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C h a p t e r  2  

DETERMINANTS OF THE DNA BINDING SPECIFICITY OF THE AVIAN 

HOMEODOMAIN PROTEIN, AKR. 

2.1  Statement of Co-authorship 

This paper was published in DNA and Cell Biology in 1999 [18(10):791-804].  The authors are 

M.L. Tejada, Zhongchao Jia, D. May and R.G. Deeley.  Dr. Jia provided the technical and 

instrumental assistance that facilitated the generation of the AKR/DNA complex model shown in 

figure 3.3.  Donna May performed the original experiment which demonstrated that concatamers of 

the F' site confer estrogen responsiveness on a minimal promoter.  This provided the means with 

which to compare differences in the activities of AKR and the AKR mutants.  I performed all of the 

experiments for the manuscript.  I also wrote the initial draft of the manuscript and participated in 

subsequent editing. 

2.2  Abstract 

AKR (Avian Knotted-Related) was the first example of a vertebrate homeodomain protein with a 

highly divergent Ile residue at position 50 of the DNA-recognition helix.  The protein was cloned 

from a day-9 chick embryo, liver cDNA expression library by virtue of its ability to bind to the F’ 

site in the proximal promoter of the avian apoVLDLII gene.  Expression of the apoVLDLII gene is 

completely estrogen-dependent and mutation or deletion of the F' site decreases estrogen 

inducibility 5- to 10-fold.  Subsequent data indicated that AKR was capable of repressing the 

hormone responsiveness of the apoVLDLII promoter, specifically through binding to F’.  
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Involvement of the F’ site in the hormone-dependent activation of apoVLDLII gene expression, as 

well as AKR mediated repression, strongly suggests that both positive and negative regulatory 

factors interact with this site.  Although several mammalian proteins have now been isolated whose 

homeodomains share of the many structural features of AKR, including the Ile at position 50, little 

is known of their functions in vivo or the identities of the genes they regulate.  Consequently, the 

elements through which they exert their effects and the structural determinants of their binding 

specificities remain largely uncharacterized.  In this study, we have defined the sequence specificity 

of binding by AKR using PCR assisted optimal site selection and determined the affinity with 

which the protein binds to both the optimized site as well as the F’ site.  Additionally, we have 

generated a three-dimensional model of the AKR homeodomain binding to its optimized site and 

have probed the validity of the model by examining the consequences of mutating amino acid 

residues in recognition helix 3 and the NH2-terminal arm on the binding specificity of the 

homeodomain.  Finally, we present evidence that the F' site itself may act as an ERE when in the 

vicinity of imperfect or canonical EREs and that AKR can repress hormone inducibility mediated 

via this site. 

2.3  Introduction 

The chicken homeobox protein, Avian Knotted Related (AKR), contains an unusual homeodomain 

with an atypical DNA binding specificity.  AKR is widely expressed very early during 

embryogenesis and its levels remain relatively high in several adult tissues including the intestine, 

kidney, spleen and gizzard.  However, in other tissues such as the liver, expression of the protein 

decreases markedly during development.  AKR was originally cloned from a day 9 embryonic liver 

cDNA library during a search for proteins expressed early during embryogenesis that were capable 

of binding to cis-regulatory elements in the promoter of the estrogen dependent, egg-yolk protein 

gene encoding apo Very Low Density Lipoprotein II (apoVLDLII).   
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Some yolk protein genes, including the apoVLDLII gene, are normally active only in the livers of 

laying hens [297; 298].  However, high levels of expression can be induced in chicks and roosters 

by a single treatment of estrogen [295; 298].  The apoVLDLII gene can also be activated in 

embryonic liver but competence to express the gene does not develop until sometime between days 

7-9 [325; 326].  During this two-day period, the levels of AKR in the liver decline several fold, 

suggesting that the protein may be involved in suppressing the apoVLDLII gene early during 

embryogenesis.  This suggestion is supported by transient transfection assays which indicate that 

AKR decreases estrogen-inducible expression from the apoVLDLII promoter [314].  Many of the 

elements required for efficient hormone-dependent activation of the apoVLDLII gene are clustered 

within a proximal promoter region of approximately 300 nucleotides.  These include both perfect 

and imperfect estrogen response elements (EREs) as well as recognition sites for LF-A1, COUP-TF 

and various liver-enriched factors such as C/EBP, LAP and DBP [327-330].  The element to which 

AKR binds (designated F’) is located between -247 and -230 relative to the major transcriptional 

start site and is situated between two imperfect EREs.  In previous studies, we demonstrated that 

mutation of the F’ site results in a greater than 5-fold decrease in the estrogen-inducible activity of 

the promoter [313].  The importance of the F’ site for hormone inducibility of the apoVLDLII gene 

combined with the AKR-mediated repression suggests that both positive as well as negative 

regulatory factors may interact with this site.  Electrophoretic mobility shift assays (EMSAs) using 

nuclear extracts from a variety of tissues revealed the presence of both liver-enriched and 

ubiquitously-expressed proteins that bound specifically to F’.  Methylation interference analysis 

also identified specific G residues, which could be used to distinguish between the binding 

specificities of the liver-enriched and ubiquitous proteins.  Based on this information, AKR was 

tentatively identified as the ubiquitous factor detected in nuclear extracts. 

At the time of its characterization, the AKR homeodomain most closely resembled that of the maize 

protein, Knotted-1 [331].  However, it differed from that of any known vertebrate protein in several 
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aspects: i) the homeodomain of AKR is atypically positioned at the NH2-terminus of the protein; ii) 

it contains the unusual Ile at position 50 of the recognition helix of its DNA-binding domain; and 

iii) the sequence of the F’ site bound by AKR represented a novel homeodomain recognition 

element.  Presently, AKR is classified as a member of a growing family of homeodomain proteins 

typified by a three amino acid loop extension (TALE) between helices 1 and 2 [248; 332].  Within 

this family, AKR represents a group of vertebrate homeobox proteins that contain an Ile at position 

50 of helix 3.  This group includes the murine orthologue of AKR, TGIF [319]; as well as the Meis1 

[321]; and Prep-1 proteins [288; 289; 333; 334].  Relatively little is known of the mechanisms 

governing the binding specificities of these unusual homeodomain proteins, their regula tory 

functions or the identities of the genes they regulate. 

In the studies described here, we have defined an optimal binding element for AKR and 

characterized changes in the binding specificity resulting from mutation of critical amino acid 

residues within helix 3 and the NH2-terminal arm of the protein’s homeodomain.  We have 

integrated these data with structural information derived from X-ray crystallographic data of the 

TALE homeodomain protein, MATá2, to generate a molecular model of the interactions between 

AKR and its optimized binding site [279].  Finally, we address the importance of F’ to the estrogen-

dependent activation of the apoVLDLII gene by demonstrating that concatamers of the F’ element 

can confer weak estrogen responsiveness on a minimal promoter and that AKR and high affinity 

binding mutants can act as potent repressors of hormone inducibility.  These results suggest that 

homeodomain proteins such as AKR may attenuate the hormone responsiveness of some genes 

regulated by ER and possibly other members of the nuclear receptor superfamily through 

antagonistic interactions at elements such as those represented by the F’ region. 
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2.4  Materials and Methods  

2.4.1  Generation of GST-AKR1-178 fusion protein   

A vector encoding a Glutathione-S-Transferase fusion protein containing the NH2-proximal 178 

amino acids of AKR was constructed by PCR-amplification of an AKR cDNA using the primers 

RGD981 and 5319 (Table 3.1, Appendix A).  The 534 base-pair product was subcloned between the 

BamHI and SmaI sites of the pGEX2T vector (Pharmacia Biotech) using the BamHI site added to 

primer A and the blunt 3'-end of the PCR product.  This construct was used to transform XL1 blue 

strain of Escherichia coli cells that had been made electrocompetent. 

2.4.2  Site-directed mutagenesis   

GST-AKR mutants were generated using a recombinant PCR strategy.  The wild-type GST-AKR1-

178 cDNA served as a template for PCR-amplification of NH2- or COOH-terminal fragments of 

AKR which included a varied set of point mutations using invariant NH2- or COOH-terminal 

primers RGD981 and 5319, respectively along with the respective set of complementary mutant 

primers:  R4K (RGD983/RGD982), G6R (RGD1019/RGD1020), N47I (RGD1085/1084), I50K 

(RGD1088/RGD1087), R54M (RGD1570/RGD1571) (Table 3.1, Appendix A).   

A typical PCR reaction contained 20 mM Tris-HCl pH 8.2, 10 mM KCl, 6 mM (NH4)2SO4, 20 mM 

MgCl2, 0.1% Triton X-100, 10 ng/ìl nuclease-free BSA, 0.3 mM dNTPs, 10 ng of template, 1 ìM 

each primer and 2.5 U of Pfu™ DNA polymerase (Stratagene) in a final volume of 100 ìl.  The 

resultant NH2- and COOH-terminal fragments were gel purified and ethanol precipitated.  To 

generate each full-length mutated cDNA fragment a portion (10-20%) of the matching NH2- and 

COOH-terminal PCR products were mixed in PCR reactions, which excluded the primers for the 

first round of denaturation, annealing and extension was included and primers were excluded.  After 



 6 

allowing the polymerase to synthesize the double-stranded template from the two half-molecules, 

the invariant NH2- and COOH-terminal primers were added and amplification was allowed to 

proceed.  The resultant products were subcloned into the PGEX2T vector in the manner outlined 

above.  All GST-fusion proteins were expressed and isolated using the pGEX system (Pharmacia 

Biotech) according to the manufacturer’s suggestions. 

2.4.3  Binding Site Selection Procedure   

A random oligonucleotide (RGD783, Table 3.2 Appendix A) was designed to contain EcoRI, 

BamHI and HindIII restriction sites in order to facilitate PCR-amplification of selected sequences 

using primers RGD784 and RGD785 (Table 3.2, Appendix A) and allow cloning of the selected 

PCR-amplified products.  Site selection was carried out essentially as described by Margalit et al. 

[335].  Either 5 ìg of purified GST-AKR1-178 fusion protein (2 ìg/ìl) or 6 ìl of in vitro 

transcribed/translated AKR (rabbit reticulosyte lysate, Promega Corporation) was incubated on ice 

with approximately 400 ng of the randomer binding site pool for 1 hour in a 30 ìl reaction volume 

(25 mM HEPES, pH 8.0, 12.5 mM MgCl2, 50 mM KCl, 10% glycerol, 1 ìg BSA, 2 mM 

dithiothreitiol, 1 ìg of poly dIdC).  Protein/DNA complexes were then precipitated using 5 ìl of the 

protein A-purified fraction of rabbit polyclonal anti-AKR antiserum.  The reaction was allowed to 

proceed with rotation for 30 minutes at 4ºC at which point 15 ìl of a 10% (v/v) slurry of 

GammaBind® Plus Sepharose® (Pharmacia Biotech) in NET (50 mM Tris-HCl 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 pelleting at 12 000 rpm for 30 s, the resultant complex was washed in cold wash buffer (25 

mM HEPES, pH 8.0, 12.5 mM MgCl2, 50 mM KCl, 10% glycerol, 1 ìg BSA, 2 mM 

dithiothreitiol).  After 5 washes, the bound DNA was released by incubation at 55ºC in elution 

buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 0.5% SDS, 300 mM NaOAc) and subsequently ethanol 
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precipitated in the presence of 1 ìg of glycogen.  The selected products were resuspended in 10 ìl 

of water of which 5 ìl was re-amplified by PCR to be used in a subsequent round of selection.  

After 6 rounds of enrichment, the selected products were subcloned into pBluescript SK+ 

(Stratagene).  Fifty-six independent clones were sequenced using the dideoxy chain termination 

method [336] and Sequenase Version 2.0 (US Biochemicals).  The resultant nucleotide sequences 

of these clones were then visually aligned. 

2.4.4  Electrophoretic Mobility Shift Assays (EMSAs)   

Semi-quantitative EMSAs were used to assess the relative binding affinity of the wild-type GST-

AKR1-178 fusion protein to the wild-type or mutated AKR binding sites.  For these assays, the 

double-stranded binding site oligonucleotides were labelled to equivalent specific activities.  An 

oligonucleotide (3'-CCAACGGACTTTTACATC-5') complementary to the 3'-end of each site was 

labelled using T4 polynucleotide kinase.  A portion of the labelled oligonucleotide was then 

annealed to the single-stranded binding sites and the second strand synthesized using klenow 

fragment.  All other oligonucleotide binding sites used were end-labelled with 32P using 

polynucleotide kinase or filled-in using Klenow fragment [336].  EMSAs were carried out as 

described previously [314].  Protein/DNA complexes were separated using 6% polyacrylamide gels 

(29:1) in 1 x Tris borate EDTA buffer at 140 V for 3 hours.  The gels were dried and the bands 

visualized by autoradiography. 

2.4.5  Kinetic Analysis of Binding   

The equilibrium dissociation constants (Kd) for both the wild-type F’ site (wt F’) as well as the 

optimized site (Opt1) were determined by EMSA.  Binding reactions were carried out at a constant 

GST-AKR concentration (0.25 ìg) and decreasing amounts of binding site (initial concentration of 

binding sites was 1 pM).  Following autoradiography of the dried gels, bound and free 
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oligonucleotides fractions were excised and counted by liquid scintillation.  Apparent Kd’s were 

determined by Scatchard analyses.  The results of three separate experiments were plotted and a line 

of best fit was calculated using all of the data on the plots. 

2.4.6  Transient Transfections   

The chicken hepatoma cell line LMH/2A, which has been stably transfected to express chicken 

estrogen receptor (ER), was used in short-term transfections [337].  LMH/2A cells were cultured in 

Waymouth’s medium (Life Technologies™) supplemented with 10% (v/v) L-Glutamine, 10% (v/v) 

fetal calf serum.  Four luciferase reporter constructs were generated which had concatamers of the 

F’ (6 copies), FM1 (4 copies), FM2 (6 copies) and Opt-1 (5 copies) binding sites placed upstream of 

an SV40 minimal promoter in the pGL2p vector (Promega Corporation).  These reporter constructs 

were transfected alone or were co-transfected along with 0, 5, 10 ng of either wild-type or NH2-

terminal mutant expression vectors.  As controls the reporter constructs were also transfected along 

with corresponding amounts of the parental expression vector pcDNA1/Amp (Invitrogen®).  

Transfections were carried out using the FuGENE™ 6 transfection reagent (Boehringer 

Mannheim).  Following the first 24 hours of expression, the transfectants were incubated in the 

presence of 1ìM Diethylstilbestrol (DES) or, in the case of the controls, an equivalent volume of 

ethanol.  After a further 24 hour incubation the cells were harvested and assayed for luciferase 

activity using the Dual-Luciferase Reporter Assay System developed by Promega (Dual-

Luciferase™ Reporter Assay System, Promega Corporation).  The DLR Assay System utilizes two 

different luciferase reporter enzymes, the firefly luciferase and the sea pansy (Renilla reniformis) 

luciferase, that can be measured in the same sample.  The luciferase activities were detected using 

an microplate luminometer (EG+G Berthold MicroLumat Plus, model LB96V).  The firefly 

luciferase activity of the reporter constructs was normalized to the activity of a control Renilla 

luciferase expression vector, pRL-TK, that served as an internal control for transfection efficiency 
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or cell viability.  These values were then expressed either relative to the activities of the respective 

reporters in the absence of AKR/DES or in the presence of DES alone. 

2.5  Results 

2.5.1  Identification of an optimized AKR DNA-binding element   

AKR was cloned by virtue of its ability to bind an oligonucleotide corresponding to the F’ element 

from the apoVLDLII promoter (F’ binding site, Appendix A Table 2.1) [314].  At that time, we 

used methylation interference experiments to identify G residues in the site, mutation of which 

either abolished or enhanced AKR binding (FM1 or FM2 binding sites, respectively, Appendix A 

Table 2.1).  Additional mutagenesis studies also revealed the importance of other bases within the 

F’ site, but failed to identify the prototypical homeodomain core-binding element, ATTA.  To 

further define the binding specificity of AKR, a PCR-assisted binding site selection protocol was 

used [335].  Both in vitro translated full-length AKR, as well as a GST-fusion protein containing the 

first 178 amino acids of the protein which includes the homeodomain (GST/AKR1-178) were used to 

screen a library of binding sites containing 24 base pair long cores of random sequence.  Limiting 

amounts of the library were used to enhance the likelihood of selecting high affinity binding sites.  

Bound sites were selected using a rabbit polyclonal antiserum that recognized both the in vitro 

translated and GST-fusion proteins.  The isolated sites were then amplified as described in the 

Material and Methods section and another round of selection was initiated.  Following 6 rounds of 

enrichment, the selected oligonucleotides were cloned and sequenced.  A visual alignment of the 

binding site pools selected by either the in vitro translated protein or GST/AKR1-178 did not detect 

any differences in the binding specificity of either protein.  Therefore, the results of the selection 

were pooled and are presented in the form of a consensogram depicting the frequency with which a 

particular nucleotide appeared at a specific position within a given sequence for the 56 selected 

sequences analysed (Figure 2.1).  The consensus sequence defined for AKR matches the F’ site at 6 
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of 10 residues and includes the two central G residues determined previously to be critical for AKR 

binding [314].  A comparison of site F’ with the sequences selected by AKR and its murine 

orthologue TGIF revealed a common pentanucleotide core (5'-TGACA-3').  The selection protocol 

performed with TGIF consisted of three successive rounds of selection by EMSA using three 

different concentrations of a GST-fusion protein containing the TGIF homeodomain.  The 

consensus sequence was derived from computer analysis of forty-two sequences.  The results of this 

strategy provided no clear indication of the nucleotide preferences for TGIF outside the core 

pentanucleotide.  The greater number of rounds of selection carried out with AKR may have 

contributed to the identification of an additional five 3' nucleotides (5'-TGACAGATCT-3') where 

the G residue was found in greater than 85% of the selected sequences and the remaining four 

nucleotides were each present in 50% of the selected sequences (Figure 2.1).   

2.5.2  Comparison of the binding of AKR to Site F’ and the optimized site Opt-1   

EMSAs using equimolar concentrations of the F’ site core (5'-TGACAT-3'), a site where the 3' T of 

the F’ site core was replaced with G (F’(G)) as found in the optimized site, and the entire optimized 

site (Opt-1) that included all five additional nucleotides identified by our selection protocol were 

carried out with the GST-AKR fusion protein to provide a preliminary indication of relative binding 

affinities.  
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Figure 2.1.  Definition and characterization of a hexanucleotide consensus binding element for 

AKR.  The binding site selection carried out using either a GST-AKR1-178 or in vitro translated full-

length AKR defined a hexanucleotide consensus site matching the wt F’ site at 5/6 nucleotides.  

There are also additional bases 3'- to this core which were selected for and may act to enhance the 

binding affinity of AKR. 



 12



 13

The sites were labelled to equivalent specific activities, allowing direct comparison of the extent of 

complex formation with AKR.  Densitometry of the autoradiograph indicated that AKR binding to 

Opt-1 was approximately three-fold greater than to either the F’ or F’(G) sites (Figure 2.2A).  

Competition experiments were also carried out in which labelled F’ and Opt-1 sites were bound by 

AKR in the presence of increasing molar concentrations of unlabelled competitor binding sites 

(Figure 2.2B).  Under the conditions of the assay, a 50-fold molar excess of unlabelled Opt-1 

greatly diminished binding to F’ (Figure 2.2B, compare lanes 1 and 14), while a 500-fold molar 

excess of F’ was required for an equivalent decrease in binding to Opt-1 (Figure 2.2B, compare 

lanes 21 and 25).  The specificity of binding to both F’ and Opt-1 was verified by using the 

oligonucleotides mutated at G residues previously demonstrated to abrogate or enhance binding by 

AKR (FM1 and FM2, respectively, Appendix B Table 2.1) [314]. 

As expected, a 1000-fold molar excess of FM1 was ineffective in competing for binding to either 

the F’ or Opt-1 sites (Figure 2.2B, lanes 6-9 and 26-29).  However, a 50-fold molar excess of FM2 

was sufficient to compete completely for binding to the F’ site (Figure 2.2B, lane 10).  Consistent 

with the higher affinity of AKR for Opt-1 a 50-fold molar excess of FM2 only reduced binding to 

Opt-1 approximately three-fold (Figure 2.2B, lane 30).  Equilibrium dissociation constants were 

determined for the binding of AKR to the F’ and Opt-1 site, by carrying out EMSAs under 

conditions of constant protein and serially diluted concentrations of labelled Opt-1 or F’ 

oligonucleotides.  After drying and autoradiography of the gel, the bound/unbound fractions of 

oligonucleotide were excised and quantified by liquid scintillation counting.  Scatchard analyses 

indicated that AKR bound with high affinity to both sites, although the Kd for F’ (3.7 x 10-10 M) was 

approximately 7-fold higher than the Kd for Opt-1 (5.2 x 10-11 M).   
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Figure 2.2.  Characterizing the binding of F’ and Opt-1 by AKR.  A, 0.5 ìg of GST-AKR1-178 

fusion protein was incubated for 20 minutes on ice along with 10 fmoles of either the Opt-1, F’ or 

F’(G) binding sites which had been labelled to equivalent specific activities.  B, competition EMSA 

were also carried out using 0.5 ìg of GST-AKR1-178 and 5 fmoles of the F’ or Opt-1 binding sites as 

described previously [314].  32P-labelled F’ or Opt-1 binding sites were bound by AKR in the 

presence of increasing molar concentrations of various unlabelled competitor sites including F’ 

(lanes 2-5, 22-25), FM1 (lanes 6-9, 26-29), FM2 (lanes 10-13, 30-33) or Opt-1 (lanes 14-17, 34-37).   
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2.5.3  Homology modelling of the AKR homeodomain protein    

NMR and X-ray crystallographic studies have revealed that the tertiary structure of the 

homeodomain, its interaction with DNA and its binding mechanism are evolutionarily well-

conserved [260-262; 338].  However, the homeodomain of AKR differs from previously 

characterized homeodomains both with respect to the presence of atypical amino acid residues at 

key locations and to its binding specificity.  To obtain some insight into structural features that may 

determine the DNA-binding specificity of AKR, we modelled the recognition helix of its 

homeodomain complexed with the Opt-1 core element.  The model was based on the assumption 

that AKR bound the Opt-1 core hexanucleotide as a monomer.  This assumption was made because 

no differences in site selection were observed when either full-length in vitro translated AKR or a 

fragment, GST-AKR1-178, was used and because only a single complex was observed in EMSAs 

using the complete Opt-1 sequence, over a wide range of protein concentrations.  The model was 

generated using coordinates derived from studies of the crystal structure of the MATá2/MATa1 

dimer complexed to DNA [279].  AKR and MATá2 are sufficiently homologous through their 

homeodomains (32% identity, 41% similarity) to permit use of the SWISS-3D modeling service 

(http://expasy.hcuge.ch/swissmod/SWISS-MODEL.html) to generate a preliminary model of an 

AKR homeodomain/DNA complex.  The DNA sequence was then changed to match the 

hexanucleotide core of the Opt-1 sequence and the docking position was derived from the 

MATá2/MATa1/DNA complex structure.  The model was then subjected to energy minimization to 

generate the three-dimensional structure illustrated in Figure 2.3.  Figure 2.3B is a schematic 

representation of the predicted contacts made by the AKR homeodomain with its binding site.  

Nucleotides have been assigned the numbers 1-12 to facilitate the interpretation and subsequent 

discussion.  The predicted interactions between residues of helix 3 and the Opt-1 hexanucleotide are 

summarized in Table 2.2 (Appendix A).   
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Figure 2.3.  Modelling the AKR/Opt-1 complex.  A space-filling representation of the AKR/Opt-1 

complex model.  A, modelling was carried out using the program FRODO [339] and energy 

minimization was carried out using the X-PLOR [340].  The protein is shown in green and DNA in 

red, respectively.  B, cartoon diagram of contacts established by key residues within the AKR 

recognition helix to Opt-1.  Nucleotides are numbered from 1-12 to facilitate discussion.  

Phosphates are represented as circles and those phosphates contacted by the homeodomain are 

represented by open circles.  C, ball-and-stick representation of the contact area in the AKR/Opt-1 

complex model.  Key residues in AKR are highlighted and labelled in various colours 

corresponding to the residue colour.  D, rear view of figure 2.3 C) with the same colour notation. 
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Most notable are the number of predicted contacts between Asn47, Asn51 and Arg54 and the last 

four base positions of the hexanucleotide element defined by the site selection strategy 

(5'TGACAG-3').  All but four of the contacts postulated to occur within the Opt-1 hexanucleotide 

involve at least one of the eight bases (A3 to T10) that make up this tetranucleotide core. 

2.5.4  Mutations in helix 3 influence the DNA binding specificity of AKR   

To test the model, amino acids within the helix 3 region that were predicted to be important for 

determining DNA-binding specificity or affinity were changed to residues found more frequently in 

other homeodomain proteins.  The effects of these mutations on either the affinity or the specificity 

of AKR binding were then assessed by EMSAs using the wt F’ site, or sites where nucleotides 

within the hexanucleotide core had been systematically modified.  Nucleotide changes at positions 1 

through 5 essentially abolished binding by the wild-type AKR homeodomain, confirming its 

unusually high specific ity for the hexanucleotide recognition element (Figure 2.4, E-I and Figure 

2.5, E-L).  Varying levels of importance have been ascribed to amino acids at positions 47, 50, 51 

and 54 of helix 3.  Of these, position 50 has been suggested to be the most critical determinant of 

binding specificity [338; 341; 342].  However, it is accepted that contacts established by residue 50 

to the two nucleotides 5'- of the homeodomain tetranucleotide core are reinforced through the 

contacts mediated to the adjacent nucleotides by the residue at positon 47.  In this manner, the 

residue at position 47 is able to contribute to but does not necessarily define, the binding specificity 

of the homeodomain.  Within this helix, Asn 47 and Ile 50 were substituted with either Ile or Lys, 

respectively.  Ile 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].  Lys 50 is present most frequently in the 

paired family of homeodomain proteins where it specifies a GG dinucleotide at the first two 

positions of the recognition element [338; 343].   
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Figure 2.4.  Mutations within the NH2-terminal arm of AKR exhibit increased binding 

activities for wild- type and mutant binding sites.  EMSAs were carried out using GST fusions of 

the wild-type AKR or the NH2-terminal mutant proteins along with a variety of binding sites 

containing mutations within the hexanucleotide core.  A-D, both the G4R and R6K NH2-terminal 

mutants were incubated in the presence of wt F’, F’(G) and Opt-1 binding sites as well as a site 

where the G and A at positions 2 and 3 had been exchanged.  E-G, binding of these mutant proteins 

was also examined in the presence of sites containing mutations at positions 1, 3 and 5 that 

abrogated binding by the wild-type protein.  H, the NH2-terminal mutants were also examined for 

alterations to their binding specificity by using a site with a hepatmer repeat of a typical 

homeodomain 5'-TAAT-3' core that is not recognized by the wild-type protein.  The critical nature 

of the G residues at positions 2 and 9 to the binding of the two NH2-terminal mutants was also 

examined.  I, EMSA was carried out using a binding site where the G at position 9 was changed to 

T.  J, a binding site was also used which contained an A at this position.  K, alternatively binding of 

these mutants to a site containing a mutation of G2 to T was examined.  L, finally, binding was 

examined to a site containing a mutation of both G2 and G9 residues, as found in the FM1 mutant 

site which was shown previously to be essential for binding of wild-type AKR. 
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The N47I mutant demonstrated marked increases in binding to F’ as well as the F’(G) and Opt-1 

binding sites relative to the binding activity of the wild-type protein (Figure 2.4, A-C).  These 

results were consistent with those predicted by the model that indicated an increase in the number of 

hydrophobic contacts made by the Ile residue to the nucleotides at positions 9 and 10 of the 

hexanucleotide element relative to the wild-type Asn.   

This prediction is supported by the observation that the N47I mutant was capable of compensating 

for a G to A transition but not a G to T transversion at position 9 of the hexanucleotide (Figure 2.4, 

H and I), suggesting that this residue is positioned to establish contacts with nucleotides at this 

location.  Similarly to the wild-type protein, the N47I mutant failed to bind to the FM1 mutant 

binding site or to a binding site containing the prototypical homeobox consensus 5'-TAAT-3'.  

These data are consistent with the predicted increase in the number of contacts established by the 

N47I mutation to the nucleotides at position 9 and 10.  The increased number of contacts apparently 

enables the N47I mutant to compensate for conservative changes at position 9 of the hexanucleotide 

core without altering the more general binding characteristics of the wild-type protein.  The 

proposed model predicts that the I50K mutation should increase the number of contacts made to the 

TG dinucleotide 5' to the ACA core including formation of an H-bond to G2 (Figure 2.3B and 

Table 2, respectively).  As predicted, the I50K mutation noticeably increased the affinity of the 

protein for F’ as well as the F’(G) and Opt-1 binding sites relative to the wild-type protein (Figure 

2.4, A-C).  Substitution of T1 with a G or exchange of G2 and A3 severely affected binding by this 

mutant (Figure 2.4, D-E).  This indicates a preference for a G versus an A at position 2 of the 

hexanucleotide by this mutant, as opposed to the wild-type protein which binds both similarly.  

Mutation of the A to C at position 4 of the hexanucleotide core had no significant effects on binding 

by this mutant (Figure 2.4F).  The I50K mutant exhibited a moderate decrease in binding to a site 

containing a G to T mutation at position 2 (Figure 2.4G).  In contrast, no such effects were observed 

when sites containing either a G to A transition or a G to T transversion were used (Figure 2.4 H-I).  
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However, a site containing both of the mutations at positions 2 and 9, represented by the FM1 

mutant binding site, completely abolished binding (data not shown).  Finally, the I50K mutant 

failed to recognize the typical homeobox consensus binding element suggesting that the increased 

binding affinity had not compromised its binding specificity (data not shown).  The residue at 

position 54 of the homeodomain is predicted to establish base-specific contacts.  There is also 

considerable variability in the identity of the residue at this position within groups of 

homeodomains that provides a potential source of variation in sequence specificity [338].  For 

example, in the case of the vnd/NK-2 homeodomain, Tyr 54 has been demonstrated to be the major 

determinant of binding specificity to the uncommon recognition element (5'-CAAGTG-3') and 

mutation of Tyr to Met lowered binding affinity by an order of magnitude, while a Y54M mutation 

changed the binding specificity of the thyroid transcription factor to that of Antp [260].  Our model 

predicts that Arg 54 of AKR makes the largest number of contacts with the optimized site of any 

amino acid.  To determine the effect of mutating this residue on binding affinity and/or specificity, 

it was mutated to Met, a residue that is found predominantly at this position in members of the Antp 

family of homeodomain proteins.  Although Met 54 is positioned to make contacts to the T at 

position 4 of the tetramer core (5'-TAAT-3') in the Antp/DNA complex, it is not a major 

determinant of binding specificity since the En homeodomain which contains an alanine residue at 

this position also recognizes TAAT [260].  EMSAs demonstrated that the R54M mutation 

eliminated binding to the F’ site (Figure 2.4J) as well as to all other oligonucleotides tested (data not 

shown), supporting the predicted importance of this residue for binding by the AKR homeodomain.  

We did not mutate the residue at position 51 since it is conserved among most homeodomain 

proteins including AKR and previous studies have demonstrated its importance in DNA binding 

[338; 344; 345].   
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2.5.5  Mutations within the NH2-terminal arm influence DNA binding by AKR   

To complement the mutational studies carried out on helix 3, additional mutations were made that 

modified the number of charged residues in the NH2-terminal arm of AKR.  Within the NH2-

terminal arm, homeodomain proteins vary in the number of basic residues present in this region of 

the protein.  This difference in composition significantly influences the stability and the specificity 

with which the protein binds to its recognition element.  Residues at positions 3 through 7 have 

been implicated as having the most direct effects on protein binding [260; 266].  In order to 

determine the effects that changes to the number of charged residues within the NH2-terminal arm 

of AKR had on the protein’s binding specificity, the Arg and Gly residues at positions 4 and 6 were 

mutated to Lys and Arg, respectively.  These residues are found predominantly among members of 

the PBC class of homeodomain proteins (Pbx, ceh20, exd), members of the PKNOX and MEIS 

classes, as well as members of the BEL group of homeodomain proteins [248; 260; 332; 338].  With 

the exception of BEL1, whose recognition element is yet undetermined, all of these homeodomain 

proteins recognize elements containing a 5'-TGAC/T-3' core.  However, the affinity with which 

they bind to these elements is fairly weak and in most cases requires heterodimerization to become 

detectable.  Both of the NH2-terminal mutations displayed marked increases in their binding 

affinities for the F’ site over that observed with wild-type protein (Figure 2.5A-G, I, J and K).  The 

increased affinity, predicted by modelling to result from augmenting charged contacts with the 

DNA phosphate backbone, also enabled the mutated homeodomains to tolerate a variety of 

nucleotide changes within the hexanucleotide element that abolished binding of the wild-type 

protein (Figure 2.5, E-K).  Notably, both mutants bound to a half ERE that matches the wt F’ site at 

5/6 nucleotides (5'-TGACCT-3' and 5'-TGACAT-3' respectively).  In contrast, wild-type AKR fails 

to bind the former (Figure 2.5, A and G).   
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Figure 2.5.  Helix 3 mutations validate the AKR/DNA complex model.  EMSAs were carried out 

using GST fusion proteins of either the wild-type or helix 3 mutants along with a variety of binding 

sites containing mutations within the hexanucleotide core.  A-C, the N47I and I50K mutants were 

incubated with the wt F’, F’(G) and Opt-1 binding sites.  D, binding was examined using a site 

containing a G to T mutation at position 1.  E and F, sites were also used which contained mutations 

at positions 1 and 2 or 3.  G, the binding of these mutants was tested using a site that contained a G 

at position 2 or alternatively; H-I, sites containing G to A or G to T mutations at position 9.  J, the 

R54M mutant was incapable of recognizing any of the sites tested, supporting the predicted 

importance of this residue for binding by the AKR homeodomain.  Presented is a comparison of the 

binding of wild-type AKR and the R54M mutant to the wild-type F’ site.   
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Mutation of either G residue shown previously to be essential for binding of wild-type AKR 

diminished binding by both mutant proteins (Figure 2.5, I-K).  Mutation of G2 to T (Figure 2.5K) as 

well as G9 to T or A reduced binding by these mutants significantly (Figure 2.5, I and J).  Although 

very weak binding of the mutant proteins to a concatamer of 5'-TAAT-3' could be detected (Figure 

2.5, H), mutation of both G2 and G9 of F’ to create the sequence 5'-TAATAT-3' abolished binding 

(Figure 2.5L).  Thus, these mutant proteins were significantly less sensitive to single nucleotide 

changes within the hexanucleotide core than the wild-type protein.   

2.5.6  The NH2-terminal mutations augment repression mediated by the homeodomain   

The use of bacterially-derived fusion proteins in the EMSAs described could be potentially 

complicated by the possibility that differences exist in the proportion of the purified protein that is 

correctly folded and functional.  Although this would not necessarily affect binding specificity 

studies, it would influence the extent of the binding observed.  This would be most evident in the 

NH2-terminal mutations where the results of EMSAs clearly demonstrated substantial increases in 

the binding activities of these two mutant homeodomain proteins over that of wild-type AKR.  

Consequently, we also examined the effects that these mutations had upon the activity of AKR in 

vivo using reporter constructs in which concatamers of potential AKR binding sites were placed 

upstream of a minimal promoter. 

Previously, we demonstrated that the hexanucleotide core of F’ was essential for optimal estrogen-

dependent expression of the apoVLDLII gene and that the ability of AKR to repress hormone-

dependent activation required the same hexanucleotide element.  The F’ core sequence matches that 

of a half ERE at 5 of 6 residues including 2 of the 3 nucleotides contacted by the ER.  This suggests 

that ER and AKR may compete for binding to the F’ core and that F’ in the appropriate context 

might itself act as an ERE [313; 314; 346].  



 28

To assess the potential hormone-responsiveness of the F’ element, transient transfections were 

carried out using the chicken hepatoma cell line LMH/2A and luciferase reporter constructs 

containing concatamers of the F’, FM1, FM2 and Opt-1 binding sites (Figure 2.6A) upstream of an 

SV40 minimal promoter element.  As shown, DES treatment of transfected cells in the absence of 

AKR results in a 4- to 8-fold increase in the activities of the F’ and FM2 reporter constructs, 

respectively (Figure 2.6B).  Neither the FM1 or the Opt-1 reporter constructs displayed any 

estrogenic responsiveness.   

The estrogen-inducibility of the F’ luciferase reporter construct provided a functional assay to 

corroborate the effects that the NH2-terminal mutations may have upon the DNA-binding affinity of 

the wild-type protein.  Transfection of an expression vector for wild-type AKR resulted in the 

coincident decrease in expression from the F’ reporter construct (Figure 2.6C).  No AKR-dependent 

effects were observed with the control vector pGL2p or the Opt-1 reporter construct, to which AKR 

binds most strongly.  Consistent with the results of EMSA, co-transfection of the vectors encoding 

the two NH2-terminal mutant proteins were more effective at repressing the activity of the F’ 

luciferase reporter construct (Figure 2.6 D,E).  With 10 ng of expression vector for wild-type AKR, 

DES responsiveness was markedly diminished but still detectable.  The same concentration of 

expression vector for either of the mutant proteins completely abolished the response to DES and 

repressed expression from the F’ reporter construct below basal levels.   

The effect on basal expression was specific for the F’ construct and was not observed with either the 

parental pGL2p vector or the construct containing the optimized binding site for AKR.  The 

mechanism by which the mutant proteins decrease basal expression is presently not known.
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Figure 2.6.  The NH2-terminal mutants suppress the estrogen-responsiveness of the F’ and 

FM2 reporter constructs more actively than the wild-type factor.  A, luciferase reporter 

constructs were generated which had concatamers of the F’, FM1, FM2 or Opt-1 binding site placed 

upstream of a minimal SV40 promoter.  An alignment of the single binding site sequences are 

shown.  B, These reporter constructs were transfected into the avian liver cell line, LMH/2A [337].  

After a 24-hour incubation, the transfectants were treated with 1 ìM DES or an equivalent 

concentration of ethanol.  Following a further 24-hour incubation, the cells were harvested and 

luciferase activity assayed (described under Materials and Methods).  The luciferase reporter 

constructs (pGL2p, F’, Opt-1) were also transiently co-transfected along with 0, 5 or 10 ng of; C, 

wild-type AKR; D, the R4K mutant or; E, the G6R mutant expression vectors.  After a 24-hour 

incubation the transfectants were treated with 1 ìM DES and processed as described previously.  

These values were then expressed relative to the activities of the respective reporters in the absence 

of AKR and DES. 
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2.6  Discussion 

2.6.1  AKR belongs to the TALE family of Homeodomain proteins that recognize the atypical 

consensus element 5'-TGACAG-3'   

The binding site selection carried out with either the homeodomain of AKR or the entire protein 

confirmed its ability to bind with high affinity to the sequence 5'-TGACAG-3'.  Thus, the binding 

specificity of AKR is similar to that of several recently identified TALE homeodomain proteins that 

contain Ile and Arg at positions 50 and 54 of their recognition helices, respectively.  Presently, this 

group includes the members of the Meis and Prep family of homeodomain proteins which share a 

high degree of identity within their helix 3 regions (Figure 2.1)[332].  Discounting the highly 

invariant Asn51, residues at positions 50 and 54 are proposed to be two of the most critical 

determinants of binding specificity because of the direct contacts they establish with specific 

nucleotides within a given consensus element [260; 338; 342; 347].  However, despite the common 

presence of Ile50 and Arg54, members of this group differ considerably in affinity for their 

common binding site, referred to here as the Meis/Prep Recognition element (MPRE).  Both Meis1 

and Prep1 bind very weakly as monomers to the MPRE but heterodimerization with Pbx 

significantly increases the affinity of both proteins for a compound binding site consisting of a Pbx 

half-site 5'-TGAC-3' immediately preceding the MPRE [263; 290].  The Meis1 partner of the 

Pbx/Meis1 heterodimer can also recognize other unrelated elements, such as the cAMP regulatory 

sequence (CRS1) of the CYP17 gene promoter (5'-TGATGGACAG-3') and three conserved repeat 

elements in the Hoxb1 rhombomere (r4) enhancer (5'-AGATGGACAG-3', 5'-TGATTGAAGT-3', 

5'-TGATGGATGG-3').  Prep1 appears to heterodimerize with Pbx1 in the absence of DNA to form 

a complex capable of binding with higher affinity [289].  AKR and its ortholog TGIF, are 81% 

identical (87.5% similar) to Meis and Prep1 through helix 3 but unlike the other proteins, their 

homeodomains are very close to their NH2-termini.  They also lack a motif bearing homology to the 
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Pbx heterodimerization domain.  All of the proteins contain Asn47, Ile50 and Arg54, and TGIF 

recognizes an element on the rat CRBPII gene promoter with a sequence identical to that of the 

MPRE [319].  However, unlike Meis1 or Prep1, TGIF can bind this element as a monomer with 

sufficiently high affinity to compete for binding with RXRá.  In addition, TGIF does not bind DNA 

cooperatively with Pbx1 [263].  These observations suggest that TGIF differs from Meis and Prep 1 

in the manner with which it recognizes this common target element.   

2.6.2  AKR recognizes 5'-TGACA(T/G)-3' hexanucleotide elements with high affinity   

We showed previously that the F’ region of the apoVLDLII promoter is essential for the optimal 

estrogen-dependent activation of the gene [313].  The F’ region contains a hexanucleotide element, 

5'-TGACAT-3', which matches the MPRE (5'-TGACAG-3') at 5/6 residues.  In the studies 

described here, we have confirmed that the MPRE is an optimal binding site for AKR and that 

substitution of the 3'-proximal G of the MPRE by T, as it occurs in the apoVLDLII promoter, 

resulted in a 7-fold decrease in binding affinity.  Nevertheless, the affinity with which the 

homeodomain of AKR binds to both sites is high, with Kd values for F’ and the optimized site, Opt-

1, of 3.7 x 10-10 M and 5.2 x 10-11 M, respectively. 

2.6.3  Molecular modelling of the AKR homeodomain    

The critical determinants of binding specificity in the AKR homeodomain are predicted from our 

model to be Asn47, Ile50, Asn51 and Arg54.  The model indicates that Asn47, Asn51 and Arg54 

establish extensive contacts with C4, T8, G9 and T10 defining a trimeric core 5'-TGACAG-3' 

within the Opt-1 hexanucleotide (Table 2.2).  The highly invariant Asn51 was postulated to 

establish contacts to such a core (ACA/TGT) by Bertolino et al [319] and this is consistent with our 

model.  The wild-type AKR homeodomain displays a high degree of specificity for the MPRE and 

essentially all mutations of the hexanucleotide at positions 1 to 5 abrogate binding.  The additional 
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contacts made by Asn47, Ile50 and Arg54 are predicted to contribute to the stringent binding 

requirements of AKR.   

2.6.4  Mutations within the recognition helix of AKR modify the binding specificity of the 

homeodomain   

The residue at position 47 has been postulated to have moderate effects on the binding specificity of 

some other homeodomain proteins [348].  In the proposed model, Asn47 contacts T8, G9 and T10 

of Opt-1.  A N47I mutation is predicted to increase the number of hydrophobic contacts to G9 and 

T10 while eliminating the hydrogen bond with T8.  However, the effect of losing the H-bond 

should be more than offset by the increase in hydrophobic contacts.  Consistent with this prediction, 

the N47I mutation increases binding to sites recognized by the wild-type protein.  Additionally, the 

N47I mutant tolerates a G to A transition, but not a G to T transversion at position 9 of the 

hexanucleotide.  This implies that the N47I mutant homeodomain is able to maintain contacts 

provided a purine is present at this position.  Finally, the mutant protein fails to recognize a binding 

site containing a T to G mutation at position 10 of the hexanucleotide core validating the 

importance of the contacts that were indicated by our model.   

The residues at positions 50 and 54 have been noted to be the primary determinants of specificity 

for the three nucleotides 5'- to the binding site core [261; 341; 342; 349].  For example, a 

Gln50/Met54 combination specifies the first three nucleotides of the Antp binding site (5'-

CAATTA-3').  Mutation of these residues to Lys50/Tyr54 changes the binding specificity of the 

homeodomain to 5'GGCTTA-3' [349].  The AKR model predicts that contacts established by Ile50 

of AKR specify the TG pair 5' to the ACA core.  The I50K mutation results in an increased number 

of contacts made to this dinucleotide and augments binding to sites recognized by the wild-type 

protein.  The specificity displayed by this mutant for the nucleotides at positions 1 and 2 indicates a 
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preference for TT>TA>GG at these positions.  Unlike wild-type AKR, the I50K mutant recognizes 

a binding site with GG at the 5' end, although binding is relatively weak.  This is consistent with the 

binding specificity of Bicoid which recognizes 5'-GGATTA-3' where the combination of Lys50 and 

Arg54 establishes contacts with the GG dinucleotide [338]. 

In AKR, Arg54 is predicted to make extensive contacts to C4, A5 and T8.  Modification of this 

residue to Lys or Met is predicted to severely decrease the number of contacts established to the 

Opt-1 core.  Consistent with the prediction, the R54M mutant failed to bind to any of the binding 

sites used.  Immunoblot analyses carried out using a polyclonal anti-AKR antibody raised against 

the NH2-terminal portion of the homeodomain verified that the mutant protein was produced 

efficiently and remained intact during purification (data not shown).  The NK family of 

homeodomains contains Tyr54 and recognizes 5'-CACTTG-3', a mutation of this residue to 

methionine lowers affinity for the NK element by an order of magnitude [347]. 

Variability in the identity of the amino acid at position 54 may be responsible for differences in the 

binding specificity of the TALE homeodomain proteins that share an isoleucine at position 50.  

Among TALE proteins, Asn47 is usually paired with Ile50 (BEL,CUP,Kn, HAc-ATYP, KNOX, 

MEIS families) but position 54 may be lysine (KNOX), valine (BEL) or arginine (TGIF/AKR, 

MEIS) [248; 332].  This suggests that, along with the highly invariant Asn51, Ile50 and Asn47 may 

account for recognition of TGAC, while the residue at position 54 contributes to determining the 

identity of the two 3' proximal nucleotides and may significantly influence the overall strength of 

binding.  For example, the helix 3 region of the a hooded barley homeodomain protein, HvH21, 

differs from that of AKR only at Gln52 and Lys54 and only the latter residue is predicted to make 

base-specific contacts [350].  HvH21 recognizes a 5'-TGACNN-3' motif suggesting that Lys at 

position 54 introduces a degree of ambiguity for nucleotides at these positions.  Our model predicts 

that an R54K substitution would essentially abrogate all contacts made to C4 and A5, and more 
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importantly also to T8 which may explain the decreased specificity of HvH21 for the 3' dinucleotide 

[350]. 

2.6.5  Mutations in the NH2-terminal arm affect AKR binding affinity    

Both R4K and G6R mutations increased binding to sites recognized by AKR and allowed binding 

to sites to which we could not detect binding by the wild-type protein.  The NH2-terminal mutations 

of AKR allowed binding to sites resembling a number of half-sites that are recognized by 

Pbx/Meis1 heterodimers (5'-TGATGGACAG-3' ,CYP17 promoter and 5'-AGATGGACAG-3' on 

the Hoxb1 rhombomere (r4) enhancer) as well as a site resembling a half ERE (5'-TGACCT-3').  

These observations are similar to those obtained using HoxA-1 mutant proteins, which 

demonstrated that mutations A3R and N2K act synergistically to increase the ability of HoxA-1 to 

transactivate the HoxD-4 promoter 23-fold.  The mutant HoxA-1 protein was also found to bind to a 

HoxD-4 recognition element with the same affinity as HoxD-4 itself [351].  The increased binding 

activities of the NH2-terminal mutants did not eliminate the binding specificity of the homeodomain 

since these proteins failed to recognize a typical homeodomain consensus element or a binding site 

where the G residues directly contacted by wild-type AKR had been mutated (FM1). 

2.6.6  The NH2-terminal mutations augment AKR mediated repression   

We presented evidence previously that AKR could partially repress estrogen-inducibility of the 

apoVLDLII promoter and that this apparently involved binding of AKR to F’.  We also 

demonstrated that mutations such as FM1 that abolished AKR binding markedly decreased 

estrogen-responsiveness.  This suggested that the F’ element in the context of the apoVLDLII 

promoter where it is flanked by known EREs might be acting as a response element itself and that 

AKR might compete with the ER for binding.  We have now confirmed that concatamers of the F’ 

element can confer estrogen-responsiveness on a minimal promoter when appropriate reporter 
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constructs are transfected into avian hepatoma cells that express estrogen receptor.  Furthermore, 

the FM1 mutation, which abrogates AKR binding also abolished estrogen responsiveness while the 

FM2 mutation, which increases AKR binding, enhanced inducibility.  Thus, the two central G 

residues in the F’ core that are essential for binding by AKR, are also critical for estrogen-

responsiveness, as would be expected if the estrogen receptor was binding directly to the F’ core.  

The Opt-1 element, which binds AKR with high affinity and which also contains the two central G 

residues, did not confer estrogen responsiveness.  However, unlike the two other functional AKR 

binding sites, it matches a canonical half ERE at only 4, rather than 5, out of six positions 

Kato et al. had previously shown that native or artificial widely-spaced PuGGTCA repeats 

conferred hormone responsiveness when placed upstream of CAT reporter constructs [171].  

Similarly, our results also indicate that naturally occurring elements recognized by AKR, and 

presumably TGIF and related homeodomain proteins, may contribute to the hormone-

responsiveness of the promoters in which they are located.  The estrogen dependence of the F’ 

luciferase expression vector allowed us to compare the ability of wild-type AKR and the NH2-

terminal mutants to function as repressors of hormone inducibility.  Co-transfection experiments 

carried out in LMH/2A cells showed that the R4K and G6R mutants were more potent repressors 

than the wild-type protein.  Thus, they support the predictions of the proposed model of the AKR 

homeodomain and the results of the EMSAs, which indicated a higher binding affinity for these 

mutant proteins. 

It has been proposed that TGIF exerts its negative regulatory effects on the CRBPII gene by binding 

initially with high affinity to its consensus recognition element, the MPRE, which then permits 

subsequent cooperative interactions with downstream DR1 elements within the proximal promoter 

[319].  Our results indicate that AKR negatively regulates the estrogen-dependent expression of the 

apoVLDLII gene by binding to the 5'-TGACAT-3' element of the F’ region which lies between two 
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perfect half EREs containing the TGAC motif [313; 314].  Although wild-type AKR does not 

display detectable binding to an individual estrogen-response element by EMSA we have shown 

that a single mutation in the NH2-terminal arm of the homeodomain, which is predicted to increase 

charged interactions with the DNA phosphate backbone, results in readily detectable binding to a 

single half-ERE.  Thus, it is possible that weak interactions with EREs may be stabilized by the 

high affinity binding of AKR to the F’ site via protein/protein interactions as proposed for Meis and 

Pbx heterodimers.  These data and those derived from studies on TGIF, suggest that AKR and its 

mammalian orthologues may contribute to the regulation of both retinoid- and estrogen-regulated 

genes [319]. 
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Table 2.1. Binding Site Oligonucleotides used in EMSAs presented in this study. 

 

Binding Site Function Nucleotide Sequencea,b 

WT F' EMSA 

Kinetic Analyses 

5'-AAAGGGGCCTCTATGACATGGTTGCCTGAA-3 

       3'-CGGAGATACTGTACCAACGGACTTTTACAT-5' 

FM1 EMSA 5'-AAAGGGGCCTCTATTAAATGGTTGCCTGAA-3' 

      3'-CGGAGATAATTTACCAACGGACTTTTACAT-5' 

FM2 EMSA 5'-AAAGGGGCCTCTATGACATTTTTGAATGAA-3= 

3'-CGGAGATACTGTAAAAACTTACTTTTACAT-5' 

Opt-1 EMSA 5'-GTTTATGAAAGGGGCCTCTATGACAGATCTGCCTGAAAATGTAGG-3' 

3'-CAAATACTTTCCCCGGAGATACTGTCTAGACGGACTTTTACATCC-5' 

WT F' Core EMSA 

Kinetic Analyses 

5'-GAAAGGGGCCTCTATGACATGGTTGCCTGAAAATGTAG-3' 

3'-CCAACGGACTTTTACATC-5' 

Core Mutant 1 EMSA 5'-GAAAGGGGCCTCTAGGACATGGTTGCCTGAAAATGTAG-3' 

Core Mutant 2 EMSA 5'-GAAAGGGGCCTCTATGCCATGGTTGCCTGAAAATGTAG-3' 

Core Mutant 3 EMSA 5'-GAAAGGGGCCTCTATGACCTGGTTGCCTGAAAATGTAG-3' 

Core Mutant 4 EMSA 

Kinetic Analyses 

5'-GAAAGGGGCCTCTATGACAGGGTTGCCTGAAAATGTAG-3' 

Core Mutant 5 EMSA 5'-GAAAGGGGCCTCTATTACATGGTTGCCTGAAAATGTAG-3' 

Core Mutant 6 EMSA 5'-GAAAGGGGCCTCTATGAAATGGTTGCCTGAAAATGTAG-3' 

Core Mutant 7 EMSA 5'-GAAAGGGGCCTCTATGATATGGTTGCCTGAAAATGTAG-3' 

a All oligonucleotides were synthesized using an Oligo 1000 DNA Synthesizer (Beckman).  
b The regions representing the hexanucleotide core are underlined. 
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Table 2.2  Summary of Predicted Contacts derived from the AKR/Opt-1 Complex Model. 

 

Residue Atom H-bond Van der Waals 

N47 (Oä1) 

(Nä2) 

T8  

G9 O2P 

T10 C5A, O4, C5 
G9 C2', N9, N7  

I50 (Cγ) 

(Cδ) 

G2 N7, C3  
T1 C5, C6 
G2 N7  

N51 (Nä2) 

(Oä1) 

Câ 

Cã 

G9 N7  G9 C5, N7, O6 
T8 O4, C5A; G9 O6; C4 N4 

T8 C5A  
T8 C5A; G9 O6  

R53 (Nç2) 

(C2) 

G2 O2P T1 C2’, C3’ 

G2 O2P 

R54 (Nç1) 

(Nç2) 

(Cî) 

(Nå) 

 

T8 O4; A5 N6; C4 N4 

C4 N4; C4; C5 

C4 C4; G9 O6; A5 C6 

T8 O4; A5 N6; C4 C4, N4 

C4 N4  

R55 (Nç1) 

(Nç2) 

(Cî) 

C7 O5’ 

C7 O5’ 

C7 O5’ 

C7 C5’ 

C7 C5’ 

C7 C5’ 

I47 Câ 

Cã1 

Cã2 

Cä 

 T10 C5A 
T10 C5A 
T10 C5A, O4 
T10 C5A; G9 C2', O2P; C8 

K50 (Nî) 

Cå 
Cä 

G2 O6 T1 04, C4, C5; G2 N7, C6 

G2 O6 N7 

T1 C5, C6; G2 N7 

K54  C4 C5 

M54  C4 N4 

In order to facilitate reading of this table, an example is provided. The Oä1 of Asn47 forms a 
hydrogen bond with T8 of Opt-1.  Oä1 also establishes van der waals interactions with C5A, O4 
and C5 at distances of T10 as well as C2’, N9 and N7 of G9. Lastly, Nä2 of Asn47 establishes a 
hydrogen bond to G9.
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