with this
mutant demonstrated its ability to recognize only the optima binding site of AKR. Binding site
selection was performed with this mutant in order to determine whether these results were the
conseguence of a change in binding specificity or binding affinity. The mutant selected sequences
with a5 -TGACAG-3 core and specified for T at postions 4 and 15. Curioudy, this mutant also
selected for sequences with A at positions 5 to 14. The residue at 52 forms part of the putative
hydrophobic pocket. Mutation of the wild-type Alawith Lys produces a charged interaction where
the positive charges of Lyss2 and Argl7 repel each other. This potential disruption of the
hydrophobic pocket may have negative repercussions on the ability of the protein to bind DNA that
would possibly manifest themselves in the comparatively lower Ky determined for this mutant.

Increasing the number of basic residues found within the NH,-terminal arm appears to stabilize
interactions not permitted by the wild-type protein. This permitted the R4K and G6R mutants to
recognize a variety of nucleotides at positions 1 to 5 of the hexanucleotide core, 5 -TGACAG-3'.
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Thisresultsin agenera loss of nucleotide specificity at a given position along the core. In contrast,
changes to amino acid residues within helix 3 modified the preferences of the mutant prateins at
specific positions within the hexanucleotide core. These changes verified the contacts predicted for
these amino acids by our molecular model to specific nucleotides within the core. Alignment of the
residues within the NH,-terminal arms and helix 3 regions of 148 individua homeodomain proteins
indicated that the increasing number of basic residues occurring in the NH,-termina arm of a
particular homeodomain protein coincided with a decrease in the degree of variability of the amino
acids that are found at positions 47, 50, 52 and 54 of hdix 3. As shown in figure 3.14, as the
number of basic residues found in the NH,-terminal arm decreases, the variability of the amino
acids at these positions in the helix 3 also decreases such that homeodomain proteins with 1 or less
basic residues show little variance in the identities of the residues found at 47, 50, 52 and 54.

Notably, the residue at position 55 was found to be predominantly a Lys or Arg and our model has
indicated that along with Arg3 to 5thisresidue contactsthe 3' G of the5' -TGACAG-3' core. AKR
contains a unique combination of amino acid residues, which make up helix 3, specifically a

positions 47, 50, 52 and 54. This uniqueness manifests itself in the high stringency and specificity
with which AKR contacts the nucleotides at positions 1 to 5 of the hexanucleotide core. It is
possible that increasing the stability of the protein’s interactions with DNA inevitably alows these

residues to establish contacts normally too weak to be dbserved.
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Figure 3.14 The number of basic residuesin the NH,-terminal arm appearsto be directly
proportional to the variability of the amino acid residues that comprise helix 3 of the
homeodomain. The amino acid sequences of over 148 homeodomain proteins were aligned and
grouped based upon the number of basic residues in their NH,-termind arm. Within a group of
proteins the amino acid residues at positions 47, 50, 52, 54 and 55 were tabulated and are plotted as
the number of different amino acid residues found at a given position as afunction of the number of
basic residues in the NH,-terminal arm. The aignment results of the amino acid sequences from
homeodomain proteins with A, five basic amino acid residues (33 individua sequences); B, four
basic amino acid residues (36 individua sequences, C, three basc amino acid residues (25
individual sequences); D, two amino acid residues (24 individual sequences); E, one amino acid

residue (20 individual sequences).
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APPENDIX A List of Tablesfor Chapter 3

Table 3.1 Oligonucleotides used to introduce point mutations into GSTAKR;.17s.

Mutant Primer No. | Sequence

RGD981 5'-GECTGECAAGCCACGTI TTGG 3!

5319° 3-GOGAGTCGT TCTGACACAGG S
51172 3-COGT TTGAGTACCGGATTCT TAAGS'
R4K RGD982 5'-GGAAACGT GGCAAACCTACCC 3’

RGD983 3'-GCCTCCTTTGCAACCGT TGGATGEGS’

G6R RGD1020 5'-OGT AGGAACCTACCCAAAGAG 3’

RGD1019 3’-CCTCTACATCCTTGAATGSGI TTCTGS’

R4K/GBR | RGD1020 5’-CGTAGGAACCTACCCAAAGAG 3’

RGD1019 3-CCTTTGCATCCTTGGATGEGI TTCTCGS’

N47I RGD1084 5'-GGTCTGCATCTGGTTTATCAAG 3

RGD1085 3'-GATGT CCAGACGTAGACCAAAT-5'

150G RGD1016 5’-TTGECAACGCACGCCECAGG 3

RGD1015 3’-CGT TGACCAAACCGT TACGT GOEECGT CG-5

150K RGD1087 5'-CTGGI TTAAGAACGCACGCCGC-3!

RGD1083 | 3-CGITGACCAAATTCTTGOGTGOG 5

A52K RGD1025 5'-TATCAACAAACGCCGCAGGEC-3'

RGD1024 3'-CGT TGACCAAACCGT TGT TTGCGEECGT CCG5!

R54M RGD1571 5'-CCCATGAGCCTCTTACCTGATATGC-3!

RGD1570 3-GTTGCGTGOGTACTCCGAGAATGG S

199




Table 3.2 Oligonucleotide binding sites used in these studies.

Primer No. Sequence

RGD783 5"-COGGGAAT TCATATGGATCC( N,,) AGATCTOGAGAAGCT TOGGG-3'
RGD784 5'-COGRGAATTCATATGGATCC-3'

RGD785 3’-TCTAGACTCTTCGAAGCCG S’

7914° 5'-GGCCTCTATGATAGGGT TGCCTGAAAATGTAGG 3’

7915° 5"-GECCT TAAGGACAGGGT TGCCT GAAAATGTAGG 3’

7920° 5"-GGOCTCTATGACAGAAAT GCCTGAAAATGTAGG 3’

7917° 5'-GGECCT TAATGACAGATCT GCCTGAAAATGTAGG 3’

7918% 5"-GGOCT TAATGACAGGGT TGCCTGAAAATGTAGG 3’

RGD984 5'-GT TTATGAAAGGGGCCT CTATGACAGATCTGOCTGAAAATGTAGG 3’
1511 5'-GEOCTCTATGACATGGT TGCCT GAAAATGTAGG 3’

7919 %" 5-CCTACATTTTCAGCA-3’
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Table 3.3 Oligonucleotide binding sites used in these studies.

Primer No./Label Sequence

758/[FMC1U 5'-CCTCTTAATCATGGT TGOCT -3'
759/EMCIL 3-AATTAGTACCAACGGACTTT-5'
760/[FMC2U 5'-CCTAGATGACATGGT TGCCT-3'
761/FMC2L 3'-CTACTGTACCAACGGACTTT-5’
762/[FMC3U 5'-CCTTAATGACATGGT TGCCT-3'
763/EMC3L® 3'-TACTGTACCAACGGACTTT-5'
768/FMC4AU° 5-CCTTTATGACATGGT TGCCT-3°

3'-TACTGTACCAACGGACTTT-5’

769/FMC5U° 5’-CCTCAATGACATGGT TGCCT-3

3’-TACTGTACCAACGGACTTT-%’

770/FMCBU° 5’-CCTGCATGACATGGT TACCT-3

3'-TACTGTACCAACGGACTTT-5’

# The oligonucleotides presented in Tables 3.1 to 3.3 that were synthesized by the Cortec DNA
Service Laboratories Inc. are listed according to their numbered designation. All of the remaining
oligonucleotides were synthesized using a Beckman Oligo 1000 DNA synthesizer. *° The 7919
oligonucleotide was end-labelled with **P and used to synthesize the complementary strand of the
primers 984, 1511 and 7914 to 7918. ° The 763 oligonuceotide was end-labelled with **P and used
to reverse complement the 762, 768, 769 and 770 oligonucleotides. The acronym FMC is used to
represent F Mutant Core, the U and L symbolize the upper and lower strands, respectively.
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Table 3.4 The Staden code of nucleotide ambiguity.

Staden Code Meaning
A A

C C

G G

M AorC

R AorG

W AorT

Y CorT

K GoT

H AorCorT
D AorGorT

The Staden letter code of ambiguity used to describe e results of the target site selection
performed with the various GST-AKR;.17s mutants. This table was adapted from one available at
http://www.angis.su.0z.au.
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Table 3.5 The equilibrium binding constants (K) of the various mutant proteins binding to their

selected sites.

Mutant | Selected Site Kyq re
AKR F 31X 10" M 0.99
AKR Opt-1 52X 107 M 0.95
AKR G 51X 10" M 0.85
R4K OMBS1 12X 10" M 0.98
G6R OMBS2 28X 10" M 0.90
N47I OMBS3 28X 10°M 0.48
150K OMB3# 94X 10" M 091
A52K OMBS5 39X 10°M 044

The K4 valueswhere determined from atriplicate trial performed at constant amounts of protein and
increasing concentrations of binding sites. The data were subjected to linear regression analyses
using Prism 2.1 (GraphPad Software Inc.). The value r* quantifies goodness of fit. Itisafraction
between 0.0 and 1.0, and has no units. Higher values indicate that the mode fits the data better.
When r*=0.0, the best-fit curve fits the data no better than a horizontal line going through the mean
of al Y vaues. When ’=1.0, dl points lie exactly on the curve with no scatter. OMBS (Optima
mutant binding site) designates the oligonucleotide binding sites synthesized using the information
gathered from the site selection experiments.
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