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ABSTRACT
The apoVLDLII gene encodes a small phospholipid binding protein that comprises part of the low-
density fraction of the egg-yolk. Expression of this gene is completely estrogen dependent and
exclusive to the livers of the laying hens. In addition, the competence to express the apoVLDLII
gene in response to estrogen is also developmentally regulated. Such tight regulation of expression
isvital as misexpression of the gene can result in hyperlipidemia and hyperlipoproteinemia and lead
to the development of atherosclerosis. Essentialy all of the elements required for the tissue-specific
and estrogert+inducible expression of the apoVLDLII gene are clustered within a region of 300
nucleotides of the proximal promoter. Within this region, an eement designated F' plays a crucia
role in mediating both the positive effects of estrogen and the negative effects of the Avian Knotted-
Related (AKR) homeodomain protein on apoVLDLII gene expression. In vitro, AKR and ER
individualy form complexes with F and the canonical and imperfect estrogen response elements E1
and E2 respectively, of the apoVLDLII promoter. Additionaly, AKR binds to a region of the
promoter designated G that is flanked by the E1 and E2 dements. Whileit appearsthat site G isnot
important in the AKR-mediated downregulation of apoVLDLII gene expression, mutation of the F
Ste negatively affects the ability of AKR to bind to both F and E2. Similarly, mutation of F
disrupts ER contacts to the E2 element. In addition, a mutation that aters the spacing between that
F and E2 dements affects the ability of the promoter to respond to estrogen suggesting that these

two elements mediate cooperative interactions by ER.

AKR is distinguished by the presence of athree amino acid insertion between helix 1 and 2 as well
as the highly unusua combination of amino acids in helix 3. In addition, the hexanucleotide core
sequence 5'-TGACAT-3 of F' represents an unusual homeodomain recognition element. AKR is
grouped together with the Meisl and Prepl homeodomain proteins on the basis of their structural
similarities and the sequences of their respective binding elements. However, AKR differs in the

manner with which it binds to its recognition element. A combination of molecular modelling and



mutationa anaysis performed on the AKR homeodomain indicates that within helix 3 Asn47, 11e50
and Arg54 specify the identities of the nucleotides at positions 1 to 5 of the hexanucleotide core
while and Arg3 to 5 in the NH,-terminal arm of AKR reinforce these contacts and help determine
the identity of the nucleotide at the 6" position. AKR makes very discriminate contacts to a region
of DNA of approximately 13 nucleotides that is much larger than the more common 6 base pair

homeodomain € ements.
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Chapter 1

GENERAL INTRODUCTION

Regulating gene expression is essentid to al organisms. They must control the expresson of
thousands of genes in both a temporally and spetially regulated manner in response to intra- and
extracelular stimuli. It is generaly accepted that transcription is the principa stage at which gene
expression is controlled and that the packaging of genomic materia into chromatin is the focd point
through the interplay among chromatin modifying and remodelling complexes, the DNA-binding
transcriptional activators or repressors, and the components of the basal transcription machinery that

recruit these complexes to their target genes.

The expression of eukaryotic genes transcribed by RNA Polymerase I (RNA Pol 1) is controlled
by the genera transcription factors (GTFs), DNA binding activators or repressors, and non-DNA
binding transcriptiona coactivators and corepressors. GTFsand RNA Poal |1 bind to promoter DNA
and, together, specify the transcriptiona initiation site. The choice of initiation Site determines the
frequency of initiation that is described as promoter strength.  The same GTFs function at most
promoters. Activator and repressor proteins contribute significantly to promoter strength. These
factors bind to promoter proxima and distal elements in subsets of genes, thus regulating the
developmental program of gene expression and the cellular response to extracelular signals.

Coactivators are proteins that bridge the interactions between the gene-specific activator proteins
and the GTFs[1; 2]. Coactivators can also be associated with multiprotein complexesthat acetylate
lysine residues in the NH,-termini of histones, thus increasing the accessibility of the promoter
regulatory elementsto GTFs[3]. In contrast, corepressors are associated with histone deacetylase

(HDAC) activities [4; 5]. For the sske of clarity, this review will focus initidly on basal



transcription. Subsequent sections will discuss activated transcription, the role of chromatin in the
regulation of transcription and the functions of coactivator and corepressor complexes in mediating
gene expression. As an example, activation or repression mediated by nuclear hormone receptors
through their effects on chromatin is also discussed with speciad emphasis on the activation

potentia of the ligand-bound and unliganded estrogen receptor.

1.0 THE CORE PROMOTER AND BASAL TRANSCRIPTION

The core promoter elements are defined as the minimal DNA elements necessary for the accurate
transcriptiond initiation by RNA pal 11 in vitro. Severa types of core promoters exist and they are
classified according to their sequence motifs. The TATA-box, TATA(T/A)A(T/A), resides 20 to 30
bases upstream of the transcriptiona start site of many genes and can direct the accurateinitiation of
transcription [6]. A G-rich element adjacent to the TATA-box that binds the general transcription
factor 11B (TFIIB) has aso been identified [7; 8]. In the absence of the TATA box, an initiator
element (Inr), a pyrimidine-rich sequence, is used as the start Site of transcription and is often found
upstream of housekeeping genes. Functional studies have suggested that PyPyAN(T/A)PyPy isthe
optimal initiator sequence, whereas sequence comparisons of Drosophila genes have indicated a
TCA(A/G)TPyPy consensus|[9; 10]. A third motif, thedownstream promoter element (DPE) witha
consensus sequence of PUG(A/T)CGTG, wasidentified in Drosophila TATA-less promotersand is

located approximately 30 nucleotides downstream of the transcriptional start site [11].

Typicdly, the GTFs, TFIIA, -B, -D, -E, -F and —H, comprise the minima complement of proteins
that interact with RNA pol 1l to reconstitute accurate basal-level transcription from a minima
promoter such as a TATA element or Inr sequence. The core promoter element nucleates the
assembly of a pre-initiation complex (RNA pol 11 and the GTFs). In vitro, thesefactors assemblein
a stepwise ordered fashion through an extensive series of protein-protein interactions[12; 13]. The

conventional moded of transcription initiation by RNA pol Il can be described in terms of pre-



initiation complex assembly and activation, initiation of transcription, promoter clearance, and
transcriptional elongation and termination (Figure 1.1). The first step in transcription initiation is
THID binding. THID is a multi-component (~10 subunits) transcription factor that recognizes and
binds to the promoter DNA [14]. The DNA binding subunit of TFIID recognizes the TATA
element and is therefore designated the TATA-binding protein or TBP. The remaining subunits are
designated either as the TBP-associated factors (TAFs) or non-TAF coactivators [1]. The
association of TFIID and promoter DNA isthe only step in GTF assembly that is driven entirely by
protein-DNA interactions. TFIID acts to nucleate the transcription complex, recruiting the rest of

the GTFs through direct interactions with TFIIB.

TFIIA can join the complex at any stage after TFIID binding and stabilizes the initiation complex
[14]. THIA consists of two subunits in yeast and three in humans and Drosophila, al of which
contain high concentrations of acidic amino acids. TFIIA binds directly to the TBP subunit of
THID and stabilizes the binding to DNA through direct contacts of its own with DNA. THIA
enhances the ability of TBP to compete with non-specific DNA-binding proteins by increasing the
affinity of TBP for a promoter. In addition, TFIIA binding to TBP is mutualy exclusive with the
binding of some classes of negative regulatory proteins. Thus, TFIIA stabilizes TFIID binding by
blocking transcriptional repressors and inhibits the binding of factors that compete with TBP for

DNA.

The next factor to be recruited to the pre-initiation complex is TFIIB. It exists as a single
polypeptide of 35 to 40 kDa that contains a zinc-finger domain at the NH,-terminus and two
imperfect direct repeats in the COOH-terminal domain. The primary role of TFIIB isto physicdly
link TFIID at the promoter with the RNA pol 1I/TFIIF complex. Consistent with this function,

THIIB contains binding sites for the TFIID/DNA complex, TFIIF and for RNA pol 1l [15-18].



Figure 1.1 Stepwise assembly of the pre-initiation complex. TFIID recognition of the TATA
element is the initial step in pre-initiation complex assembly. This is followed by the coordinated
recruitment to the complex of TFIIB, the complex comprised of TFIIF and the non-phosphorylated
form of the RNA pol Il COOH-terminal domain, TFIIE and TFIIH. In the presence of ATP and
NTPs promoter melting occurs followed by initiation of transcription. Promoter clearance follows
phosphorylation of the COOH-termina domain of RNA pol Il by TFIK. THIB, -E and -H
disengage from RNA pol 1l during promoter clearance, creating an €longation complex comprised
of the phosphorylated foom of RNA pol Il and TFIIF. Following termination, a phosphatase
dephosphorylates the COOH-terminal domain alowing RNA pol 1l to rgoin the activated pre-
initiation complex and reinitiate transcription. Adapted from reference [19)].
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Once THFIID and TFIIB have assembled at the promoter, RNA pol Il can enter the pre-initiation
complex. However, this association is unstable and requires recruitment of RNA Pol 11 by TFIIF
and THIIB. TFIIF binds directly to RNA pol 1l and was originadly isolated as an RNA Pol 1l-
associated protein (RAP). Additiondly, binding of RNA pol 11 by THIF indirectly inhibits RNA
pol 11 binding to non-specific sites on DNA, reducing the spurious initiation of transcription. TFIIF
consists of two subunits, RAP30 and RAP74 [20; 21]. The smallest subunit, RAP30, appearsto be
sufficient for interactionswith TFIIB and recruitment of RNA Pol 1. However, studies suggest that
both subunits are involved in the stabilization of pre-initiation complex interactions through TFIIB
and in transcriptiond initiation. TFIIF aso stimulates the phosphatase activity that removes the
phosphate moieties from the COOH-termina domain of the largest subunit of RNA Poal 11 [20; 21].
The dephosphorylated form of RNA pol 11 is the form of the protein that is recruited to the pre-

initistion complex.

Even though RNA Pol 11 is stably incorporated into the pre-initiation complex, it is unable to initiate
RNA synthesis and requires the presence of two additional GTFs, TFIIE and TFIIH [22]. THIEis
atetramer that consists of dimers of 35 or 56 kDasubunits. TFIIE binds RNA pal 11, recruits TFIIH
to the pre-initiation complex and modulates TFIIH kinase, helicase and ATPase activities. TFIIE
appears to be required for promoter clearance of RNA polymerase |l and its trangition into
elongation mode [23]. The addition of TFIIE and TFIIH to the pre-initiation complex completesthe

assembly process rendering the polymerase competent to initiate transcription.

Mammalian and yeast TFIIHs are composed of at least nine subunits[22]. Thetwo largest subunits
are ATP-dependent helicases of opposite polarity that are essentia for promoter melting. This
involves the separation of the two DNA strands that is required to allow the RNA pol 1 complex
access to the template strand and the formation of the first phosphodiester bond of the RNA
transcript [24]. Extension of the RNA transcript results in disruption of the RNA pol |1 contacts

with the initiation complex, promoter clearance, and entry into the elongation phase of transcription



in which the nascent RNA strand is extended as the polymerase moves aong the DNA template

[25].

THIIH is aso associated with a complex, TFIIK, which consists of a CDC-like kinase and cyclin-
like subunit. The COOH-terminal domain of RNA pol |l consists of a heptapeptide with a
consensus sequence, YSPTSPS that is identically conserved between yeast and human. This
heptapeptide is repeated 26 times in the yeast enzyme and 52 times in human [26; 27]. During
transcription initiation, the COOH-terminal domain becomes extensively phosphorylated on serine
and threonine residues by the kinase activity associated with TFIIH, designated TFIIK [28]. This
modification of RNA pol Il is essentid for its dissociation from the pre-initiation complex and
marks the trangition into the elongation phase of transcription. TFIIH isalso essentia for nucleotide
excison repair of damaged DNA. Muitations that affect TFIIH function result in Xeroderma
pigmentosum, a rare human hereditary syndrome characterized by hyperpigmentation of the skin
under sun exposure, cutaneous abnormalities and predisposition to skin cancer, which are the result

of nucleotide excision repair dysfunction [29].

The above assembly of RNA Pol 11 and the GTFson the promoter DNA in vitro suggests astepwise
assembly of the pre-initiation complex. There is aso evidence for the existence of a holoenzyme
complex wherein some GTFs are observed to associate with RNA Pol 11 in the absence of DNA.
Evidence for the existence of such a complex first arose from the characterization of the SRB
(supressors of RNA pol B) group of proteins, products of genes that wereidentified in yeast during
a genetic screen for suppressors of growth defects associated with truncations in the COOH-
terminal domain of RNA Pol 11 [26; 30]. All nine of the geneticaly identified SRB proteins exist in
acomplex with RNA Pol I1, yet this complex lacks a subset of the GTFs. However, when
supplemented with TBP and TFIIE, the complex was capable of both accurate initiation and
transcription in response to atranscriptional activator [31-33]. Another yeast RNA Pol 11 complex,

termed the mediator, was identified in the laboratories of Kornberg and Young [2; 34]. This



complex included a subset of the SRB proteins, a nove set of proteins designated MEDs and an
additional subcomplex composed of 4 proteins [34; 35]. Thus, the SRB and mediator complexes
are structuraly similar but not identical. The differences may be accounted for smply on the basis
of the differences in the purification strategies used to isolate them. Similarly, this could adso
account for the presence of the SWI/SNF chromatin-remodelling complex in the SRB complex but
not in the mediator [34; 36]. Another yeast holoenzyme complex has been isolated which is devoid
of SRB and other mediator subunits, but contains a subset of the GTFsincluding TFIIB and TFIIF
[37]. Thiscomplex was shown to be involved in regulating the expression of a unique set of genes
and is therefore functionaly distinct from the SRB- or mediator-containing holoenzymes. All
complexes isolated to date contain common elements that are essential for transcription. For
example, recent studies carried out using atemperature sensitive SRB protein, Srb4, and analysis by
DNA microarray technology indicated that virtualy all yeast genes require Srb4 for their
transcription.  The fact that al of the Srb4 in yeast extracts is associated with an RNA pol |1

holoenzyme complex strongly suggests that a holoenzyme is required for transcription [38; 39)].

Severd different mammalian RNA Pol 11 complexes have been isolated [26; 40]. One complex
contained SWI/SNF and the histone acetyltransferases CBP and PCAF, but was devoid of GTFs.
Another complex that mediated transcriptional activation did not include chromatin-modifying
factors but did contain a subset of the SRB/mediator subunits and GTFs[41]. Still other RNA Pol
Il complexes exist that contain a variety of subunits, including the SMCC, TRAP and DRIP
complexes [42; 43]. As in the case of the various yeast complexes an emerging theme in the
mammalian complexes is the presence of common or shared subunits in the distinct complexes that
have been characterized. This suggests that the specificity of these holoenzyme complexes is

mediated by unique subunits that interact with distinct activators.



2.0 ACTIVATED TRANSCRIPTION

Basal transcription in vitro is not dependent upon the presence of activating factors. The minimal
protein apparatus required for the accurate initiation of transcription consists of the GTFs and the
subunits of RNA pol 1l. However, in vivo, al eukaryotic chromosoma DNA is coiled around an
octameric core of histone, the nucleosome. This DNA packaging forms a physica barrier
preventing the general transcription factors and RNA pol 11 from accessing the promoter. Under
these circumstances, transcription must be triggered by activator proteins through their interactions
with specific regulatory elements in the promoters of their target genes. Transcriptiona activators
function to target nucleosome-remoddlling factors (i.e. histone acetyltransferases) and ATP-

dependent chromatin remodelling complexes (i.e. SWI/SNF) to the core promoter.

Regulatory elements for RNA pol 11 transcription are located both upstream and downstream of the
RNA transcription start site [27]. The regulatory eements include both the proximal promoter
elements that are traditionaly thought to be located from 50 to 500 base pairs ypstream of the
transcriptional start Site, and the distal enhancer elements which may be located up to tens of
thousands of base pairs from the transcriptiona start site and are able to exert their effects when
positioned in ether direction or orientation. The regulatory regions of genes transcribed by RNA
Pol 11 contain various combinations of these different types of promoter elements, which function
independently or synergistically to modulate transcription by recruiting different combinations of
DNA-binding transcriptiona activators. In severd cases, the binding of multiple transcription
factors to a specific promoter/enhancer region is cooperative and requires a unique composition and
spatial arrangement of transcription factor binding sites [44]. The assembly of these enhancer
complexes, termed enhanceosomes, is facilitated by protein/protein interactions between DNA-

bound factors and protein-induced DNA bending.



2.1 DNA binding motifs

As stated previoudy, the upregulation of transcription is contingent upon the recruitment of
transcription activating factors to regulatory elements in the target genes. To thisend, transcription
activating factors are modular in nature, comprising distinct DNA-binding domains that are
characteristic of specific transcription factor families and one or more transcription-activating
domains [45]. These come in several varieties (i.e. hdix-turn-helix, homeodomain, zinc-finger and
leucine zipper motifs) that are a characteristic of specific classes of transcription factors (Figure
1.2). A recurring theme displayed by the structures of these DNA-binding domains is that the
specificity of the interactions observed between protein and DNA is determined in most, but not all
cases, by specific residues on the surface of the protein’s &helix and the magjor groove of DNA
[46]. Sections 4 and 5 focus on two examples of well-characterized and distinct DNA-binding

domains, the homeodomain and the zinc-finger domain found in nuclear hormone receptors.

2.2 Transactivation domains

Activation domains are not generally as structurally well defined as the DNA-binding domains and
do not correlate with the particular type of DNA-binding domain present. Typicdly, the activation
domains have been classified on the basis of their amino acid composition, with different groups
comprised of activators rich in acidic amino acids, glutamine or proline [47-49]. Some activation
domains have also been described that are rich in isoleucine, or basic amino acids [50; 51]. The
first activation domains identified were those of the yeast acidic activators GAL4 and GCN4 [52;
53]. Other activation domains were subsequently identified including those of RelA [54], severd
steroid hormone receptors [55], c-Fos and c-Jun [56] and the herpesvirus activator VP16 [54-58].
Glutamine-rich or proline-rich activation domains were initidly identified in the transcription

factors Spl and CTF/NFL, respectively [59; 60].
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Figure 1.2 DNA-binding structural motifs complexed with DNA. Theseinclude A, the hdix-
turn-helix domain of the Escherichia coli catabolite activator protein; B, the Drosophila engrailed
homeodomain; C, the Octl POU domain protein motif; D, the winged helix motif of HNF3 & E, the
basic region leucine zipper structure of GCN4; F, the basic region helix-loop-hdlix/leucine zipper
motif of the transcription factor Max; G, the zinc-finger motif of YY1 (zinc ions are depicted as

spheres).
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An interesting factor, the B-cell transcription factor Oct-2 contains both a glutamine-rich and a
proline-rich activation domain that are positioned on either side of the DNA-binding POU domain

and have been shown to act synergistically [61].

The TBP-associated factors, TAFs, can dso be involved in activated transcription and promoter
selectivity. As stated previoudly, the genera transcription factor TFIID is a complex consisting of
the TATA-binding TBP and approximately 10 TAFs [62]. Early studies suggested both that TBP
alone was sufficient for TATA element recognition and basal transcription and that the TAFs were
essentia for transcriptional activation [1; 63]. However, there is increasing evidence suggesting
that athough TAFs are required for the transcriptional activation of some genes, they are not
required for activation of others. For example, depletion or inactivation of seven different TAFsdid
not sgnificantly affect activation by four acidic activators GCN4, ACE1, GAL4 and HSF1 [64-66)].
This is in contrast to numerous results that indicate that TAFs are crucia for transcriptional

activation in vitro [63; 67; 68]. In some stuations, TAFs are required for activator-dependent
recruitment of TFIIA and TFID or of RNA pol Il holoenzyme components [1]. Smilarly,
recongtitution studies with recombinant proteins indicate that stimulation of transcription by Spl or
NTF-1 is dependent upon TAFs that recognize and recruit these to the THIID complex [69]. The
requirement for specific TAFs has also been observed for activators such as Bicoid, p53,
Hunchback and ER [68; 70-73]. These results suggest that some activators act by contacting

different TAFs, thus alowing TFIID to integrate multiple signals for different enhancer-bound

regulators.

The current view is that, while TAFs may not be generally required for transcriptiona activation,
they selectively affect the transcription of specific genes in vivo [64; 74]. Curioudy, the genes
affected contain suboptimal, non-consensus TATA eements suggesting that TAFs may play
important roles a such promoters by interacting either with components of the basic transcriptional

meachinery or with promoter DNA. Thus, the TAF functions emerging from these studies can be

13



summarized as follows: First, certain TAFs may be essentia for transcription from a subclass of
promoters sharing a common feature such as weak or non-consensus TATA eements. Secondly,
athough TAFs are not generdly required for activation, an individuad TAF may be required to
interact with a subset of activatorsthat affect one or more essential genes; for example, an activator
involved in cell cycle progression. In this regard, the failure of glutamine-rich activation domains
to stimulate transcription in yeast may reflect the absence of a yeast homologue for Drosophila
TAF110, atarget for glutamine-rich activation domainsin vivo [74-76]. Thirdly, absence of aTAF
could subtly affect transcription of many genes such that the cumulative effects lead to cell

inviehility.

Transcription activation aso requires accessory factors, termed coactivators, adaptors or mediators,
in addition to the GTFs needed for basa transcription. These coactivators typicdly function to
either modify or remodel chromatin. Other coactivators posses scaffolding properties. These are

discussed in depth in the following sections.

3.0 CHROMATIN STRUCTURE AND ITS ROLE IN TRANSCRIPTION

The basic structura unit of chromatin is the nucleosome, which consists of 146 base pairs of DNA
wrapped in approximately 1.75 superhelical turns around an octamer histone core. The histone core
contains 2 molecules each of histonesH2A, H2B, H3 and H4. Thisunit is repeated once every 200
* 40 base pairs as a nucleosomal array in chromosoma DNA. A fifth histone, the linker histone
H1, binds to the nucleosome and promotes their organization into a higher order structure, the 30
nm filament. Since DNA is supercoiled around the histone octamer in the nucleosome, and these
can be organized into higher order structures, it was widely accepted that the primary function of
histones was to package the genome. However, chromatin in most cells exists in aform that is far

less condensed than, for example, in sperm nuclei. This suggests that the main function of histones

14



is not to produce the most compact form of the genome but rather to provide for the proper

regulation of many inducible genes[77; 78].

Over the past decade, evidence has been increasing that chromatin structure is dynamic [78; 79].
The discovery of nucleosome mobility highlighted the importance of nucleosome positioning and/or
disruption, depending on the biological context [78; 80]. On the other hand, nucleosomes
positioned at promoters were shown to block transcription [81; 82]. In order to alow accessto the
transcriptiona apparatus these nucleosomes must be disrupted. In some cases, this disruption
requires specific transcription factors and ATP [83; 84]. The SWI/SNF complex, a large
multiprotein complex that is required for the induction of transcription a many promoters, is
involved in the remoddling of chromatin during transcription [85; 86]. In other cases, histones are
modified by complexes containing acetyltransferase activity that acetylatesthe lysineresiduesin the
NH,-termina tails of the histones. This modification neutralizes their charged interactions with the
phosphate backbone of DNA making the DNA available for transcription. On the other hand, the
supercoiling of DNA by the nucleosomes can bring two regulatory elements into close proximity
thus allowing transcription to take place. This has been observed for the heat shock elements found
in the H§p26 promoter in Drosophila melanogaster and in the vitellogenin B1 gene of Xenopus
laevis [87; 88]. Alsoin the mouse mammary tumor virus promoter, an intact nucleosomal structure
was found to be essentia for the synergistic activity of the glucocorticoid receptor and nuclear

factor 1 [89; 90].

3.1 Chromatin remodelling

The yeast Swi/Snf genes (Switching mating type/Sucrose non-fermenting) were first isolated as
regulators of mating-type and carbohydrate pathway switches [91]. SWI/SNF is a 2 MDa
multisubunit complex composed of at least 11 proteins and is an integral component of the yeast

RNA pol Il holoenzyme [36]. The SWI2/SNF2 subunit of the SWI/SNF complex contains
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sequence motifs closaly related to those found in DNA-stimulated ATPasesDNA helicases [92].
However, bacterially-expressed SWI2/SNF2 protein was found to have DNA-dependent ATPase
activity but no helicase activity. Mutational studies have shown that the conserved ATPase domain
is necessary for function in vivo [93]. In vitro, the SWI2/SNF2 subunit destabilizes hissone-DNA
interactions in recongtituted nucleosomes in an ATP-dependent manner. This destabilization
increases the binding of transcription factors, such as GAL4 derivatives and TBP to histone-
associated DNA [93]. SWI2/SNF2 isthe prototype of an emerging class of chromatin remodelling
proteins whose activities are dependent upon or associated with ATP hydrolysis. These proteinsare
aso contained in large multisubunit complexes that contain components related to subunits of yeast

SWI/SNF, specifically SWI2/SNF2 [92; 93].

Nucleosome remodedling factor (NURF) was purified from yeast as a cofactor that facilitated the
interaction of the GAGA transcription factor with chromatin by perturbing a nucleosomal array in
the presence of ATP. Studies suggest that NURF affects an early stagein the transcription process.
One subunit of NURF, p55, has recently been identified asa WD repest protein. Interestingly, WD
repeat proteins are components of multiprotein complexes involved in a wide spectrum of cellular
activities, such as cdl cycle progression, signa transduction, goptosis, and gene regulation [94;
95]. Homologues of p55 have been found associated with histone acetyltransferases and
deacetylases. Thus, p55-like proteins may be involved in targeting the cataytic subunits of various

chromatin-atering complexes to the histones [96].

Chromatin accessibility complex (CHRAC), a 670 kDa complex consisting of 5 subunits was
identified on the basis of its ability to mobilize nucleosomes in a manner that alows enhanced
access to a DNA restriction enzyme [97]. CHRAC is aso able to introduce regularity into an
irregular nucleosomal array by acting as a nucleosome spacing factor [97]. Both of these processes
are ATP-dependent. Thus, CHRAC may function in a manner similar to histone chaperones by

accepting or donating histones during chromatin assembly or disassembly. Topoisomerase Il is a
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subunit d the CHRAC complex but its activity can be inhibited without abrogating the remodelling
activity. Itispossiblethat the topoisomerase Il subunit may function to direct CHRAC to particular
chromosomal sites so that CHRAC participates in topoisomerase |1-dependent processes such as

chromosome condensati on/decondensation, kinetochore assembly and other mitotic events [97].

ATP-utilizing chromatin assembly and remodelling factor (ACF) was purified as an ATP-
dependent chromatin assembly factor. However, ACF is aso involved in transcription factor-
mediated chromatin disruption, similar to NURF, and can remove nucleosomes fom densdly

packaged chromatin [98; 99].

A SWI/SNFlike complex, termed remode structure of chromatin (RSC) was purified from
Saccharomyces cerevisiae during asearch for homologues of the SWI/SNF subunits[100]. RSCis
acomplex of approximately 1 MDa that contains 15 subunit proteins of which three are related to
the components of the SWI/SNF complex. Thisis consistent with the related biochemical activities
of the SWI/SNF and RSC complexes[100; 101]. However, unlike the constituents of the SWI/SNF
complex, two subunits of RSC are encoded by genes that are essential for mitotic growth in yeast
[100; 102]. A third subunit of RSC that is functiondly equivaent to a SWI/SNF subunit is
specificaly phosphorylated in the G1 phase of the cell cycle. A temperature sensitive dlele of this
gene arrests the cell in the G2/M phase of the cell cycle at the non-permissive temperature [103;
104]. Thus, the RSC chromatin remodelling activity probably plays arole in the progression of the

cell cycle.

A novel complex has been identified recently using a purified in vitro transcription system [105;
106]. This complex named FACT for Facilitates Chromatin Transcription is capable of aleviating
a nucleosomal block to transcriptional elongation in a manner unlike other chromatin remodelling
complexes, as it does not appear to require ATP hydrolysis to function. Although promoter-

proxima chromatin remodelling is one critical step in gene activation, the evidence suggests that it
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may be insufficient for transcription unless coupled with activities such as FACT, which permit

elongation through the nucleosome [105; 106] .

3.2 Histone acetylation

As mentioned above, chromatin remodelling can be accomplished by chemica modification. A
relationship ketween acetylation of histones and transcriptional activation was proposed about 30
years ago [107; 108]. However, the mgor breakthrough in demonstrating such a connection was
the cloning of the gene encoding p55 from Tetrahymena thermophila. The p55 protein, which had
histone acetyltransferase activity displayed remarkable smilarity to the yeast protein GCND5,
aready known to be a transcriptional adaptor in yeast [109]. The significance of thissimilarity was
reinforced by the discovery that GCN5 has histone acetyltransferase (HAT) activity that is essentia
for its function [110]. A number of complexes with HAT activity have now been isolated and
generaly they can be grouped into two types designated A and B [111]. Type A HATs are
locdized in nuclei and most likely acetylate nucleosomal histones in reactions closely tied to
transcriptional activation. To date, severa transcriptiona regulators have been found to possess
intrinsic HAT activity: GCN5 and homologues, PCAF, p300/CBP, TAR,250 and homologues and
SRC-1/NCoA-1 and pCIP/ACTR/AIB1 [112-115]. Type B HATs can be purified from
cytoplasmic fractions, and it is believed that these activities are responsible for acetylating newly

synthesized histones before chromatin assembly during DNA replication [116]

GCNS5 was isolated and characterized in a screen in yeast to identify mutations that impaired the
GCN4-dependent general control response to amino acid starvation [117; 118]. Bacteridly
expressed GCNS5 acetylates free histone H3 strongly at lysine 14 and histone H4 weskly at lysine 8
and 16 [119]. Biochemical and genetic studies showed that GCN5 is the catalytic subunit in at least
two distinct multisubunit complexes possessing HAT activity; a 1.8 MDa complex termed SAGA

(for SPT-ADA-GCN5-acetyltransferase) and a complex encoded by the Ada genes (for altered
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defective activation) [120; 121]. Subunits present in both the SAGA and ADA complexes are
known to play arole in activated transcription. Additionally, the SAGA complex contains the SPT
proteins, which are believed to modulate TBP function [121]. The presence of these activities

suggests a link between acetylation and transcription.

In addition to its HAT activity, GCN5 also contains a 110 amino acid domain termed the
bromodomain [122]. This domain, which is involved in protein/protein interactions, is present in
every HAT protein identified to date [122; 123]. Studies with the human PCAF bromodomain
showed that it interacts specifically with acetyl lysine in short histone H3 and H4 peptides [124].
Since acetyl lysine in the NH,-termina tails of histones is associated with actively transcribed or
poised chromeatin, the results provide the first evidence that bromodomains play arole in anchoring
HATSs and other coactivators onto active chromatin. In addition, two subunits of the RSC complex
described above each contain 2 bromodomains. Deletions that remove only the first bromodomain
cause little or no phenotypic anomalies while mutations that remove only the second bromodomain
cause phenotypes that are the equivaent of mutations that remove both. This suggeststhat multiple

bromodomains in a complex have different functions.

p300 and CBP (CREB-hinding protein) are two closdly related proteins that share many biological
functions [125]. The ligand-dependent transcription of many nuclear hormone receptors, such as
RXR, RAR, TR and ER requires p300/CBP [126; 127]. p300/CBP aso fills essential coactivator
roles for many other classes of regulatory transcription factors including p53 [128; 129]. Recent
studies have aso demonstrated the recruitment of CBP by the Smad2/3 proteins in the TGF-b
sgndling pathway [130; 131]. The p300/CBP complex functions as an acetyltransferase and as a
platform for a large number of essentiad associated proteins. For example, the C/H3 domain is
capable of binding the adenovird E1A oncoprotein, a protein kinase pp90rSK1 postulated to

antagonize CREB function, and PCAF [132-134]. Distinct regions of CBP and associated factors
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may be required for interactions with different classes of transcription factors. For example, E1A
inhibition of STAT-1 or nuclear hormone receptor mediated transcriptional activation appears to

require the C/H3 and p160 interaction domains, respectively [135].

A role for p300 in cdl proliferation has been clearly demonstrated in the p300 -/- mouse [136].
Mice lacking p300 are embryonic lethal and show defects in neuralation and heart development. In
addition, Rubenstein-Taybi syndrome, a disease characterized by mental retardation and specific
skeletal abnormalities results from mutation of one CBP dlele [137]. The disease is mimicked to
some extent in CBP +/- mice, which exhibit skeletal abnormalities [138]. These biologica effects
are not observed with p300+/- mice which show reduced viability but no other complications.

These results suggest that the absolute levels of the combination of p300 and CBP are critical for
aspects of development. This is supported by observations that a compound heterozygous mouse

(p300+/- and CBP +/-) is embryonic lethal [136].

The p300/CBP Associating Factor (PCAF) was identified through its ability to interact with
p300/CBP [134]. The association between p300/CBP and PCAF is required for transcriptional
activation of many genes. The COOH-termina haf of PCAF is homologous to GCN5 and, as
expected, this domain contains essentiadly al of the intrinsic HAT activity. Like GCN5, PCAF can
acetylate free histones H3 and H4 but, unlike GCN5, can a so acetylate nucleosomal H3. The NH,-
termina haf of PCAF has been shown to directly contact SRC-1/NCoA-1 and CBP as well as
several nuclear hormone receptors [114; 139]. PCAF associates both with p300/CBP and with a
number of the nuclear receptor coactivator complexes thereby forming complexes with multiple

histone acetylases [113; 114].

TAR,250, the largest subunit of the TBP-associated factors, is unique among the various TAFsin
that individudly, or as part of the TFIID complex, it exhibits both a serine kinase activity and a

histone acetyltransferase activity [140; 141]. The serine kinase activity TAR,250 is specific for the
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RAP74 subunit of the general transcription factor TFIIF and to a lesser extent TFIIA and TFIIE
[140]. TFIIF isan interesting target for phosphorylation since it is intimately associated with RNA
polymerase and is involved both in recruiting RNA pol 1l to the pre-initigtion complex and in
modulating its elongation properties. TAR,250 aso contains an intrinsic histone acetyltransferase
activity that has been conserved in yeast, Drosophila and humans. TAR,250 functions through the
acetylation of lysine residues in histones that weakens histone-DNA interactions. This implicates
THID as an important player in controlling access of nucleosome-bound promoter sequencesto the
basal machinery in vivo. Similarly to GCN5, TAR,250 preferentially acetylated free histones H3
over H4 and displays little or no activity for nucleosoma histones [141]. The domain of TAR,250
responsible for the histone acetyltransferase activity has been localized to a centra region that is
well conserved but shows no sequence similarity to other histone acetyltransferases. A temperature
sengtive cdl line, which arrests in G1 at a non-permissive temperature, has been found to encode a
TAR,;250 mutant with a point mutation within the histone acetyltransferase domain, indicating that

this TAF may play a specific role in regulation of the cell cycle [141].

3.3 Non-histone acetylation

The substrate specificities of histone acetyltransferases could be determined, in part, by the primary
sequence surrounding the target lysine residues. The consensus recognition sequence derived from
the target sites of GCN5 is K-X-X-G-G/A-K"-X, whilethat of Hat1 is proposed to be G-X-G-K " -X-
G, where K™ isthe acetylation site. Therefore, it is possible that proteins bearing similar sequences

may also be natural substrates for acetylation.

Indeed the acetylation of several transcription factors by several known acetyltransferases has been
demonstrated in vitro [142-144]. TFIIF can be acetylated by PCAF and p300/CBP [144]. The &-
subunit of TFIIE can be acetylated by PCAF, p300/CBP and TAR,250[144]. Interestingly, apoint

mutation introduced at lysine 52 of TFIIE & was shown to dramatically reduce the efficiency with
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which TFIIE & was acetylated, suggesting that lysine 52 is a primary target for acetylation. This
resdue is conserved among human, Xenopus and yeast TFIIE & homologues and appears in a
sequence context smilar to lysine 14 of histone H3, the most preferred site for yeast GCN5 action

in vitro [119].

p300 is capable of acetylating p53 efficiently in vitro ontwo highly conserved lysine residues[145].
p53 is dso acetylated in vivo, for example, in response to DNA damage [146]. Interestingly, the
acetylated form of p53 is capable of binding its target DNA with a higher affinity. Thus, the
acetylation of activator proteins may function to signal or enhance the binding of bromodomain-
containing coactivator complexes that are important for transcriptional control, such as SAGA, RSC

and SWI/SNF.

3.4 Histone deacetylation in repression of transcription

As histone acetylation is correlated with actively transcribed genes histone deacetylation has
become associated with transcriptiona inactivity. Like GCN5, RPD3 was firgt identified during

genetic screening for positive and negative regulators of a subset of yeast genes[147]. Two groups
independently discovered that the RPD3 gene encodes the catalytic subunit of histone deacetylase
complexes. Rpd3 contains the deacetylase activity in a large complex of approximately 600 kDa
caled HDB (histone deacetylase B), while an RPD3like protein in a second complex of

gpproximately 350 kDa is encoded by the HDA 1 gene (histone deacetylase complex A) [147]. The
Rpd3 and Hdal genes share approximately 49% similarity over a region of 498 amino acids. In

yeadt, deletion of Hdal and Rpd3 leads to hyperacetylation of histones H3 and H4 [147].

The high level of smilarity of the first histone deacetylase isolated (HDAC1) from human cells to
RPD3 provided a clue as to its function in vivo [147]. Other human deacetylases have now been

identified [148; 149]. As is the case for the acetylases, the deacetylases exist as part of larger
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complexes in both mammalian cdlls and in yeast. Insights into the mechanism of repression in
mammalian cells have come from the identification of a corepressor complex comprised of Sin3,
the nuclear receptor corepressor (NCoR) and the silencing mediator for RXR and TR (SMRT). The
gene encoding NCoR was cloned using TR as bait in a yeast two-hybrid screen [150; 151]. Similar
approaches were aso used to identify the related factors, SMRT and the TR-associated factors
(TRAC) [152; 153]. The corepressor complexes also contain various stably associated protein
components including severa histone deacetylases, thus establishing a link between repression and
histone descetylation [4; 154]. The data suggest that transcription factors that function as
transcriptional  repressors do so by a common mechanism involving recruitment of a
multicomponent complex containing HDAC activity and the re-establishment of a repressive

chromatin state.

3.5 DNA methylation in gene expression

Methylation of cytosne-guanine (CpG) sites is a characteristic feature of many eukaryotic
genomes. In vertebrates, approximately 60-90% of all CpGs are methylated. Many of the non-
methylated sites (approximately 15% of CpGs in human DNA) are found in CpG idands, which
usually encompass functional promoters. Reviewed in [155]. Microinjection and transfection
experiments using in vitro methylated gene sequences demondtrated that DNA methylation results
in the formation of inactive chromatin. The slencing effect exerted by CpG methylation is only

observed following incorporation of the methylated DNA into chromatin [156; 157].

Studies in mammaian systems, where methylation clearly plays a role in gene silencing, indicate
that methylation mediates the formation of a multiprotein represson complex, which induces
changes in histone acetylation. Specifically, under conditions where methylation of DNA exceedsa
threshold level, methylated CpG sites have been shown to recruit MeCP2, an abundant mammalian

protein that functions as a transcriptional repressor [158-160]. When bound to methylated
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chromosomal DNA in vitro MeCP2 has been shown to displace histone H1 [158]. MeCP2 hasbeen
shown to contain both a methyl-binding domain and a transcriptional repressor domain (TRD)
[158]. The TRD lies within a region that interacts directly with the corepressor mSin3A.
Coimmunoprecipitation experiments show that antibodies raised against MeCp2 immunoprecipitate
mSin3A as well as histone deacetylase 1 and 2 (HDAC1 and 2, respectively) [158; 161]. Other
experiments used cell lines that had been dably transfected with in vitro methylated or
unmethylated constructs driven by the thymidine kinase (tk) promoter. Immunoprecipitation of
chromatin with an antibody against acetylated histone H4 revedled that in contrast to the non-
methylated tk gene the methylated & gene was not enriched for acetylated histones. Treatment with
the potent histone deacetylase inhibitor trichostatin A (TSA) resulted in an increased expression of
the methylated & gene. Furthermore, TSA treatment increased the accessibility of the methylated #
gene locus to nucleases suggesting that acetylation of histones restablishes features of
transcriptionaly active chromatin despite the presence of DNA methylation [162]. Such studies
suggest that the methylation of gene sequences induces transcriptional repression through their
capacity to recruit MeCP2 [158; 161; 162]. This methyl binding protein tethers a multiprotein
complex that includes the corepressor protein mSin3A and the histone deacetylases HDAC1 and
HDAC?2. The deacetylase activity recruited by MeCP2-bound mSin3A renders the promoter of the

gene inaccessible to transcription factors by deacetylating histone H3 and H4 [85].

Presently there are several models that address the transcriptiona activation of genes silenced by
methylation and these are depicted in figure 1.3. In the first model, activation results from
deacetylation of the gene while in the second model, demethylation aone is sufficient for
reactivation, The first model is exemplified by the progesterone receptor (PR) gene. This geneis

estrogen responsive and is inactivated by DNA methylation in certain types of breast cancer.
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Figure 1.3 Two models for the transcriptional activation of genes silenced by methylation. In
the first model, A, methylated (M) CpG sites in the regulatory region of gene X are occupied by a
repressor complex comprised of MeCP2/mSin3A/HDAC1 and 2. Under conditions were this
particular gene is induced, a transcriptional activator displaces the MeCP2 repressor complex and
recruits a coactivator(s) with histone acetyltransferase activity leading to nucleosome disruption and
culminating in the activation of gene X. In the second model; B, transcription factor occupation of
methylated CpG sites in the regulatory region of gene Y prevents the maintenance methylase from
remethylating these hemimethylated DNA sites following one round of DNA replication. At this
point demethylase enzymes act upon the resulting hemimethylated regions and fully demethylate
the DNA. Alternatively, these hdimethylated sites could be fully unmethylated at any given point
during or following DNA replication.
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Treatment with the DNA demethylating agent 5aza-deoxycytidine can reactivate PR expression
demondtrating that the gene is hypermethylated. Ectopic expression of ligand-bound ER can
reactivate the methylated PR gene but induction by ER is dependent upon the presence of SRC-1,
which has intrinsic histone acetyltransferase activity. Inthe second model, activation of methylated
gene expression may occur through DNA demethylation. Evidence for both passive and active
mechanisms of DNA demethylation is demongtrated in the case of the EBNA-1 interactionswith
the Epstein Barr virus latent replication origin, oriP or Spl interactions with variants of the &globin
gene promoter [163-165]. Demethylation could be carried out by a passive (replication-dependent)
mechanism whereby the binding of a site-specific transcription factor (EBNA-1, Spl, NFEB) and
subsequent association of the general transcription factors would prevent the maintenance
methylase activity from methylating post-replicative, hemimethylated DNA. After a second round
of replication, fully unmethylated DNA would be generated. Alternatively, following the first
round of replication the hemimethylated DNA could be further modified by a demethylase enzyme

activity to generate fully unmethylated DNA.

4.0 NUCLEAR HORMONE RECEPTORS

Nuclear hormone receptor s represent an evolutionarily well-conserved class of transcription factors
being present from flies to mammals (Reviewed in [166-169]). They bind to amdl lipophilic
hormones, or presently undetermined ligands in the case of the orphan receptors, and function in the
cdl nucleus as ligand-activated transcription factors. Nuclear hormone receptors can be classified
according to the type of hormone they bind. In this manner, nuclear hormone receptors are divided
into four different classes: i) receptors that bind steroids such as glucocorticoids (GR),
mineralcorticoids (MR), progestins (PR), androgens (AR) and estrogens (ER); ii) those which bind
steroid derivatives such as vitamin D3 (VDR); iii) those which bind non-steroids such as thyroid
hormone (TR), the dl-trans and 9-cis forms of retinoic acid (RAR, RXR) and the insect

developmenta hormone ecdysone (ECDR). Additionaly, fatty acids, bile acids, oxysterols, farnesol
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metabolites, leukotriene B4 and prostaglandins may act by binding to nuclear hormone receptors
such as peroxisome proliferator -activated receptors (PPAR) or the receptors designated FXR and
LXR; and iv) receptors for which no physiologica ligand has yet been determined. These are

designated the orphan receptors.

Alternatively, the nuclear hormone receptors can be divided into two broad types, the type | and
type Il receptors. The type | class, comprise the receptors for steroids such as glucocorticoids,
progestins, aldosterone, estrogens, and androgens are associated with heat shock proteins. Hormone
binding leads to dissociation of hsp and binding in dimeric form to specific paindromic DNA
sequences as el ementsthat include specific palindromic sequences. Thetypell classisrepresented
by receptors such as for the thyroid hormone, retinoids, prostaglandins, vitamin D3 and ecdysone.
In contrast to the class | receptors, members of this class are bound to DNA in the absence of
hormone. Binding of ligand induces a conformational change that leads to transcriptiond
activation. Receptors of this class are predominantly bound as heterodimers to DNA response
elements that include direct repesats, everted or inverted palindromes. The dimerization partner for
many members of this class of receptors appearsto be the 9-cis retinoic acid receptor RXR. Orphan

receptors can bind as monomers or as dimers preferentially to direct repeat DNA elements.

Based upon this type of classification ER can be functionaly classified as a type I/l hybrid by

having atype Il DNA binding domain, but forming only homodimers on a paindromic arrangement

of two 5 -AGGTGA-3' half dites.

4.1. The general structure of nuclear hormone receptors

Homology studies of a number of nuclear hormone receptors indicate that their amino acid
sequences can be divided into five different domains A/B, C, D, E and F (Figure 1.4A) [166; 170].

The NH,-termina A/B region is highly variable in length and sequence between different NHR
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proteins but in many receptors, such as the ER and GR, a ligand-independent transactivation
domain (AF-1) has been identified in the A/B region. The most conserved region among the
different family members is the centrally located DNA-binding domain designated the C region,

which contains two zinc-finger domains of the G,-C, type. This means that the structure of the
DNA-binding domain is stabilized by the tight binding of two Zn®* ions that are coordinated by four
cysteine residues (Figure 1.4B). The first zinc-finger located towards the NH,-terminusisinvolved
in specific binding to DNA whereas residues in the second, more COOH-termind, zinc-finger are
important for dimerization. The amino acids that determine DNA-binding specificity are located in
amore COOH-termina portion of the first zinc-finger designated the P-box. The DNA motifsthat
are recognized by the P-box are usualy derivatives of the sequences 5’ -AGGTCA-3' (for ER and
many other nuclear hormone receptors) or 5 -AGAACA-3 (for al steroid hormone receptors
except for ER) (Figure 1.4B). Members of the type Il subfamily appear to heterodimerize with the
retinoid X receptor (RXR) and bind to direct repesats of the consensus motif 5 -AGGTCA-3 with
different spacings. In contrast, the steroid hormone receptors are predominantly known to form
homodimers, which bind to two palindromicaly arranged copies of the sequence motifs mentioned
above usualy spaced by three nucleotides. Other arrangements of the DNA half-sites are also
known, and many of the natural response elements to which nuclear hormone receptors can bind
can diverge significantly from the consensus sequences. Some receptors such as the ER, have been
shown to bind to complex arrangements of haf-site elements that may be separated by long

intervening DNA regions [171]. In some of the receptors a nuclear localization signal has been

identified at the junction of the C and D domains. The short D domain located COOH-termindly to
domain C is primarily regarded as a flexible hinge between the DBD and the E domain. It contains
sequences at its NH,- and COOH-terminal ends that contribute to the function of the adjacent
domains. For example the NH,-termina portion is important for DNA binding and

heterodimerization. Thisregion containsthe T and A boxes, which are well conserved.

29



Figure 1.4 The general structure of steroid hormone receptors. A, Thefunctional domains of
steroid hormone receptors are shown. The structure of steroid receptors can be divided into six
domains designated A/B, C, D, E and F. B, the amino acid sequence of the DNA-binding domain
(domain C) of the glucocorticoid receptor is shown. The P-box and D-box, which are essentia for
DNA-recognition and dimerization, respectively, are highlighted. Also included are the Pbox
sequences for a number of nuclear hormone receptors and the recognition elements they specify.
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The A box is implicated in base contacts with the 5 extension of the half-site recognized by

monomer binding receptors. The T box of RXR isimplicated in the dimerization process.

The E domain is relaively large and contains many activities that include a ligand binding domain
and a ligand-dependent tanscriptiona activation function (AF2) domain that is recognized by
coactivators or corepressors, which serveto bridge the receptor to the basal transcription machinery.
In addition, a dimerization interface, an hgp-interaction region and a nuclear locaization domain are

presen.

Recently, the three-dimensional structures of the ligand binding domains of three different nuclear
hormone receptors: RXR & in the absence of ligand, and RAR & and TR & in their ligand-bound
forms have been solved [172-174]. The overal structures consist of three layers of &hdlices, a
structure referred to as an &-helica sandwich consisting of 12 &helical regions, two anti-pardld &-
strands (S1 and S2) and an U loop between helices 2 and 3. The ligand-binding pocket existsin a
centraly located cavity formed by protein regions that are distally separated in the primary
structure. A comparison of the ligand-bound to the unliganded structures suggests that ligand
binding induces a rearrangement of helices 10 and 11 that results in the movement of the COOH-
terminal &hdix (helix 12), which in the unbound state extends out from the ligand-binding domain.
In the presence of ligand, helix 12 is trandocated so that it effectively covers the ligand-binding
pocket. It is kelieved that helix 12 in this postion together with the adjacent helices 3 and/or 4
forms a surface by which the nuclear hormone receptors interact with the basal transcription

machinery or intermediary factors.

A COOH-termindly located F domain varies gregtly in length and is not present in all nuclear
hormone receptors. A functiona role for this domain remains unclear; nevertheless, arole for this
domain has been documented in severa reports. For example, the F domain of the ER has been

shown to day an important role in regulating the extent of transactivation by estrogens [175].
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Additionaly, two RAR mutants that differ only in the presence or absence of the F domain, exhibit

significant differences in transactivation potentia [176].

4.2 Transactivation by steroid hormone receptors

The steroid hormone receptor subfamily within the nuclear hormone receptor family contains two
distinct transactivation domains. a ligand-dependent activation function AF-2 present in the COOH-
termind ligand binding domain and a ligand-independent function in the NH,-termina A/B region
[177]. Experiments performed principally with ER and PR have shown that the activity of the two
AFs is cdl- and promoter-specific [178]. For example, it was found that a mutant ER containing
only AF-1 activated transcription from chicken embryo fibroblasts but was inactive in HelLa cells,
whereas an AF-2 containing receptor was active in both cell types [177]. It was aso shown that
AF-2 only functioned on certain promoters whereas AF-1 activity wasless sengtiveto variationsin

promoter context [177; 179].

According to the classica model, unliganded steroid hormone receptors exist in a monomeric state
associated with a number of proteins belonging to the heat shock family of proteins. These proteins
are believed to maintain their steroid hormone receptor partners in a conformation that exhibits
high-affinity ligand binding and low DNA-binding affinity [180]. Binding of the cognate hormone
induces a cascade of events including hsp-dissociation, conformational changes, phosphorylation
and dimerization, ultimately resulting in the binding of steroid hormone receptor dimers to their

respective hormone response elements (HRES).

Several mechanism(s) have been proposed to explain the manner by which ligand-bound receptors
activate gene transcription in vivo. One mechanism is based upon evidence that at least four
different components of the basal transcription machinery are targets of steroid hormone receptors.

These direct protein/protein interactions are believed to result in the stabilization of pre-initiation
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complex assembly and increased rates of transcriptiona initiation. It has been demonstrated that
three of these proteins are subunits of the TFIID complex including TBP and the TAFs[72]. Using
in vitro binding assays, TBP has been shown to interact with the ER in a ligand-independent
manner. This interaction was also independent of the presence of functional AF1 or -2 elements
[72; 181]. Two TAFs, hTAFII130 and dTAFI1110, have also been reported to interact with ER, PR
and TR, respectively [182; 183]. The TAR,110 subunit of the Drosophila TFIID complex hasbeen
reported to interact with the DNA-binding domain of PR in vitro [183]. Results from yeast two-
hybrid assays indicate that dTAR, 110 interacts with RXR and TR through AF-2 [184]. TFIIB has

aso been demongtrated to interact with both ER and TR [185; 186].

A second mechanism is based upon mounting evidence indicating that ligand-activated steroid
hormone receptors associate with a number of different factors, termed coactivators, intermediary
factors, or receptor interacting proteins, which may play decisive roles in mediating the effects of

steroid hormone receptors on transcription initiation [187].

A third mechanism implicates chromatin remodelling in steroid hormone receptor transactivation
[188; 189]. Nucleosome disruption is therefore an essentiad element in the ligand-dependent
transactivation of many steroid hormone receptor-inducible genes.  Nucleosome displacement by
histone acetylation can be reversed by the actions of histone deacetylases that have been shown to

act with steroid hormone receptors in the absence of hormone causing repression of transcription.

4.3 The receptor interacting proteins

The most basic function performed Ly an activated nuclear hormone receptor is to recruit and
maintain a stable pre-initiation complex at the promoter of the target gene. This is accomplished
through a series of direct or indirect association of the liganded receptor with the GTFs.

Overexpression of the AF domains of various steroid hormone receptors were noted to interfere
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specifically with the transcription of reporter genes activated by other steroid hormone receptors
family members, while control promoters were relatively unaffected. These transcriptiona
interference or squel ching experiments suggested that the steroid hormone receptors AFsare ableto
form specific complexes with distinct set of cofactors that existed in limiting concentrations and
which were different than the basal transcription factors [190]. Evidence exists that liganded
receptors are capable of directly contacting the GTFs aswell asthe TBP-associated factors (TAFS)
[182; 191]. However, severa elegant studies suggested that non-TAF proteins were important
targets of liganded receptors. Thefirst of these was a 160-kDa ER-associated protein (ERAP-160)
that co-purified with ER in the presence of ligand, suggesting that ER underwent interactions with
specific protein complexes prior to transcriptiond initiation [192]. Others groups published similar
findings with respect to severa other receptor interacting proteins[193]. These endogenous factors
are functiondly limiting. Additionaly, hormone antagonists can uncouple the interaction of
receptor with these proteins (collectively termed the p160 proteins), suggesting that transcriptiona
activation is dependent upon the interaction of the receptor with these proteins. Severa other

receptor interacting proteins have now been identified and some of these are discussed below.

4.3.1 The nuclear receptor coactivators (NCoA)

The nuclear receptor coactivators are a group of related 160 kDa proteins that interact with the
conserved activator domain, AF-2, of the retinoic acid receptor (RAR) and ER in a ligand-
dependent manner [151; 192, 193]. These pl60 proteins are aso capable of interacting with
p300/CBP through a separate domain [126; 194]. Several distinct but related members have been
identified, with each family member having a number of splice variants. These include SRC-
1NCoA-1, TIF2/GRIPY/NCoA-2, pCIPACTR/AIBLY/RAC3/TRAM-1 [114; 115; 195-197]. A
weak intrinsc HAT activity has been reported for SRC-1/NCoA-1 and pCIP/ACTR/AIBL,
suggesting that chromatin remodelling may aso be a function of these NCoA factors although they

do not appear to contain regions homologous to the HAT domain of p300/CBP or PCAF [113;
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114]. SRC-1/NCoA-1 and ACTR acetylate nucleosomal histones H3 and H4 in vitro [113]. All

three of the NCoA proteins contain two major transactivation domains that operate through distinct
mechanisms. a weaker transactivation domain located in the COOH-terminus, and a stronger

transactivation domain that overlaps the region that mediates interactions with p300/CBP. The
catalytic domain of SRC-1/NCoA -1 has been mapped to the COOH-terminal region that bears no
significant homology to the catalytic domains of the GCN5 family members. All three related

NCoA proteins share anumber of structural features, one of the most interesting being the presence
of a well-conserved NH,-terminal domain found in the PAS/basic hdix-loop-helix (bHLH) family
of transcription factors. Members of this class are involved in regulation of cell type differentiation
and proliferation and are characterized by the formation of homo- or heterodimeric complexes with
bHLH partnersfor their function (for review see[198]). Like other PAS-bHLH proteins SRC-1and
TIF2 appear to be capable of forming multimeric complexesin vivo, but therole of the PAS domain

in this interaction remains to be clarified [199].

Yeast two-hybrid screening of a Hela cel ¢cDNA expression library using the ligand binding
domain of PR resulted in the identification of the receptor interacting protein designated steroid
receptor coactivator (SRC-1) [200; 201]. Interaction of SRC-1 with PR is dependent upon ligand.
SRC-1 aso enhances the activity of a number of steroid hormone receptors including PR, GR, and
ER as well as the non-steroid receptors TR and RXR. However, it failsto enhance E2F- or CREB-
driven activity indicating that SRC-1 is not a genera cofactor of transcriptional activation [126;
194]. More sgnificantly, SRC-1 relieves the inhibition of a PR-regulated reporter that is observed
when ER is coexpressed. This indicates that SRC-1 is one of the limiting cofactors for which
ligand-activated steroid hormone receptors compete, as demonstrated in the original squelching
experiments.  SRC-1 has also been shown to enhance the functional cooperation between two
separately expressed ER deletion constructs encoding AF1/DNA-binding domain and estrogen

activated AF-2 [202]. This implies that SRC-1 functions as an adaptor protein to stabilize
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cooperative interactions between AR1 and AFR2. In this regard, it is worth noting that SRC-1
contains two interaction domains, as RAR contacts a site on mSRC-1 that is distinct from the PR
interaction domain [194]. SRC-1 has aso been shown to interact with p300/CBP and PCAF, both
components with intrinsic histone acetyltransferase activity [113; 200]. This interaction involves
part of a glutamine-rich domain located in the COOH-terminal part of CBP and a more central
region of SRC-1 that is distinct from its PR- or RAR-interacting domain implying that steroid
hormone receptors as well as other nuclear hormone receptors may be capable of forming ternary
complexes with SRC-1 and p300/CBP at target gene promoters [113; 200]. CBP has also been
shown to interact with TFIIB suggesting that this factor may function to transmit the signals of AR
1 or AF-2 of the steroid hormone receptors to the basal transcription machinery. Finally, p300/CBP
interacts with PCAF implying that the two factors, in concert, may facilitate steroid hormone

receptor-mediated promoter activity by disrupting chromatin structure around the target gene.

ACTR is homologous to the SRC-1/NCoA-1 and TIF2/GRIPL/NCoA -2 proteins in several motifs
including the HAT catalytic domain of SRC-1 [114]. ACTR preferentialy acetylates the
nucleosomal histones H3 and H4. ACTR interacts directly with severa ligand-bound nuclear
hormone receptors and recruits PCAF and CBP to form a multicomponent complex, which is

essentia for ligand-dependent transactivation [114].

AIB1, a human splice variant of pCIP was identified by a technique involving chromosome
microdissection of genes whose expression and copy number are elevated in human breast cancers
[203]. AIB1 is overexpressed in several ER-postive breast and ovarian cancer cell lines and
primary breast cancer specimens, suggesting that altered expression of pCIP/AIB1 may contribute

to the development of steroid-dependent cancers [197; 203].

TIF2/GRIPL/NCoA -2 isa 160 kDa protein cloned from a human placenta cDNA expression library

by screening with labelled ER ligand binding domain [204]. GRIPL, the murine orthologue of
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TIF2, has been shown to interact with GR, ER and AR [196; 205]. TIF2 interacts with the ligand-
binding domain of all the steroid hormone receptors and other nuclear hormone receptors tested
including ER, PR, AR, TR, RAR, RXR and VDR [196; 205]. Thisinteraction occursthrough AF-2
in a ligand-dependent manner. Similarly to SRC-1, TIF2 appears to represent one of the limiting
cofactors that are squelched by overexpression of ligand-activated AF2 since inhibition resulting

from coexpression of ER can be partialy reversed by introducing TIF2 [204].

4.3.2 Other classes of receptor interacting proteins

One of the receptor interacting factorsinitially described was a 140-kDanuclear protein designated
RIP140 [206]. RIP140 was shown to interact with the AF2 domain of ER in aligand-dependent
manner both in vitro and in vivo. RIP140 has subsequently been shown to be involved in
transactivation by RXR, RAR and TR [207; 208]. RIP140 contains two binding sites that interact
independently with the AR2 of ER but differentially with the RXR, suggesting that one RIP140
molecule contacts both of the receptors present in nuclear receptor homo- and heterodimers.
RIP140 is ableto act as a potent transcriptiona activator when tethered to the DNA-binding domain
of GAL4 indicating that it may act as a bridging factor mediating recruitment of individua basa

transcription factors or the RNA pol 11 holoenzyme complex [209].

Another receptor interacting protein named TIF1a was cloned from a mouse cDNA library by
screening for factors that enhance the activity of a Gal4-RXR & (AF-2) fusion protein in yeast.
mSUGL, the mouse orthologue of TIF14, was subsequently shown to interact with the ligand
binding domains of ER, PR, VDR, TR, and RAR in a ligand-dependent fashion [210; 211]. TIF1a
contains a RING finger domain and a bromodomain, which are present in a number of
transcriptiona regulators [212]. A yeast two-hybrid screen was used to identify two TIF14-binding

factors, mHP14 and MMOD1 {}. mMOD1 was subsequently demonstrated to interact with the
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murine orthologue of hSNF28, a component of the SWI/SNF complex suggesting that TIF14

participate in chromatin remodelling [213].

TRIPL/SUGL is another receptor interacting protein isolated via yeast two-hybrid screening using
the LBDs of the TR and RXR as bait [214]. The murine orthologue of TRIP1, designated mSUGL,
has been shown to interact with ER, TR, RXR, RAR, and VDR [211]. Furthermore, thisinteraction
is dependent upon an intact AR-2 domain. In vitro binding studies have shown that mSUG1 is
capable of binding TBP, TFIIB, TAR,30 suggesting that it may function as a molecular adapter that
helps recruit the basal transcription machinery following binding of the various nuclear hormone

receptors through AF-2.

4.3.3 The LXXLL motifs

The nuclear receptor interaction domains, termed the NR boxes, of pCIP, SRC-1 and TIF2 contain
three highly conserved motifs that share a consensus amino acid sequence LXXLL (single letter
amino acid code, where X is any amino acid) with a conserved spacing that is required for their
interaction with nuclear hormone receptors as well as p300/CBP [115; 215]. Extensive mutationa
anadysis has shown that different LXXLL motifs within SRC-1 are required to interact with
different nuclear hormone receptors [115]. Thisfunctional specificity correspondsto the difference
in afinity between each LXXLL motif and the different nuclear receptors. Such specificity appears
to be influenced by the amino acid residues located adjacent to the LXXLL motifs [216]. The
cocrystal structures of peptides encompassing one LXXLL motif of SCR-1 and thyroid hormone
receptor (TR) have indicated that the mechanism of interactions between SRC-1 and the ligand-

binding domains of nuclear receptorsisfairly well conserved [217; 218].

Receptors exhibit preferentia binding to different NCoA family members, for example AR

preferentialy binds to GRIP1 over SRC-1. In addition LXXLL motifs within a given coregulator

39



exhibit binding specificity. For example, the centrd domain of SRC-1 (NR boxes I-111)
preferentialy binds the ligand binding domains of ER, PR, VDR and TR, while the more COOH-

terminal NR-box 1V strongly binds AR and GR [219].

4.4 Nuclear receptor corepressors

Severa members of the nuclear hormone receptor family including RAR and TR can act as
transcriptional repressors in the absence of hormone. This repressor activity is contained in a
digtinct region of the ligand-binding domain that is functionally separable from the A2 domain.
In these cases transcriptional repression is mediated by interactions with NCoR and SMRT [214;
220]. Other nuclear hormone receptors including COUP-TF, PPAR& as well as steroid receptors

such as the ER and PR have also been demonstrated to interact with NCoR/SMRT [221-224].

Additionally, NCoR and SMRT participate in a general mechanism of active repression by other
classes of transcriptiona repressors, such asMad/Mxil, RB, Y'Y 1 and the yeast Ume6 protein [225-
228]. Thesefactorshave been shown to recruit the corepressor complexesto the promoter by either
binding to the corepressor complex directly, as in the case of YY1 and RB or by contacting a
component of the complex such as Sin3, NCoR and SMRT. For example, the bHLH zipper protein
Max is able to dimerize with members of the Myc/Mad family to dicit opposite transcriptional
responses. Whereas Myc/Max heterodimers activate transcription, Mad/Max heterodimers repress
transcription.  This repression is mediated through interaction with mSin3A and mSin3B [154;
229]. Based upon these and other studies, the current model suggests that unliganded nuclear
hormone receptors, or Max/Mad-Mxil heterodimers, bind DNA and mediate represson by
recruiting the NCoR/Sin3/RPD3 complex, resulting in histone deacetylation and repression of
transcription.  Ligand-binding to nuclear hormone receptors, or replacement of Max/Mad-Mxil

with the Max/Myc heterodimers, resultsin the replacement of the corepressor complex by activator
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complexes that consist of multiple acetyltransferases which then catalyze histone acetylation and

result in transcriptional activation (Figure 1.5).

4.5 The Estrogen Receptor (ER)

In tissues that are estrogen-responsive, the action of the hormone is mediated through the estrogen
receptor (ER). Estrogen stimulates transactivation by ER. Estrogen enters the cell by passive
diffusion across the cellular membrane where it can bind to the ER present in the nucleus. In the
absence of hormone, ER exists as a complex together with several heat shock proteins (hsp) hsp90,
hsp70 and hgp56 [230]. The hsps are believed to act as chaperones that keep the ER in a
transcriptionaly inactive form that is capable of binding its ligand with high affinity. Evidence thus
far indicates that among the nuclear hormone receptors only the steroid hormone receptors are
thought to interact with heat shock proteins. There is evidence that binding of hormone by some
steroid hormone receptors permits trandocation into the nucleus i.e. inactive GR exists as an hsp
complex in the cytoplasm and that GR trandocates to the nucleus subsequent to ligand binding.

Binding of ligand by ER is followed by release of te hsp complex. Subsequently, two ER

molecules dimerize and in the nucleus bind to specific DNA sequences designated the estrogen

response elements (ERES) that are present in the promoter regions or enhancers of specific target
genes. The canonica ERE consigts of a paindromic 5'-AGGTCA-3' element separated by three
nucleotides. However, many functional EREs deviate substantially from this consensus sequence.
Once bound to the ERE in the promoter of a target gene, the ER homodimer interacts directly or

indirectly with components of the basal transcription machinery to modulate transcription.

41



Figure1.5 The current view of mechanisms underlying transcriptional activation. Illustrated
is an example of the current view of transcriptional repression effected by members of the nuclear
hormone receptor family in the absence of hormone. In these cases transcriptiona repression has
been shown to be mediated by interactionswith NCoR and SMRT. The current model suggeststhat
DNA-bound factors such as unliganded nuclear hormone receptors, steroid hormone receptors, and
various transcriptiona repressors have been shown to recruit the corepressor complexes to the
promoter by either binding to the corepressor complex directly or by contacting a component of the
complex such as Sin3, NCoR and SMRT which exist in a complex with various histone
deacetylases. This results in deacetylation of histones and repression of transcription. Ligand-
binding to nuclear hormone receptors, or replacement of transcriptiona repressors with
transcriptional activators results in the replacement of the corepressor complex by activator
complexes that consist of multiple acetyltransferases which then catalyze histone acetylation and
result in transcriptional activation. Published with permission [231].
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The classical estrogen receptor, ER &, was cloned from uterusin 1986 [232] and for many years it
was believed that ERa was essential for life. However, a study published in 1994 described a man
lacking functiona ER &, who suffered from severe osteoporosis and reduced fertility, dispelling the
notion that deletion of the ER gene would be lethd [233]. The persistence of estrogen binding in
some tissues of the ER & knock-out mouse strain indicated the existence of a second receptor for
estrogen [234]. This second receptor for estrogen, designated ER & was cloned in 1996 [235]. ER
dand & bear 95% amino acid identity through the DNA binding domain and both are capable of
binding to a consensus estrogen response element. The receptors bear 55% identity through the
ligand-binding domain and exhibit similar but not identical ligand binding properties [236]. ER &
and & have the potential to function as heterodimers but given that their relative tissue distributions
are rather different, the two receptors are more likely to function as homodimers in the mgority of

target cells[237; 238].

4.5.1 Results of aberrant estrogen receptor expression

Studies of ER- [234] or aromatase-knockout [239] mice have provided insight into the actions of
estrogen highlighting the importance of estrogen and ER for many different physiologica functions.
The enzyme aromatase, encoded by the CYP19, gene converts testosterone into estradiol. The
aromatase knock-out (ArKO) mice are characterized by females that are infertile as aresult of a
defect in ovulation that is accompanied by underdeveloped externd genitaia, uteri and mammary
glands. The ArKO males are fertile with increased levels of testosterone. In the ER knock-out
(ERKO) mice where ER & has been inactivated, both sexes are infertile. Females have cystic
haemorrhagic follicles and no corpora lutea, while males have testicular atrophy, decreased
spermatogeness and inactive sperm. The ERKO mouse exhibits abnormalities in its reproductive

behaviour and breast development [240]. In addition, both sexes display a marked reduction in
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bone density. The importance of functional ER for norma bone development is aso evident from
the single reported case of the man lacking functional ER described earlier [233]. Studies on the
ER & knock-out (BERKO) mouse indicate that the males are fertile. The female mice exhibit
reduced fertiliy as a result of a block in the last step of follicle development prior to ovulation and
consequently no corpora luteaare present [241]. In contrast to the abnormal reproductive behaviour
of the ERKO mice, BERKO mice exhibit normal sexua behaviour highlighting the importance of

ER afor the normal expression of natura reproductive behavioursin both sexes [242].

5.0 HOMEODOMAIN PROTEINS

Homeotic genes are master control genes that specify the body plan and regulated development in
higher organisms. They share a common sequence element of about 180 base pairs, the homeobox,
that encodes awell conserved DNA binding motif termed the homeodomain [243; 244]. The first
genes found to encode homeodomain proteins were the fruitfly Drosophila melanogaster
developmenta control genes, in particular the homeotic genes from which the name “homeo” box
was derived [245]. Presently, there are several hundred homeobox gene sequences published from
different species [244-247]. In vertebrates, the homeobox family of genes can be divided into two
subfamilies: i) the clustered homeobox genes known as the Hox genes and ii) the non-clustered or
divergent homeobox genes, the latter are scattered throughout the genome and fal into a number of
groups based upon the sequence similarities [245; 248]. The popular view of homeotic gene
function is largely based upon the dramatic mutant phenotypes that result from dtering their
patterns of expression. For review see references [249-251]. The classic example is the choice
between formation of an antenna or aleg in Drosophila. \When the Hox gene Antennapedia is
expressed inappropriately in the antenna premordium it gives rise to aleg, and when its expresson

is removed it becomes an antenna [252; 253]. Observations such as these have led to the idea that
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the function of the Hox genes is to generate morphologica diversity during anima developmental

and evolution [254-256] .

A magjor area of focusin the field has been to examine the promiscuous nature of the DNA-binding
specificity described for many homeodomain proteins.  Since the amino acid sequence of the
homeodomain is highly conserved among those of highly divergent organisms it is not surprising
that homeodomain-containing proteins bind to their regulatory eements in a highly anaogous
manner. Indeed, homeodomain proteins that specify entirely different biologica functions are
capable of recognizing very smilar, if not identical, DNA sequences in vitro. Therefore, it remains
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 [257; 258]. In addition, the typica
DNA-binding motifs recognized by homeodomain proteins are only 5-6 base pairsin length and as

such are encountered too frequently in the genome to serve any highly specific regulatory function.

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

the mode of binding to DNA (monomeric binding, homo/heterodimerization).

5.1 The specificity of homeodomain/DNA interactions

The amino acids that dictate the secondary structure of the homeodomain are highly conserved
across species [259-262]. As depicted in figure 1.6, the recognition helix, helix 3 of the
homeodomain is inserted into the maor groove of the DNA where it establishes the mgority 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 thesg, the residues at positions 50 and 54 have been shown
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to be the most critica determinants of binding specificity [259; 263-265]. Although the amino
acids that determine the DNA binding specificity of the homeodomain are predominantly located
within helix 3, it has been proposed that different combinations of amino acids at positions 3to 7 in
the NH,-termina arm aso contribute to the preference of a specific homeodomain protein for
particular nucleotides within its binding ste core [260; 266-268]. In these cases, it has been
suggested that differences in the amino acid composition of the NH,-termina arm of these proteins
specifically, the number of besic residues present, can result in small changes in the orientation of
the amino acids side chains in the NH,-terminus, which are then transmitted through the protein
resulting in minor adjustments of side chains in 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 identica recognition helices sdlect binding sStes that differ in the region presumably

contacted by helix 3 [269].

Many of the individual homeodomain classes have additional conserved protein domains outside of
the homeodomain. Severa of these large domains have DNA-binding properties. The binding
specificity of these families of homeodomain proteins is influenced by the presence of this extra
domain, as in the case of the POU domain proteins, the LIM homeodomain proteins, paired domain
groups, that augments the stringency or changes the specificity with which these homeodomain

proteins recognize their response elements [270-275)].

Atypica homeodomain proteins are those that do not have an extra DNA binding domain but where
the homeodomain contains fewer or greater residues than the standard 60 amino acids. Essentialy
all atypica homeodomains have extra amino acids between helix 1 and helix 2 of the homeodomain
or helix 2 and helix 3.
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Figure 1.6 A model of a ternary complex made up of two homeodomain-containing factors
and DNA. This mode was generated from crystal structure data of the HoxB1/Pox1/DNA
complex solved to 2.35A. The structure shows that the homeodomain of each protein binds to
adjacent recognition sequences on opposite sides of the DNA through their recognition helices,
helix 3. Heterodimerization occurs through contacts formed between a six amino acid hexapeptide
NH,-terminal to the homeodomain of HoxB1 and a hydrophobic pocket in Pox1 formed between
helix 3 and helices 1 and 2. A COOH-terminal extension of the Pbx1 homeodomain forms an &
helix that packs against helix 1 to form alarger four helix homeodomain. Reproduced with
permission [277].
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The structural analysis of yeast MAT&2, which has a homeodomain containing 3 extra amino acids
in the loop between helix 1 and 2, showed that such atypical homeodomains have the same structure
as typicad homeodomains [276]. A series of genes encoding such homeodomains have been

isolated from animals, plants and fungi. They are classified as TALE homeodomain proteinson the

basis of thisthree amino acid loop extension and are discussed below.

As discussed previoudy, in many instances, the high affinity binding specificity of the
homeodomain can be directly attributed to the amino acid composition of its helix 3 and NH,-
termina regions. However, an increasing number of examples highlight the involvement of a
homeodomain protein partner that 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 aa cel type, the two homeodomain
proteins form a 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. In contrast, the
presence of al in solution dramatically raises the affinity of a2 for hsg operators [278; 279]. The
cooperative binding of &2 with al depends on the 21-residue COOH-termind tail of 82, which is
located immediately COOH- termind to its homeodomain. This tal interacts with a hydrophobic
patch of al that is comprised of Phel5, Va19, Lys23, Leu26, Glu30, and Va34 [279]. Inamanner
andogousto the interactions of MATal and MAT&2, the members of the PBC family of proteins
including the mammalian oncoproteins Pox1-3 and their various isoforms, the Caenorhabditis
elegans ceh-20 and their Drosophila orthologue extradenticle (Exd), have been demonstrated to act
as cofactors for a number of Hox proteins[280-285]. Theseinteractionsrequire ahighly conserved
hexapeptide motif F/1'YPWMK or adternatively a motif of the form ANW, which is joined to the
NH,-termind arm of the homeodomain by a linker that varies in length and sequence, and a

hydrophobic pocket on Pbx1 that bears limited resemblance to the hydrophobic patch of al. The
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Drosophila homeodomain protein engrailed makes use of a WPAW sequence in its EH2 motif for
its interactions with Pbx1 [286]. The residues that mediate the interactions of Pbx1 with the Hox
proteins are very well conserved [287]. PBC/Hox dimers bind 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. The interaction of the PBC proteins with their Hox
partners is believed to influence the nature or energetic contributions of contacts formed by the
NH,-termina arms of the Hox proteins in the minor groove resulting in the higher binding

specificity of the dimer.

Recently, Pbx1 has aso been shown to interact with the 11€50-containing TALE proteins, which
include Mesl, the Meis-related proteins Mrgl (Meis2) and Mrg2 (Meis3) and Prepl/pKnox1 [263;
288-290]. These proteins share a high degree of identity throughout the DNA recognition helix and
as a result bind to a common recognition motif, 5 -TGACAG-3', designated the MPRE or
Meisl/Prepl Recognition Element. The sequence of the MPRE is quite divergent from the
canonica 5 -TAAT-3 motifs. Meisl and Prepl are incapable of binding to their recognition
elements with high affinity in vitro. Rather, they have been shown to bind to DNA as heterodimers
with members of the PBC class of proteins [263; 288-290]. The Meisl/Prepl-Pbx dimers are
capable of binding to a variety of regulatory elements whose sequence deviates from that of the
MPRE. In vivo Mesl and Prepl have been shown to exist as heterodimers with Pox1 in the
absence of DNA suggesting that dimerization is essential for high affinity binding of their target
sites [263; 288; 289]. More recently, homothorax (Hth), the Drosophila orthologue of Meisl, has
been demonstrated to be essential to the nuclear localization of Exd [291]. This implies a higher
degree of regulatory complexity for the Meisl/Pox1 interactions. Meisl has also been shown to
dimerize with members of the AbdB-like family of homeodomain proteins in manner that increases

the stability of Meisl binding to its recognition element [292]. The members of this family lack any

51



of the Trp-containing motifs used for the interactions with Pbx1 and consequently they do not
dimerize with any of the members of the PBC group. Recently, Jacobs er al. (1999) have
demonstrated that trimers comprised of Pbx/Meis and Hoxb1 regulate the transcriptional activity of
the Hoxb2 enhancer [293]. These results indicate the existence of a higher order combinatorial
code, which is mediated by the interdependent DNA-binding activities of the different partners and

the spatial orientation of the various response elements.

6.0 THE AVIAN VERY LOW DENSITY APOLIPOPROTEIN II GENE

The avian very low-density apolipoprotein Il (gpoVLDLII) gene encodes a small phospholipid
binding protein that comprises part of the low-density fraction of the egg-yolk [294]. ApoVLDLII
is synthesized exclusively in the liver of the laying hen and transported through the bloodstream to

be deposited in the devel oping oocytes [295; 296].

ApoVLDLII gene expression represents an excellent model demonstrating the various levels of
transcriptional regulation.  The acquisition of competence to express the apoVLDLII gene in
response to estrogen is developmentally regulated [297]. Expression of this gene is aso liver-
specific and completely dependent on the presence of estrogen [298]. The levels of apoVLDLII
gene expression are aso influenced by estrogenrinduced factors that modulate the stability of its
MRNA [298-301]. The tight regulation of apoVLDLII expression is essential, Since misexpression
of the gene, exemplified by the estrogenized rooster model, results in accumulation in the serum of
lipoproteins that would normally be shunted to the cocyte. The resulting hyperlipidemia and

hyperlipoproteinemia can result in the development of atherosclerosis in these birds [302; 303].
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The apoVLDLII geneis approximately 3 kb in length and consists of 4 exons encoding a 750-base
pair MRNA species [295; 296; 304]. It contains three transcriptional start sites located at

nucleotides -10, +1, and +17, which are used in a 10:87:3 ratio, respectively [305].

6.1 Regulatory regions in the distal promoter region of apoVLDLII

Previous members of this laboratory examined the distal promoter regions of the chicken
apoVLDLII gene for changes associated with its activation or occurring at stages in development
where the liver becomes competent to express this gene in response to estrogen [297; 306].
Andysis of the methylation pattern of the 5’ and 3’ flanking regions of the gene identified two sites
that become demethylated in the liver between day 7 and 9 of embryogenesis. One of these sites,
which contains an Mspl dite, is located at -2.6 kb and the other, an X#ol steis located 1.6 kb
downstream of the 3’ end of the gene. Thetiming of the demethylation of these sites coincides with
the acquisition of competence by the gene to respond to hormone suggesting that these two events

could be associated.

Filter binding assays performed with liver nuclear extracts demonstrated the existence of factors
that recognized an 850-base pair fragment spanning the region -2.8 to -1.96 kb of the apoVLDLII
gene. Exonuclease |11 deletion analyses of this fragment identified boundaries for 3 binding sites
that were designated Site 1, 2 and 3 [305; 307]. The boundaries of Site 1 (-2.61 to -2.57 kb) span
the Mspl site that is demethylated during embryogenesis, coinciding with the time at which the liver
becomes competent to express the apoVLDLII gene in response to estrogen. The Site 1-binding
activity was found to be liver enriched and developmentally regulated, and deletion d this site
reduced the activity of the apoVLDLII promoter by approximately 60% [297; 308]. Although, the

sequence of Site 1 isvery similar to sites recognized by C/EBP §, it was shown that the proteins that
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recognized Site 1 were quite distinct C/EBP & DBP and LAP, particularly with respect to their

binding specificities [307].

A day 9 embryonic chicken liver cDNA expression library was screened using site 1 concatamers.
Three factors were subsequently cloned on the basis of their abilities to bind to site 1. The first
proved to be the avian orthologue of the Y-box binding protein, Y B-1 and was designated chkY B-1
accordingly [309]. Another Site 1 binding factor proved to be a novel member of the IRF family of
transcription factors, designated chicken interferon regulatory factor 3 (cIRF3) [310]. The
expression patterns chkYB-1 and cIRF-3 resemble the binding characteristics of the complex
detected with site 1 [307; 309]. Thethird factor cloned proved to be a C,H,-zinc-finger encoded by

an 8.5 kb mRNA that was ubiquitoudy expressed. Thus far, this factor remains uncharacterized.

Changes were a so detected to the pattern of DNasel hypersensitivity at 0, 0.2 and 1.5 kb upstream
of the maor transcriptiona start Site in adult tissue. In addition, two hormone-inducible DNasel
hypersensitive sites were identified a -1.8 and -3.1 kb [306]. The hormone-inducible
hypersensitive site at -3.1 is proximal to a putative silencer element present within a CR1 element
characterized by another member of the laboratory [311]. The close association of this silencer
edement with the hormone-inducible hypersenditive site a -3.1 kb suggests that changes in
chromatin structure may be involved in the regulation of transcription from the apoVLDLII

promoter.

6.2 Regulatory elements in the proximal promoter region of apoVLDLII

To examine regions that were critica to the hormone-responsiveness of the gene, exonuclease |11
deletion constructs of the apoVLDLII promoter were transfected into primary hepatocyte cultures.

These studies highlighted the fact that a construct ending at -230 that included both canonical and
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imperfect EREs displayed estrogentinducible levels of expression that were only 2-3% of those
observed with the entire 5’ -flanking region. Only the most upstream protein binding site identified
in vivo is missing in this congtruct. This footprint, designated F, is relatively large spanning a
region from -237 to -284 [312]. Including an additiona 3 11 nucleotides of the F footprint in
construct -247/+38 increased estrogen-dependent activity approximately 5-fold [313]. Thelocation
of this site, designated F' maps to the hypersensitive site at -0.2 kb that is present in day 7 embryas,
in rooster liver and to lesser extents in hen liver and oviduct [306]. Including the remainder of the F
element in the -307/+38 construct increased promoter activity a further 2-fold while extending this

region to -427 did not affect any further increases in the activity of the promoter.

6.2.1 The F'site in the apoVLDLII proximal promoter

Functional analyses of the regulatory regions upstream and in the first intron of the apoVLDLII
gene confirmed that essentially al of the regulatory elements required for the efficient hormone-
dependent expression of apoVLDLII are clustered within aregion of appraximately 300 nucleotides
of the proximal promoter that includes both canonical and imperfect EREs (Figure 1.7) [314]. This
region contains binding elements for C/EBP & DBP, COUP-TF, LAP, LF-A1l al of which lie

within 160 nucleotides of the mgjor transcriptiona start site [305; 306; 312; 315; 316].

Since the sequence of the F site did not match the sequences of any known factor binding elements,
experiments carried out by my predecessor were aimed at examining developmental changesin the
abundance of the F' binding activity, characterizing the protein complexes that could form on the F
ste as well as cloning and identifying the factor(s) responsible for this activity [317]. EMSA
performed using a synthetic binding site corresponding to the F' site sequence using liver nuclear

extracts revealed the presence of two major retardation complexes.
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Figure1.7. Diagram of the proximal promoter region of the apoVLDLII gene. The locations
of eight protein binding sites in the apoVLDLII proximal promoter are depicted. Thesestes
were identified by in vivo and in vitro footprinting [312]. Footprint A contains a recognition

element for the liver-enriched factor LF-A1/HNF4 and the ubiquitous factor COUP-TF. A second
LF-AL/HNF binding Siteis present in footprint C. Footprints B and D contain binding sites for the
liver-enriched factors C/EBP a and DBP. E1 and E2 contain canonical and imperfect estrogen

response eements, respectively. Footprint F contains a binding element recognized by chicken

VBP as well as the element designated F. The sequence of F' is presented with the recognition
sequence of AKR shown in bold [314]. Sites of methylation interference with AKR binding are
indicated by ®. Additionaly, an element Stuated at -259/-252 was designated E3, solely on the
basis of its sequence similarity to a hdf ERE. Findly, the location and the sequence of site G,

discussed in this chapter, are included.
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A fast migrating complex (Complex 1) that is liver-enriched but present at low yet detectable levels
in kidney, spleen, brain and heart. This complex is not detectable prior to day 7 of embryogenesis,
becomes the predominant complex by day 9 of embryogenesis prior to declining approximately
two-fold between days 9 and 20 and a further 3-5-fold in adult liver. A second, dower migrating
complex (Complex 2), was aso observed. This complex is reatively abundant in al tissues
examined except for blood. The levels of this complex decreased two-fold between days 7 and 9

remaining relatively constant afterwards.

Methylation interference analysis carried out with partially purified extracts revealed that the two
complexes had overlapping points of contact (Figure 1.7). Complex 1 contacts two G residues on
each strand of DNA of the downstream boundary of the F footprint. Complex 2 contacts only the
most upstream of these G residues on each strand. This information was used to introduce
mutations into -305/+38 reporter that would dsrupt binding by ether the liver-enriched (FM2
mutant binding site) or ubiquitous factors (FM 1 binding site). Both classes of mutations decreased
the ability of these reporter constructs to respond to estrogen [313]. Additiona mutations made to
either the canonical or imperfect EREs in these studies resulted in reporter constructs that
maintained 80-90% and 10-20% of the estrogertinducible activity of the wild-type promoter. This
indicated that the ERESs function additively rather than synergisticaly to activate expression of
apoVLDLII in response to hormone [313]. The data also indicated that much of the influence on
the activity of the promoter attributed to E2 was the result of protein interactions with F. To
identify the factor responsible for the F binding activity, end-labelled concatamers of the F' binding

Site were used to screen aday 9 chicken embryonic liver cDNA library.
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Positive clones were screened further using concatamers of the FM 1 or FM2 binding sitesin order
to distinguish between the liver-enriched or ubiquitous complex. Subsequent sequence analysis of

the liver-enriched factor identified it as the avian homologue of C/EBPa [317].

Similar analyses of the ubiquitous factor identified it as a novel and highly unusua homeodomain
protein. At that time the ubiquitous factor resembled the maize homeodomain protein knotted-1
most closely, hence it was designated Avian Knotted- Related (AKR) [314]. Subsequently, the
murine and human orthologues of AKR, designated TGIF for TG-interacting factor, were isolated
[318; 319]. Studies carried out by a present member of the laboratory demonstrated that AKR is
capable of antagonizing the estrogen-dependent activity from reporter constructs under the control
of the -305/+48 region of the apoVLDLII promoter [314]. Thisrepressive activity was mediated by
the F dte as the activity of a reporter construct containing the FM1 mutation failed to be

downregulated by AKR.

6.3 AKR, an atypical homeodomain protein

AKR was the first vertebrate homeobox protein to be identified with an lle at position 50 of helix 3.
It recognizes an atypical binding element within the F site of the form 5-TGACAT-3[314].
Results of target site selection indicated that AKR selected an optimal binding site with a sequence
5-TGACAG-3 [320]. Presently, AKR is classified as a member of the I1e50-containing TALE
homeodomain proteins that include Meisl, the Mes-related proteins Mrgl (Meis2) and Mrg2
(Meis3) and Prepl/pKnox1 [289; 321-323]. These proteins share a hgh degree of identity
throughout the DNA recognition helix and as a result bind to a common recognition motif, 5' -
TGACAG-3, designated the MPRE or Mei s1/Prepl Recognition Element whose sequence matches

the optimal binding site determined for AKR. The sequence of these elements is quite divergent
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from the canonical 5 -TAAT-3' motifs recognized by the mgority of homeodomain-containing

proteins.

Despite their similarities, a number of characteristics distinguish AKR from the other members of
the TALE group. Structurally 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,-
terminal AKR differs from that of the other 11€50-containing TALE proteins. The TALE region,
which has been shown to participate in the interactions between Exd/Ubx, MATa2/MATal, and
Pbx1/HoxB1 is well conserved across species within a given group of proteins [277; 279; 287]. In
contrast, this loop exhibits a high degree of variability between different groups of TALE proteins.
These three residues are LSN for members of the PBC group, LTH for Meisl, Mrgl and Mrg2,

IGH for Prepl and RYN for AKR.

Functiondly, AKR and TGIF both exhibit high affinity binding to their recognition elements in
vitro. AKR has been demonstrated to be capable of binding with high affinity to sites that share a
high degree of identity to the MPRE (F and Opt-1) and to a site 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; 292]. Studies thus far, have indicated that
complexes containing Meisl or Prepl activate expression of the genes they regulate, whereas both
AKR and TGIF have been shown to act as potent repressors of genes that are responsive to the
actions of nuclear hormone receptors [314; 319; 320]. An additional role has been defined recently
for TGIF in the smad2-mediated downregulation of several TGF &responsive genes [324]. Inthis

system, the TGIF-mediated recruitment of histone deacetylase 1 (HDAC1) occursin the absence of
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the protein binding to its recognition element. This indicates that TGIF, and by andogy AKR, may

employ adifferent set of co-actors than those recruited by the PBC or Meis proteins.

7.0 RESEARCH OBJECTIVES

To determine the factors responsible for the differences in DNA-binding exhibited by AKR and the
remainder of the 11e50-containing TALE homeodomain proteins a major focus of my research has
been to define the determinants of the unique binding specificity of the AKR. Studies were
performed in which specific mutations were introduced in the helix 3 and NH,-termina arm regions
in order to examine their effects upon the DNA recognition of AKR. Subsequently, the changes
effected by the various mutations made to the binding specificity of AKR were determined using
PCR-mediated target site selection. The results of these studies were used to confirm a molecular
model of the AKR homeodomain complexed to its optimal binding site. Anaysis of the modd has

provided useful ingghts into the manner with which AKR binds to DNA.

Recent studies have indicated that TGIF, the mammalian orthologue of AKR, is capable of
interactions with a histone deacetylase. Furthermore, these interactions occurred independent of
TGIF binding to DNA and required regions NH,- and COOH-termina of the homeodomain. To
determine the manner with which AKR downregulated the estrogen-dependent activity of the
apoVLDLII promoter, the other major focus of my research has been to determine AKR and ER
interactions within the proximal promoter of apoVLDLII. Subsequent studies used site-directed
mutation to examine the relative importance of these sites to AKR or ER activity. Findly, the
posshble involvement of an avian histone deacetylase in the AKR-mediated represson of

apoVLDLII gene expression was examined.

61



10.

11

12.

REFERENCES

VERRIJZER CP, TJIIAN R TAFs mediate transcriptional activation and promoter
selectivity. 7/BS 1996, 21:338-342.

MYER VE, YOUNG RA: RNA polymerase II holoenzymes and subcomplexes.
J.Biol.Chem. 1998, 273:27757-27760.

BERGER SL: Gene activation by histone and factor acetyltransferases. Curr.Opin.Cell
Biol. 1999, 11:336-341.

HEINZEL T, LAVINSKY RM, MULLEN TM, SODERSTROM M, LAHERTY CD,
TORCHIA J YANG WM, BRARD G, NGO SD, DAVIE JR, SETO E, EISENMAN RN,
ROSE DW, GLASS CK, ROSENFELD MG: A complex containing N-CoR, mSin3 and
histone deacetylase mediates transcriptional repression. Nature 1997, 387:43-48.

NAGY L,KAOHY ,CHAKRAVARTI D,LIN RJ, HASSIG CA,AYER DE, SCHREIBER
SL,EVANSRM: Nuclear receptor repression mediated by a complex containing SMRT,
mSin3A, and histone deacetylase. Ce// 1997, 89:373-380.

MAJELLO B, NAPOLITANO G DE LUCA P, LANIA L: Recruitment of human TBP
selectively activates RNA polymerase II TATA- dependent promoters. J. Biol.Chem.
1998, 273:16509-16516.

SMALE ST: Transcription initiation from TATA-less promoters within eukaryotic
protein-coding genes. Biochim.Biophys.Acta 1997, 1351:73-88.

WEISL, REINBERG D: Accurate positioning of RNA polymerase II on a natural TATA-

less promoter is independent of TATA-binding-protein-associated factors and initiator-
binding proteins. Mol.Cell Biol. 1997, 17:2973-2984.

CHALKLEY GE, VERRIJZER CP: DNA binding site selection by RNA polymerase II
TAFs: a TAF(II)250- TAF(I1)150 complex recognizes the initiator [In Process Citation].
EMBO J. 1999, 18:4835-4845.

BURKE TW, KADONAGA JT: Drosophila TFIID binds to a conserved downstream
basal promoter element that is present in many TATA-box-deficient promoters . Genes
Dev. 1996, 10:711-724.

BURKE TW, KADONAGA JT: The downstream core promoter element, DPE, is
conserved from Drosophila to humans and is recognized by TAFI160 of Drosophila.
Genes Dev. 1997, 11:3020-3031.

ROBERTS SG, GREEN MR: Purification and analysis of functional preinitiation
complexes. Methods Enzymol. 1996, 273:110-118.

200



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

ASOT,CONAWAY JW,CONAWAY RC:Role of core promoter structure in assembly

of the RNA polymerase Il preinitiation complex. A common pathway for formation of
preinitiation intermediates at many TATA and TATA-less promoters. J.Biol.Chem.
1994, 269:26575-26583.

ROEDER RG: The role of general initiation factors in transcription by RNA polymerase
II. Trends.Biochem.Sci. 1996, 21:327-335.

MALIK S, LEE DK, ROEDER RG: Potential RNA polymerase II-induced interactions of
transcription factor TFIIB. Mol Cell Biol. 1993, 13:6253-6259.

HISATAKE K, ROEDER RG, HORIKOSHI M: Functional dissection of TFIIB domains

required for TFIIB-TFIID- promoter complex formation and basal transcription
activity. Nature 1993, 363:744-747.

BURATOWSKI S, ZHOU H: Functional domains of transcription factor TFIIB.
Proc.Natl.Acad.Sci.U.S.A. 1993, 90:5633-5637.

HA |, ROBERTS S MALDONADO E SUN X KIM LU, GREEN M, REINBERG D:
Multiple functional domains of human transcription factor IIB: distinct interactions
with two general transcription factors and RNA polymerase II. Genes Dev. 1993 7:1021-
1032.

PATIKOGLOU G BURLEY SK: Eukaryotic transcription factor-DNA complexes.
Annu.Rev.Biophys.Biomol.Struct. 1997, 26:289-325.

TAN S CONAWAY RC, CONAWAY JW: Dissection of transcription factor TFIIF
functional domains required for initiation and elongation. Proc.Natl.Acad.Sci.U.S.A.
1995, 92:6042-6046.

FANG SM, BURTON ZF: RNA polymerase II-associated protein (RAP) 74 binds
transcription factor (TF) IIB and blocks TFIIB-RAP30 binding. J.Biol.Chem. 1996,
271:11703-11709.

OHKUMA Y: Multiple functions of general transcription factors TFIIE and TFIIH in
transcription: possible points of regulation by trans-acting factors. J.Biochem.(Tokyo.)
1997, 122:481-489.

GOODRICH JA, TIAN R: Transcription factors IIE and ITH and ATP hydrolysis direct
promoter clearance by RNA polymerase II. Cel/ 1994, 77:145-156.

GUZMAN E, LIS JT: Transcription factor TFIIH is required for promoter melting in
vivo. Mol.Cell Biol. 1999, 19:5652-5658.

DVIR A, CONAWAY RC,CONAWAY JW: A role for TFIIH in controlling the activity

of early RNA polymerase II elongation complexes. Proc.Natl.Acad.Sci.U.S.A4. 1997,
94:9006-9010.

201



26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

MALDONADOE, SHIEKHATTARR, SHELDON M, CHOH, DRAPKIN R, RICKERT P,
LEES E ANDERSON CW, LINN S REINBERG D A human RNA polymerase II

complex associated with SRB and DNA-repair proteins [published erratum appears in
Nature 1996 Nov 28;384(6607):384]. Nature 1996, 381:86-89.

MITCHELL PJ, TIAN R: Transcriptional regulation in mammalian cells by sequence-
specific DNA binding proteins. Science 1989, 245:371-378.

FEAVER WJ, SVEJSTRUP JQ, HENRY NL, KORNBERG RD: Relationship of CDK-
activating kinase and RNA polymerase II CTD kinase TFIIH/TFIIK. Cell 1994,
79:1103-11009.

COIN F, BERGMANN E, TREMEAU-BRAVARD A, EGLY JM: Mutations in XPB and
XPD helicases found in xeroderma pigmentosum patients impair the transcription
function of TFIIH. EMBO J. 1999, 18:1357-1366.

NONET ML, YOUNG RA: Intragenic and extragenic suppressors of mutations in the
heptapeptide repeat domain of Saccharomyces cerevisiae RNA polymerase I1. Genefics
1989, 123:715-724.

HENGARTNER CJ, THOMPSON CM, ZHANG J,CHAO DM, LIAO SM,KOLESKE AJ,
OKAMURA S YOUNG RA: Association of an activator with an RNA polymerase 11
holoenzyme. Genes Dev. 1995, 9:897-910.

KOLESKE AJ, YOUNG RA: The RNA polymerase II holoenzyme and its implications
for gene regulation. Trends.Biochem.Sci. 1995, 20:113-116.

KOLESKE AJ, YOUNG RA: An RNA polymerase Il holoenzyme responsive to
activators. Nature 1994, 368:466-4609.

MYERSLC, GUSTAFSSON CM,BUSHNELL DA, LUI M,ERDJUMENT-BROMAGEH,
TEMPST P, KORNBERG RD: The Med proteins of yeast and their function through the
RNA polymerase II carboxy-terminal domain . Genes Dev. 1998, 12:45-54.

LI'Y, BJORKLUND S JANG YW, KIM YJ,LANEWS, STILLMAN DJ, KORNBERG
RD: Yeast global transcriptional regulators Sin4 and Rgr1 are components of mediator
complex/RNA polymerase II holoenzyme. Proc.Natl.Acad.Sci.U.S.A. 1995, 92:10864-
10868.

WILSON CJ, CHAO DM, IMBALZANO AN, SCHNITZLER GR, KINGSTON RE,
Y OUNG RA: RNA polymerase II holoenzyme contains SWI/SNF regulators involved in
chromatin remodeling. Cell 1996, 84:235-244.

SHI X, CHANG M, WOLF AJ, CHANG CH, FRAZER-ABEL AA,WADE PA,BURTON
ZF, JAEHNING JA: Cdc73p and Paflp are found in a novel RNA polymerase II-
containing complex distinct from the Srbp-containing holoenzyme. Mol.Cell Biol. 1997,
17:1160-1169.

LI XY,VIRBASIUSA, ZHU X, GREEN MR: Enhancement of TBP binding by activators
and general transcription factors. Nature 1999, 399:605-609.

202



39.

41.

42.

47

49.

51.

52.

LEEYC, PARK JM,MIN S, HAN SJ,KIM Y J: An activator binding module of yeast RNA
polymerase II holoenzyme . Mol Cell Biol. 1999, 19:2967-2976.

CHAO DM, GADBOIS EL, MURRAY PJ, ANDERSON SF, SONU MS, PARVIN JD,
YOUNG RA: A mammalian SRB protein associated with an RNA polymerase 11
holoenzyme . Nature 1996, 380:82-85.

CHO H, ORPHANIDES G, SUN X, YANG XJ, OGRYZKO V, LEES E, NAKATANI Y,
REINBERG D: A human RNA polymerase II complex containing factors that modify
chromatin structure. Mol.Cell Biol. 1998, 18:5355-5363.

ITOM, YUAN CX, MALIK S GU W, FONDELL JD, YAMAMURA S FU ZY,ZHANG
X, QIN J, ROEDER RG: Identity between TRAP and SMCC complexes indicates novel

pathways for the function of nuclear receptors and diverse mammalian activators.
Mol.Cell 1999, 3:361-370.

RACHEZ C LEMON BD, SULDAN Z BROMLEIGH V, GAMBLE M, NAAR AM,
ERDJUMENT-BROMAGE H, TEMPST P, FREEDMAN LP: Ligand-dependent
transcription activation by nuclear receptors requires the DRIP complex. Nature 199,
398:824-828.

MANIATIS T, GOODBOURN § FISCHER JA: Regulation of inducible and tissue-
specific gene expression. Science 1987, 236:1237-1245.

KLUG A: Co-chairman's remarks: protein designs for the specific recognition of DNA.
Gene 1993, 135:83-92.

PABO CO, SAUER RT: Transcription factors: Structural families and principles of
DNA recognition. Annu.Rev.Biochem. 1992, 61:1053-1095.

HAHN S: Structure(?) and function of acidic transcription activators. Cel/ 1993, 72:481-
483.

KIM TK, ROEDER RG: CTD-like sequences are important for transcriptional activation
by the proline-rich activation domain of CTF1. Nucleic Acids Res. 1994, 22:251

PONTICELLI AS PARDEE TS, STRUHL K: The glutamine -rich activation domains of
human Sp1 do not stimulate transcription in Saccharomyces cerevisiae. Mol. Cell. Biol.
1995, 15:983-988.

ATTARDI LD, TIAN R: Drosophila tissue -specific transcription factor NTF-1 contains a
novel isoleucine -rich activation motif. Genes Dev. 1993, 7:1341-1353.

ESTRUCH JJ, CROSSLAND L, GOFF SA: Plant activating sequences: positively charged
peptides are functional as transcriptional activation domains. Nucleic Acids Res. 1994,
22:3983-3980.

MA J, PTASHNE M: Deletion analysis of GAL4 defines two transcriptional activating
segments. Cell 1987, 48:847-853.

203



53.

55.

56.

57.

58.

59.

61.

62.

63.

65.

66.

67.

HOPE IA, STRUHL K: Functional dissection of a eukaryotic transcriptional activator
protein, GCN4 of yeast. Cel/ 1986, 46:885-8%4.

BLAIR WS, BOGERD HP, MADORE SJ, CULLEN BR: Mutational analysis of the

transcription activation domain of RelA: identification of a highly synergistic minimal
acidic activation module. Mol. Cell. Biol. 1994, 14:7226-7234.

GRONEMEY ER H: Control of transcription activation by steroid hormone receptors.
FASEB J. 1992, 6:2524-2529.

SUTHERLAND JA,COOK A,BANNISTER AJ, KOUZARIDEST: Conserved motifs in
Fos and Jun define a new class of activation domain. Genes Dev. 1992, 6:1810-1819.

REGIER JL, SHEN F, TRIEZENBERG SJ: Pattern of aromatic and hydrophobic amino
acids critical for one of two subdomains of the VP16 transcriptional activator.
Proc.Natl.Acad.Sci.U.S.A. 1993, 90:883-887.

GOODRICH JA, HOEY T, THUT CJ, ADMON A TJAN R Drosophila TAFII40
interacts with both a VP16 activation domain and the basal transcription factor TFIIB.
Cell 1993, 75:519-530.

COUREY AJ, TJIAN R: Analysis of Sp1 in vivo reveals multiple transcriptional domains,
including a novel glutamine -rich activation motif. Ce// 1988, 55:887-898.

MERMOD N ONEILL EA, KELLY TJ, TIAN R The proline-rich transcriptional
activator of CTF/NF-I is distinct from the replication and DNA binding domain. Ce//
1989, §8:741-753.

TANAKA M, CLOUSTON WM, HERR W: The Oct-2 glutamine -rich and proline-rich

activation domains can synergize with each other or duplicates of themselves to activate
transcription. Mol.Cell. Biol. 1994, 14:6046-6055.

STARGELL LA, STRUHL K:Mechanisms of transcriptional activation in vivo: two steps
forward. Trends.Genet. 1996, 12:311-315.

PUGH BF, TIAN R: Mechanism of transcriptional activation by Sp1: Evidence for
coactivators. Cell 1990, 61:1187-1197.

MOQTADERI Z,BAI Y, POON D,WEIL PA, STRUHL K: TBP-associated factors are not
generally required for transcriptional activation in yeast. Nature 1996, 383:188-191.

WALKER SS, REESE JC, APONE LM, GREEN MR: Transcription activation in cells
lacking TAF;S. Nature 1996, 383:185-188.

APONE LM, VIRBASIUSCM, REESE JC, GREEN MR: Yeast TAF(I1)90 is required for
cell-cycle progression through G2/M but not for general transcription activation. Genes
Dev. 1996, 10:2368-2380.

STRUHL K:Selective roles for TATA-binding-protein-associated factors in vivo. Genes
Funct. 1997, 1:5-9.

204



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

BURLEY SK, ROEDER RG: Biochemistry and structural biology of transcription factor
1ID (TFIID). Annu. Rev. Biochem. 1996, 65:769-99.769-799.

CHEN JL, ATTARDI LD, VERRIJZER CP, YOKOMORI K, TIAN R Assembly of

recombinant TFIID reveals differential coactivator requirements for distinct
transcriptional activators. Cell 1994, 79:93-105.

SAUER F WASSARMAN DA, RUBIN GM, TJIAN R: TAF(II)s mediate activation of
transcription in the Drosophila embryo. Cell 1996, 87:1271-1284.

FARMER G, COLGAN J, NAKATANI Y, MANLEY JL, PRIVES C: Functional

interaction be tween p53, the TATA-binding protein (TBP), andTBP-associated factors
in vivo. Mol.Cell. Biol. 1996, 16:4295-4304.

BROU C, WU J ALI S SCHEER E, LANG C, DAVIDSON |, CHAMBON P, TORA L:

Different TBP-associated factors are required for mediating the stimulation of
transcription in vitro by the acidic transactivator GAL- VP16 and the two nonacidic

activation functions of the estrogen receptor. Nucleic Acids Res. 1993, 21:5-12.

SAUER F, HANSEN SK, TJIAN R: Multiple TAFIIs directing synergistic activation of
transcription. Science 1995, 270:1783-1788.

MOQTADERI Z,YALE JD, STRUHL K,BURATOWSKI S: Yeast homologues of higher
eukaryotic TFIID subunits. Proc.Natl.Acad.Sci.U.S.A. 1996, 93:14654-14658.

HOEY T, WEINXIERL ROJ,GILL G,CHEN J-L,DYNLACHT BD, TIAN R: Molecular
cloning and functional analysis of Drosophila TAF110 reveal properties expected of
coactivators. Cell 1993, 72:247-260.

KUNZLER M BRAUS GH, GEORGIEV O SEIPEL K, SCHAFFNER W. Functional
differences between mammalian transcription activation domains at the yeast GAL1
promoter. EMBO J. 1994, 13:641-645.

BRADBURY EM: Nucleosome and chromatin structures and functions. J.Cell
Biochem.Suppl. 1998, 30-31:177-184.

WOLFFE AP, KURUMIZAKA H:The nucleosome: a powerful regulator of transcription.
Prog.Nucleic.Acid. Res.Mol.Biol. 1998, 61:379-422:379-422.

KORNBERG RD, LORCH Y : Interplay between chromatin structure and transcription.
Curr.Opin.Cell Biol. 1995, 7:371-375.

LI Q, WRANGE O, ERIKSSON P: The role of chromatin in transcriptional regulation.
Int.J . Biochem.Cell Biol. 1997, 29:731-742.

FRAGOSO G JOHN S ROBERTS MS, HAGER GL: Nucleosome positioning on the

MMTYV LTR results from the frequency- biased occupancy of multiple frames. Genes
Dev. 1995, 9:1933-1947.

205



82.

83.

85.

86.

87.

88.

89.

91.

92.

93.

95.

9%6.

VENTER U, SVAREN J, SCHMITZ J, SCHMID A, HORZ W: A nucleosome precludes
binding of the transcription factor Pho4 in vivo to a critical target site in the PHOS
promoter. EMBO J. 1994, 13:4848-4855.

TSUKIYAMA T, DANIEL C, TAMKUN J, WU C: ISWI, a member of the SWI2/SNF2
ATPase family, encodes the 140 kDa subunit of the nucleosome remodeling factor. Cel/
1995, 83:1021-1026.

TSUKIYAMA T, WU C: Purification and properties of an ATP-dependent nucleosome
remodeling factor. Cell 1995, 83:1011-1020.

PAZIN MJ, KADONAGA JT:SWI2/SNF2 and related proteins: ATP-driven motors that
disrupt protein- DNA interactions? Cel/ 1997, 88:737-740.

KINGSTON RE, BUNKER CA, IMBALZANO AN: Repression and activation by
multiprotein complexes that alter chromatin structure. Genes Dev. 1996, 10:905-920.

LU Q WALLRATH LL, ELGIN SC: The role of a positioned nucleosome at the
Drosophila melanogaster hsp26 promoter. EMBO J. 1995, 14:4738-4746.

SCHILD C,CLARET F-X, WAHLI W, SOLFFE AP: A nucleosome-dependent static loop
potentiates estrogen-regulated transcription from the Xenopus vitellogenin B1 promoter
in vitro. EMBO J 1993, 12:423-433.

BEATO M: Chromatin structure and the regulation of gene expression: remodeling at
the MMTYV promoter. J. Mol. Med. 1996, 74:711-724.

CHAVEZ S,BEATO M: Nucleosome -mediated synergism between transcription factors
on the mouse mammary tumor virus promoter. Proc.Natl.Acad.Sci.U.S.A. 1997,94.28%
2890.

CARLSON M, LAURENT BC: The SNF/SWI family of global transcriptional activators.
Curr.Opin.Cell Biol. 1994, 6:396-402.

EISEN JA, SWEDER KS HANAWALT PC: Evolution of the SNF2 family of proteins:
subfamilies with distinct sequences and functions. Nucleic Acids Res. 1995,23:27152723.

COTE J QUINN J WORKMAN JL, PETERSON CL: Stimulation of GAL4 derivative
binding to nucleosomal DNA by the yeast SWI/SNF complex. Science 1994,265:53-60.

SMITH TF, GAITATZES C, SAXENA K, NEER EJ The WD repeat: a common
architecture for diverse functions. Trends.Biochem.Sci. 1999, 24:181-185.

NEER EJ, SCHMIDT CJ, NAMBUDRIPAD R, SMITH TF: The ancient regulatory-
protein family of WD-repeat proteins. Nature 1994, 371:297-300.

MARTINEZ-BALBASMA, TSUKIYAMA T,GDULA D, WU C: Drosophila NURF-55,a

WD repeat protein involved in histone metabolism. Proc.Natl.Acad.Sci.U.S.A. 1998,
95:132-137.

206



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

VARGA-WEISZ PD, WILM M, BONTE E DUMAS K, MANN M, BECKER PB:

Chromatin-remodelling factor CHRAC contains the ATPases ISWI and topoisomerase
II [published erratum appears in Nature 1997 Oct 30;389(6654):1003]. Nature 1997,
388:598-602.

ITO T, LEVENSTEIN ME, FYODOROV DV, KUTACH AK, KOBAYASHI R,
KADONAGA JT: ACF consists of two subunits, Acfl and ISWI, that function
cooperatively in the ATP-dependent catalysis of chromatin assembly. Genes Dev. 1999,
13:1529-1539.

ITOT, TYLER JK, KADONAGA JT: Chromatin assembly factors: a dual function in
nucleosome formation and mobilization? Genes Cells 1997, 2:593-600.

CAIRNSBR,LORCH Y, LI Y,ZHANG M, LACOMIS L, ERDJUMENT-BROMAGE H,
TEMPST P, DU J LAURENT B KORNBERG RD: RSC, an essential, abundant
chromatin-remodeling complex. Cell 1996, 87:1249-1260.

LOGIE C, TSE C, HANSEN JC, PETERSON CL: The core histone N-terminal domains

are required for multiple rounds of catalytic chromatin remodeling by the SWI/SNF and
RSC complexes . Biochemistry 1999, 38:2514-2522.

LAURENT BC, YANG X, CARLSON M: An essential Saccharomyces cerevisiae gene
homologous to SNF2 encodes a helicase-related protein in a new family. Mol .Cell. Biol.
1992, 12:1893-1902.

DU J NASIR I, BENTON BK, KLADDE MP, LAURENT BC: Sthlp, a Saccharomyces
cerevisiae Snf2p/Swi2p homolog, is an essential ATPase in RSC and differs from Snf/Swi
in its interactions with histones and chromatin-associated proteins. Genetics 1998,
150:987-1005.

TSUCHIYA E,HOSOTANI T,MIYAKAWA T: A mutation in NPS1/STH1, an essential
gene encoding a component of a novel chromatin-remodeling complex RSC, alters the

chromatin structure of Saccharomyces cerevisiae centromeres. Nucleic Acids Res. 1998
26:3286-3292.

ORPHANIDES G WU WH, LANE WS, HAMPSEY M, REINBERG D: The chromatin-

specific transcription elongation factor FACT comprises human SPT16 and SSRP1
proteins. Nature 1999, 400:284-288.

ORPHANIDES G, LEROY G CHANG CH, LUSE DS REINBERG D: FACT, a factor
that facilitates transcript elongation through nucleosomes. Cel// 1998, 92:105-116.

MARUSHIGE K: Activation of chromatin by acetylation of histone side chains.
Proc.Natl.Acad.Sci.U.S.A. 1976, 73:3937-3941.

BRADBURY EM: Histone interactions, histone modifications and chromatin structure.
Philos.Trans.R.Soc.Lond.B.Biol.Sci. 1978, 283:291-293.

BROWNELL JE,ZHOU J,RANALLI T,KOBAYASHI R,EDMONDSON DG, ROTHSY,

ALLISCD: Tetrahymena histone acetyltransferase A: a homolog to yeast GenSp linking
histone acetylation to gene activation. Ce// 1996, 84:843-851.

207



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

CANDAU R, ZHOU JX,ALLISCD, BERGER SL: Histone acetyltransferase activity and
interaction with ADA2 are critical for GCNS5 function in vivoe. EMBO J. 1997, 16:555
565.

BROWNELL JE, ALLIS CD: Special HATs for special occasions: linking histone
acetylation to chromatin assembly and gene activation. Curr.Opin.Genet.Dev. 1996,
6:176-184.

STRUHL K: Histone acetylation and transcriptional regulatory mechanisms . Genes Dev.
1998, 12:599-606.

SPENCER TE, JENSTER G, BURCIN MM, ALLIS CD, ZHOU J, MIZZEN CA,
MCKENNA NJ, ONATE SA, TSAI SY, TSAI MJ, OMALLEY BW: Steroid receptor
coactivator-1 is a histone acetyltrans ferase. Nature 1997, 389 :194-198.

CHEN H, LIN RJ, SCHILTZ RL,CHAKRAVARTI D ,NASH A,NAGY L,PRIVALSKY
ML,NAKATANIY,EVANSRM: Nuclear receptor coactivator ACTR is a novel histone

acetyltransferase and forms a multimeric activation complex with P/CAF and
CBP/p300. Cell 1997, 90:569-580.

TORCHIA J, ROSE DW, INOSTROZA J, KAMEI Y, WESTIN S, GLASS CK,
ROSENFELD MG: The transcriptional co-activator p/CIP binds CBP and mediates
nuclear- receptor function [see comments]| . Nature 1997, 387:677-684.

SOBEL RE, COOK RG, ALLIS CD: Non-random acetylation of histone H4 by a
cytoplasmic histone acetyltransferase as determined by novel methodology. J. Biol.
Chem. 1994, 269:18576-18582.

STERNGLANZ R, SCHINDELIN H: Structure and mechanism of action of the histone
acetyltransferase @~ GenS and  similarity to other  N-acetyltransferases.
Proc.Natl.Acad.Sci.U.S.A. 1999, 96:8807-8808.

GEORGAKOPOULOS T, THIREOS G Two distinct yeast transcriptional activators
require the function of the GCNS protein to promote normal levels of transcription.
EMBO J. 1992, 11:4145-4152.

KUO MH, BROWNELL JE, SOBEL RE, RANALLI TA,COOK RG,EDMONDSON DG,
ROTH SY,ALLISCD: Transcription-linked acetylation by GenSp of histones H3 and H4
at specific lysines. Nature 1996, 383:269-272.

ROBERTS SM, WINSTON F. Essential functional interactions of SAGA, a

Saccharomyces cerevisiae complex of Spt, Ada, and Gcen5 proteins, with the Snf/Swi and
Srb/mediator complexes. Genetics 1997, 147:451-465.

208



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

GRANT PA,DUGGAN L, COTE J,ROBERTS SM, BROWNELL JE, CANDAU R, OHBA
R, OWEN-HUGHES T, ALLIS CD, WINSTON F, BERGER SL, WORKMAN JL: Yeast

GcenS functions in two multisubunit complexes to acetylate nucleosomal histones:
characterization of an Ada complex and the SAGA (Spt/Ada) complex. Genes Dev. 1997,
11:1640-1650.

WINSTON F, ALLIS CD: The bromodomain: a chromatin-targeting module?.
Nat.Struct.Biol. 1999, 6:601-604.

JEANMOUGIN FE WURTZ JM, LE DOUARIN B CHAMBON P, LOSSON R The
bromodomain revisited. Trends Biochem. Sci. 1997, 22:151-153.

DHALLUIN C, CARLSON JE,ZENGL,HE C,AGGARWAL AK,ZHOU MM: Structure
and ligand of a histone acetyltransferase bromodomain. Nature 1999, 399:491-496.

GIORDANO A, AVANTAGGIATI ML: p300 and CBP: partners for life and death.
J.Cell Physiol. 1999, 181:218-230.

KAMEI Y, XU L, HEINZEL T, TORCHIA J KUROKAWA R GLOSS B LIN SC,
HEYMAN RA, ROSE DW, GLASS CK, ROSENFELD MG: A CBP integrator complex
mediates transcriptional activation and AP-1 inhibition by nuclear re ceptors. Cel/19%6,
85:403-414.

UTLEY RT, IKEDA K, GRANT PA, COTE J, STEGER DJ, EBERHARTER A, JOHN S
WORKMAN JL: Transcriptional activators direct histone acetyltransferase complexes to
nucleosomes. Nature 1998, 394:498-502.

MANTEUFFEL-CY MBOROWSKA M: Nuclear receptors, their coactivators and
modulation of transcription. Acta Biochim. Pol. 1999, 46:77-89.

LAMBERT PF, KASHANCHI F, RADONOVICH MF, SHIEKHATTAR R, BRADY JN:
Phosphorylation of p53 serine 15 increases interaction with CBP. J. Biol. Chem. 1998,
273:33048-33053.

FENG XH,ZHANG Y ,WU RY,DERYNCK R: The tumor suppressor Smad4/DPC4 and
transcriptional adaptor CBP/p300 are coactivators for smad3 in TGF-a-induced
transcriptional activation. Genes Dev. 1998, 12:2153-2163.

JANKNECHT R WELLS NJ, HUNTER T: TGF-a -stimulated cooperation of smad
proteins with the coactivators CBP/p300. Genes Dev. 1998, 12:2114-2119.

ECKNER R, EWEN ME, NEWSOME D, GERDES M, DECAPRIO JA, LAWRENCE JB,
LIVINGSTON DM: Molecular cloning and functional analysis of the adenovirus E1A-

associated 300-kD protein (p300) reveals a protein with properties of a transcriptional
adaptor. Genes Dev. 1994, 8:869-884.

NAKAJMA T, FUKAMIZU A TAKAHASHI J GAGE FH , FISHER T, BLENIS J

MONTMINY MR: The signal-dependent coactivator CBP is a nuclear target for
pp90RSK. Cell 1996, 86:465-474.

209



134.

135.

136.

137.

138.

130.

140.

141.

142.

143.

144.

145.

YANG XJ, OGRYZKO VV, NISHIKAWA J, HOWARD BH, NAKATANI Y: A
p300/CBP-associated factor that competes with the adenoviral oncoprotein E1A. Nature
1996, 382:319-324.

KUROKAWA R KALAFUS D, OGLIASTRO MH, KIOUSSI C XU L, TORCHIA J
ROSENFELD MG, GLASS CK: Differential use of CREB binding protein-coactivator
complexes. Science 1998, 279:700-703.

YAOTP,OH SP,FUCHSM, ZHOU ND, CH'NG LE, NEWSOME D,BRONSON RT, LIE,
LIVINGSTON DM, ECKNER R: Gene dosage-dependent embryonic development and
proliferation defects in mice lacking the transcriptional integrator p300. Ce// 1998,
93:361-372.

PETRIJ F, GILES RH, DAUWERSE HG, SARIS JJ, HENNEKAM RC, MASUNO M,
TOMMERUP N, VAN OMMEN GJ, GOODMAN RH, PETERS DJ: Rubinstein-Taybi
syndrome caused by mutations in the transcriptional co- activator CBP. Nature 1995,
376:348-351.

TANAKA Y,NARUSE |, MAEKAWA T,MASUYA H, SHIROISHI T, ISHII S: Abnormal
skeletal patterning in embryos lacking a single Cbp allele: a partial similarity with
Rubinstein-Taybi syndrome. Proc.Natl.Acad.Sci.U.S.A. 1997, 94:10215-10220.

KORZUS E TORCHIA J, ROSE DW, XU L, KUROKAWA R MCINERNEY EM,
MULLEN TM, GLASS CK, ROSENFELD MG: Transcription factor-specific
requirements for coactivators and their acetyltransferase functions. Science 1998,
279:703-707.

DIKSTEIN R RUPPERT S TJAN R TAF;250 is a bipartite protein kinase that
phosphorylates the base transcription factor RAP74. Cell 1996, 84:781-790.

MIZZEN CA, YANG XJ, KOKUBO T, BROWNELL JE, BANNISTER AJ, OWEN-
HUGHES T, WORKMAN J, WANG L, BERGER SL, KOUZARIDES T, NAKATANI Y,
ALLISCD: The TAF(11)250 subunit of TFIID has histone acetyltransferase activity. Cell
1996, 87:1261-1270

BOYES J BYFIELD P, NAKATANI Y, OGRYZKO V : Regulation of activity of the
transcription factor GATA-1 by acetylation. Narure 1998, 396:594-598.

ZHANG W, BIEKER JJ: Acetylation and modulation of erythroid Kruppeklike factor
(EKLF) activity by interaction with histone acetyltransferases. Proc.Natl.Acad.Sci.U.S.A.
1998, 95:9855-9860.

IMHOF A, YANG XJ,0GRYZKOVV,NAKATANI Y ,WOLFFE AP, GEH: Acetylation
of general transcription factors by histone acetyltransferases. Curr.Biol. 1997,7:630-62

SAKAGUCHI K, HERRERA JE, SAITO S, MIKI T, BUSTIN M, VASSILEV A,
ANDERSON CW, APPELLA E:DNA damage activates p53 through a phosphorylation-
acetylation cascade. Genes Dev. 1998, 12:2831-2841.

210



146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

LIU L, SCOLNICK DM, TRIEVEL RC, ZHANG HB, MARMORSTEIN R,
HALAZONETIS TD, BERGER SL: p53 sites acetylated in vitro by PCAF and p300 are
acetylated in vivo in response to DNA damage. Mol Cell Biol. 1999, 19:1202-1209.

RUNDLETT SE, CARMEN AA, KOBAYASHI R, BAVYKIN S TURNER BM,
GRUNSTEIN M: HDA1 and RPD3 are members of distinct yeast histone deacetylase
complexes that regulate silencing and transcription. Proc.Natl.Acad.Sci.U.S.A. 1996,
93:14503-14508.

TAUNTON J,HASSIG CA, SCHREIBER SL: A mammalian histone deacetylase related
to the yeast transcriptional regulator Rpd3p. Science 1996, 272:408-411.

YANG WM, YAO YL, SUN JM, DAVIE JR, SETO E: Isolation and characterization of

c¢DNAs corresponding to an additional member of the human histone deacetylase gene
family. J.Biol.Chem. 1997, 272:28001-28007.

HORLEIN AJ,NAAR AM,HEINZEL T, TORCHIA J,GLOSSB, KUROKAWA R, RYAN
A, KAMEI Y, SODERSTROM M, GLASS CK: Ligand-independent repression by the
thyroid hormone receptor mediated by a nuclear receptor co-repressor. Nature 1995,
377:397-404.

KUROKAWA R, SODERSTROM M, HORLEIN A, HALACHMI S, BROWN M,
ROSENFELD MG, GLASS CK: Polarity-specific activities of retinoic acid receptors
determined by a co-repressor. Nature 1995, 377:451-454.

CHEN JD, EVANS RM: A transcriptional co-repressor that interacts with nuclear
hormone receptors. Nature 1995, 377:454-457.

SANDE S, PRIVALSKY ML: Identification of TRACs (T3 receptor-associating

cofactors), a family of cofactors that associate with, and modulate the activity of, nuclear
hormone receptors. Mol.Endocrinol. 1996, 10:813-825.

ALLAND L, MUHLE R,HOU HJ,POTESJ,CHIN L, SCHREIBER-AGUSN, DEPINHO
RA: Role for N-CoR and histone deacetylase in Sin3-mediated transcriptional
repression. Nature 1997, 387:49-55.

BIRD AP: Functions for DNA methylation in vertebrates. Cold Spring
Harb.Symp.Quant.Biol. 1993, 58:281-5:281-285.

KESHET |, LIEMAN-HURWITZ J, CEDAR H: DNA methylation affects the formation of
active chromatin. Cell 1986, 44:535-543.

LEWISJ, BIRD A:DNA methylation and chromatin structure. FEBS Lett. 1991, 285:15%
159,

NAN X, NG HH ,JOHNSON CA,LAHERTY CD, TURNER BM, EISENMAN RN, BIRD

A: Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a
histone deacetylase complex. Nature 1998, 393:336-389.

211



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

BOYESJ, BIRD A:Repression of genes by DNA methylation depends on CpG density
and promoter strength: evidence for involvement of a methyl-CpG binding protein.
EMBO J. 1992, 11:327-333.

MEEHAN RR, LEWIS JD, MCKAY S KLEINER EL, BIRD AP: Identification of a
mammalian protein that binds specifically to DNA containing methylated CpGs. Cell
1989, 58:499-507.

JONES PL, VEENSTRA GJ, WADE PA, VERMAAK D, KASSSU, LANDSBERGER NN,
STROUBOULIS J, WOLFFE AP: Methylated DNA and MeCP2 recruit histone
deacetylase to repress transcription. Nat.Genet. 1998, 19:187-191.

EDEN S HASHIMSHONY T, KESHET I, CEDAR H, THORNE AW: DNA methylation
models histone acetylation. Nature 1998, 394:842

FREMONT M, SIEGMANN M, GAULIS S, MATTHIES R, HESS D, JOST JP:
Demethylation of DNA by purified chick embryo 5-methylcytosine-DNA glycosylase
requires both protein and RNA. Nucleic Acids Res. 1997, 25:2375-2380.

MATSUO K, SILKE J GEORGIEV O, MARTI P, GIOVANNINI N, RUNGGER D: An
embryonic demethylation mechanism involving binding of transcription factors to
replicating DNA. EMBO J. 1998, 17:1446-1453.

HSIEH CL: Evidence that protein binding specifies sites of DNA demethylation.
Mol.Cell.Biol. 1999, 19:46-56.

KUMARR, THOMPSON EB: The structure of the nuclear hormone receptors . Steroids
1999, 64:310-319.

TENBAUM S, BANIAHMAD A:Nuclear receptors: structure, function and involvement
in disease. Int.J Biochem.Cell Biol. 1997, 29:1325-1341.

RIBEIRO RC, KUSHNER PJ, BAXTER JD: The nuclear hormone receptor gene
superfamily. Annu.Rev.Med. 1995, 46:443-453.

KATZENELLENBOGEN JA, KATZENELLENBOGEN BS: Nuclear hormone receptors:
ligand-activated regulators of transcription and diverse cell responses. Chem.Biol. 199,
3:529-536.

BRINKMANN AQO: Steroid hormone receptors: activators of gene transcription.
J.Pediatr. Endocrinol. 1994, 7:275-282.

KATO S, SASAKI H, SUZAWA M, MASUSHIGE S, TORA L, CHAMBON P,
GRONEMEYER H: Widely spaced, directly repeated PuGGTCA elements act as
promiscuous enhancers for different classes of nuclear receptors. Mol.Cell.Biol. 1995,
15:5858-5867.

BOURGUET W RUFF M, CHAMBON P, GRONEMEYER H MORAS D. Crystal

structure of the ligand-binding domain of the human nuclear receptor RXR-a. Nature
1995, 375 :377-382.

212



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

RENAUD JP, ROCHEL N RUFF M, VIVAT V, CHAMBON P, GRONEMEYER H,
MORAS D: Crystal structure of the RAR-4 ligand-binding domain bound to all- trans
retinoic acid. Narure 1995, 378:681-689.

WAGNERRL,APRILETTI IW,MCGRATH ME, WEST BL ,BAXTER JD, FLETTERICK
RJ: A structural role for hormone in the thyroid hormone receptor. Nature 1995,
378:690-697.

MONTANO MM, MULLER V, TROBAUGH A, KATZENELLENBOGEN BS: The

carboxy-terminal F domain of the human estrogen receptor: role in the transcriptional
activity of the receptor and the effectiveness of antiestrogens as estrogen antagonists.
Mol.Endocrinol. 1995, 9:814-825.

TATEBF,ALLENBY G, PEREZ JR,LEVIN AA , GRIPPO JF: Systematic analysis of the

AF-2 domain of human retinoic acid receptor a reveals amino acids critical for
transcriptional activation and conformational integrity. FASEB J 1996, 10:1524-1531.

TORA L, WHITE J,BROU C, TASSET D, WEBSTER N, SCHEER E, CHAMBON P: The
human estrogen receptor has two independent nonacidic transcriptional activation
functions. Cell 1989, 59:477-487.

BOCQUEL MT, KUMAR V, STRICKER C CHAMBON P, GRONEMEYER H: The

contribution of the N- and C-terminal regions of steroid receptors to activation of
transcription is both receptor and cell-specific. Nucleic Acids Res. 1989, 17:2581-2595.

BERRY M, METZGER D, CHAMBON P: Role of the two activating domains of the

oestrogen receptor in the cell-type and promoter-context dependent agonistic activity of
the anti- oestrogen 4-hydroxytamoxifen. £MBO J. 1990, 9:2811-2818.

TSAI MJ,OMALLEY BW: Molecular mechanisms of action of steroid/thyroid receptor
superfamily members. Annu.Rev.Biochem. 1994, 63:451-86:451-486.

SADOVSKY Y, WEBB P LOPEZ G BAXTER JD, FITZPATRICK PM, GIZANG-
GINSBERGE, CAVAILLESV,PARKER MG, KUSHNER PJ: Transcriptional activators
differ in their responses to overexpression of TATA-box-binding protein. Mol Cell Biol.
1995, 15:1554-1563.

JACQX,BROU C,LUTZY,DAVIDSON I, CHAMBON P, TORA L : Human TAFII30 is
present in a distinct TFIID complex and is required for transcriptional activation by the
estrogen receptor. Ce// 1994, 79:107-117.

PETTY KJ,KRIMKEVICH Y|, THOMASD: A TATA binding protein-associated factor
functions as a coactivator for thyroid hormone receptors. Mol.Endocrinol. 1996,10:163-
1645.

SCHWERK C, KLOTZBUCHER M, SACHS M, ULBER V, KLEIN-HITPASS L:

Identification of a transactivation function in the progesterone receptor that interacts
with the TAF;110 subunit of the TFIID complex. J. Biol. Chem. 1995,270:21331-21338.

213



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

SABBAH M, KANG KI, TORA L, REDEUILH G Oestrogen receptor facilitates the

formation of preinitiation complex assembly: involvement of the general transcription
factor TFIIB. Biochem.J. 1998, 336:639-646.

KIM MK, LEE JS CHUNG JH: In vivo transcription factor recruitment during thyroid
hormone receptor-mediated activation. Proc.Natl. Acad.Sci.U.S.A. 1999, 96:10092-10007.

LOPEZ GN, WEBB P, SHINSAKO JH, BAXTER JD, GREENE GL, KUSHNER PJ:

Titration by estrogen receptor activation function-2 of targets that are downstream from
coactivators. Mol Endocrinol. 1999, 13:897-909.

ADAMS CC, WORKMAN JL: Nucleosome displacement in transcription. Ce// 1993
72:305-308.

WOLFFE AP: Transcription: in tune with the histones. Cel/ 1994, 77:13-16.

MEYER M-E, GRONEMEYER H, TURCOTTE B, BOCQUET M-T, TASSET D,
CHAMBON P Steroid hormone receptors compete for factors that mediate their
enhancer function. Cell 1989, 57:433-442.

MAY M, MENGUS G, LAVIGNE AC,CHAMBON P,DAVIDSON |: Human TAF(1128)
promotes transcriptional stimulation by activation function 2 of the retinoid X receptors.
EMBO J. 1996, 15:3093-3104.

HALACHMI S, MARDEN E, MARTIN G, MACKAY H,ABBONDANZA C,BROWN M:

Estrogen receptor-associated proteins: possible mediators of hormone-induced
transcription. Science 1994, 264:1455-1458.

CAVAILLES V, DAUVOIS S DANIELIAN PS PARKER MG: Interaction of proteins
with transcriptionally active estrogen receptors. Proc.Natl.Acad.Sci.U.S.A. 1994,
91:10009-10013.

YAO TP, KU G, ZHOU N, SCULLY R LIVINGSTON DM: The nuclear hormone
receptor coactivator SRC-1 is a specific target of p300. Proc.Natl.Acad.Sci.U.S.A. 1996,
93:10626-10631.

VOEGEL JJ, HEINE MJ, TINI M, VIVAT V, CHAMBON P, GRONEMEYER H: The

coactivator TIF2 contains three nuclear receptor-binding motifs and mediates
transactivation through CBP binding-dependent and -independent pathways. EMBOJ.
1998, 17:507-519.

HONG H, KOHLI K, GARABEDIAN MJ, STALLCUP MR: GRIP1, a transcriptional

coactivator for the AF-2 transactivation domain of steroid, thyroid, retinoid, and
vitamin D receptors . Mol Cell Biol. 1997, 17:2735-2744.

ANZICK SL, KONONEN J WALKER RL, AZORSA DO, TANNER MM, GUAN XY,
SAUTER G, KALLIONIEMI OP, TRENT JM, MELTZER PS AIBI1, a steroid receptor
coactivator amplified in breast and ovarian cancer. Science 1997, 277:965-968.

HANKINSON O: The aryl hydrocarbon receptor complex. Annu.Rev.Pharmacol.Toxicol.
1995, 35:307-40:307-340.

214



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

MCKENNA NJ, NAWAZ Z, TSAI SY, TSAI MJ,OMALLEY BW: Distinct steady-state
nuclear receptor coregulator complexes exist in vivo. Proc.Natl.Acad.Sci.U.S.A. 1998,
95:11697-11702.

ONATE SA, TSAI SY, TSAI MJ, OMALLEY BW: Sequence and characterization of a
coactivator for the steroid hormone receptor superfamily. Science 1995,270:1354-1357.

TAKESHITA A, YEN PM, MISITI S CARDONA GR, LIU Y, CHIN WW: Molecular
cloning and properties of a full-length putative thyroid hormone receptor coactivator.
Endocrin. 1996, 137:3594-3597.

MCINERNEY EM, TSAI MJ,O'MALLEY BW,KATZENELLENBOGEN BS: Analysis of

estrogen receptor transcriptional enhancement by a nuclear hormone receptor
coactivator. Proc.Natl.Acad.Sci.U.S.A4. 1996, 93:10069-10073.

BAUTISTA S VALLES H, WALKER RL, ANZICK S ZEILLINGER R, MELTZER P,
THEILLET C: In breast cancer, amplification of the steroid receptor coactivator gene
AIBI is correlated with estrogen and progesterone receptor positivity. Clin.Cancer Res.
1998, 4:2925-2929.

VOEGEL JJ,HEINEMJ, ZECHEL C,CHAMBON P, GRONEMEYERH: TIF2,a 160 kDa

transcriptional mediator for the ligand-dependent activation function AF-2 of nuclear
receptors. EMBO J. 1996, 15:3667-3675.

HONG H, DARIMONT BD, MA H, YANG L, YAMAMOTO KR, STALLCUP MR: An
additional region of coactivator GRIP1 required for interaction with the hormone-
binding domains of a subset of nuclear receptors. J. Biol. Chem. 1999, 274:3496-3502.

CAVAILLES V, DAUVOIS S L'HORSET F LOPEZ G HOARE S KUSHNER PJ,
PARKER MG: Nuclear factor RIP140 modulates transcriptional activation by the
estrogen receptor. EMBO J. 1995, 14:3741-3751.

LEE CH, WEI LN: Characterization of receptor-interacting protein 140 in retinoid
receptor activities. J Biol. Chem. 1999, 274:31320-31326.

LEE CH, CHINPAISAL C, WEI LN: Cloning and characterization of mouse RIP140, a
corepressor for nuclear orphan receptor TR2 . Mol Cell Biol. 1998, 18:6745-6755.

L'HORSET F DAUVOIS S HEERY DM, CAVAILLES V, PARKER MG: RIP-140
interacts with multiple nuclear receptors by means of two distinct sites. Mol.Cell Biol.
1996, 16:6029-6036.

LEDOUARIN B,ZECHEL C,GARNIERJIM,LUTZY,TORA L, PIERRAT P,HEERY D,
GRONEMEYERH,CHAMBON P,LOSSON R: The N-terminal part of TIF1, a putative

mediator of the ligand- dependent activation function (AF-2) of nuclear receptors, is
fused to B-raf in the oncogenic protein T18. EMBO J. 1995, 14:2020-2033.

VOM BE, ZECHEL C,HEERY D,HEINEMJ,GARNIER JM, VIVAT V,LEDOUARIN B,
GRONEMEYER H, CHAMBON P, LOSSON R: Differential ligand-dependent

interactions between the AF-2 activating domain of nuclear receptors and the putative
transcriptional intermediary factors mSUG1 and TIF1. EMBO J. 1996, 15:110-124.

215



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222,

LE DOUARIN B, YOU J, NIELSEN AL, CHAMBON P,LOSSON R: TIF14: a possible
link between KRAB zinc finger proteins and nuclear receptors. J.Steroid
Biochem.Mol.Biol. 1998, 65:43-50.

LE DOUARIN B NIELSEN AL, GARNIER JM, ICHINOSE H JEANMOUGIN F
LOSSON R, CHAMBON P: A possible involvement of TIF14 and TIF14 in the epigenetic
control of transcription by nuclear receptors. EMBO J. 1996, 15:6701-6715.

LEE JW, CHOI HS GYURIS J BRENT R MOORE DD: Two classes of proteins

dependent on either the presence or absence of thyroid hormone for interaction with the
thyroid hormone receptor. Mol.Endocrinol. 1995, 9:243-254.

HEERY DM, KALKHOVEN E, HOARE S, PARKER MG: A signature motif in
transcriptional co-activators mediates binding to nuclear receptors. Nature 1997,
387:733-736.

MCINERNEY EM, ROSE DW, FLYNN SE, WESTIN S MULLEN TM, KRONES A,
INOSTROZA J, TORCHIA J,NOLTERT,ASSA-MUNT N, MILBURN MV, GLASSCK,
ROSENFELD MG: Determinants of coactivator LXXLL motif specificity in nuclear
receptor transcriptional activation. Genes Dev. 1998, 12:3357-3368.

DARIMONT BD, WAGNER RL, APRILETTI JW, STALLCUP MR, KUSHNER PJ,
BAXTER JD, FLETTERICK RJ, YAMAMOTO KR: Structure and specificity of nuclear
receptor-coactivator interactions. Genes Dev. 1998, 12:3343-3356.

TAKESHITA A,YEN PM, IKEDA M, CARDONA GR, LIUY,KOIBUCHI N,NORWITZ
ER, CHIN WW: Thyroid hormone response elements differentially modulate the

interactions of thyroid hormone receptors with two receptor binding domains in the
steroid receptor coactivator-1. J.Biol. Chem. 1998, 273:21554-21562.

DING XF, ANDERSON CM, MA H,HONGH, UHT RM, KUSHNER PJ, STALLCUPMR:
Nuclear receptor-binding sites of coactivators glucocorticoid receptor interacting protein

1 (GRIP1) and steroid receptor coactivator 1 (SRC- 1): multiple motifs with different
binding specificities. Mol.Endocrinol. 1998, 12:302-313.

BANIAHMAD A, KOHNE AC, RENKAWITZ R A transferable silencing domain is
present in the thyroid hormone receptor, in the v-erbA oncogene product and in the
retinoic acid receptor. EMBO J. 1992, 11:1015-1023.

SHIBATA H NAWAZ Z TSAl SY, OMALLEY BW, TSAlI MJ Gene silencing by
chicken ovalbumin upstream promoter-transcription factor I (COUP-TFI) is mediated
by transcriptional corepressors, nuclear receptor-corepressor (N-CoR) and silencing

mediator for retinoic acid receptor and thyroid hormone receptor (SMRT).
Mol.Endocrinol. 1997, 11:714-724.

DOWELL P, ISHMAEL JE, AVRAM D, PETERSON VJ, NEVRIVY DJ, LEID M

Identification of nuclear re ceptor corepressor as a peroxisome proliferator-activated
receptor a interacting protein. J.Biol. Chem. 1999, 274:15901-15907.

216



223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

SMITH CL,NAWAZ Z, OMALLEY BW: Coactivator and corepressor regulation of the
agonist/antagonist activity of the mixed antiestrogen, 4-hydroxytamoxifen.
Mol.Endocrinol. 1997, 11:657-666.

JACKSON TA, RICHER JK, BAIN DL, TAKIMOTO GS, TUNG L,HORWITZ KB: The
partial agonist activity of antagonist-occupied steroid receptors is controlled by a novel
hinge domain-binding coactivator L7/SPA and the corepressors N-CoR or SMRT.
Mol.Endocrinol. 1997, 11:693-705.

FOLEY KP,EISENMAN RN: Two MAD tails: what the recent knockouts of Mad1 and
Mxil tell us about the MYC/MAX/MAD network. Biochim.Biophys.Acta 1999,
1423:M37-M47

BREHM A, KOUZARIDEST : Retinoblastoma protein meets chromatin. 7Trends Biochem
Sci. 1999, 24:142-145.

THOMAS MJ, SETO E Unlocking the mechanisms of transcription factor YY1: are
chromatin modifying enzymes the key? Gene 1999, 236:197-208.

KADOSH D, STRUHL K:Targeted recruitment of the Sin3-Rpd3 histone deacetylase
complex generates a highly localized domain of repressed chromatin in vivo. Mol.Cell
Biol. 1998, 18:5121-5127.

SCHREIBER-AGUS N, CHIN L, CHEN K, TORRESR, RAO G, GUIDA P, SKOULTCHI
Al, DEPINHO RA: An amino-terminal domain of Mxil mediates anti-Myc oncogenic
activity and interacts with a homolog of the yeast transcriptional repressor SIN3. Cel//
1995, 80:777-786.

PRATT WB, CZAR MJ, STANCATO LF, OWENS JK: The hsp56 immunophilin

component of steroid receptor heterocomplexes: could this be the elusive nuclear
localization signal-binding protein? J.Steroid Biochem.Mol.Biol. 1993, 46:269-279.

XUL,GLASSCK,ROSENFELD MG: Coactivator and corepressor complexes in nucle ar
receptor function. Curr.Opin.Genet.Dev. 1999, 9:140-147.

GREEN S, WALTERP,KUMARYV,KRUST A,BORNERT JM, ARGOS P, CHAMBON P:
Human oestrogen receptor cDNA: sequence, expression and homology to v-erb-A.
Nature 1986, 320:134-139.

SMITH EP, BOYD J, FRANK GR, TAKAHASHI H, COHEN RM, SPECKER B
WILLIAMSTC,LUBAHN DB, KORACH KS Estrogen resistance caused by a mutation

in the estrogen-receptor gene in a man [published erratum appears in N Engl J Med
1995 Jan 12;332(2):131]. N.Engl.J.Med. 1994, 331:1056-1061.

DAS SK, TAYLOR JA, KORACH KS PARIA BC, DEY SK,LUBAHN DB: Estrogenic
responses in estrogen receptor-a deficient mice reveal a distinct estrogen signaling
pathway. Proc.Natl.Acad.Sci.U.S.A. 1997, 94:12786-12791.

KUIPER GG, ENMARK E PELTO-HUIKKO M, NILSSON S, GUSTAFSSON JA:

Cloning of a novel receptor expressed in rat prostate and ovary.
Proc.Natl.Acad.Sci.U.S.A. 1996, 93:5925-5930.

217



236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

KUIPER GG, CARLSSON B, GRANDIEN K, ENMARK E,HAGGBLAD J,NILSSON S,
GUSTAFSSON JA: Comparison of the ligand binding specificity and transcript tissue
distribution of estrogen receptors a and a. Endocrin. 1997, 138:863-870.

COWLEY SM, HOARE S MOSSELMAN S PARKER MG: Estrogen receptors a and a
form heterodimers on DNA. J Biol.Chem. 1997, 272:19858-19862.

TREMBLAY GB, TREMBLAY A LABRIE F GIGUERE V: Dominant activity of

activation function 1 (AF-1) and differential stoichiometric requirements for AF-1and-2
in the estrogen receptor a- a heterodimeric complex. Mol.Cell Biol. 1999, 19:1919-1977.

FISHER CR, GRAVES KH, PARLOW AF, SIMPSON ER : Characterization of mice
deficient in aromatase (ArKO) because of targeted disruption of the cypl9 gene.
Proc.Natl.Acad.Sci.U.S.A. 1998, 95:6965-6970.

OGAWA S, TAYLORJA,LUBAHN DB, KORACH KS, PFAFF DW: Reversal of sex roles
in genetic female mice by disruption of estrogen re ceptor gene. Neuroendocrinology.
1996, 64:467-470.

KREGE JH, HODGIN JB, COUSE JF, ENMARK E, WARNER M, MAHLER JF, SARM,
KORACH KS GUSTAFSSON JA, SMITHIES O: Generation and reproductive

phenotypes of mice lacking estrogen receptor a. Proc.Natl.Acad.Sci.U.S.A. 1998,
95:15677-15682.

OGAWA S CHAN J CHESTER AE, GUSTAFSSON JA: KORACH KS PFAFF DW:
Survival of reproductive behaviors in estrogen receptor 4 gene -deficient AERKO) male
and female mice. Proc.Natl.Acad.Sci.U.S.A. 1999, 96:12887-12892.

MCGINNIS W, HART CP, GEHRING WJ, RUDDLE FH: Molecular cloning and

chromosome mapping of a mouse DNA sequence homologous to homeotic genes of
Drosophila. Cell 1984, 38:675-680.

SCOTT MP, WEINER AJ. Structural relationships among genes that control
development: sequence homology between the Antennapedia, Ultrabithorax, and fishi
tarazu loci of Drosophila. Proc.Natl.Acad.Sci.U.S.A. 1984, 81:4115-4119.

GEHRING WJ, AFFOLTER M, BURGLIN T: Homeodomain proteins . Ann.Rev.Biochem.
1994, 63:487-526.

STEIN S,FRITSCH R,LEMAIRE L, KESSEL M: Checklist: vertebrate homeobox genes.
Mech.Devel. 1996, 55:91-108.

KAPPEN C, RUDDLE FH: Evolution of a regulatory gene family: HOM/HOX genes.
Curr.Opin.Genet.Dev. 1993, 3:931-938.

BURGLIN TR: The Evolution of Homeobox Genes. In Biodiversity and Evolution. ,Edited
by Araj R Kato M, Doi Y. Tokyo: The National Science Museum Foundation.; 1995:291-
336.

MCGINNIS W, KRUMLAUF R Homeobox genes and axial patterning. Ce// 1992,
68:283-302.

218



250.

251.

252.

253.

254.

255,

256.

257.

258.

259,

260.

261.

262.

263.

264.

MANN RS: The specificity of homeotic gene function. BioEssays 1995, 17:855-863.

MACONOCHIE M, NONCHEV § MORRISON A, KRUMLAUF R: Paralogous Hox
genes: function and regulation. Annu.Rev.Genet. 1996, 30:529-556.

STRUHL G: A homoeotic mutation transforming leg to antenna in Drosophila. Nature
1981, 292:635-638.

SCHNEUWLY S, KLEMENZ R, GEHRING WJ: Redesigning the body plan of Drosophila
by ectopic expression of the homoeotic gene Antennapedia. Narure 1987,325:816-818.

GARCIA-BELLIDOA:The development of concepts on development--a dialogue with
Antonio Garcia-Bellido [interview by Enrique Cerda-Olmedo]. /nt.J.Dev.Biol. 1998,
42:233-236.

LEWIS EB: A gene complex controlling segmentation in Drosophila. Nature 1978,
276:565-570.

AKAM M: Hox genes and the evolution of diverse body plans.
Philos.Trans.R.Soc.Lond.B.Biol.Sci. 1995, 349:313-3109.

DESPLAN C, THEISJ, O'FARRELL PH: The sequence specificity of homeodomain-DNA
interaction. Cell 1988, 54:1081-1090.

HOEY T,LEVINE M: Divergent homeo box proteins recognize similar DNA sequences in
Drosophila. Nature 1988, 332:858-861.

WOLBERGER C, VERSHON AK, LIU b, JOHNSON AD, PABO CO: Crystal structure of
a MATa2 homeodomain-operator complex suggests a general model for homeodomain-
DNA interactions. Cell 1991, 67:517-528.

DAMANTE G, PELLIZZARI L, ESPOSITO G, FOGOLARI F, VIGLINO P,FABBROD,
TELL G, FORMISANO S DI LAURO R: A molecular code dictates sequence-specific
DNA recognition by home odomains. EMBO J. 1996, 15:4992-5000.

POMERANTZ JL, SHARP PA: Homeodomain Determinants of Major Groove
Recognition. Biochemistry 1994, 33:10851-10858.

GEHRING WJ, QIAN YQ, BILLETER M, FURUKUBO-TOKUNAGA K, SCHIER AF,
RESENDEZ-PEREZ D, AFFOLTER M, OTTING G, WUTHRICH K : Homeodomain-DNA
recognition. Cell 1994, 78:211-223.

CHANG CP, JACOBS Y, NAKAMURA T, JENKINS NA, COPELAND NG, CLEARY
ML: Meis proteins are major in vivo DNA binding partners for wild-type but not
chimeric Pbx proteins. Mol.Cell Biol. 1997, 17:5679-5687.

GRUSCHUS M, TSAO DH, WANG LH, NIRENBERG M, FERRETTI JA: Interactions of

the vnd/NK-2 homeodomain with DNA by nuclear magnetic resonance spectroscopy:
basis of binding specificity. Biochemistry 1997, 36:5372-5380.

219



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

EKKER SC, YOUNG KE, VON KESSLER DP, BEACHY PA: Optimal DNA sequence
recognition by the Ultrabithorax homeodomain of Drosophila. EMBO J. 1991,10:1179-
1186.

RIECHMANN JL, KRIZEK BA, MEYEROWITZ EM: Dimerization specificity of
Arabidopsis MADS domain homeotic proteins APETALA1, APETALA3,
PISTILLATA, and AGAMOUS. Proc.Natl.Acad.Sci.U.S.A. 1996, 93:4793-4798.

VERSHON AK, JIN Y, JOHNSON AD: A homeodomain protein lacking specific side
chains of helix 3 can still bind DNA and direct transcriptional repression. Genes Dev.
1995, 9:182-192.

CLARKE ND: Covariation of residues in the homeodomain sequence family. Protein Sci.
1995, 4:2269-2278.

Ekker, S. C.,vonKesder, D. P,, and Beachy, P. A. Differential DNA sequence recognition
is a determinant of specificity in homeotic gene action. £EMBO J. 1992, 11: 4059-4072..

HARADA R, DUFORT D,DENISLAROSE C,NEPVEU A:Conserved Cut Repeats in

the Human Cut Homeodomain Protein Function as DNA Binding Domains.
J.Biol.Chem. 1994, 269:2062-2067.

ANDRES V, CHIARA MD, MAHDAVI V: A new bipartite DNA-binding domain:

cooperative interaction between the cut repeat and homeo domain of the cut homeo
proteins. Genes Dev. 1994, 8:245-257.

VERRIJZER CP, ALKEMA MJ, VAN WEPEREN WW, VAN LEEUWEN HC,
STRATLING MJJ, VAN DER VLIET PC: The DNA binding specificity of the bipartite
POU domain and its subdomains. E£MBO J 1992, 11:4993-5003.

VERRIJZER CP, VAN DER VLIET PC. POU domain transcription factors.
Biochim.Biophys.Acta 1993, 1173:1-21.

FUJIOKA M, MISKIEWICZ P,RAJL, GULLEDGE AA, WEIR M, GOTO T: Drosophila
Paired regulates late even-skipped expression through a composite binding site for the
paired domain and the homeodomain. Development 1996, 122:2697-2707.

JUN S, DESPLAN C: Cooperative interactions between paired domain and
homeodomain. Development 1996, 122:2639-2650.

WOLBERGER C: Homeodomain interactions. Curr.Opin.Struct.Biol. 1996, 6:62-68.
PIPER DE,BATCHELOR AH, CHANG CP, CLEARY ML, WOLBERGER c: Structure of
a HoxB1-Pbx1 heterodimer bound to DNA: role of the hexapeptide and a fourth
homeodomain helix in complex formation. Ce// 1999, 96:587-597.

GOUTTE G JOHNSON AD: al protein alters the DNA binding specificity of a2
repressor. Cell 1988, 52:875-882.

LI T, STARK MR, JOHNSON AD, WOLBERGER c: Crystal Structure of the
MATal/MATa2 Homeodomain Heterodimer Bound to DNA. Science1995,270:262-293,

220



280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

CARSON-JURICA MA, LEE AT, DOBSON AW, CONNEELY OM, SCHRADER WT,
O'MALLEY BW: Interaction of the chicken progesterone receptor with heat shock
protein (HSP) 90. J.Steroid Biochem. 1989, 34:1-9.

SMEAL T, ANGEL P, MEEK J KARIN M: Different requirements for formation of
jun:jun and jun:fos complexes. Genes Dev. 1989, 3:2091-2100.

PHELAN ML, FEATHERSTONE MS: Distinct HOX N-terminal Arm Residues are
Responsible for Specificity of DNA Recognition by HOX monomers and HOX-PBX
Heterodimers. J Biol.Chem. 1997, 272:8635-8643.

SHEN WF, ROZENFELD S LAWRENCE HJ, LARGMAN C The Abdb-like Hox

homeodomain proteins can be subdivided by the ability to form complexes with PBX1a
on a novel DNA target. J Biol.Chem. 1997, 272:8198-8206.

Neuteboom, S. T. and Murre, C. Pbx raises the DNA-binding specificity but not the
selectivity of the Antennapedia Hox proteins. Mol.Cell. Biol. 17:4696-4706. 1997.

CHAN SK, RYOO HD, GOULD A, KRUMLAUF R, MANN RS: Switching the in vivo
specificity of a minimal Hox-responsive element. Development 1997, 124:2007-2014.

PELTENBURG LTC, MURRE C: Engrailed and Hox homeodomain proteins contain a
related Pbx interaction motif that recognizes a common structure present in Pbx. EMBO
J. 1996, 15:3385-3393.

PASSNER JM, RYOOHD, SHEN L,MANN RS, AGGARWAL AK: Structure of a DNA-
bound Ultrabithorax-Extradenticle homeodomain complex. Nature 1999,397:714-719.

BERTHELSEN J ZAPPAVIGNA V, FERRETTI E, MAVILIO F BLASI F The novel
homeoprotein Prepl modulates Pbx-Hox protein cooperativity. EMBO J. 1998,17:143%4
1445,

BERTHELSEN J ZAPPAVIGNA V, MAVILIO F, BLASI F Prepl, a novel functional
partner of Pbx proteins. EMBO J. 1998, 17:1423-1433.

KNOEPFLER PS, CALVOKR,CHEN H,ANTONARAKIS SE,KAMPSMP: Meis1 and
pKnox1 bind DNA cooperatively with pbx1 utilizing an interaction surface disrupted in
oncoprotein E2a-pbx1. Proc.Natl. Acad.Sci.U.S.A. 1997, 94:14553-14558.

RIECKHOF GE, CASARES F, RYOO HD, ABU-SHAAR M, MANN RS: Nuclear

translocation of extradenticle requires homothorax, which encodes an extradenticle -
related homeodomain protein. Cell 1997, 91:171-183.

SHEN WF, MONTGOMERY JC, ROZENFELD S, MOSKOW JJ, LAWRENCE HJ,
BUCHBERG AM,LARGMAN C: AbdB-like Hox proteins stabilize DNA binding by the
Meis1 homeodomain proteins. Mol .Cell Biol. 1997, 17.6448-6458.

JACOBS Y, SCHNABEL CA, CLEARY ML: Trimeric association of Hox and TALE

homeodomain proteins mediates Hoxb2 hindbrain enhancer activity. Mol.Cell Biol.
1999, 19:5134-5142.

221



294.

295.

296.

297.

298.

299.

301.

302.

303.

305.

307.

JACKSON RL, LIN HY, CHAN L, MEANS AR: Amino acid sequence of a major
apoprotein from hen plasma very low de nsity lipoproteins. J.Biol. Chem. 1977,252:250-
253.

CHAN L, JACKSON RL, OMALLEY BW, MEANS AR : Synthesis of very low density
lipoproteins in the cockerel. J Clin Inv 1976, 58:368-379.

HILLYARD LA, WHITE HM, PANGBURN SA: Characterization of apolipoproteins in
chicken serum and egg yolk. Biochemistry 1972, 11:511-518.

COLGAN V, ELBRECHT A GOLDMAN P LAZIER CB, DEELEY RG: The avian
apoprotein II very low density lipoprotein gene: methylation patterns of 5' and 3'

flanking regions during development and following induction by estrogen. J.Biol. Chem.
1982, 257:14453-14460.

WISKOCIL R, BENSKY P, DOWER W, GOLDBERGER RF, GORDON JI,DEELEY RG:
Coordinate regulation of two estrogen-dependent genes in avian liver.
Proc.Natl. Acad.Sci. USA 1980, 77:4474-4478.

GORDON DA, SHELNESS GS, NICOSIA M, WILLIAMS DL: Estrogen-induced
destabilization of yolk precursor protein mRNA in avian liver. J Biol.Chem. 1988,
263:2625-2631.

. COCHRANE AW, DEELEY RG: Estrogen-dependent activation of the avian very low

density apolipoprotein II and vitellogenin genes - transient alterations in mRNA
polyadenylation and stability early during induction. J.Mol.Biol. 1988, 203:555-567.

MARGOT JB, WILLIAMS DL: Estrogen induces the assembly of a multiprotein

messenger ribonucleoprotein complex on the 3'-untranslated region of chicken
apolipoprotein I mRNA. J.Biol.Chem. 1996, 271:4452-4460.

ITOY,AZROLAN N, O'CONNELL A,WALSH A,BRESLOW JL: Hypertriglyceridemia
as aresult of human apo CIII gene expression in transgenic mice. Science 1990,249:790-
793.

ST CLAIR RW: The contribution of avian models to our understanding of
atherosclerosis and their promise for the future. Lab.Anim.Sci. 1998, 48:565-568.

. LUSKEY KL, BROWN MS, GOLDSTEIN JL: Stimulation of the synthesis of very low

density lipoproteins in rooster liver by estradiol. J.Biol. Chem. 1974, 249:5939-5947.

HACHE RJG, WISKOCIL R VASA M, ROY RN, LAU PCK, DEELEY RG: The 5'
noncoding and flanking regions of the avian very low demnsity apolipoprotein II and
serum albumin genes. J.Biol.Chem. 1983, 258:4556-4564.

. HACHE RJG, DEELEY RG: Organization, sequence and nuclease hypersensitivity of

repetitive elements flanking the chicken apoVLDLII gene: extended sequence similarity
to elements flanking the chicken vitellogenin gene. Nucleic Acids Res. 1988,16:97-113,

HOODLESS PA, ROY RN, RYAN AK, HACHE RJ, VASA MZ, DEELEY RG
Developmental regulation of specific protein interactions with an enhancerlike binding

222



310.

311

312.

313.

314.

315.

316.

317.

318.

319.

site far upstream from the avian very-low- density apolipoprotein II gene . Mol.Cell.Biol.
1990, 10:154-164.

. HOODLESS PA, RYAN AK, SCHRADER TJ, DEELEY RG: Characterization of liver-

enriched proteins binding to a developmentally demethylated site flanking the avian
apoVLDLII gene. DNA Cell Biol. 1992, 11:755-765.

. GRANT CE,DEELEY RG: Cloning and characterization of chicken YB -1: Regulation of

expression in the liver. Mol Cell. Biol. 1993, 13:4186-4196.

GRANT CE, VASA MZ, DEELEY RG:. cIRF-3, a new member of the Interferon

Regulatory Factor (IRF) family that is rapidly and transiently induced by dsRNA.
Nucl.Acids Res. 1995, 23:2137-2146.

BANIAHMAD A, MULLER M, STEINER Ch, RENKAWITZ R: Activity of two different

silencer elements of the chicken lysozyme gene can be compensated by enhancer
elements. EMBO J 1987, 6:2297-2303.

WIINHOLDS J, MULLERE, AB G: Oestrogen facilitates the binding of ubiquitous and
liver-enriched nuclear proteins to the apoVLDL II promoter in vivo. Nucl Acids Res
1991, 19:33-41.

RYAN AK, SCHRADER TJ, BURTCH WRIGHT R BUCHANAN L, DEELEY RG:

Characterization of Protein Interactions with Positive and negative elements regulating
the apoVLDLII gene. DNA Cell Biol. 1994, 13:987-999.

RYAN AK, TEJADA ML, MAY DL, DUBAOVA M, DEELEY RG: Isolation and
characterization of the chicken homeodomain protein, AKR. Nucleic Acids Res. 1995,
23:3252-3259.

BEEKMAN JM, WIINHOLDS J, SCHIPPERS 1J, POT W , GRUBER M, AB G:
Regulatory elements and DNA-binding proteins mediating trans cription from the
chicken very-low-density apoplipoprotein Il gene. Nucleic Acids Res. 1991,19:5371-5377.

WIINHOLDS J, PHILIPSEN JINJ, AB G:. Tissue-specific and steroid-dependent
interaction of transcription factors with the oestrogen-inducible apoVLDLII promoter
in vivo. EMBO J 1988, 7:2757-2763.

RY AN AK: Characterization of DNA Binding Proteins which Regulate Expression of the
Chicken apoVLDLII Gene. PhD Dissertation., 1 edn. Kingston, Ontario, Canada: Queen's
University; 1994.

BERTOLINO E, WILDT S RICHARDS G, CLERC RG: Expression of a Novel Murine

Homeobox Gene in the Developing Cerebellar External Granular Layer During Its
Proliferation. Developmental Dynamics 1996, 205:410-420.

BERTOLINO E, REIMUND B, WILDT-PERINIC D, CLERC RG: A Novel Homeobox

Protein Which Recognizes a TGT Core and Functionally Interferes with a Retinoid-
responsive Motif. J Biol. Chem. 1995, 270:31178-31188.

223



320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331

332.

TEJADA, M. L.,MAY,D.L.,JA,Z.,AND DEELEY, R. G. Determinants of the DNA-binding
specificity of the Avian homeodomain protein, AKR. DNA Cell.Biol. 1999, 18:791-804.

MOSKOW JJ, BULLRICH F, HUEBNER K, DAAR 10,BUCHER NLR: Meis1, a PBX1-
Related Homeobox Gene Involved in Myeloid Leukemia in BXH-2 Mice. Mol.Cell.Biol.
1997, 15:5434-5443.

NAKAMURA T, JENKINS NA, COPELAND NG: Identification of a new family of Pbx-
related homeobox genes. Oncogene 1996, 13:2235-2242.

STEELMAN S MOSKOW JJ, MUZYNSKI K, NORTH C, DRUCK T, MONTGOMERY
JC, HUEBNER K, DAAR 10, BUCHBERG AM: Identification of a conserved family of
Meis1-related homeobox genes. Genome Res. 1997, 7:142-156.

LIM DA, GOSSEN M, LEHMAN CW, BOTCHAN MR: Competition for DNA binding

sites between the short and long forms of E2 dimers underlies repression in bovine
papillomavirus type 1 DNA replication control. J.Virol. 1998, 72:1931-1940.

MUELLER PR, WOLD B: In vivo footprinting of a muscle specific enhancer by ligation
mediated PCR. Science 1989, 246:780-786.

EVANSMI, SILVA R,BURCH JBE: Isolations of chicken vitellogenin I and III cDNAs
and the developmental regulation of five estrogen-responsive genes in the embryonic
liver. Genes Dev. 1988, 2:116-124.

BERKOWITZ EA,EVANSMI: Functional analysis of regulatory regions upstream and
in the first intron of the estrogen-responsive chicken very low density apolipoprotein I1
gene. J.Biol.Chem. 1992, 267:7134-7138.

VAN DEN HOFFMJB, VERMEULEN JLM, DE BOER PAJ,LAMERSWH, MOORMAN
AFM: Developmental changes in the expression of the liver-enriched transcription

factors LF-B1, C/EBP, DBP and LAP/LIP in relation to the expression of albumin, a-
fetoprotein, carbamoylphosphate synthase and lactase mRNA. Histochem.J. 1994,26: 20
3L

COONEY AJ, LENG X, TSAI SY, OMALLEY BW, TSAl MJ. Multiple mechanisms of

chicken ovalbumin upstream promoter transcription factor-dependent repression of
transactivation by the vitamin D, thyroid hormone, and retinoic acid receptors.
J.Biol.Chem. 1993, 268:4152-4160.

Cakhoven, C. F., Snippe, L., and Ab, G. Differential stimulation by CCAAT/enhancer-
binding protein alpha isoforms of the estrogen-activated promoter of the very-low-
density apolipoprotein II gene. Eur.J. Biochem. 1997, 249:113-120.

VOLLBRECHT E, VEIT B, SINHA N,HAKE S: The developmental gene Knotted-1isa
member of a maize homeobox gene family. Nature 1991, 350:241-243.

BURGLIN TR: Analysis of TALE superclass homeobox genes (MEIS, PBC, KNOX,
Iroquois, TGIF) reveals a novel domain conserved between plants and animals.
Nucleic.Acids.Res. 1997, 25:4173-4180.

224



335.

336.

337.

339.

341.

342.

346.

. BERTHELSEN J,VANDEKERKHOVE J, BLASI F: Purification and Characterization of

UEF3, A Novel Factor Involved in the Regulation of the Urokinase and Other AP-1
Controlled Promoters. J.Biol.Chem. 1997, 271:3822-3830.

. CHEN H, ROSSIER C, NAKAMURA Y,LYNN A, CHAKRAVARTI A, ANTONARAKIS

SE: Cloning of a Novel Homeobox-Conatining Gene, PKNOXI,and Mapping to Human
Chromosome 21q22.3. genomics 1997, 41:193-200.

MARGALIT Y, YARUS S SHAPIRA E, GRUENBAUM Y, FAINSOD A: Isolation and
characterization of target sequences of the chicken CdxA homeobox gene.
Nucleic.Acids.Res. 1993, 21:4915-4922.

AUSUBEL FM: Edited by Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG,
Smith JA, Struhl K. New Y ork: John Wiley & Sons Inc.; 1997

SENSEL MG, BINDER R, LAZIER C,WILLIAMSDL :Reactivation of apolipoprotein 11
gene transcription by cycloheximide reveals two steps in the deactivation of estrogen
receptor-mediated transcription. Mol Cell. Biol. 1994, 14:1733-1742.

. Laughon, A. DNA binding specificity of homeodomains. Biochemistry 1991, 30:11357-

11367.

JONESTA, ZHOU JY, COWAN SW, KIELDGAARD M: Improved methods for building

protein models in electron density maps and the localization of errors in these models.
Acta Crystallogr. 1991, 47:110-119.

. BRUNGER AT: X-Plor (Version 3.1) Manual A System for X-ray Crystallography and NMR.,

New Haven: Yae University Press; 1992.

TREISMAN J, GONCZY P,VASHISHTHA M,HARRISE,DESPLAN C: A single amino
acid can determine the DNA binding specificity of homeodomain proteins. Cel/ 1989,
59:553-562.

WILSON DS SHENG GJ, JUN S DESPLAN C: Conservation and diversification in
homeodomain-DNA interactions: A comparative genetic analysis.
Proc.Natl.Acad.Sci.USA 1996, 93:6886-6891.

SHARKEY M, GRABA Y, SCOTT MP: Hox genes in evolution: Protein surfaces and
paralog groups. Trends in Genetics 1997, 13:145-151.

. HANES SD, BRENT R: A genetic model for interaction of the homeodomain recognition

helix with DNA. Science 1991, 251:426-430.

. SAWAMOTO K, OKANO H KOBAYAKAWA Y, HAYASHI S MIKOSHIBA K

TANIMURA T: The function of argos in regulating cell fate decisions during Drosophila
eye and wing vein development. Developmental Biology 1994, 164:267-276.

KLEIN-HITPASS L, TSAI SY, GREENE GL, CLARK JH, TSAl MJ, OMALLEY BW:
Specific binding of estrogen receptor to the estrogen response element. Mol Cell Biol.
1989, 9:43-49.

225



347.

349.

351.

352.

353.

354.

355.

357.

358.

359.

360.

WEILER S GRUSCHUS JM, TSAODH, YU L,WANG LH, NIRENBERG M, FERRETTI
JA: Site-directed mutations in the vnd/NK-2 homeodomain. Basis Of variations in
structure and sequence-specific DNA binding. J.Biol. Chem. 1998, 273:10994-11000.

ADES SE, SAUER RT: Specificity of minor-groove and major-groove interactions in a
homeodomain-DNA complex. Biochemistry 1995, 34:14601-14608.

PELLIZZARI L, TELL G, FABBRO D, PUCILLO C, DAMANTE G:. Functional
interference between contacting amino acids of homeodomains. FEBS Letts 1997,
407:320-324.

KRUSELL L, RASMUSSEN |, GAUSING K:DNA binding sites recognised in vitroby a
knotted class 1 homeodomain protein encoded by the hooded gene, k, in barley (hordeum
vulgare). FEBS Letts 1997, 408:25-29.

PHELAN ML, SADOUL R, FEATHERSTONE MS: Functional differences between HOX
proteins conferred by two residues in the homeodomain N-terminal arm. Mol Cell Biol.
1994, 14:5066-5075.

Kraulis, P. J MOLSCRIPT: a program to produce both detailed and schematic plots of
protein structures. J Appl Crystallogr. 1991, 24:946-950. 4-16.

Merrit, E. A. and Bacon, D. J. Raster3D: photorealistic molecular graphics. Methods
Enzymol. 1997, 2777:505-524.

HERR W, STURM RA, CLERC RG, CORCORAN LM, BALTIMORE D, SHARP PA,
INGRAHAM HA, ROSENFELD MG, FINNEY M, RUVKUN G,HORVITZ HR: The POU

domain: a large conserved region in the mammalian pit-1, oct-1, oct-2, and
Caenorhabditis elegans unc-86 gene products. Genes Dev. 1988, 2:1513-1516.

ROBERTSON M: Homeoboxes, POU proteins and the limits to promiscuity. Nature
1988, 336:522-524.

RYOO HD, MANN RS: The control of trunk Hox specificity and activity by
Extradenticle. Genes Dev. 1999, 13:1704-1716.

PAI CY, KUO TS, JAW TJ, KURANT E, CHEN CT, BESSARAB DA, SALZBERG A,
SUN Y H: The Homothorax homeoprotein activates the nuclear localization of another

homeoprotein, extradenticle, and suppresses eye development in Drosophila. Genes Dev.
1998, 12:435-446.

BENSON DA, BOGUSKI MS, LIPMAN DJ, OSTELL J OUELLETTE BF, RAPP BA,
WHEELER DL: GenBank. Nucleic.Acids.Res. 1999, 27:12-17.

DUBA, M.: Developmental analysis of AKR mRNA expression in chicken embryos,
Kingston: Queen's University; 19990.

LASKOWSKI, R. A., MACARTHUR, M. W., Moss, D. S.;, AND THORNTON, J. M.
PROCHECK: a program to check the stereochemical quality of protein
structures. | App/ Crystallogr. 1993, 26:283-291.

226



