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Figure 2: Amino add sequence comparisons between LXRcx. and related receptors. 
The percent sequenc:e identities among the amino terminal (AlB) domain, DNA binding 
domain (DBD) and ·the ligand binding domain (LBD} ofthe rat orphan receptor RLD1 
(Apfel et al., 1994}, rat ubiquitous receptor rUR (Song et al., 1994, Teboul et al., 1995} 
and human hNER (Shinar et al., 1994) are illustrated. Sequence comparisons were 
carried out using th(: Clustal Program within the DNAStar software package. 
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Figure 3: Schematk representation of the functional domains of the nuclear 
hormone receptors. Modified from Schoonjans et al., 1996 where the P box amino 
acids are represented. by circles and the D box amino acids are represented by squares. 
The DNA binding domain (DBD) and the ligand binding domain (LBO) are indicated. 
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1993, Sjoberg and Vennstrom, 1995). Furthermore, recent studies report that AF-1/AF-2 

domain synergism may be a direct consequence of a ligand-dependant interaction 

between the N and C-terminal regions which may be mediated by the binding of co­

factors (such as CBP, SRC-1 and the related p160 proteins) to both the AF-1 and AF-2 

domains (Kraus et al., 1995, Ikonen et al., 1997, Onate et al., 1998, Webb eta!., 1998). 

While a number of reports have provided ample· evidence that the AF-1 domain 

possess an autonomous activation function, it has been suggested that there exists many 

discrete regions within the AF-1 domains which possibly function independently and, in 

some cases, differently depending upon the cell type and ligand employed (Metzger et 

al., 1995, Mcinerney et al., 1996, Werman eta!., 1997). In fact, one study suggested the 

existence of an N-terminal repression moiety within the Peroxisome Proliferator 

Activated Receptor y2 (PP ARy2) AF-1 activation domain (Werman et al., 1997). 

A further mode of regulation of the activities of the various receptors resides in the 

fact that a number of receptor AF-1 domains (as well as other domains) have been shown 

to be phosphorylated. In fact, phosphorylation ofboth the Estrogen Receptor (ER) (Kato 

et al., 1995) and RHinoid Acid Receptor (RAR) (Rochette-Egly et al., 1997) results in an 

increase in the tranBcriptional activity of the receptor. In contrast, phosphorylation of the 

PPARy AlB domain reduces its activity (Adams et al., 1997). Although no 

phosphorylation sites have been identified in the LXR.a. AlB domain (a putative 

recognition sequence for PKC is located in the hinge region of both LXR.a. and RLD-1 ), 

it may prove to play a role in LXR.a. transcriptional activity. Whether or not LXR.a. 

possesses an AF-1 domain in its AlB domain is the investigative focus of Section 3.2. 



9 

1.2.1.2 Domain C (The DNA Binding Domain) 

Domain Cis reHponsible for binding ofthe receptors to hormone response elements 

(located in the proximal promoters of target genes) as it constitutes a highly conserved 

DNA binding domain (DBD) which contains two cysteine zinc finger motifs. Specific 

contacts between the receptor and the DNA are mediated by the 6 amino acids of the P 

box, located at the c,:trboxyl end of the first zinc finger. The P box sequence of LXR.a 

(CEGCKG) is identical to that of TRs, RXR, RARs and PPARs. Protein-protein 

interactions are, in part, dependent upon the 5 amino acid sequence of the D box, located 

within the second zinc finger. 

1.2.1.3 Domain D (The Hinge Region) 

Domain D is a non-conserved hinge regiOn, which allows bending and/or 

conformational alterations within the receptor. This region has also demonstrated the 

ability to interact witil auxiliary transcription co-factors such as SMRT and N-CoR (Chen 

and Evans, 1995, Horlein et a/., 1995, Kurokawa et al., 1995, and reviewed in Perlmann 

and Vennstrom, 1995). The hinge regions of LXR.a and RLD-1 (but not LXR.f3) have 

also been shown to contain a putative recognition sequence for PKC (RXXSXR.; 

RSFSDR for both LXRa and RLD-1 ). A recent study reports that agents which trigger 

other signal transduction pathways significantly enhanced the activation of RLD-1 by 

22(R)-hydroxycholesterol which could be abolished upon the addition of protein kinase 

inhibitors (Huang et a!., 1998). Thus, LXR.a/RLD-1 mediated transactivation may be 

regulated by phosphorylation catalyzed by protein kinases. 
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1.2.1.4 Domain E (The AF-2 Core Domain) 

Domain E is a complex and tightly integrated region comprised of a ligand binding 

domain (LBD), dimerization surfaces, nuclear localization signals, co-factor association 

surfaces and a ligand-dependent transactivation functional region (AF-2 core domain, 

also referred to as Helix 12) (Danielian et al., 1992, and reviewed in Glass et al., 1997, 

Mangelsdorf and Evans, 1995, Schoonjans eta!., 1996). Ligand-dependent regulation of 

target genes by nuclear hormone receptors is mediated by their respective E domains. 

Based upon the crystal structures of unliganded Retinoid X Receptor (RXRa) (Renaud et 

al., 1995) and both liganded and unliganded Retinoic Acid Receptor (RARy) (Bourget et 

al., 1995), it is believed, upon binding of ligand, the E domain undergoes a 

conformational change which may cause the disassociation of bound co-repressors and 

the recruitment of co-activators. Specifically, the AF-2 core domain (amphipathic helix 

12), which is highly conserved among nuclear receptors including LXRa (refer to Figure 

20), undergoes a conformational shift from an extended conformation in the absence of 

ligand to a compac·:ed conformation with the LBD (usually helices 3, 4 and 5) in the 

presence of ligand. Recent crystallographic studies of PPARy (Nolte et al., 1998) and 

TRI3 (along with biochemical studies) (Darimont et al., 1998), have demonstrated that 

this compact conformation of the liganded LBD constitutes a hydrophobic groove which 

can interact with thf: LXXLL motif-containing a-helix of co-activators. This observation 

is consistent with previous studies which report that loss or mutation of the AF-2 core 

domain (helix 12) results in the abolishment of ligand-dependent transcriptional 

activation, AF-1/AF-2 synergism and the loss of co-factor binding (although binding of 



11 

various co-factors has also been shown to be dependant upon other areas of the E 

domain) (Danielian et al., 1992, Cavailles et al., 1995, Joyeux et al., 1997, Jeyakumar et 

al., 1997, Treuter et al., 1998, Miyata et al., 1998, and reviewed in Shibata et al., 1997, 

and Glass et al, 1997). 

1.2.1.5 Domain F 

The F domain is generally a small and highly variable domain, located at the C­

terminus, which has 10 known biological function (reviewed in Schoonjans et al., 1996). 

It does not appear thEct LXR.a possesses this domain. 

1.2.2 DNA Binding ,[)f LXRa. and LXRa. Response Elements 

Members of the nuclear hormone receptor superfamily are intracellular ligand­

activated transcription factors, which exert their regulatory control of target genes 

directly by binding to hormone response elements (HREs) located in the promoter of 

target genes. The nonsteroid members of the nuclear receptor superfamily, such as LXR 

and RXR, recogni2 e HREs which consist of the hexad core consensus sequence 

AGGTCA arranged into different configurations and spaced by a variant number of 

nucleotides (generally 0-5 nucleotides). These HREs can be arranged into configurations 

referred to as direct repeats (DRs), inverted repeats (IRs) or everted repeats (ERs). These 

differences in HRE orientation, spacing and sequence (of the core, spacer and flanking 

sequences) directly determine such specificity as the mode of receptor binding 

(monomers, homodimers and heterodimers), orientation of the receptors on the HRE, 

affinity of the receptors for the HRE, and responsiveness to ligand for one or both of the 
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nuclear receptor pa1tners (reviewed m Mangelsdorf and Evans, 1995, Glass, 1996, 

Schoonjans eta/., 19~6). 

The Liver X Rc~ceptor (LXRa and LXR~) has demonstrated the ability to hetero­

dimerize with the RHinoid X Receptor (RXR.a) and bind cooperatively to direct repeats 

of the hexad core consensus sequence spaced by four nucleotides (DR4s; DR4-LXRE) 

(Willy et al., 1995, lv.liyata et al., 1996, Apfel et al., 1994, Teboul eta/., 1995, Song et 

a/., 1994). To date, two other LXR response elements (LXREs) have been reported; the 

LXRE-.1MTV (Willy et al., 1995) and the CYP7A-LXRE (Lehmann et al., 1997), both 

of which are classifit:d as DR4s (refer to Table 1). 

The discovery of a functional, high affinity binding site for LXRa, located in the 

promoter sequence of .1MTV (LXRE-.1MTV), was reported in initial LXRa studies 

(Willy et al., 1995). This promoter was derived form the mouse mammary tumor virus 

LTR (long terminal repeat) (Ringold, 1979) in which the glucocorticoid response 

elements have been deleted (Hollenberg and Evans, 1988). A subsequent report has 

demonstrated that the LXRa.IRXRa heterodimer binds to the LXRE-.1MTV with RXR 

occupying the 5' half site and LXRa occupying the 3' half site (Willy and Mangelsdorf, 

1997). This polarity has also been observed for the Vitamin D Receptor (VDR), Thyroid 

Hormone Receptor (TR) and the Retinoic Acid Receptor (RAR) heterodimers with RXR 

on DR3, DR4 and DRS DNA response elements respectively (reviewed in Glass, 1996, 

Mangelsdorf and Evans, 1995). Furthermore, the same study reports that subtle changes 

in the nucleotide sequence of the LXRE-.1MTV half sites, spacer and flanking regions 

c.an have a significant effect on the ability of the heterodimer to be activated by ligand 
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while having no significant effect on DNA binding. Alternatively, a number of reports 

which study the DR~-LXRE have demonstrated that mutations of the spacer sequence 

can have a significant effect on DNA binding (Apfel et al., 1994). This observation may 

account for the different results reported in Miyata et al., 1996 and Lehmann eta/., 1997, 

where the formation of a weak homodimeric complex of LXR.a was seen on a DR4­

LXRE in the latter study which was not observed in the former study (where the spacer 

sequence between tht: two DR4 motifs was different). 

The most recem LXRE, the CYP7A-LXRE identified for LXR.a and LXR~, was 

located in the proxinal promoter region of the rat cholesterol 7a-hydroxylase gene 

(rCYP7A) (Lehmann et al., 1997). This gene encodes the enzyme responsible for the 

initial and rate-limiting step in the conversion of cholesterol to bile acids (Li eta/., 1990, 

and reviewed in Myant and Mitropoulos, 1977). 

Table 1: Functional Liver X Receptor Response Elements (LXREs) 

LXRE Sequence Promoter Location in 
promoter 

DR4-LXRE TT(:TGACCTCCTGTGA 
ccrGG 

Synthetically prepared 

LXRE-MITV CT'fGCGGTTCCCAGG 
GT'fTAAATAAGTTCAT 
CT, \ 

5'regulatory region of 
the mouse mammary 

tumor virus L TR 
(MITV) 

-123 to -94 

CYP7A-LXRE ccfTTGGTCACTCAAG 
TT< ~AAGTG 

Rat cholesterol 
7a-hydroxylase gene 

-72 to -57 

1.2.3 LXR Activaton 

LXR.a and L:XR~ have been termed an orphan nuclear hormone receptors as no 

ligands have been shown to bind to the LBDs of the receptors directly. However, a 
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number of reports h::tve demonstrated that a variety of oysterols are able to activate both 

LXR.a and LXR.f3, the most potent of which include 22(R)-hydroxycholesterol, 20(S)­

hydroxycholesterol , (20R, 22R)-dihydroxycholesterol, 24(S)-hydroxycholesterol and 

24(S),25-epoxycholt:sterol (Janowski et al., 1996, Lehmann et al., 1997, Forman et al., 

1997, Lala et al., 1997). Oxysterols are oxygenated derivatives of cholesterol which are 

produced as downstream intermediates in the steroid and bile acid synthesis pathways, 

and are therefore involved in the cholesterol homeostasis/mevalonic acid (MVA) 

biosynthetic pathw8ys (reviewed in Kandutsch et al., 1978, Luu and Moog, 1991, 

Goldstein and Brown, 1990, Parish et al., 1995). These observations are consistent with 

a recent report which demonstrated that the constitutive transcriptional activity observed 

for LXR.a (R.LD-1)/RXR.a complexes (Apfel et al., 1994, Willy et al., 1995), which was 

shown to require the LBDs of both receptors, was dependant upon MV A biosynthesis 

occurring in the eukaryotic cells employed (Forman et al., 1997). LXR.a activity can be 

repressed upon the addition of inhibitors of the MV A biosynthetic pathway (Mevastatin 

and Lovastatin) whi :;h can, in turn, be relieved upon the addition of specific products of 

the pathway including MV A itself and the aforementioned potent oxysterols. 

Interestingly, one metabolite of the MV A pathway, geranylgeraniol, was shown to 

actually inhibit the LXR.a-mediated constitutive activity. 

The LXR.a®Ra heterodimer has been classified as a member of a subset of 

receptors termed the permissive heterodimers (which also includes RXRIPP AR) due to 

its unique ability to be activated by LXR activators, RXR. ligand (9-cis retinoic acid) or 

both together, resulting in a more than additive effect (Janowski et al., 1996, Willy and 
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Mangelsdorf, 1997) (reviewed in Glass, 1996, Mangelsdorf and Evans 1995, Chambon, 

1996). Surprising] y, studies have demonstrated that retinoid activation of the 

LXR.a/RXR.a heterodimer requires only the activation domain ofLXR.a (AF-2 domain) 

(Willy and Mangelsdorf, 1997). This unique form of communication between 

heterodimer partners, where the activation potential of one receptor can be mediated by 

ligand binding of its partner, has been termed the phantom ligand effect (Schulman et al., 

1997). 

A recent study reports that the activation of LXR.a (RLD-1) by 22(R)-hydroxy­

cholesterol could be enhanced upon the addition of agents known to stimulate the PKC 

and/or the PKA signaling pathways (Huang et al., 1998). This enhancement was, in tum, 

abolished upon addition of protein kinase inhibitors. Thus, this reports suggests that 

other signal transduction pathways may regulate transactivation by oxysterol-activated 

LXR.a (RLD-1) via phosphorylation catalyzed by protein kinases. 

1.3 LXRa as the K.::y Regulator of Cholesterol Homeostasis 

1.3.1 The MVA Bio~ynthetic Pathway and Cholesterol Homeostasis 

Cholesterol plays a critical role in not only the structural formation of all interior and 

exterior cell membranes but also as a precursor of essential substances including bile 

acids and steroid hormones. The mevalonate (MV A) pathway synthesizes the precursors 

involved in cholesterol biosynthesis (refer to Figure 4). This pathway is also responsible 

for the production of substances including ubiquinone, dolichol and farnesyl residues, all 

of which are involv1~d in a number of critical cellular functions. A balance, however, 

must be maintained between mevalonate synthesis and cholesterol homeostasis as excess 
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cholesterol accumulation can result in diseases such as atherosclerosis and hyper­

cholesterolemia. This balance is achieved through two mechanisms: transcriptional and 

post-transcriptional n~ed-back regulation of de novo cholesterol biosynthesis and the 

receptor-mediated e1docytosis of cholesterol and the transcriptional feed-forward 

regulation of genes r~~sponsible for the conversion of cholesterol stores to bile acids and 

steroid hormones (re·:iewed in Brown and Goldstein, 1986, Goldstein and Brown, 1990, 

Brown and Goldstein, 1997). 

Regulation of cholesterol biosynthesis occurs at the level of transcription for both 

the cytoplasmic 3-h Y'droxy-3-methylglutaryl coenzyme A (HMG-CoA) synthase and 

HMG-CoA reductas{: genes as well as the low density lipoprotein receptor (LDL) gene 

via a sterol-mediat{:d feed-back mechanism which involves the membrane bound 

transcription factor termed sterol regulatory element binding protein 2 (SREBP-2) 

(reviewed in Brown and Goldstein, 1997). When cellular sterol levels are low, the 

SREBP cleavage activation protein (SCAP) activates (either directly or indirectly) a two 

step proteolytic cascade, which ultimately results in the release of the NH2-terminal 

domain of the SREE:P from the membrane. Upon release, this SREBP fragment then 

enters the nucleus and binds· to DNA elements, termed sterol regulatory elements (SREs), 

located in the promoter regions of HMG-CoA synthase, HMG-CoA reductase and LDL 

receptor genes. Once bound, these transcription factors up-regulates gene expression 

through either direct or indirect communications with the basal transcription machinery 

(Oliner et al., 1996). However, when cellular sterol levels are high, cleavage of SREBP­

2 is inhibited resulting in the repression of transcription of these genes. 
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Cholesterol homeostasis is also believed to be regulated by a number of 

mechanisms, which :tchieve post-transcriptional control of HMG-CoA reductase. These 

mechanisms includ~ translational control of HMG-CoA reductase (possibly through 

differential splicing mediated by an unknown MVA metabolite), degradation of the 

protein (sterol mediated) and inactivation of the enzyme (phosphorylation by an AMP­

dependent kinase) (Goldstein and Brown, 1990). 

The feed-forwa:·d mechanism, by which cholesterol homeostasis is further achieved, 

is thought to occur through a reduction of cholesterol stores by conversion to bile acids or 

steroid hormones. 5.teroid hormone synthesis has been demonstrated to be governed by 

the orphan nuclear receptor, steroidogenic factor-1 (SF-1) (Lala et al., 1997, Parker and 

Schimmer, 1997). Bile acid synthesis occurs as a result of the up-regulation in the 

expression of the ct.olesterol ?a-hydroxylase (CYP7 A) gene which encodes the initial 

and rate limiting enzyme responsible for the conversion of cholesterol to bile acids (Li et 

a!., 1990 and reviewed in Myant and Mitropoulos, 1977). Transcriptional regulation of 

the CYP7 A gene has proven to be quite complex and mediated by both hormones (up­

regulation) and bile acids (down-regulation). Nonetheless, a number of studies have 

begun to unravel the complexity by demonstrating the existence of multiple and 

overlapping nuclear hormone receptor response elements (HREs), located in the proximal 

promoter region of the CYP7 A gene. A number of transcription factors including COUP­

TFII (chicken ovalbumin upstream promoter-transcription factor ll), HNF-4 and HNF-3 

(hepatocyte nuclear factors), RXR. and RAR, have .been shown to bind to these HREs 

and stimulate CYP~'A promoter activity (Crestani et al., 1995, Crestani et a!., 1996, 
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Acetyl CoA +Acetoacetyl CoA 

HMG-CoA ~ynthase + 
(-)SREBP 

HMG-CoA 
HMG-CoA Reductase 

Mevalonate•
•Isopentenyl-PP 

+ 
Geranyl-PP 

+ 
Famesyl-PP 

Geranylgeranyl-PP 
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_______,._ OxysterolsPlasma LDL ,.. Cholesterol 
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S1 eroid Hormones Bile Acids 

Figure 4: Propose<lt model for the regulation of cholesterol homeostasis. Adapted 
from Goldstein and Brown, 1990, Forman et al., 1997 and Peet et al., 1998. Cholesterol 
and mevalonate homeostasis is achieved through two mechanisms: feed-back repression 
of biosynthesis through sterol-mediated inhibition of the transcription factor SREBP and 
feed-forward induction of sterol-activated transcription factors LXRa and SF-1 resulting 
in the conversion of :holesterol stores to bile acids or steroid hormones. 
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Stroup et al., 1997, Crestani et al., 1998). A recent report identified a high affinity 

binding site for LXRa (CYP7A-LXRE) in the CYP7A gene (Lehmann et al., 1997), 

which overlaps the COUP-TFII binding site (Stroup et al., 1997). Furthermore, two bile 

acid response elements (BARE I and II) have been identified, which overlap the 

aforementioned HR.Es, and presumably aid in the binding of hydrophobic bile acid 

activated-receptors which mediate the feedback transcriptional repression of the CYP7 A 

gene (Crestani et al., 1994, Chiang and Stroup, 1994, Crestani et al., 1998). Thus, it 

becomes evident tl.at the regulation of CYP7 A gene expression is a result of the 

competition betwet::n various transcription factors for these overlapping response 

elements and the res Lilting cross-talk of different signal transduction pathways. 

1.3.2 The Role of LXRa in Cholesterol Homeostasis 

The observations that LXR.a is both positively and negatively regulated by products 

of the MV A biosynthetic/cholesterol homeostasis pathways, coupled with the fact that an 

LXRE was located in the proximal promoter region of the CYP7 A gene, indicate that 

LXR.a is a key sensor/transcriptional regulator of these pathways (refer. to Figure 4). 

Indeed, a recent rep ::>rt which investigated the effect of an Lxra gene-knockout in mice, 

demonstrated that LXR.a( -/-) mice exhibit impaired cholesterol and bile acid metabolism 

ability (Peet et al., 1998). This study specifically reports that LXR.a(-/-) mice lose the 

ability to regulate dietary cholesterol leading to an accumulation of hepatic cholesteryl 

esters in the liver which results in hepatic failure. Furthermore, LXR.a( -/-) mice not only 

failed to induce the transcription of the gene encoding CYP7 A but also exhibited aberrant 

_regulation of several other crucial genes involved in sterol and fatty acid synthesis 
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including HMG-CoA synthase, HMG-CoA reductase, famesyl diphosphate synthase 

(FPP), squalene synbase, SREBP-2, SREBP-1, stearoyl CoA desaturase-1 and fatty acid 

synthase, which implies LXRa has a wide ranging effect on hepatic lipid metabolism. 

Thus, evidence from this report implicates LXR.a as an essential regulator of cholesterol 

homeostasis as no other mechanisms, including LXR~, appear to be able to compensate 

for its loss. 

1.4 Transcription Co-factors: Co-activators and Co-repressors 

Transcriptional regulation, mediated by members of the nuclear hormone receptor 

superfamily, has been shown to involve interactions with multiple auxiliary co-factors 

which function eithf:r to repress or activate transcription through interactions (or lack 

thereof) to the basal transcription machinery and/or participate in chromatin remodeling 

(reviewed in Shibata et al., 1997, Glass et al., 1997, Pazin and Kadonaga, 1997). Co­

factors, which have demonstrated an ability to act as transcriptional activators, are termed 

co-activators, while those, which appear to inhibit nuclear receptor-mediated activation, 

are termed co-repres~;ors. 

Co-repressors, such as the silencing mediator ofRAR.s and TRs (S:MRT) (Chen and 

Evans, 1995) and be nuclear receptor co-repressor (N-CoR) (Horlein et al., 1995), 

presumably exert their repressive effects by binding to unliganded receptors and thereby 

block interactions with other co-factors (co-activators and basal transcription factors) 

required for initiation of transcription ofthe target gene (Chen et al., 1996, Kurokawa et 

al., 1996, Lavinsky et al., 1998 and reviewed in Perlmann and Vennstrom, 1995 and 

Shibata et al., 1997). Recent studies have reported that multiple mechanisms exist, which 
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impart specificity of nuclear hormone receptor interactions with various co-repressors. 

These mechanisms include the nature ofthe ligand, the levels of available SMRT and N­

CoR, DNA response element binding and subsequent heterodimer partner polarity, and 

regulation of the nu :::lear hormone receptors by multiple signal transduction pathways 

(protein kinase-dependent signaling cascades which can inhibit co-repressor recruitment, 

as observed for ER, PR and RAR, or stimulate co-repressor recruitment, as observed for 

PPARy) (Kurokawa et al., 1995, Lavinsky et al., 1998). Furthermore, it has been 

reported that both SMRT and N-CoR-mediated transcriptional repression is in part due 

to an interaction with both mSin3A/B and Histone Deacetylase (HDACI for SMRT and 

mRPD3 (HDAC2) for N-CoR), resulting in the formation of a multisubunit repressor 

complex (Nagy et ai., 1997, Heinzel et al., 1997 and reviewed in Pazin and Kadonaga, 

1997). Thus, this repressor complex is believed to induce chromatin remodeling, through 

core histone deacetylation, thereby blocking transcription factors access to the DNA 

template and resulting in transcriptional repression. However, once ligand binding is 

achieved, a conformational change is thought to occur which causes the co-repressor 

complex to dissociate. This displacement of co-repressors subsequently permits the 

recruitment of co-activators to the nuclear hormone receptor complex. 

A number of co-activator proteins, which bind to various nuclear hormone receptor 

complexes, have been reported to date (reviewed in Janknecht and Hunter, 1996, Shibata 

et al., 1997, Glass e1 al., 1997). These include the steroid receptor co-activator- I (SRC­

1) (Onate et al., 1995, Kamei et al., 1996, Zhu et al., 1996, Jayakumar et al., 1997, 

Kalkhoven et al., 1998, Lee et al., 1998), the CREB-binding protein and its homolog 
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p300 (CBP/p300) (Chrivia et al., 1993, Eckner et al., 1994, Chakravarti et al., 1996, 

Dowell et al., 1997\ the p300/CBP/co-integrator associated protein (p/CIP) (Torchia et 

al., 1997), the p300/CBP-associated factor (P/CAF) (Yang et al, 1996, Korzus et al., 

1998), the glucocorticoid receptor-interacting protein (GRIP1) and the transcriptional 

intermediary factor (TIF2) (Voegel et al., 1996, Hong et al., 1996, Walfish et al., 1997), 

and the receptor-intEracting protein 140 (RIP 140) (CavailU~s et al., 1995). In addition to 

their ability to bind nuclear hormone receptors, several of these co-activators have 

demonstrated an ability to bind each other, as in the case of SRC-1 (and related pl60 

proteins) with CBP;p300 (Kamei et al., 1996, Yao et al., 1996, Korzus et al., 1998), 

CBP/p300 with p/CIP (Torchia et al., 1997), and CBP/p300 with P/CAF (Yang et al., 

1996). Furthermore. several of these co-activators, like the nuclear hormone receptors to 

which they bind, have been shown to interact with basal transcription factors, such as 

TBP and TFIIB, as well as with RNA Polymerase II itself (Leong et al., 1998, Rochette­

Egly et al., 1997, Takeshita et al., 1996 and reviewed in Mangelsdorf and Evans, 1995, 

Shibata et al., 199~r, Chang and Jaehning, 1997). A number of these co-activators, 

including CBP/p300 and P/CAF, have also exhibited intrinsic histone acetylase activity, 

which is believed to induce chromatin remodeling, through core histone acetylation, 

thereby permitting transcription factors access to the DNA template and resulting in 

transcriptional activation (Korzus et al., 1998 and reviewed in Janknecht and Hunter, 

1996, Pazin and Kadonaga, 1997, Shibata et al., 1997, Glass et al., 1997). Thus, in light 

of these findings, many have suggested the existence of multisubunit co-activator 
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complexes, formed in response to ligand, which facilitates the assembly of a stable pre­

initiation complex, resulting in efficient transcriptional activation of target genes. 

Co-activator binding to nuclear hormone receptors is believed to occur via a ligand­

induced conformational change, which shifts the AF-2 core domain (helix 12) from an 

extended conformation in the absence of ligand to a compacted conformation with the 

LBO (usually heliC($ 3, 4 and 5) in the presence of ligand, presumably resulting in the 

dissociation of the bound co-repressor complex (Renaud et al., 1995, Bourget et al., 

1995). This compact conformation of the liganded LBO constitutes a hydrophobic 

groove, as demonstrated by crystallographic studies (Nolte et al., 1998, Oarimont et al., 

1998), which can interact with the nuclear hormone receptor LXXLL binding motif 

possessed by co-activators (Heery et al., 1997, Torchia et al., 1997). Furthermore, recent 

studies report that llgand-dependent binding of co-activators, such as CBP, SRC-1 and 

the related p160 prcteins, to both the AlB (AF-1) and AF-2 (LBO) domains ofthe same 

receptor, may medi:t.te AF-1/AF-2 synergism (Kraus et al., 1995, lkonen et al., 1997, 

Onate et al., 1998, 'Nebb et al., 1998). These observations are consistent with previous 

studies which report that loss or mutation of the AF-2 core domain (helix 12) and/or other 

helices (namely 3, 4 and 5) of the LBO results in the abolishment of ligand-dependent 

transcriptional activation, AF-1/AF-2 synergism and the loss of co-factor binding 

(Oanielian et al., 1~)92, Cavailles et al., 1995, Henttu et al., 1997, White et al., 1997, 

Collingwood et al., 1997, Joyeux et al., 1997, Jeyakumar et al., 1997, Treuter et al., 

1998, Miyata et al., 1998, and reviewed in Shibata eta/., 1997, and Glass et al, 1997). 

http:medi:t.te
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However, it should he noted at this point that while ligand binding to nuclear hormone 

receptors appears to be a prerequisite for co-activator binding, a number of studies have 

demonstrated efficient binding of co-activators to unliganded receptors, the significance 

of which remains to be seen. Some of these interactions include RIP 140 and LXRa 

(Miyata et al., 1998), RIP 140 and PPARa (Miyata et al., 1998, Treuter et al., 1998), 

SRC-1 with PPARy (Zhu et al., 1996) and p300 with PPARa (Dowell et al., 1997). 

Co-activator binding to nuclear receptors, as previously described, is dependent 

upon the a-helical LXXLL motif (s) present in co-activators. Introduction of mutations 

within these motifs results in either a reduction or abolishment of co-activator/receptor 

interaction and a concordant loss in transcriptional transactivation (Heery et al., 1997, 

Torchia et al., 1997) Recently, a number of studies have demonstrated that co-activator 

binding to nuclear receptors occurs with respect to a two-fold receptor-specific code of 

interaction, mediated by the multiple LXXLL motifs located within each co-activator 

(Mcinerney et al., 1998, Darimont et al., 1998). The first level of specificity resides in 

the ability of LXXL:L adjacent residues to modulate specific interactions of various co­

activators with the LBDs of different and specific receptors (Mcinerney et al., 1998, 

Darimont et al., 199:~). The second level of specificity involves the number of LXXLL 

motifs, located within a co-activator, which are differentially utilized by the various 

nuclear receptors (1;£clnerney et al., 1998). Specifically, this study reports that while 

only a single LXXLL motif of SRC-1 is sufficient for ER-mediated activation, receptors, 

binding as heterodimers with RXR (i.e. TR, RAR and PP AR) or PR homodimers, 

required different combinations of two, appropriately spaced LXXLL motifs. These 
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observations are consistent with previous studies, which demonstrate the requirement of 

two consecutive SRC-1 LXXLL motifs for interactions with both subunits of a PPARy 

homodimer (Nolte et a!., 1998) and a requirement for two SRC-1 LXXLL motifs for 

cooperative binding to both DNA-bound RARIRXR and PPARy!RXR heterodimers 

(Westin eta/., 1998) 

To date, only or1e co-factor has been shown to bind to LXR.a (RIP 140; Miyata et 

a!., 1998 and Section 3.3 of this study); however, recent evidence, presented in this 

report, suggests that LXR.a is also capable of interacting with the co-activator SRC-1 and 

the co-repressor SMRT (Section 3.3.8). 

1.4.1 An Overview of the Co-factor RIP 140 

RIP 140 is a re<~ently identified protein that has previously been shown to interact 

with a number of nuclear hormone receptors including ER, TR, RAR and RXR in a 

ligand-dependent manner (Cavailles eta!., 1995, L'Horset eta!., 1996, and reviewed in 

Shibata eta/., 1997, Glass eta/., 1997). RIP 140 has been described as a member of the 

transcriptional co-activating protein family as it posses intrinsic activation potential when 

tethered directly to a promoter (Cavailles eta/., 1995). Interactions between RIP 140 and 

nuclear hormone receptors occur via LXXLL signature motifs, nine of which are spread 

throughout RIP 140 (Heery eta/., 1997). Furthermore, two distinct nuclear hormone 

receptor binding site1: have been characterized, site1 (aa 27-241) and site2 (aa 753-981), 

within RIP 140 (L'Horset eta!., 1996). The same report also demonstrates that these 

sites possess similar properties but not identical, as interaction with specific nuclear 

hormone receptors can be mediated primarily by one site over another. To date, all 
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receptor/RIP140 interactions have been shown to be dependent upon an intact LBD and 

AF-2 core domain (helix 12) (Cavailles eta!., 1995, L'Horset et al., 1996, Joyeux et al., 

1997, Collingwood et al., 1997, Henttu et al., 1997, White et al., 1997, Treuter et al., 

1998, Miyata et al., 1998). 

Two recent studies have reported that RIP 140 also interacts with PP AR; however, 

Miyata and colleagw::s (1998) identifies this interaction as ligand-independent in solution, 

whereas Treuter and colleagues (1998) observes a ligand-enhanced interaction in solution 

(although RIP 140 irteractions with PP ARaJRXR.a bound to DNA proved to be ligand­

independent). In ccntrast to a role for RIP 140 as a co-activator, the PPAR ligand­

independent interaction with RIP140 leads to a repression in transcriptional activity of 

PP ARa!RXR.a in both mammalian cells (Miyata et al., 1998, Treuter et al., 1998) and 

yeast cells (Treuter et al., 1998). Similarly, transient transfection studies of RIP 140 and 

the ER receptor (Cavailles et al., 1995), as well as studies performed in yeast (Joyeux et 

al., 1997), demonstrate that only minimal activation is achieved upon co-transfection/co­

transformation, which is subsequently repressed as RIP 140 concentrations, in 

transfections, are increased. RAR-mediated activation was also shown to be repressed 

upon co-transfection with RIP 140 (Chakravarti et al., 1996). Furthermore, RIP 140 fails 

to interact not only with CBP (Kamei et al., 1996) but also with basal transcription 

factors such as TBP :md TFiffi (Cavailles et al., 1995), indicating an inability to function 

as a co-activator/briC.ging molecule with the transcription initiation complex. As well, a 

recent study has demonstrated the inability of RIP 140 to functionally substitute for 

SRC-1 (Torchia et al., 1997). Thus, despite the similarities between RIP140 and other 
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co-activators such a~: the SRC-1 family, a true 'co-activator' role for RIP140 has come 

under question. Our laboratory, and others, have suggested that RIP 140, under certain 

experimental conditions, acts to attenuate the transcriptional response of nuclear hormone 

receptors by preventing functional interactions with other, more potent co-activators. 

1.4.2 An Overview uf the Co-activator SRC-1 

The steroid receptor co-activator 1 (SRC-1) was originally identified as a human 

progesterone receptor (hPR) interacting protein, via a yeast dihybrid screen of a human ~ 

lymphocyte eDNA ~~xpression library (Ofiate et al., 1995). Subsequent studies have 

shown this initial SRC-1a was a partial clone and the full-length SRC-1a (F-SRC-1a), in 

both human (Kalkoven et al., 1998) and mouse (Kamei et al., 1996, Yao et al., 1996), 

was subsequently isolated and shown to possess an N-terminal extension, which 

exhibited a high degree of homology to a PAS-A-basic-helix-loop-helix (bHLH) domain, 

beyond the original SRC-1 a N-terminus. Furthermore, four other murine SRC-1 clones 

have been isolated including SRC-1b (anN-terminal variant of F-SRC-1a), SRC-1c, d 

and e (C-terminal variants ofthe F-SRC-1a), and one human C-terminal variant SRC-1e 

(Kamei et al., 1996, Kalkoven eta/, 1998). 

As its name implies, SRC-1 has been identified as a member of the transcriptional 

co-activating protein family and has been shown to interact with and activate a number of 

receptors including PR, ER, RAR, RXR, TR, GRand PPARy in a ligand-dependent or 

ligand-enhancing m:mner (reviewed in Shibata eta!., 1997, Glass et al., 1997). These 

interactions have been shown to be dependent upon the LXXLL signature motif, four of 

which are located in SRC-1a (and three in SRC-le) (Heery et al., 1997, Kalkoven et al., 
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1998). In turn, the AF-2 domain (helix 12) of various receptors has been shown to be 

required for efficient SRC-1 binding and subsequent activation but also makes contacts 

with SRC-1 via its AlB domains and other areas of the LBD (Takeshita et al., 1996, 

Jeyakmur et al., 1997, Ofiate et al., 1998 and reviewed in Shibata et al., 1997). Taken 

together these obsenrations indicate that SRC-1 may mediate AF-1/AF-2 synergism, by 

facilitating a functional interaction between the AlB and AF-2 domains of the same 

receptor (lkonen eta.'., 1997, Webb et al., 1998, Ofiate et al., 1998). 

Further indicatil)n that SRC-1 functions as a co-activator for the nuclear hormone 

receptors resides in four main pieces of evidence; first, a dominant-negative form of 

SRC-1a serves to block nuclear receptor function (Ofiate et al., 1995). Second, 

microinjection antibodies against SRC-1 also block nuclear receptor function (Torchia et 

al., 1997). Third, SRC-1 has been shown to interact with CBP/p300 which, in turn, has 

been shown to interact with p/CAF (both of which exhibit histone acetylase activity) 

suggesting the fornation of multimeric complexes with nuclear receptors, which 

facilitates transcriptional activation oftarget genes. Fourth, SRC-1 interacts in vitro with 

the basal transcription factors TBP and TFIIB (Takeshita et al., 1996) (although 

Kalkoven et al., 1998 report that SRC-1a and e were unable to bind these factors). 

Interestingly, Kalkoven et al., 1998 have also demonstrated that SRC-1 isoforms differ in 

their ability to potentiate ER-mediated activation, where SRC-1e appears to be the more 

potent co-activator end SRC-1a can result in a repression of ER-mediated transcription 

depending upon the :Jromoter context. Lastly, SRC-1 has also been shown to bind to the 

transcription factor AP-1 subunits c-Jun and c-Fos and can potentiate AP-1-mediated 
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transactivation (like CBP/p300), indicating that SRC-1/CBP/p300 may mediate 

transrepression between AP-1 and nuclear receptors in vivo (Lee et al., 1998). 

1.4.3 An Overview of the Co-repressor SMRT 

The silencing mediator (co-repressor) for retinoid and thyroid hormone receptors 

(SMRT) was initially identified as an RXR (although weakly) interacting protein via a 

yeast dihybrid screen of a human lymphocyte eDNA library (Chen and Evans, 1995). As 

its name implies, Sl\1R.T acts as a co-repressor of a GAL-4 dependent reporter when 

fused to the GAL-4 DNA binding domain (Chen and Evans, 1995). SMRT has been 

shown to interact with RAR, TR and marginally to RXR in a ligand-independent manner 

where addition of ligand reduces these interactions (although in the case of RXR the 

effect observed was slight) (Chen and Evans, 1995). Furthermore, SMRT interacts with 

the RXRIRAR heterodimer in mammalian cells in the absence of ligand but fails to 

interact in its presen;e (Chen et al., 1996). Subsequently, SMRT was shown to mediate 

the transcriptional si:.encing ofRAR and TR (but not RXR where no effect was obserV'ed 

under the experimental conditions employed) (Chen and Evans, 1995). SMRT is further 

implicated as a nuclear receptor co-repressor based on three other main points of 

evidence; first, the receptor-interacting domain of SMRT antagonizes the repressive 

effect of both RAR and TR and, therefore, acts as a dominant-negative form of SMRT 

(Chen et al., 1996). Second, SMRT is highly related to another identified nuclear 

receptor co-repressor, N-CoR (Chen et al., 1996, Lavinsky et al., 1998 and reviewed in 

Perlmann and Vennstrom, 1995, Shibata et al., 1997). Third, SMRT has also been shown 

to interact with both mSin3A and the histone deacetylase 1 (HDAC1) and has therefore 



30 

been implicated in tr,mscriptional repression as deacetylation of core histones (thought to 

prevent access of transcription factors to the DNA template) (Nagy et al., 1997 and 

reviewed in Pazin ani Kadonaga, 1997). 

A recent repor1 has demonstrated that multiple mechanisms exist, which impart 

specificity of nuclea· hormone receptor interactions with various co-repressors such as 

SMRT and N-CoR vrhich include the nature of the ligand, the levels of available SMRT 

and N-CoR, DNA re:;ponse element binding and subsequent heterodimer partner polarity, 

and regulation of the nuclear hormone receptors by multiple signal transduction pathways 

(protein kinase-dependent signaling cascades which can inhibit co-repressor recruitment, 

as observed for ER, PR and RAR, or stimulate co-repressor recruitment, as observed for 

PPARy) (Kurokawa 1?! al., 1995, Lavinsky et al., 1998). 

1.5 Previously Completed Work 

The versatility of the yeast dihybrid system provides the user with an in vivo assay 

for detecting protein-protein interactions in Saccharomyces cerevisiae as well as an 

effective method of genetic screening for novel proteins. We employed this system as a 

genetic screen for proteins, which interact with RXR.a. In screening a Hela cell eDNA 

library, fused to the GAL 4 activation domain (GAD) with hRXR.a, bound to the GAL 4 

DNA binding domam (GBD), we were able to isolate SM1 (Miyata et al., 1996), a 

truncated form of a novel nuclear receptor later cloned and termed LXR.a (Willy et al., 

1995, Miyata et al., 1996). Concurrently, Kenji Miyata, using rnPPARa (fused to the 

GBD) and the same GAD-eDNA library, also isolated an LXR.a clone (Miyata et al., 
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1996). Subsequentl~r, the full length LXRa clone was constructed as outlined in Section 

2.1.7.3 (Miyata et al , 1996) (refer to Figure 1 ). 

Initial characterization studies of LXRa, performed by Kenji Miyata and Hansa 

Patel, revealed that the 1.9kb LXR.a mRNA is expressed in highest abundance in the 

liver and heart but is also detected in the kidney, intestine, spleen, lung, pancreas, skeletal 

muscle and testis (l\Z:iyata et al., 1996 as confirmed by Willy et al., 1995). As well, in 

vitro studies using maltose binding protein (MBP)-RXR.a fusion proteins in protein 

binding assays showed that LXR.a interacts with RXR.a in the absence of a DNA target 

site (Miyata et al., 1996). 

As part of the LXR.a characterization studies we investigated the DNA binding 

specificity of LXR.a and RXR.a using electrophoretic mobility shift analysis (EMSAs). 

For these experime'lts we synthesized a series of oligonucleotides which contained 

AGGTCA half sites, present as direct repeats, spaced by zero to five nucleotides (DRO to 

DR5). Using in vitro translated LXR.a and RXR.a we were able to show that LXRa 

heterodimerized with RXR.a and bound preferentially to the DR4 response element and 

weakly to the DR3 and DR5 response elements (Miyata et al., 1996). Furthermore, 

LXRa and RXR.a were also shown to bind to the LXRE-LThiTV, as previously 

determined by Willy and colleagues (1995). 

Interestingly, SM1 and RXRa heterodimer formation on the DNA response elements 

DR4 and LXRE-LThiTV was greatly diminished in comparison to LXR.aJRXR.a./DR4 and 

LXR.a.IRXR.a.ILXRE-LThiTV complex formation (demonstrated in Section 3 .2.1). The 
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SM1 clone is missing the first 61 amino acids of theN-terminus (AlB domain) and also 

possess an N-terminal extension sequence different than the native LXR.a sequence. 

Furthermore, as demonstrated in Section 3 .2.1, EMSA analysis revealed the existence of 

a second band shift (shift B) whose mobility was slightly slower than that of the 

LXR.a!RXR.a!LXRE complex mobility. Interestingly, this second species was absent in 

EMSA experiments with SM1/RXR.a/LXRE. These observations subsequently led to 

investigations ofthe AlB domain ofLXR.a, presented in Section 3.2. 

Initial transient transfection assays with LXR.a and RXR.a demonstrated that 

LXR.a!RXR.a can constitutively activate transcription of a reporter gene that contained 

the DR4 LXRE but not the DR1 response element (Miyata et al., 1996). The addition of 

9-cis retinoic acid, a known RXR ligand, only potenitated this activation slightly (also 

seen in Section 3 .1.1 ) (Miyata et al., 1996, Willy et al., 1995). 

LXR.a has also been shown to interact with PP ARa as determined by both a yeast 

two-hybrid assay and protein binding assays with MBP-PP ARa fusions; however, an 

LXR.a/PPARa response element has yet to be identified (Miyata et al., 1995). EMSA 

analysis demonstrat(:d that LXR.a inhibits binding of RXR.a/PPARa heterodimers to 

both rat fatty acyl-CoA oxidase (Aox) and enoyl-CoA hydratase/3-hydroxyacyl-CoA 

dehydrogenase (HD) PPREs (Miyata et al., 1996). Similarly, PPARa inhibits binding of 

LXR.a!RXR.a heterodimers to both DR4 and DRS LXR.Es (Miyata et al., 1996). 

Furthermore, transient transfection assays indicated that LXR.a can antagonize 

RXR.a/PP ARa-medi ated transcriptional activation (Miyata et al., 1996). These 
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observations, taken together, implicate LXR.a as a negative regulator of PP ARa­

mediated transcriptional activation. 

Thus, taken together, these preliminary studies of LXR.a contributed to our 

understanding of the role of LXR.a in not only novel and distinct retinoid response 

pathways, but also in modulating PPAR-signaling pathways in the cell, thereby indicating 

a convergence of distinct receptor signaling pathways. Ultimately, these initial 

investigations opened the door for further functional analysis ofLXR.a. 

1.6 Project Overview 

Upon commenc~~ment ofthis project, little was known about LXR.a apart from those 

initial investigations outlined in Section 1.5. Thus, in order to determine the mechanism 

by which LXR.a functions as a transcriptional regulator of target genes, a number of 

integrated characterization studies were designed, which focused on three main areas of 

LXR.a investigation; first, examination of the transactivation properties of LXR.a, under 

various conditions ir. vivo, second, delineation of the role of the LXR.a AJB domain in 

transactivation via LXR.a AJB domain deletion studies and third, the identification of 

potential co-factors which may functionally interact with LXR.a, thereby aiding in the 

LXR.a-mediated transcriptional response. 

Investigations of the transactivation properties of LXR.a, subsequent to those 

initially described in Section 1.5, were facilitated by the identification ofboth the LXRE­

.1MTV response element and LXR.a activators, which includes 22(R)-hydroxy­

cholesterol. These studies were performed in order to ascertain if LXR.a-mediated 
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transcriptional activity exhibits DNA response element (LXRE), activator/ligand or cell 

line specific effects as reported in many other nuclear receptor transactivation studies. In 

doing so, a viable and efficient transient transfection assay was developed for subsequent 

LXR.cx. investigatiom in vivo. Thus, these studies contribute to the delineation of the 

mechanisms and conditions that exist within the cell, which modulate LXR.cx.-mediated 

transactivation. 

Studies of the highly divergent AlB domain of various nuclear receptors have 

implicated this domain as a participant in transactivation and thus, have provided great 

insight into how t liese receptors regulate/modulate transcription of target genes. 

Specifically, a number of these investigations have revealed the existence of an 

autonomous ligand-independent activation domain (AF-1 domain), which can either 

function independently or synergize with the AF-2 domain ofthe same receptor, thought 

to be mediated by the binding of various co-activators. Thus, investigation of the LXR.cx. 

AlB domain was of :;ignificant importance and ultimately utilized a series of LXR.cx. N­

terminal AlB domair deletion constructs. These studies focused on the role, if any, the 

N-terminal 63 amino acids of the LXR.cx. AlB domain played in RXR.cx. heterodimerization 

and subsequent binding to LXREs, co-factor (RIP 140) binding and transactivation. The 

results from these investigations may further serve to indicate the presence or absence of 

a functional AF-1 domain within this region ofLXR.cx.. 

The identification of LXR.cx. co-factors is of particular interest since transcriptional . 

regulation, mediated by other members of the nuclear hormone receptor superfamily, has 

been shown to involve multiple auxiliary co-factors, which function either to repress or 

http:ofLXR.cx
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activate transcription not only through interactions (or lack thereof) between the basal 

transcription machinery and nuclear receptors but also through chromatin remodeling. 

Through a fortuitous sequence of events, the previously identified co-factor RIP 140 was 

isolated, as a partial clone, from a human liver eDNA library via the two-hybrid yeast 

system utilizing PP AR.a as bait. This finding ultimately facilitated LXR.a and RIP 140 

interaction and func·donal studies. Subsequent interaction and functional investigations 

between LXR.a and both the co-repressor, SMRT, and the co-activator, SR.C-1, were also 

performed. Thes€:: co-factor/LXR.a investigations further our understanding of the 

mechanism by which nuclear receptors achieve specificity and diversity in the activation 

of target gene expre~sion. 



CHAPTER TWO 


MATERIALS AND METHODS 


2.1 Materials 

2.1.1 Chemicals anti Reagents 

The chemicals and reagents employed in this research, and the corresponding 

companies from which they were obtained, are outlined below: 

agarose (electrophoresis grade) 

agarose (NuSieve-G TG) 

agar 

amino acids 

ampicillin 

Bacto-peptone 

BioRad protein assay 

bovine serum album in 

cesium chloride (molecular biology grade) 

charcoal, Dextran coated 

chloramphenicol 

coenzyme A 

deoxynucleotide triphosphates (dNTPs) 

dithiothreitol · (DTT) 

Life Technologies 

FMC Bioproducts 

Becton Dickinson and Company 

Sigma Chemical Company 

Sigma Chemical Company 

Difco Laboratories 

BioRad Laboratories 

Pharmacia Biotech 

Life Technologies 

Sigma Chemical Company 

Sigma Chemical Company 

Sigma Chemical Company 

Pharmacia Biotech 

Sigma Chemical Company 

36 
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dimethylsulphoxide ~MSO) Caledon Laboratories 

Glutathione Sepharose 4B Pharmacia Biotech 

22(R)-Hydroxychole sterol (22 (R)-OH-CH) Research Plus 

isopropylthio-J3-D-galactoside (IPTG) Life Technologies 

kanomycinsulfate Boehringer Mannheim 

L-glutamine Life Technologies 

luciferin Biosynth 

:MEM sodium pyruvate solution (IOOmM) Life Technologies 

molecular weight standards 

50 bp DNA ladder Life Technologies 

1 Kb DNA ladder Life Technologies 

lKb Plus DNA ladder Life Technologies 

low range SDS-PAGE standards BioRad Laboratories 

high range SDS-F AGE standards BioRad Laboratories 

Nonidet P-40 (NP-40) BDH Chemicals 

penicillin (5,000/ml)/ streptomycin (5,000f..lg/ml) Life Technologies 

phenylmethylsulphonylflouride (PMSF) Boehringer Mannheim 

Protease inhibitor co:::ktail tablets Boehringer Mannheim 

polydldC Pharmacia Biotech 

PPO (2,5-diphenylo:xazole) scintanalyzed Fischer Scientific 

SX reporter lysis buffer Promega 

9-cis retinoic acid (9--cis RA) Sigma Chemical Company 
Biomol Research Laboratories 
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Salmon sperm DNA Sigma Chemical Company 

Sephadex G-50 Pharmacia Biotech 

serum, calf Life Technologies 

serum, fetal bovine Sigma Chemical Company 

sodium dodecyl sum,te (SDS) Sigma Chemical Company 

Triton X-100 BDH Chemicals 

Wy-14,643 ChemSyn Laboratories 

X-GAL (5-bromo-4-:hloro-3-indoyl-(3-D­ Life Technologies 
galactoside) 

yeast extract Becton Dickinson Company 

yeast nitrogen base (without amino acids) Difco Laboratories 

2.1.2 Enzymes 

The enzymes th:tt were employed in this research , and the corresponding companies 

from which they were obtained, are outlined below. All enzymatic reactions were 

performed as recommended by the manufacturer. 

calf intestinal alkaline phosphatase New England Biolabs 

DNA polymerase I QClenow) New England Biolabs 

lysozyme Sigma Chemical Company 

restriction endonucleases New England Biolabs 

RNAseA Pharmacia Biotech 

SP6 RNA polymerase Prom ega 

T3 RNA polymerase Pro mega 

T7 RNA polymerase Prom ega 
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T7 DNA polymerase 

T4 DNA ligase 

T4 polynucleotide k:nase 

Vent DNA polymemse 

2.1.3 Radiochemicals 


L-C5S]-methionine ( 1151 Ci/mmol; 1 OfJ.Ci/fJ.l) 


[a-32P]dATP (3,000 Cilmmol; 10fJ.Ci/fJ.l) 


[ 
14C]-labeled molecular weight markers 

high range molec Jlar weight markers 

broad range molecular weight markers 

2.1.4 Yeast Strains and Growth Conditions 

Pharmacia Biotech 

New England Biolabs 

New England Biolabs 

New England Biolabs 

NEN Life Science Products 

Amersham Canada Ltd. 
NEN Life Science Products 

Life Technologies 

Amersham Canada Ltd. 

The PCY2 yea~;t strain, employed in this study, is of the genotype: MATa !J.gal4 

!J.ga/80 URA3::GAll-/acZ lys2-801amber his3-!J.200 trp-!J.63 leu2 ade2-101ochre, and was 

a generous gift from Dr. P. Chevery, The Johns Hopkins University School of Medicine, 

Baltimore, MD (Ch~:very and Nathans, 1992). The Y190 yeast strain, employed in this 

study, is of the genotype: MATa, leu2-3,ll2, ura3-52, trp1-901, his3-!J.200, ade2-101, 

gal4!J.gal80!J. URA3 GAL-lacZ, LYS GAL-IDS3, cyhr, (Harper et al., 1993). Yeast were 

grown at 30°C in ei1her YPD media (rich media containing 1% bacto-yeast extract, 2% 

bacto-peptone and 2% glucose) or in synthetic complete (SC) media (0.67% bacto-yeast 

nitrogen base (withoJt amino acids), 2% bacto-agar, 2% glucose and 0.2% drop-out mix 

(contains all amino acids except those being selected for)). 

http:trp-!J.63
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2.1.5 Bacterial Strains and Growth Conditions 

The DH5a. baeterial strain, employed in this study, is of the genotype: F, 

<j>80.MacZ.M115 11(/acZY A-argF) U169 deoR recA1 hsdR11 (rk·, mk) phoA supE44 ').; 

thi-1 gyrA96 re/Al. Bacteria was routinely grown at 37°C in 2YT media ( 1.6% bacto­

tryptone, 1% bacto-y,~ast and 0.5% NaCl) which was supplemented with either 100 J..Lg/ml 

ampicillin or 30 J..Lg/ml kanamycin under selective conditions. 

2.1.6 Mammalian C~ll Lines 

The BSC40 cell line are African Green Monkey Kidney cells derived from the 

BSC-1 cell line adapted to 40°C (Brockman and Nathans, 1974) and were obtained from 

the Massachusetts lm:titute ofTechnology (MIT). 

The COS-1 cell line are African Green Monkey Kidney cells, established from CV -1 

simian cells transformed by an origin-defective mutant of SV 40 which codes for wild­

type T antigen (Glm:man, 1981), and were obtained from the American Type Culture 

Collection (ATCC). 

The Hep G2 cell line are human liver hepatoblastoma cells (Aden et al., 1979, Aden 

et al., 1980) and wen: obtained from the American Type Culture Collection (ATCC). 

2.1.7 Oligonucleotid,~s 

The oligonuclectides outlined in Table 2 were employed for PCR amplification, 

construction of vectc rs, DNA sequencing or radioactive probe preparations for EMSA 

analysis. All oligom.cleotides were prepared by the Central Facility of the Institute for 

Molecular Biology (MOBIX), McMaster University or Dalton Chemical Laboratories, 

North York. 
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Table 2: Oligonucleotides 

Oligo-
Nucleotide 

Sequence Purpose 

AB 1118 :.TAA'rACGACTGCACTATAGGG~ T7 promoterpr.Uner 
AB5597 :.GATITAGGTGACACTATAG; SP6 promoter pr.Uner 
AB4589 :.GATI:CCAGGTCACAGGAGGTCAGAA3 

. Dr4 (A) 
AB4590 YGATI :TTCTGACCTCCTGTGACCTGG~ Dr4 (B) 
AB6291 :.GCGI:GGATCCGGTACCATGTCCTTGTGGCTGGGGG 

c3' 
LXR (for) PCR 

AB6292 YGCGI:GGATCCGATATCTCATTCGTGCACATCCCAG 
ATC3 , 

LXR (rev) PCR 

AB6554 YGCGI :GGTACCATGGGCGCACAGGATGCAAGCAG~ RIPM (for) PCR 
AB6555 YGCGI:GGTACCATGGCCAGGATGCCCCACTCTGC3 

, RIPd2 (for) PCR 
AB6556 YGCGI :OGTACCATGACAGCCCTGCTCACCAGGG~· RIPd3 (for) PCR 
AB6557 :.GGG13TTAGGCCTTGTCCCCACACACACTGCATG~ RIP deletions (rev) 

PCR 
AB6011 YTGTi ~TCTTATGGTACTGTAACTG~ PGL2 sequencing 

primer 
AB6746 :.GAT< 

CTA3 , 
~CTTGCGGTTCCCAGGGTTTAAATAAGTTCAT LXRE-dMTV (A) 

AB6747 :.GAT< 
AAC3, 

~TAGATGAACTTATTTAAACCCTGGGAACCGC LXRE-dMTV (B) 

AB9324 :.·GGGI :TGGCAAGCCACGTTTGGTG~ GST sequencing primer 
(5') 

Dalton 1 YGCAC }ACCGGCCCAACGTGCAG~ LXR sequencing pr.Uner 
at Ndel site 

AB14336 YGCGC ~GGATCCGCTCACGGTGGGAGCTTTTTGTCCT 
GCAG !' 

LXR (rev) pr.Uner for 
AF-2 domain deletion 

AB13685 :.GGAI}TGAGAGTATCACCTTCCTCAAGG LXR internal 
sequencing primer at 

the EcoRI site 

2.1.8 Plasmids 

2.1.8.1 Commercially Available Vectors 

pSG5: Obtained from Stratagene, pSGS is an ampicillin resistant eukaryotic expression 

vector containing an SV40 early promoter and an SV40 poly-A signal and a T7 promoter 

upstream of the multiple cloning site (MCS). 

pRc/CMV: Obtaim:d from Invitrogen, pRc/CMV is an ampicillin resistant eukaryotic 

expression vector containing enhancer-promoter sequences from the immediate-early 
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gene ofthe human cytomegalovirus (CMV) and a poly-A signal from the bovine growth 

hormone (BGH) gene. It also possesses both a T7 and an SP6 promoter flanking either 

side of the MCS. 

pGL2: Obtained from Promega, pGL2 is an enhancerless SV40 promoter/luciferase 

expression vector which is ampicillin resistant. 

pGEX-2T (GST): Obtained form Pharmacia Biotech, pGEX-2T is an ampicillin resistant 

bacterial expression vector which contains a tac promoter, a lac operon and a thrombin 

recognition (cleavage) site upstream ofthe GST gene. The MCS of the vector is adjacent 

to the GST domain. 

pGEX-2TK (GST): Obtained form Pharmacia Biotech, pGEX-2TK is identical to 

pGEX-2T except that this vector contains a protein kinase site between the GST domain 

and the MCS and do,;vnstream of the thrombin recognition site. 

pGBT9: Obtained form Clontech Laboratories, pGBT9 is an ampicillin resistant DNA­

binding domain hybrid cloning vector (GAL4 DNA-binding domain (aa 1-147)) which 

can be employed to generate target protein fusions with the GAL4 DNA binding domain. 

pGBT9 also carries a. TRP1 selectable marker which allows yeast auxotrophs to grow on 

limiting synthetic media. 

pGAD 424: Obtainei form Clontech Laboratories, pGAD 424 is an ampicillin resistant 

activation domain hybrid cloning vector (GAL4 activation domain (aa 768-881)) which 

can be employed to .~enerate protein fusions with the GAL4 activation domain. pGAD 

424 also carries a LEU2 selectable marker which allows yeast auxotrophs to grow on 

limiting synthetic media. 
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2.1.8.2 Plasmids Constructed By Others 

pSG5-RXRa.: contains full length human RXR.a., cloned into the EcoRI site of pSG5 

(Marcus et al., 1993). 

pSPUTK: a generous gift from Dr. Andrews (Falcon and Andrews, 1991), pSPUTK is a 

transcription/translat.on vector whose MCS site is flanked by SP6 and T7 promoters. 

pSPUTK-SMl: cortains an amino terminal truncated clone of LXRa. (aa 62-447), 

obtained from Jamie Ingles, which also possesses an extension piece (employed for 

cloning purposes) at the amino terminus (M,G,C,R,N,S,A,R,A, T3
) which is different 

from that ofthe native LXRa. sequence. 

pSPUTK-RIPl: contains an amino terminal truncated clone of LXRa. (aa 6-447), 

obtained from Hansa Patel. 

pRc/CMV-RIPl: contains an amino terminal truncated clone of LXRa. ( aa 6-44 7), 

obtained form Hansa Patel. 

pRc/CMV-LXRa.: <:;ontains full length human LXRa., obtained from Hansa Patel 

(Miyata et al., 1996). 

pGBT9-LXRa.: contains full length human LXRa., obtained from Hansa Patel, and 

cloned into the BamBI site ofpGBT9. 

pGEX-2TK-mPPAF~a. (GST-PPARa.): contains full length mPPARa cloned into the 

BamHI site of pGEX-2TK, obtained from Lisa Meertens. 

TK-LXRE3-LUC: was a generous gift from Dr. Mangelsdorf (Willy et al., 1995) and 

contains three copies of the LXRE-L1MTV DNA response element cloned into the Hindiii 

site of a TK-LUC vector in a tandem repeat configuration(~~~). 

http:transcription/translat.on


44 

pGAD-RIP 140: contains aa 164-869 ofRIP 140, obtained from Kenji Miyata, and was 


isolated from a Matchmaker human liver eDNA library (cloned into pGADIO (Clontech)) 


in a yeast two-hybrid analysis using mPP ARa as bait (Miyata et al., 1998). 


pEF-BOS: was a ~;enerous gift from Dr. Parker (Cavailles et al., 1995), and is an 


ampicillin resistant ~~ukaryotic expression vector and contains an elongation factor lex. 


(EF-la) promoter region and a poly-A signal from human granulocyte colony­

stimulating factor (G-CSF) eDNA (Mizushima and Nagate, 1990). 

pEF-BOS-RIP 140: was a generous gift from Dr. Parker (Cavailles et al., 1995) and 


contains full length RIP 140. 


pBiuescript ll SK(--)-RIP 140: was a generous gift from Dr. Parker (Cavailles et al., 


1995) and contains fhlllength RIP 140. 


pGEX-2TK-(N-term)-RIP 140 (GST-RIP 140 (N)): contains aa 1-479 of RIP 140 


cloned downstream and in frame of the GST gene (Miyata et al., 1998). 


pGEX-2TK-(C-temi)-RIP 140 (GST-RIP 140 (C)): contains aa 656-1158 of RIP 140 


cloned downstream and in frame of the GST gene (Miyata et al., 1998). 


pBK-CMV-SRC-1: was a generous gift from Dr. O'Malley (Onate et al., 1995) and 


contains a truncated form of SRC-1 (aa 378-1441) (Shibata et al., 1997) cloned into the 


eukaryotic expressior1 vector pBK-CMV (Stratagene) which is kanamycin resistant and 


possesses both a T3 1md a T7 promoter flanking either side of the MCS site. 


pCMX-SMRT: wa~: a generous gift from Dr. Evans (Chen and Evans, 1995) and 


contains full length human SMRT eDNA but does not contain the aa 1330-1375 
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alternative spliced insert. The pC.MX vector is an ampicillin resistant eukaryotic 

expression vector with a CMV promoter and also contains a T7 promoter. 

2.1.8.3 Plasmids Constructed For Project: 


pGAD-SMl: encod,~s aa 61-447 of LXR.a. and was isolated form a Hela cell eDNA 


library constructed in the GAD vector pGADGH (Clontech) in a yeast two-hybrid 


analysis using RX.Ro~ as bait (Miyata et al., 1996). 


pSPUTK-LXRa.: 

a) 	 Cloning full length LXR.a. eDNA was performed in collaboration with the 

Rachubinski labcratory (Miyata et al., 1996). Using pGAD-SM1 as a probe, a 1.7kbp 

eDNA was isokted from a A.gt11 human liver eDNA library (Stratagene) whose 

sequence was shown to contain the entire 44 7 amino acid long open reading frame of 

LXRa. (Miyata et al., 1996). This eDNA by convention was designated LXR.a. and is 

essentially identical at the amino acid level to the published sequence of LXRa. 

(Willy et al., 1995). The only differences noted are a phenylalanine in place of a 

leucine at position 192 and an alanine in place of an arginine at position 196. 

b) 	 The entire open ~eading frame of LXR.a. was amplified from the human liver eDNA 

library plasmid by the polymerase chain reaction (PCR) with oligonucleotides 

AB6291 and AB6292 an was cloned into the Bglll sites of pSPUTK. This construct 

was then digest(;:d with Apal and Bglll and replaced with the Apai!Bglll fragment 

from pSPUTK-RIP 1 in order to obtain the full length clone with minimal PCR 

product. The final pSPUTK-LXRa. was sequenced. 
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pSPUTK-RIPAl: is an amino terminal truncated clone of LXRa. (aa 24-447) and thus 

lacks the initial 23 ~mine acids. This plasmid was constructed via the PCR technique 

which employed the oligonucleotides AB6554 and AB6557 in order to amplify bp 70­

316 ofLXRa. from pSPUTK-LXRa.. This PCR product was then cleaved with Kpni and 

Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.. 

The PCR product p01tion of this clone was sequenced. 

pSPUTK-RIPA2: is an amino terminal truncated clone of LXRa. (aa 44-447) and thus 

lacks the initial 43 amino acids. This plasmid was constructed via the PCR technique 

which employed the oligonucleotides AB6555 and AB6557 in order to amplify bp 130­

316 ofLXR.a. from pSPUTK-LXRa.. This PCR product was then cleaved with Kpnl and 

Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.. 

The PCR product pOition of this clone was sequenced. 

pSPUTK-RIPA3: is an amino terminal truncated clone of LXRa. (aa 64-447) and thus 

lacks the initial 63 amino acids. This plasmid was constructed via the PCR technique 

which employed the oligonucleotides AB6556 and AB6557 in order to amplify bp 190­

316 ofLXR.a. from pSPUTK-LXRa.. This PCR produqt was then cleaved with Kpnl and 

Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.. 

The PCR product portion ofthis clone was sequenced. 

pRc/CMV-RIPA2: i; an amino terminal truncated clone ofLXRa. (aa 44-447) and thus 

lacks the initial 43 amino acids. This plasmid was constructed by digesting pRc/CMV­

RIP1 with Hindiii!EeoRI and isolated a 1.4 kb fragment (C-terminus of LXRa. and part 
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of the pRc/CMV) and the large remammg fragment (fragment 1). Subsequently, 

pSPUTK-RIP.::\2 wa.s digested with Hindlll and EcoRI and the lkb piece was isolated. 

The fragment 1 (from pRc/CMV-RIP1) was ligated to the 1kb Hindiii!EcoRI piece 

isolated from pSPUTK-RIP.::\2. The resulting clone was then digested with EcoRI and 

the 1.4kb piece from pRc/CMV was cloned into the resulting site. 

pRc/CMV-RIPA3: is an amino terminal truncated clone ofLXR.a (aa 64-447) and thus 

lacks the initial 63 ~.mino acids. This plasmid was constructed by digesting pRc/CMV­

RIPI with Hindiii/EcoRI and isolated a 1.4 kb fragment (C-terminus ofLXR.a and part 

of the pRc/CMV) and the large remaining fragment (fragment 1). Subsequently, 

pSPUTK-RIP.::\2 wa; digested with Hindlll and EcoRI and the 1kb piece was isolated. 

The fragment 1 (from pRc/CMV-RIP1) was ligated to the 1kb Hindiii!EcoRI piece 

isolated from pSPUTK-RIP.::\2. The resulting clone was then digested with EcoRI and 

the 1.4kb piece from pRc/CMV was cloned into the resulting site. 

pSGS-LXRa: contains full length LXR.a and was constructed via the PCR technique 

with oligonucleotides AB6291 and AB6292 from pSPUTK-LXR.a. This PCR product 

was digested with B~.mHI and inserted into the BamHI site in pSG5. The resulting clone 

was then digested with Kpnl and EcoRV and replaced with the Kpni!EcoRV LXR.a 

fragment from pSPUTK-LXR.a so that no PCR product remained. LXR.a, in this vector, 

is in a backward orientation (and can not be transcribed/translated from the T7 promoter) 

and was therefore employed solely as a cloning intermediate. 
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pGEX-2T-LXRa (GST-LXRa): contains full length LXRa fused, in frame, to the GST 

gene. This plasmid was constructed by digesting pSG5-LXRa with BamHI and inserting 

the LXRa BamHI frHgment into the BamHI site ofpGEX-2T. 

pGEX-2T-LXRa-AAF-2 (GST-LXRaMF-2): contains a carboxyl terminal truncated 

clone ofLXRa (aa 1-437) and thus lacks the reported AF-2 domain ofLXRa (Willy et 

al., 1995). This pla1:mid was constructed via the PCR technique with oligonucleotides 

AB6291 and AB14336 from pSPUTK-LXRa. The PCR product was digested with 

BamHI and cloned into the BamHI site of pGEX-2T. The resulting clone was digested 

with Kpnl and Ndel a.nd replaced with the Kpnl/Ndel fragment isolated from pGEX-2T­

LXRa in order to obtain a clone with minimal PCR product. The remaining PCR 

product of this clone was sequenced (Ndel site to the end). 

pGEX-2T-RXRa (GST-RXRa): contains full length human RXRa fused, in frame, to 

the GST gene. This plasmid was constructed by digesting pGEX-2T with EcoRI and was 

subsequently bluntec using the Klenow fragment of DNA polymerase. RXRa was 

isolated from pGEM'7Zf( +)-RXRa using Bglll and the resulting ends were also blunted 

with Klenow. The RXR.a blunt fragment was then cloned into the blunted pGEX-2T 

vector. 

pDR4(X2)1uc: contains two copies of the synthetic DR4 direct repeat element, in an 

everted configuratior., in the enhancerless SV 40 promoter/luciferase expression vector 

pGL2. The plasmid was constructed by digesting the double-stranded oligonucleotides 
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(AB4589 and AB4590) with BamHI and subsequently cloned the fragment into the Bglii 

site ofpGL2 (Miyata et al., 1996) (~~). 

2.2 Methods 

2.2.1 Purification of Plasmid DNA 

2.2.1.1 Small Scale Plasmid DNA Purification 

The method for small scale (miniprep) preparation of plasmid DNA employed in 

this study is a lysis by boiling method (Sambrook et al., 1989). Plasmid DNA was 

extracted from 1.5 rrJ ofpelleted saturated bacterial culture, grown overnight at 37°C in 5 

ml of 2YT supplemented with either ampicillin (final concentration 100 jlg/ml) or 

kanamycin (final co:1centration 30 jlg/ml). The resulting pellet was resuspended in 350 

Ill of STET buffer (C1.1 M NaCI, 10 mM Tris-HCl pH 8.0), 1 mM EDTA pH 8.0) and 5% 

Triton X-100) and 2:; Ill of fresh lysozyme ( 10 mg/ml in 10 mM Tris-HCl pH 8.0). The 

sample was subseqw:mtly incubated in a boiling water bath for 40 sees followed by a 10 

min centrifugation in order to pellet the cell debris. The resulting supernatant was 

collected in a fresh tube and 200 Ill ofNI4Ac and 700 Ill of isopropanol was added. The 

sample was then frol:en in liquid nitrogen for 5 mins and centrifuged at 14,000 rpm at 

4°C for 20 mins. The resulting DNA pellet was washed with 70% ethanol and the DNA 

was ultimately resmpended in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) 

containing RNAse A (100 j.J.g/ml). 

2.2.1.2 Large Scale Plasmid DNA Purification (Qiagen method) 

The method for large scale (maxiprep) preparation of plasmid DNA, using Qiagen 

prepared DNA purifi1~ation columns (composed of a modified anionic silica-gel resin that 
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binds dsDNA and e~Ccludes such contaminants as RNA and cell debris), is based on the 

alkaline lysis procedure. Each plasmid was also subjected to chloramphenicol 

amplification. Thus, for each plasmid preparation, a 50 ml flask of 2YT media 

(containing either ampicillin (100 f..!g/ml) or kanamycin (30 f..!g/ml)) was inoculated with 

a single colony and was grown overnight in a shaking incubator at 37°C. After 16 hrs, 25 

ml of the ovemigh1 culture was added to 500 ml of 2YT media (containing either 

ampicillin (100 f..!g/ml) or kanamycin (30 f..!g/ml) and was grown to an OD600 of 0.6. 

Chloramphenicol was subsequently added to the culture at a final concentration of 34 

mg/ml and the culture was grown for another 16 hrs in a shaking incubator at 37°C. This 

overnight culture was then harvested the next day and was applied to the Qiagen column. 

Preparation ofthe cellular extract, application to the column, subsequent washes, elution 

and DNA precipitation were performed as recommended by the manufacturer. The 

resulting DNA pellet was resuspended in sterile TE (pH 8.0). 

2.2.1.3 Large Scale !Plasmid DNA Purification (CsCl method) 

The method for large scale (maxiprep) preparation of plasmid DNA, using a CsCl 

gradient method, is based on the alkaline lysis procedure. Cultures were grown as 

previously described in Section 2.2.1.2 with chloramphenicol amplification. The 

resulting culture was ultimately harvested the by centrifugation at 5,000 rpm for 15 mins 

at 4°C and the resulting pellet was resuspended in 21 ml of cold Solution I (50 mM Tris­

HCI (pH 8.0), 10 mM EDTA (pH 8.0), 100 f..!g/ml RNAse A, 50 mM glucose) and 

incubated at room temperature for 10 mins. Subsequently, 44 ml of Solution II (200 mM 

NaOH, 1% SDS) wa:; added and the mixture was gently mixed and incubated on ice for 
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10 mins. Lastly, 22 ml of cold Solution III ( 3.0M K.Ac (pH 5.5)) was added and the 

mixture was incubated on ice for 10 more mins. The cell debris was pelleted at 4°C at 

16,000 rpm for 20 mins. The supernatant was filtered through sterile gauze into a sterile 

graduated cylinder a1d 0.6X the volume of isopropanol was added. Once transferred to a 

fresh bottle, the mix-:ure was incubated at 4°C for 1 hr and subsequently spun at 4°C for 

30 mins at 16,000rpm. The resulting pellet was washed with cold 70% ethanol and was 

resuspended in 9.5ml of sterile, deionized water. To this solution, 10 g of CsCl 

(molecular biology grade) was added and mixed well which was followed by an addition 

of lml of ethidium bromide (10 mg/ml). In order to clear the solution, the mixture was 

spun at 5, 000 rpm at room temperature for 5 mins. The supernatant was then transferred 

to a 13 ml ultracentrifuge tube, balanced with CsCl (I g/ml) and heat sealed. The tubes 

were then loaded into the ultracentrifuge rotor and spun at 55K for 16 hrs at 20°C. After 

the completion ofth~ spin, the lower dark red band (supercoiled DNA) was removed with 

a sterile hypodermic needle and put in a sterile disposable 50 ml Falcon tube. An equal 

volume of water saturated butanol was then added, mixed and the upper pink layer was 

discarded in order to remove all traces of the ethidium bromide. This step was repeated 

until the solution is completely clear. The resulting solution was then precipitated with 

6X TE (pH 8.0) and 3X volume of ethanol and incubated at -20°C for 30 mins. The 

DNA was then pelleted at 13,000 rpm at 4°C for 30 mins. The resulting DNA pellet was 

resuspended in TE (pH 8.0) and the DNA was quantitated by fluorometry. 
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2.2.2 DNA Quantification By Fluorometry 

Plasmid DNA quantitation was determined by fluorometry using a method outlined 

by Hoefer and Hoefer Mini-Fluorometer (TKO 100). All DNA quantitations were 

measured relative to the Calf thymus DNA standard (1 J..Lg/J..Ll). Plasmid DNA was diluted 

into 2 ml of IX TNE buffer ( 1 mg/ml Hoescht 33258 dye, 0.2 M NaCl, 10 mM Tris-HCl, 

1 mMEDTA(pH7.4)). 

2.2.3 Transformati()>n of Plasmid DNA into Bacterial Cells 

2.2.3.1 Preparation of Chemically Competent Bacterial Cells 

DH5a cells were made competent via a modified RbCI method outlined by Ausubel 

et al., 1997. A single colony, obtained from a freshly streaked plate ofDH5a bacterial 

cells, was used to inoculate 50 m1 of 2YT media (no addition of antibiotic) and was 

grown for 16 hrs in a 37°C shaking incubator. This primary culture of noncompetent 

cells was then used to inoculate 250 ml of 2YT and was grown at 37°C to an OD600 of 

approximately 0.45. The cells were then chilled on ice for 10 mins and spun at 4°C for 

20 mins at 3,000 rpm. The pellet was gently resuspended in 20 ml of ice cold RF1 

solution (100 mM RhCl, 50 mM MnCh·4H20, 30 mM KOAc, 10 mM CaCh·ZH20, 15% 

glycerol; adjusted to pH 5.8 with acetic acid; filter sterilized) and incubated on ice for 

lhr. The cells were then pelleted by centrifugation at 4°C for 20 mins at 3,000 rpm and 

then resuspended in g ml of ice cold RF2 solution (10 mM MOPS, 10 mM RbCI, 75 mM 

CaCh·ZH20, 15% glycerol; adjusted to pH 6.8 with NaOH; filter sterilized). The cells 

were ali quoted into pre-chilled sterile eppendorf tubes and were stored at -70°C. 

http:J..Lg/J..Ll
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2.2.3.2 Transformation of Bacterial Cells By Heat Shock 

Approximately 50 I-ll of competent DH5a cells were incubated on ice with 5-10 ng 

of plasmid DNA for 30-40 mins. The resulting mixture was then heat shocked for 90 

sees in a 42°C water bath. Subsequently, the cells were placed on ice and were incubated 

for an additional 5 rnins. The cells were incubated at 37°C in 1ml of 2YT for 1 hr and 

then plated on a 2YT agar plate (with antibiotics) and incubated at 37°C overnight. 

2.2.4 Sequencing 

DNA sequencing was performed using a T
7Sequencing™ Kit obtained from 

Pharmacia Biotech. The template DNA was denatured by mixing 16 I-ll of plasmid DNA 

(5 !-lg) with 1 I-ll of4 M NaOH and 1 I-ll of4 mM EDTA (pH 8.0) followed by incubation 

at room temperature for 5 mins. Then 2 I-ll of 2 M N&A.c and 60 I-ll of ice cold ethanol 

was added and the solution was flash frozen in liquid nitrogen. The solution was spun at 

4°C for 30mins at 14,000rpm and the resulting pellet was washed with 70% ethanol and 

resuspended in 20 1-l of sterile water. Annealing of the primer to the denatured template 

was achieved by incubating 10 I-ll of the DNA (2!-lg) with 2 I-ll of primer (2 pmol) and 2 

I-ll of annealing bufth. The resulting mixture was then •incubated at 60°C for 10 mins and 

then incubated at room temperature for an additional 10 mins. Following this step, 3 I-ll 

oflabeling mix, 1 I-ll of [a-32P]dATP and 2 I-ll of diluted T7 DNA polymerase, was added 

to the mixture and incubated for 5 mins at room temperature. The termination reaction 

was achieved by adding 4.5 I-ll of the mixture to four pre-warmed eppendorf tubes each 

containing 2.5 I-ll of one of the four nucleotide mixes and incubating at 37°C for 5 mins. 
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Following this react1on, 5 1-11 of the stop solution (97.5% deionized formamide, 10 mM 

EDTA (pH 7.5), 0.3% bromophenol blue and xylene cyanol FF) was added to each tube. 

Each of these sample tubes were then heated at 80°C for 2 mins and then were loaded 

onto an 8% acrylamide/7.0 M urea sequencing gel pre-warmed to 50°C. The gel was run 

at a constant 80 watt:; for approximately 2.5-3 hrs per run, dried and exposed to Kodak X­

ray film. 

2.2.5 Polymerase Chain Reaction 

The Polymerase Chain Reaction (PCR) was employed in several cloning strategies 

(as described in Section 2.1.7.3) and was performed as outlined by Ausubel et al., 1997. 

The PCR reaction wa.s comprised of 10 1-11 of 1OX Thermophilic Buffer, containing 2mM 

MgS04 (New England Biolabs), 0-6 1-11 of 100 mM MgS04, resulting in a final 

concentration of2 to 8 mM (New England Biolabs), 10 1-11 of each 4 mM dNTP, resulting 

in a final concentratiCin of 1 mM each, 50-100 ng ofDNA (x 1-11), 1 1-11 ofeach primer 

(I J..LM/100 pmol), 1 1-11 of Vent™ DNA Polymerase (2,000 U/ml) and topped up with 

water to give a total reaction volume of 100 1-11. The initial PCR reaction cycle was 

performed in the absence of the Vent DNA Polymerase and was added just prior to the 

initial extension step so as to optimize the initial annealing of the primer to the template 

DNA Thus, the first cycle began with a 5 mins denaturing step at 95°C, a 1-2 mins 

annealing step at 55°C-70°C depending upon the primers employed ( where the annealing 

temperature was calculated with the formula Tm= 81.5+16.6(log 0.0334)+4Ix(GC 

content/total AGCT c:mtent)-(500/total AGCT content)), and a 1-2 mins extension step at 
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72°C (the extension time varies with the length of the PCR product where 1 Kb/min is 

the general rule). T~e subsequent 29 cycles were performed for 1min at 95°C, 1-2 mins 

at the annealing temperature and 1-2 mins at 72°C. Upon completion of the PCR 

reaction, the sampleB were kept at 4°C and were subsequently analyzed via a 1% agarose 

or 4% NuSieve gel. 

2.2.6 In Vitro Transcription and Translation 

In vitro transctiption and translation reactions were carried out using either the 

Promega uncoupled system (T7, SP6 or T3) or the Promega T3 TNT® coupled system. 

The Promega unco llpled system begins with the transcription reaction which was 

comprised of5 J..Lg ofplasmid DNA (1 J..Lg/Jll) (which contains a T7, SP6 or T3 promoter), 

10 Jll of 5X Transcription buffer, 5 Jll of 100 mM DTT, 1.5 J..Ll Rnasin ribonuclease 

inhibitor (40 U/J..Ll), ::.5 J..Ll of 10 mM ATP, CTP and UTP, 2.5 J..Ll of 1 mM GTP, 5 Jll of 5 

mM m7G (5')ppp(5')G, 3 J..Ll ofT7, SP6 or T3 RNA polymerase (15 U/J..Ll) and 10.5 J..Ll of 

sterile nuclease free water. This reaction mixture was subsequently incubated for 2 hrs in 

a 37°C water bath. This reaction was then subjected to two PCI extractions (25:24:1 ratio 

ofphenol:chloroform:isoamyl alcohol) followed by three chloroform reactions in order to 

extract the RNA. The RNA was pelleted via addition of 600 J..Ll of ethanol, flash freezing 

in liquid nitrogen, and centrifugation at 14,000 rpm for 30 mins at 4°C. The resulting 

RNA pellet was washed repeatedly with 70% ethanol and was resuspended in 25 J..Ll of 

sterile water and 1 ~Ll of Rnasin ribonuclease inhibitor. Lastly, the RNA solution was · 

stored in 2 J..Ll aliquot~ and stored at -70°C. 
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The Promega IJnCoupled system translation reactions were performed with the 

previously prepared RNA (2 J..Ll/50 J..Ll translation reaction). The translation reaction was 

comprised of 2 J..Ll of RNA, 35 J..Ll of rabbit reticulocyte lysate (nuclease treated), 1 J..Ll 

Rnasin ribonuclease inhibitor ( 40U/J..Ll), 1 J..Ll of 1 mM amino acid mixture ( either in the 

absence or presenc1~ of methionine), 4 J..Ll of L-e5S]-methionine (10 mCi/ml)( for 

radioactive translates only) and 7 J..Ll of sterile water. This mixture was then incubated for 

1 hr in 30°C water bath and ultimately stored at -70°C. Radioactive translates were 

tested on a 10% SDS-PAGE gel which was dried and exposed to Kodak X-ray film. 

The Promega T3 TNT® coupled system permits the transcription and translation 

reactions to occur i1 the same reaction mixture. The coupled reaction mixture was 

comprised of 25 J..Ll of TNT® rabbit reticulocyte lysate, 2 J..Ll of TNT® Reaction buffer, 1 

J..Ll of TNT® T3 RNA polymerase, 1 J..Ll of amino acid mixture (minus methionine for 

radioactive reactions), 2 J..Ll of L-e5S]-methionine (10 mCi/ml)(for radioactive reactions 

only), 1 J..Ll Rnasin ribonuclease inhibitor (40 U/J..Ll), 1-2 J..Lg of plasmid DNA (1 J..Lg/J..Ll) and 

topped up with sterile, nuclease free water to a final volume of 50 J..LL The mixture was 

then incubated for 1 5-2 hrs in a 30°C water bath and ultimately stored at -70°C. The 

radioactive translates were tested on a 10% SDS-PAGE gel which was dried and exposed 

to Kodak X-ray film. 

2.2.7 Electrophoretic Mobility Shift Assays 

Electrophoretic mobility shift assays (EMSAs) were performed using a modified 

technique outlined by Fried and Crothers, 1981. The EMSA technique was employed in 
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this study in order to determine the binding of proteins to vanous DNA binding 

sequences and occurs as a two step process; first the DNA radioactive probe is prepared 

and the second step lS the preparation and running of the EMSA (bandshift) reaction on a 

4% nondenaturing acrylamide gel. The preparation of the radioactive DNA probe begins 

with the annealing ::>f the two oligonucleotides in order to obtain dsDNA. This was 

achieved by heating the two oligos at 75°C for 10 mins and then slowly cooled 

(approximately 1 °Cimin) to room temperature. The annealed DNA was then run and 

purified from a 4% NuSieve gel (containing 0.5 f...Lg/ml of ethidium bromide) using NA45 

paper. The DNA was run onto the NA45 paper and was eluted by heating the paper for 

30 mins at 65°C in DEAE elution buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 

8.0), 1 M NaCI). The paper was subsequently removed and the solution was spun at 

14,000 rpm for 5 mins in order to remove any agarose gel debris. The resulting 

supernatant was then isolated and mixed with 10 f...Ll of MgC}z and 1 ml of ethanol and 

centrifuged at 14,000 rpm at 4°C for 30 mins. The DNA pellet was washed with 70% 

ethanol and resuspended in sterile water (resulting in approximately 20 pmol/f...Ll). The 

DNA probe was then radioactively labeled by mixing 1 f...Ll of the previously prepared 

DNA solution, 2.5 ~ll of lOX Klenow buffer, 10 f...Ll [a-32P]dATP, 1 f...Ll of 5 mM dCTP, 

dTTP and dGTP, 8.5 f...Ll of sterile water and 1 f...Ll of Klenow for 20 mins at room 

temperature. The reaction was terminated by the addition of 0. 5 f...Ll of 0. 5 M EDT A and 

75 f.ll was added tc the mixture. The probe was then purified by passing the DNA 

http:pmol/f...Ll
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solution over two S(:phadex G-50 columns and 1 f..ll of the resulting probe was measured 

using a scintillation counter. 

The second step of the EMSA assay involves the preparation of the EMSA reaction 

followed by gel analysis. The EMSA binding reaction is composed of in vitro translated 

non-radioactive proteins, 1 f..ll of polydldC ( 4 f..lg/f..ll), 1 f..ll of bovine serum albumin 

(BSA; 4 f..lg/f..ll), 1 f..ll of salmon sperm DNA (4 f..lg/f..ll), 5 f..ll ofBuffer C (20 mM HEPES­

KOH, 420 mM NaCI, 1.5 mM MgCh, 0.2 mM EDTA, 0.5 mM OTT, 0.2 mM PMSF, 

25% glycerol). This reaction was allowed to incubate at room temperature for 5 mins and 

at which time 20 pmol of the previously prepared DNA probe was added, with x f..ll of 

sterile water for a ::otal reaction volume of 15 f..ll. This final reaction mixture was 

incubated for 30 mins in a 30 °C water bath. Subsequent to the incubation period, 1 f..ll of 

EMSA loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol 

in sterile water) was added and mixed well. The EMSA reaction was then loaded on a 

4% non-denaturing gel and run at a constant 200 volts at 4°C for 2-3hrs. The EMSA gel 

was dried and exposed to Kodak X-ray film. 

2.2.8 Overexpressio n and Preparation of GST Fusion Proteins 

The GST fusion proteins were overexpressed and the cell extracts were prepared for 

subsequent use in solid phase capture assays (Section 2.2.9) using a modified method 

outlined by Kaelin et al., 1991. For each of the GST fusion proteins a single colony, 

isolated from a freshly streaked plate ofDH5a bacterial cells harboring the GST proteins, 

was used to inoculate 50 ml of 2YT in the presence of ampicillin (100 f.!g/ml). This 

culture was grown to saturation overnight in a 37°C incubator. The following day, the 50 
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ml overnight culture was used to inoculate 500 ml of 2YT (2% glucose, ampicillin (1 00 

!J.g/ml)) which was grown for 3-5 hrs at 30 °C until an OD600 of 0.7-0.8 was achieved. 

At this point, IPTG (0.1 mM final concentration) was added and the culture was grown 

for an additional 1.5-3 hrs at 30°C. In order to test the induction of the protein, samples 

of the culture were collected throughout the induction period, pelleted, resuspended in 50 

!J.l of 2X SDS-PAGE loading buffer (100 mM Tris-HCl (pH 6:8), 200 mM DTT, 4% 

SDS, 0.2% bromophenol blue, 20% glycerol), boiled and finally loaded and run on a 10% 

SDS-PAGE gel. The proteins were visualized using staining solution (2.5 !J.g Coomassie 

Brilliant Blue R-250, 450 ml methanol, 100 ml acetic acid, 450 ml sterile water) which 

was soaked with the gel for 20-30 mins followed by an incubation period with destaining 

solution ( 5% methanol, 5% acetic acid) overnight. The gel was then dried and analyzed. 

After the incubation period was complete, the 500 ml culture was chilled on ice for 

15 mins and was then spun at 4°C at 6,000 rpm for 20 mins. The resulting pellet was 

washed twice with PBS buffer (260 mM NaCl, 10 mM Na2HP04, 10 mM NaH2P04) and 

repelleted. The cell extracts were then prepared by resuspended the pellet in 30 ml of 

cold NETN buffer (~:0 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, .5% NP-40 

and one tablet of Protease inhibitor cocktail (Boehringer Mannheim). The solution was 

then divided into 5 ml aliquots and each aliquot were lysed using a probe sonicator for 8, 

30 sec bursts with a 30 sec incubation on ice between intervals. The aliquots were then 

pooled and underwent centrifugation at 10,000 rpm at 4°C for 10 mins. The resulting cell 

extract supernatant was then divided into 1 or 5 ml aliquots and stored at -70°C until 

employed in solid phase capture assays. 
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2.2.9 GST-binding Assay 

GST -binding assays were performed using a modified protocol outlined by Kaelin et 

al., 1991, Cavailles et al., 1995 and L'Horset et al., 1996. The Glutathione Sepharose 4 

B beads were prepHed as outlined by Pharmacia Biotech into a 50% slurry. The GST 

fusion protein whol€~-cell extract was added to the beads ( 1-2 ml of extract/1 0 ~I of 50 % 

slurry) so as to ensure saturation ofthe beads and the mixture was incubated for 1-2 hrs at 

4°C with end-over-end mixing. Once the incubation was complete, the beads were 

washed twice with NETN buffer and twice with PBS. Subsequent to the wash steps, the 

beads (with attacht:d GST fusion protein) were incubated with 2-20 ~I of in vitro 

translated L-e5S]-methionine labeled protein, 200 ~I of IPAB buffer (150 mM KCI, 5 

mM MgCh, 20 mM HEPES, 0.1% Triton X-100, 0.2% NP-40; adjusted to pH 7.9 with 

KOH; BSA (0.02 mg/ml final concentration);10 ~I of7X Protease inhibitor cocktail) and 

topped up to 250 ~l with IPAB buffer ( in the absence of BSA and Protease inhibitor 

cocktail). This mixture was incubated at 4°C for 1-2 hrs in the presence of vehicle, drug 

or in the absence of both. After the incubation period was complete, the beads were 

washed five times with IPAB buffer. The beads were pelleted at 2,000 rpm and all of the 

supernatant was removed. Subsequently, 50 ~I of 2X SDS-PAGE loading buffer was 

added to the beads and boiled for 5 mins. Approximately 10-15 ~I of the binding assay 

reaction was loaded onto a 10 % SDS-P AGE gel and run at 200 volts at room 

temperature. 

Fluorography was performed on all e5S]-methionine labeled protein gels and thus, 

after the SDS-P AGE gels of the solid phase capture assays were run, they were incubated 
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for 30 min this destaining solution. After fixing with destaining solution, the gels were 

incubated for 2, 1 hr intervals with fresh dimethylsulphoxide (DMSO). The gels were 

incubated for 2-3 hr:; in DMSO containing 22.2% PPO (2,5-diphenyloxazole) and were 

then re-hydrated in sterile, deionized water for 30 mins. Once dried the gels were 

exposed to Kodak X-ray film. Quantification of the amount of protein that was retained 

by the GST -fusion proteins employed was performed with the use of a Molecular 

Dynamics Phosphoimager. 

2.2.10 Transformation ofYeast (Lithium Acetate/PEG method) 

Transformation of yeast was performed as outlined by Elble, 1992. A yeast culture 

was grown overnight at 30 °C to saturation as outlined in Section 2.1.4. Approximately 

0. 5 ml of the saturated yeast culture underwent centrifugation at 8, 000 rpm for 1 min. 

The resulting pellet was mixed with 100 J..Lg of sonicated salmon testes DNA (Sigma 

Chemical Laboratores), 1 J..Lg of each transforming DNA plasmid and 0.5 ml of Plate 

solution (40% polyethylene glycol (PEG) 3350, 0.1 M LiAc, 0.01 M Tris-HCl (pH 7.5), 1 

mM EDTA) and incubated overnight at room temperature. Generally, the following day, 

the cells have settled to the bottom ofthe tube. Approximately 50 J..Ll of these settled cells 

are removed from the solution, plated on the appropriate selective agar plate and 

incubated at 30°C oYernight. 

2.2.11 Qualitative Agarose Overlay Assay for Detection of p-galactosidase Activity 

The agarose overlay assay was performed using a modified protocol outlined in 

Bohen and Yamamoto, 1993. The assay solution is comprised of a 100 ml solution of 

0.5% agarose in 0.5 M NaP04 (pH 7.0) mixed with 1 ml of 10% SDS and 2.5 ml of2% 
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X-Gal solution. Th(: solution (approximately 10 ml) was then poured over the plates of 

the yeast transformants and incubated at room temperature until the agarose solution had 

solidified. The plates were then incubated at 37°C and closely observed for any colour 

changes ( appearance of a blue colour). 

2.2.12 Quantitative J3-galactosidase Liquid Assay 

The J3-galactosidase liquid assay was performed as outlined by Ausubel eta/., 1997. 

Yeast cultures were grown to saturation overnight at 30°C under selective conditions. 

The following morning, the overnight yeast cultures were used to inoculate 10 ml of fresh 

selective yeast media and the cultures were grown until the cells reached mid- or late-log 

phase and the OD6no of each sample was measured. These cells were pelleted and 

resuspended in bu:ffi::!r Z ( 60 mM Na2HP04, 40 mM NaH2P04, 10 mM KCl, 1.0 mM 

Mg2S04, 50 mM J3-mercaptoethanol; adjusted to pH 7.0). The cell mixture was then 

permeabilized with:; cycles offreezing with liquid nitrogen and thawing in a 30°C water 

bath. Once the cells have been permeabilized, ONPG ( 0.2ml of 4 mg/ml) was added to 

each sample (and to a blank sample containing only the buffer Z with no cells) and the 

mixture was then well mixed and incubated at 30°C. Once a medium-yellow colour had 

developed the reaction was stopped with the addition of 0.5 ml of 1 M Na2C03 and was 

mixed thoroughly. The cell debris was pelleted and the supernatant was isolated for OD 

measurements at 420, 550 and 600 nm. The units were subsequently calculated using the 

equation: U= (1000 x [(OD42o)-(1.75 x ODsso)])/(time x volume x OD6oo); where time is . 

the length of time in minutes, volume is the volume of culture used in the assay, OD600 

measures the cell density at the beginning of the assay, OD420 measures the absorbance 

http:OD42o)-(1.75
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by o-nitrophenol and light scattering by the remaining cell debris and ODsso measures the 

light scattering by the cell debris. All yeast samples were analyzed a minimum of twice 

in triplicate. 

2.2.13 Transient Transfections and Luciferase Assays 

2.2.13.1 Transient Transfection Assays 

Transient transfections were performed using a modified version of the calcium 

phosphate co-precipitation protocol outlined by Graham and VanDer Eb, I973. For this 

method, 20 J..Lg of total DNA (target plasmid DNA and filler DNA (salmon sperm DNA at 

I mg/ml)), 0.25 M CaCh (final concentration; filter sterilized) and sterile, deionized 

water was combined in a total volume of 500J..Ll and well mixed. This mixture was then 

added dropwise to an equal volume of 2X HBSS buffer ( 0.28 M NaCI, 50 mM HEPES, 

1.5 mM Na2HP04·7H20; adjusted to pH 7.I2 with NaOH; filter sterilized) while gently 

vortexing. The mix:ure was then allowed to incubate at room temperature for 20 min. 

Subsequent to the incubation period, 250 J..Ll of the precipitate solution was added to each 

well of a 6 well plate, previously seeded the day before with approximately 2.5 x I05 

cells/well. The pn:cipitate was incubated with the cells at 37°C for I6 hrs. The 

following day, the cells were washed with twice with PBS, fresh media was added and 

the cells were allow€:d to incubate for 24 hrs. After this final incubation period, the cells 

are washed twice with PBS and harvested with the addition of300 J..Lllwell of 5X reporter 

lysis buffer. The cells are then scraped from the plate with a celllifter'and collected in 

chilled eppendorf tubes. Each sample was then vortexed at high speed for I 0 sees and 

the cell debris was pelleted via centrifugation at 4°C for I min at I4,000 rpm. The 
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supernatant sample~; (lysates) were then collected in chilled eppendorf tubes and were 

kept on ice until emJloyed in luciferase and protein assays. 

2.2.13.2 Luciferase and Protein Assays 

The luciferase assay was performed using a modified protocol as outlined by 

Promega. This m1~thod required the use of a Lumat LB 9507 luminometer which 

performs the actual mixing of the lysate ( 10-15 J.!l) to ·1 00 J.!l of assay buffer ( 470 J.!M 

luciferin, 270 J.!M CrJenzyme A, 530 J.!M ATP, 33.3 mM DTT, 20 mM Tricine, 1.07 mM 

(MgC03)Mg(OH)z 5Hz0, 2.67 mM MgS04, 0.1 mM EDTA) and subsequently measures 

the relative light units (R.L.U.). All lysate samples were then analyzed for protein 

content via the Bradford Assay from BioRad. For this protocol, 200 J.!l of Coomassie 

Brilliant blue G-250 Dye Reagent (BioRad) was mixed with protein samples diluted to 

800 J.!l with water. After a five min incubation period, the absorbance of the samples 

were measured at 595 nm. The R.L.U. values ofthe lysate samples were then adjusted to 

protein content accordingly. Transient transfection graphs were constructed by 

combining a minimum of two independent experiments performed in duplicate. The 

standard deviation was calculated for the combined experiments using the formula: 

SD = (cnLs=InLr=•(Yis-Mi)/(ny-1))112
, Where sis the series number, i is the point number 

in series s, m is the number of series for point y in graph, n is the number of data points in 

each series, Yis is the data value of series s and the ith point, ny is the total number of data 

values in all series and M is the arithmetic mean. 



CHAPTER THREE 


RESULTS 


3.1 Transient Tramfection Studies ofLXRa. 

3.1.1 Transactivation Properties ofLXRa. and LXRa. Response Element 

Investigations 

The transactivarion properties exhibited by nuclear receptors have been shown to 

differ depending on the various DNA response element employed in these studies, 

indicating the specificity with which nuclear receptors regulate the transcription of target 

genes (Nagpal et a/., 1992, Kurokawa et al., 1995, Sjoberg and Vennstrom, 1995, 

Mangelsdorf and Evans, 1995, Willy and Mangelsdorf, 1997, Kalkoven et al., 1998). 

Thus, LXR.a. response element investigations, which employed the DR4-LXR.E and 

LXR.E-LThfiV elements, were of particular interest. While these DNA elements share 

some similarities, as both are DR4s, it is the differences, which include spacer sequences, 

flanking sequences and the hexad sequences (identical in the case of DR4-LXR.E and 

degenerate in the LXR.E-AMTV element) that may influence the transactivation 

properties of LXR.n (Apfel et a/., 1994, Willy and Mangelsdorf, 1997). These 

investigations were Jurther facilitated by the identification of various LXR.a. activators 

including 22(R)-hyc.roxycholesterol. Therefore, initial transient transfections were 

performed in the BSC40 cell line, in the presence of the pDR4(X2)luc enhancerless SV40 

promoter/luciferase reporter plasmid, which contained two copies of the DR4-LXR.E in 

an everted configuration, alone or in combination with mammalian expression vectors 

containing LXR.a. and RXR.a.. The effects of exogenously added 9-cis RA (1~), a 
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known RXR.a ligand, and the potent LXR.a activator 22(R)-OH-CH (7J.LM), alone or 

together, were also c:::xamined (refer to Figure 5A). These experiments also resulted in the 

establishment of a viable and efficient transient transfection assay for further LXR.a 

investigations in vivo. 

In analyzing the data it is important to note that many mammalian cell lines, 

including the BSC40, HepG2 and COS-I cell lines, harbor endogenous nuclear receptors 

which can interact with LXR.a, RXR.a, and the DR4 response element. This is clearly 

demonstrated upon the addition of the drugs 9-cis RA and 22(R)-OH-CH, alone or in 

combination, which results in a slight enhancing effect on reporter activity. Nonetheless, 

co-transfection of :LXR.a and RXR.a resulted in a 1 0-fold non-ligand dependent 

induction. This constitutive activity may be attributable to the presence of a functional 

AF-1 domain within the AlB domain ofLXRa. Alternatively, such activity may be due 

to the presence of endogenous LXR.a activators/ligands as reported for other cell lines 

(Forman et al., 1997). These concepts are investigated in Section 3.2 and further 

examined in the disc Lission. 

In summary, the LXR.a./RXR.a heterodimer displays a 1 0-fold non-ligand dependent 

induction, a 1.5-fold induction with the addition of9-cis RA, an almost 2.5-fold induction 

with the addition of 22(R)-OH-CH and a 3.5-fold induction with the addition of both 9­

cis RA and 22(R)-OH-CH. Thus, while an additive effect for 9-cis RA and 22(R)-OH­

CH was observed £)r the DR4 response element the synergism reported for the TK­

LXRE3-Luc reporter construct (Janowski et al., 1996) was not observed in this DR4/ 

BSC40 transient transfection system. 
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Figure 5: Transient transfection assays demonstrating the transactivation properties 
of LXRa. and the v~triant LXRE construct dependent responses in the BSC40 cell 
line. BSC40 cells w::re transfected, utilizing the calcium phosphate method, with either 
(A) pDR4(X2) luc (1.25 ~g) or (B) TK-LXRE3-Luc (1.25 ~g) luciferase reporter 
plasmids alone or in combination with expression vectors for LXRa or RXR.a (0.5 ~g 
each). Where indicated, the LXRa. activator 22(R)-OH-CH (final concentration 7 J.!M) 
and/or the RXR.a lig md 9-cis RA (final concentration 1 ~) were added. The lysates 
were assayed for luci ferase activity in relative light units (R.L. U.) and adjusted to protein 
content. Values represent the average (±SD) of(A) five or (B) three separate 
experiments, perfom1ed in duplicate, and normalized to the activity observed with 
LXRa.IRXRa., in the absence of drug, which was set to one. 
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While studies with the DR4-LXRE element were underway, Willy and colleagues (1995) 

identified the LXRE-~V element and was thus incorporated in these investigations. 

These transient tran:)fection assays were performed in BSC40 cells in the presence of the 

TK-LXRE3-Luc thymidine kinase promoter/luciferase reporter plasmid, which contained 

three copies of the LXRE-AMTV response element in a tandem repeat configuration, 

alone or in combination with mammalian expression vectors containing LXRa and 

RXRa. As with the DR4/BSC40 system, the effects of exogenously added 9-cis RA 

(1~ and 22(R)-OH-CH (7~, alone or in combination, were investigated (Figure 

5B). 

A direct comparison between the DR4-LXRE and LXRE-~V elements is not 

possible as they are under the control of two different promoters, the number of DNA 

response element copies is varied and the configurations of the LXREs within the two 

clones is also diffen::nt. Nonetheless, the results of these transfection assays, as presented 

in Figure 5B, clearly demonstrate the effectual differences between the DR4 and the 

LXRE-~V resp<Jnse elements in vivo. While endogenous nuclear receptors are 

present, they do net appear functional with the LXRE-AMTV element (Willy et al., 

1995). Thus, the effect on the LXRE-~V element alone and in the presence of 

exogenous RXRa with the addition of 9-cis RA and/or 22(R)-OH-CH result in an 

insignificant increa~:e (presumably due to endogenous LXRa and RXRa). The most 

dramatic difference [s the effect observed for exogenously transfected LXRa, attributable 

to the presence of 1mdogenous RXRa, which may heterodimerize with the exogenous 
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LXR.a and preferentially bind to the LXRE-~TV response element over the DR4 in 

vivo, although no difference in binding affinity has been observed in in vitro studies (as 

demonstrated in Figures 9A and 9B). This activity is not significantly increased with the 

addition of exogenous RXR.a with one exception; in the absence of drug where the co­

transfection of LXR.et and RXR.a results in the doubling of the activation potential. The 

observation that high levels of LXR.a-mediated activity can be achieved, in the absence 

of exogenously added RXR.a has previously been reported (Willy et al., 1995, Willy and 

Mangelsdorf, 1997, Janowski et al., 1996). 

Ultimately, the activation levels mediated by LXR.a/endogenous RXR.a and 

LXR.a/exogenous RXR.a heterodimers on the LXRE-~V are quite similar to those 

found for DR4; 1.5-:old induction with 9-cis RA, 2-2.5-fold induction with the addition 

of22(R)-OH-CH ani 3-3.5-fold induction with the addition ofboth drugs. The lack of 

synergism, upon the addition of the 9-cis RA and 22(R)-OH-CH together is consistent 

with results reported for the DR4 response element in the BSC40 cell line. 

3.1.2 Transactivati(1n Properties of LXRa in Various Cell Lines 

A number of reports, which studied the transactivation properties of various nuclear 

receptors, have illmtrated that the activity of these receptors may exhibit cell line 

specificity (Berry et al., 1990, Metzger et al., 1995, Mcinerney et al., 1996, Sjoberg and 

Vennstrom, 1995). This specificity may be attributed to differences between the cell 

lines including the presence of endogenous receptors, co-factors and ligands as well as 

the presence of various signal transduction pathways, which may modify these receptors 

via phosphorylation or dephosphorylation, thereby modulating the activity of these 
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transcription factors. Thus the study of the transactivation properties ofLXRa in various 

cell lines was achieved via transient transfection assays performed, as described in 

Section 3.1.1, with either the pDR4(X2)luc or TK-LXRE3-Luc reporter constructs, in 

both the HepG2 and COS-I cell lines. The effects of exogenously added 9-cis RA (1 J.!M) 

and 22(R)-OH-CH <7J.J.M), alone or in combination, were examined. 

Transient transfections, performed in the HepG2 cell line, with the pDR4(X2)luc 

reporter plasmid (F [gure 6A), clearly demonstrate LXR.a!RXR.a-mediated constitutive 

activity, in the absence of drug, as observed for the BSC40 cell line. However, in 

contrast to the observations reported for the DR4/BSC40 transfection system, addition of 

22(R)-OH-CH had :1.0 significant effect on activation potentials. Surprisingly, a slight 

inhibitory effect on LXR.a!RXRa-mediated activity was observed upon addition of either 

9-cis RA alone, or in combination with 22(R)-OH-CH. Similar results were achieved for 

transient transfections with the DR4 reporter construct in the COS-1 cell line (Figure 7 A). 

Subsequently, transfection assays were performed with the LXRE-~TV reporter 

construct in the HepG2 cell line. As demonstrated in Figure 6B, LXR.a/RXRa-mediated 

constitutive activity was observed as reported for the BSC40 cell line. Similarly, the 

addition of exogenous RXR.a resulted in an increase reporter gene activity both in the 

absence of drug and the presence of 22(R)-OH-CH, although no such increase was 

observed in the presence of 9-cis RA and 9-cis RA/22(R)-OH-CH. However, the 

addition of 22(R)-OH-CH had no effect on activation levels, as observed for the 

DR4/HepG2 and DR4/COS-1 studies. Interestingly, in contrast to the results reported for 

the DR4 element in both COS-1 and HepG2 cells, the LXRE-~TV element is 9-cis RA 
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Figure 6: Transient transfection assays demonstrating the transactivation properties 
ofLXRa and the variant LXRE construct dependent responses in the HepG2 cell 
line. HepG2 cells were transfected, utilizing the calcium phosphate method, with either 
(A) pDR4(X2) luc (1.25 Jlg) or (B) TK-LXRE3-Luc (1.25 Jlg) luciferase reporter 
plasmids alone or in combination with expression vectors for LXR.a or RXR.a (0.5 Jlg 
each). Where indicat•~d, the LXR.a activator 22(R)-OH-CH (final concentration 7 J.!M) 
and/or the RXR.a ligand 9-cis RA (final concentration 1 JlM) were added. The lysates 
were assayed for luciH:~rase activity in relative light units (R.L.U.) and adjusted to protein 
content. Values represent the average (±SD) of two separate experiments, performed in 
duplicate, and normal[zed to the activity observed with LXR.a!RXR.a, in the absence of 
drug, which was set to one. 
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Figure 7: Transien1 transfection assays demonstrating the transactivation properties 
of LXRa and the variant LXRE construct dependent responses in the COS-1 cell 
line. COS-1 cells w1~re transfected, utilizing the calcium phosphate method, with either 
(A) pDR4(X2) luc (1.25 J..Lg) or (B) TK-LXRE3-Luc (1.25 J..Lg) luciferase reporter 
plasmids alone or in combination with expression vectors for LXR.a or RXR.a (0.5 J..Lg 
each). Where indicated, the LXR.a activator 22(R)-OH-CH (final concentration 7 J..LM) 
and/or the RXR.a ligand 9-cis RA (final concentration 1 J..LM) were added. The lysates 
were assayed for luc:.ferase activity in relative light units (R.L. U.) and adjusted to protein 
content. Values represent the average (±SD) oftwo separate experiments, performed in 
duplicate, and normalized to the activity observed with LXR.a/RXR.a, in the absence of 
drug, which was set 1:0 one. 
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responsive. Neither a synergistic or additive effect was observed upon the addition of 

both 9-cis RA and 2:~(R)-OH-CH. 

Some similarities exist between transfections performed in the HepG2 cells and the 

COS-I cells for the LXRE-~TV element (Figure 7B). These similarities include the 

observations that the addition of 22(R)-OH-CH has no effect on reporter gene activity, 

the LXRE-~V element is also 9-cis RA responsive, and no -synergistic or additive 

effect was apparent upon the addition of both drugs. However, in contrast to those 

observations reported for the LXRE-~TV, in both the BSC40 cell line (in the absence 

of drug) and in the HepG2 cell line (in the absence and presence of 22(R)-OH-CH), the 

presence of exogenously added RXRa had no significant effect (either in the absence or 

presence of 22(R)-OH-CH). More surprising is the observation that co-transfection of 

RXRa and LXR.a resulted in a significant decrease in reporter gene activity. This effect 

is in contrast to that described for both the BSC40 and HepG2 cell lines and may be a 

cell-specific occurrence. 

Thus, findings presented here indicate how transactivation properties of LXR.a may 

be DNA response ekment, promoter context and cell line specific as has been reported in 

many other nuclear receptors studies (Berry et al., 1990, Metzger et al., 1995, Sjoberg 

and Vennstrom, 199\ Mcinerney et al., 1996, Ikonen et al., 1997). Further discussion of 

the LXRa.IRXRa-m!~diated constitutive activity and the apparent DNA element and cell­

specific differences observed in the absence and presence of exogenous ligand is 

presented in the discussion. Ultimately, in completing these groundwork studies, the in 
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vivo investigations of the LXR.a AlB domain and LXR.a/co-factor functional studies 

were made possible. 

3.2 LXRa AlB Domain Deletion Studies 

Nuclear hormone receptors, including LXR.a, consist of several modular domains 

termed AlB, C, D, E and F (refer to Figure 3). While the C,D and E regions of nuclear 

receptors and their [soforms share a high degree of homology, their AlB domains are 

quite divergent, indicating that the AlB domain may be important in mediating nuclear 

receptor/isoform-specific transactivation. Indeed, a number of studies have revealed the 

existence of an autonomous ligand-independent activation domain (AF-1 domain) located 

within the AlB domain of a variety of nuclear receptors (Nagpal et al., 1993, Wilkinson 

and Towle, 1997, Werman et al., 1997, Metzger et al., 1995, Sjoberg and Vennstrom, 

1995). Subsequent :;tudies have demonstrated that the AF-1 domain can either function 

independently or can synergize with the AF-2 domain (LBD) of the same receptor 

through a functiona. interaction between these two domains, which is thought to be 

modulated by the binding of various co-activators (Pierrat et al., 1992, Nagpal et al., 

1993, Metzger et aL 1995, Sjoberg and Vennstrom, 1995, Kraus et al., 1995, Ikonen et 

al., 1997, Ofiate et al., 1998, Webb et al., 1998). Thus, investigation ofthe AlB domain 

of LXR.a, which utilized a series of LXR.a N-terminal AlB domain deletion constructs, 

became a main focus in the investigation of this novel receptor. These studies 

investigated the role, if any, the LXR.a AlB domain played in heterodimerization and 

subsequent LXRE binding, transactivation, and co-factor binding (the latter aspect being 

presented in Sections 3.3.5 and 3.3.6). 
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3.2.1 Electrophoretic Mobility Shift Assays (EMSAs) 

Initial interest in the AlB domain of LXR.cx. was a result of EMSA studies which 

demonstrated SMI (an LXR.cx. clone missing the N-terminal 61 amino acids of the AlB 

domain, which also possessed an N-terminal extension piece different than that of the 

native LXR.cx. sequence) heterodimeric formation with RXR.cx. on the DR4-LXRE and 

LXRE-tlMTV elements was greatly diminished in comparison to LXR.cx.!RXR.cx./DR4 or 

LXRE-.!lMTV complex formation (re-demonstrated in Figures 9A and 9B). This 

observation led to the construction of the LXR.cx. N-terminal deletion constructs (refer to 

Figure 8): RIPl (lacking the first 5 aa), RIP.1I(lacking the first 23 aa), R.IP.12 (lacking 

the first 43aa) and RIP.13 (lacking the first 63aa, much like SMI but without the N­

terminal extension piece). 

Once constructed, the LXR.cx. AlB deletions were employed in EMSA experiments 

using both DR4-LXRE and LXRE-tlMTV response elements as radioactively labeled 

probe (refer to Figures 9A and 9B respectively). Consequently, it was shown that 

RIPIIRXR, R.IP.1IIRXR, RIP.12/RXR. and RIP.13/RXR. complexes all bound to both 

elements with similar intensities as compared to that observed for the LXR.cx.!RXR.cx. 

heterodimer. In contrast, the SMIIRXR. heterodimer binding intensity was considerably 

weaker. These resuts therefore suggest that deletion of up to 63 amino acids at theN­

terminus of LXR.cx. does not affect either LXR.cx.!RXR.cx. heterodimer nor subsequent 

complex formation c n the LXRE response elements. Furthermore, alteration of the N­

http:LXR.cx.!RXR.cx
http:LXR.cx.!RXR.cx
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AlB c D E 

1 ----------.---------.---.-------------,447 

LXRa c===----------~----------~--~--------------~ 

6 «7 
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Figure 8: Schematic representation of the LXRa AlB domain deletion constructs. 
These constructs were ultimately employed in EMSA, transient transfection assay and 
GST-binding assay 5tudies. The DNA binding domain (DBD) and the ligand binding 
domain (LBD) are indicated. The sequence oftheN-terminal extension piece of SMI is 
illustrated. 
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(A) DR4-LXRE 
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Figure 9: EMSAs which study the effect of LXRa AlB domain deletions on 
LXRaJRXRa binding on theDR4-LXRE and LXRE-ilMTV elements.( A) In vitro 
translated, non-radioactive proteins LXRa, RIPl, RIPill, RIPLl2, RIPil3 or SMl (2j.!l 
each) were individunlly incubated with RXRa (2J.ll) and the [a-32P]dATP labeled DR4­
LXRE probe or (B) 1he [ a-32P]dATP labeled LXRE-AMTV probe. Subsquent to the 
incubation period, the samples were run on a 4% non-denaturing acrylamide gel. 
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terminal sequence of LXR.a. from amino acid positions 53 to 61 greatly diminishes the 

DNA binding ability ofthe LXR.a/RXR.a. heterodimer. 

Further analysi:;; of the EMSA Figures 9A and 9B, reveals the existence of a second 

band shift, termed :~hift B, whose mobility is slightly slower that that of the LXR.a./ 

RXR.a.ILXRE complex mobility. This second shift is lost upon deletion of the first 23 

amino acids ofLXRa. but remains upon deletion ofthe first 5aa within the AlB domain. 

Titration EMSAs hc:.ve indicated that secondary complex formation becomes greater as 

LXR.a. and RXR.a. translates are titrated while maintaining a constant amount of rabbit 

reticulocyte lysate (refer to Figure 10). Furthermore, the formation of the secondary 

complex appears to be dependent upon the presence ofboth LXR.a. and RXR.a. as no 

complex is observed under conditions where rabbit reticulocyte lysate is solely employed. 

Exactly what Shift B is comprised of is not known, however, the possibility exists that 

this shift is a result of an LXR.a.IRXR.a. ternary interaction with another nuclear receptor 

or co-factor. Therefore, while the biological significance of the complex formation is 

questionable, these results clearly indicate that formation is specific and is dependent 

upon not only the presence ofLXR.a. and RXR.a. but also the presence of an intact LXR.a. 

AlB domain. 
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Shift B ---+ 

LXRc:x/RXRa 


---+ 

Retic + 	 + + + + + + 

+ + + +RXRa 	

//1 
//I 

LXRa 	 + + + + 

Figure 10: EMSA titration experiment demonstrating the correlation between an 
increase in Shift B formation and increasing amounts of either LXRa or RXRa 
protein. Titration studies of either LXRa or RXRa (0, 2, 3, or 4 ~1) against constant 
amounts of rabbit reticulocyte lysate (Promega) was performed with [ a-32P]d.ATP labeled 
DR4-LXRE DNA pmbe. Subsequent to the incubation period, the samples were run on a 
4% non-denaturing £el. 
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3.2.2 Transfection Studies of LXRa. AlB Domain Deletions With the DR4-LXRE 

Response Element in the BSC40 Cell Line 

While the LXRa. AlB deletion EMSA studies did not show any significant effect on 

heterodimeric complex formation with RXR.a., on either the DR4-LXRE or the LXRE­

~TV elements, the possibility remained that these deletions may exhibit differences in 

transient transfectio rJ. experiments. Thus, in order to establish if arole for the LXRa. AlB 

domain could be detected, transient transfection studies with the LXRa. AlB domain 

deletions, in paralle i with full length LXRa., were performed. These transfection assays 

were performed, in BSC40 cells, in the presence of the pDR4(X2)luc luciferase reporter 

plasmid (1.25J..Lg) alone or in combination with LXRa., the LXRa. AlB domain deletion 

clones or RXR.a. (0. ;J..Lg each). The effects of exogenously added 9-cis RA (1J..LM) and/or 

22(R)-OH-CH (7J..LM) were examined. As illustrated in Figure 11, LXRa.-mediated 

transactivation of th1~ pDR4(X2)luc reporter construct, in the absence or presence of 9-cis 

RA and/or 22(R)-OH-CH, is comparable to that reported in Section 3 .1.1 and Figure 6A 

for the BSC40 cell line. Interestingly, as the LXRa. AlB domain was deleted, no 

significant difference, between LXRa. AlB domain deletions and LXRa.-mediated 

transactivation potentials, was observed either for LXRa/LXRa deletions transfected 

alone or co-transfe:;ted with RXR.a.. This result was achieved regardless of the 

conditions employed including the absence of drug, the presence of9-cis RA, 22(R)-OH­

CH or both. This stLtdy clearly demonstrates that LXRa. AlB domain deletions of up to 

63 amino acids have no effect on LXRa.-mediated transactivation. Therefore, these 
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Figure 11: Transient transfection assays, with the pDR4(X2)luc reporter plasmid, 
demonstrating that no significant difference is observed between the transcriptional 
activity mediated by LXRa and that mediated by any of the LXRa AlB domain 
deletions, in the BSC40 cell line. BSC40 cells were transfected, utilizing the calcium 
phosphate method, with the pDR4(X2) luc (1.25 J..lg) luciferase reporter plasmid alone or 
in combination with expression vectors for LXR.a, LXR.a AlB domain deletions (RIP1, 
RIPd2 and RIPd3) or RXR.a (0.5 J..lg each). Where indicated, the LXR.a activator 22(R)­
OH-CH (final concentration 7 J..!.M) and/or the RXR.a ligand 9-cis RA (final concentration 
1 J..!.M) were added. The lysates were assayed for luciferase activity in relative light units 
(R.L.U.) and adjusted to protein content. Values represent the average (±SD) of five 
separate experiments, performed in duplicate, and normalized to the activity observed 
with LXR.a!RXR.a, in the absence of drug, which was set to one. 
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transfection assays failed to detect a functional role for the N-terminal 63 amino acids of 

the LXRa AlB domain and may be indicative of a lack of a functional AF-1 domain in 

this region. 

3.2.3 Transfection s:tudies of LXRa AlB Domain Deletions With the LXRE-AMTV 

Response Element in the BSC40 Cell Line 

The possibility that a functional AlB domain response may be dependent on the 

DNA response element construct employed was subsequently addressed with transient 

transfections studies which utilized the LXRE-L\MTV response element. Thus, 

transfection assays were performed, in BSC40 cells, in the presence of the TK-LXRE3­

Luc luciferase reporter plasmid (1.25J...1.g) alone or in combination with LXR.a, the LXR.a 

AlB domain deletion clones or RXR.a (0.5J...1.g each). The effect of exogenously added 

22(R)-OH-CH (7J...1.M) was investigated. As demonstrated in Figure 12, LXR.a-mediated 

activation ofthe TK-LXRE3-Luc reporter plasmid, in the absence and presence of22(R)­

OH-CH, is comparable to previously reported activity (Section 3.1.1 and Figure 5B). 

Ultimately, this data further demonstrates that no significant difference between the 

transactivation media::ed by full length LXRa and that mediated by any of the LXR.a 

deletions were observed for all conditions employed. The only difference noted was the 

slight reduction in actvation levels for the LXR.a deletion RIP 1, when transfected alone, 

the significance ofwhich, if any, remains to be seen. 
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Figure 12: Transient transfection assays, with the TK-LXRE3-Luc reporter 
plasmid, demonstrating that no significant difference is observed between the 
transcriptional activity mediated by LXRa and that mediated by any of the LXRa. 
AlB domain deletiom:, in the BSC40 cell line. BSC40 cells were transfected, utilizing 
the calcium phosphate method, with the TK-LXRE3-Luc (1.25 IJ.g) luciferase reporter 
plasmid alone or in combination with expression vectors for LXRa., LXR.a. AlB domain 
deletions (RIP I, RIPL\:~ and RIPL\3) or RXR.a (0.5 f.!g each). Where indicated, the LXR.a 
activator 22(R)-OH-CH (final concentration 7 JJ.M) was added. The lysates were assayed 
for luciferase activity it1 relative light units (R.L.U.) and adjusted to protein content. 
Values represent the average (±SD) of two separate experiments, performed in duplicate, 
and normalized to the activity observed with LXRa!RXRa., in the absence of drug, which . 
was set to one. 
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3.2.4 Transfection Studies ofLXRa. AlB Domain Deletions With the DR4-LXRE 

Response Element in the COS-I Cell Line 

The investigatil)n into whether or not a functional LXR.a. AlB domain response was 

dependent upon the cell line employed was achieved via transient transfection studies 

with the DR4-LXRE response element in the COS-1 cell line (refer to Figure 13). These 

assays were performed, in COS-1 cells, in the presence ofthe pDR4(X2)luc luciferase 

reporter plasmid (1.:~51J.g) alone or in combination with LXR.a, the LXR.a AlB domain 

deletion clones or RXR.a. (0.51J.g each). The effects of exogenously added 9-cis RA 

(11-lM) and/or 22(R)-OH-CH (71-lM) were also examined. Once again, these studies 

indicate that no significant difference in LXR.a-mediated transactivation was detected as 

the LXRa AlB dom:tin is deleted (up to 63 amino acids), under any of the conditions 

tested. 

Thus, taken together, the LXRa AlB domain deletion (up to 63 ammo acids) 

transient transfection studies, presented in Sections 3.2.2, 3.2.3 and 3.2.4, failed to 

delineate a functiona I role for the LXRa. AlB domain within this region, regardless of 

DNA response element and cell line employed. These results may be attributable to a 

number of possibilities, which are offered and examined in the discussion. 
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Figure 13: Transient transfection assays, with the pDR4(X2)luc reporter plasmid, 
demonstrating that 1110 significant difference is observed between the transcriptional 
activity mediated by LX.Ra and that mediated by any of the LXRa AlB domain 
deletions, in the CO:S-1 cell line. COS-1 cells were transfected, utilizing the calcium 
phosphate method, with the TK-pDR4(X2)luc (1.25 J..Lg) luciferase reporter plasmid alone 
or in combination with expression vectors for LXR.a, LXR.a AlB domain deletions 
(RIP1, RIPL\2 and RI?L\3) or RXR.a (0.5 J.tg each). Where indicated, the LXR.a activator 
22(R)-OH-CH (final concentration 7 J..1M) and/or the RXR.a ligand 9-cis RA (final 
concentration 1 J..LM) were added. The lysates were assayed for luciferase activity in 
relative light units (R.L.U.) and adjusted to protein content. Values represent the average 
(±SD) of two separate experiments, performed in duplicate, and normalized to the 
activity observed with LXR.aJRXR.a, in the absence ofdrug, which was set to one. 
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3.3 Interaction and Functional Studies of LXRa and the Transcription Co-factors 

RIP 140, SRC-la and SMRT 

Transcriptional regulation, mediated by nuclear hormone receptors, has been shown 

to involve multiple auxiliary co-factors (reviewed in Glass et al., 1997 and Shibata et al., 

1997, Pazin and Kadonaga, 1997). These co-factors function to either activate (co­

activators) or repress (co-repressors) through interactions, or lack thereof, respectively, 

with components of the basal transcription machinery and/or participate in chromatin 

remodeling. Thm., the identification of LXR.a-interacting co-factors, and the 

investigation of their subsequent function in LXR.a-mediated transactivation, was of 

particular interest. These studies were facilitated by the discovery that PP ARa bound to 

a previously identified co-factor termed RIP 140 (Miyata et al., 1998, Treuter et al., 

1998). Since LXR.a and PPARa, as members of the nuclear receptor superfamily, are 

similar in several respects, including their ability to heterodimerize with RXR and their 

involvement in lipid metabolism as well as their ability to interact with each other, it 

stood to reason that LXR.a may also interact with RIP 140. Subsequent studies with 

LXR.a and the co-activator SRC-1a and the co-repressor S:MRT were also undertaken as 

these two co-factors have been shown to modulate the transactivation mediated by a wide 

variety of nuclear receptors (Kurwokawa et al., 1995, Chen and Evans, 1995, Onate et 

a/.,1995, Kamei et al., 1996, Yao et al., 1996, Zhu et al., 1996, Jayakumar et al., 1997, 

Kalkoven et al., 1998, Lavinsky et al., 1998, Lee et al., 1998). 
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3.3.1 LXRa. Interaction Studies with RIP 140 In Vivo 

Initial studies \\-ith RIP140 were dependent upon the partial clone isolated from the 

human liver eDNA library with PPARa. (RIP 140-GAD aa 164-869) (refer to Figure 14) 

via a yeast dihybrid screen. Therefore, in order to determine if LXRa. and RIP 140 

interacted in vivo, the yeast dihybrid system was utilized with full length LXRa. fused to 

the GAL4 DNA binding domain (DBD) and the isolated RIP 140 clone (RIP140-GAD 

fused to the GAL4 activation domain). These plasmids were transformed into the PCY2 

yeast strain (the PPARa.IR.IP 140 experiments were performed in the Y190 yeast strain 

by Kenji Miyata) and were then tested for f3-Gal activity with both qualitative overlay 

and quantitative liquid culture assays (refer to Table 3). The data obtained from the 

liquid culture assays, presented in Table 3, represent the average activity of three 

independent yeast transformations measured in triplicate(± SD). 

Although very weak, an LXRa.IRIP 140 interaction could be detected in both assays 

employed. Despite t ~e fact that the interaction was so much weaker than that of the 

PP ARa. /RIP 140 interaction, investigations proceeded with interaction studies of LXRa. 

and RIP 140 in vitro. 

http:PPARa.IR.IP
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Figure 14: Schematic representation of the RIP 140 constructs utilized in the 
interaction and fum:tional studies with LXRa.. The RlP 140 LXXLL motifs are 
indicated by dashed lines and the two distinct RIP 140/nuclear receptor interactions sites, 
site 1 and site 2, are illustrated. 
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Table 3: RIP 140 Interacts with LXRa in vivo 

GAL4 DNA Binding GAL4 Activation ~-Galctosidase Activity 
Domain Fusion Domain Fusion (AD) 

LXR.a 

772.48+/-240.15++++ 

0.055+/-0.014 


3.3.2 LXRa Interaction Studies with RIP 140 In Vitro 

The initial GST--protein binding studies, conducted as a collaborative effort with 

Hansa Patel and Kenji Miyata, were designed in order to examine whether or not RIP 140 

interacted with LXR.n in vitro. Furthermore, these studies were designed to examine 

whether or not RIP 14 0/LXR.a interactions were ligand dependent as shown for the other 

nuclear receptors sud. as RXR.. For these investigations LXR.a-GST, PPARa.-GST and 

RXR.-GST (as a positive control) fusion proteins with in vitro translated full length L­

35[S]-methionine labeled RIP 140 (Cavailles et al., 1995). Experiments were performed 

in the presence or ab~:ence of vehicle (95% ethanol (E) for LXR.a. and DMSO (D) for 

http:772.48+/-240.15
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RXR.a and PPARa) and/ or drug (7JJM 22(R)-OH-CH (HC) for LXR.a, 1JJM 9-cis RA 

(RA) for RXR.a ancl100JJM WY-14,643 (Wy) for PPARa). 

As demonstrat1~d in Figure 15A, RIP 140 did not bind to the GST beads under any of 

the conditions tested. RIP 140 did bind to GST -LXR.a (20% of input, laneS) and neither 

the addition of vehicle nor 22(R)-OH-CH had any effect on the interaction (compare 

lane8,9 and 10). In:erestingly, PPARa (8-10% of input, lane 2) also interacted with RIP 

140 in a similar ligclnd-independent manner (compare lane 2, 3 and 4). In contrast, RIP 

140 binding to RXRa was only minimal in the absence of ligand or in the presence of 

vehicle but was significantly increased with the addition of9-cis RA (compare lanes 5, 6 

and 7) as previously reported (L'Horset et al., 1996). Thus, unlike results achieved with 

other nuclear receptors reported to date, LXR.a (and PP ARa) bound to RIP 140 in a 

ligand/activator-ind<:pendent manner. 

The second set of GST -protein binding assays were designed to investigate whether or 

not there existed a site1 or site2 preference of RIP 140 for LXR.a (and PPARa) as 

observed for other rmclear receptors (L'Horset et al., 1996). For these experiments, 

GST-RIP 140(N) (ac. 1-479) and GST-RIP 140(C) (aa 656-1158) were employed with in 

vitro translated L-35[S]-methionine labeled LXR.a, RXR.a and PPARa in the presence or 

absence ofvehicle and/or ligand as previously described. As illustrated in Figure 15B, 

none ofthe in vitro prepared LXR.a, RXR.a or PPARa proteins bound to the GST beads 

under any of the conditions tested. LXR.a was shown to bind to both RIP 140 clones 

well, with a slight preference for site 2 (GST-RIP140 C), and the addition ofvehicle 
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Figure 15: In vitro GST-binding studies which illustrate a specific interaction 
between LXRa, RXIla and PPARa with RIP 140. (A) in a ligand-independent 
manner for LXRa and PPARa and a ligand-dependent manner for RXRa. In vitro 
translated L-(358]-metlrionine labeled RIP 140 was incubated with GST-LXRa, GST­
RXRa, GST-PPARa or GST coupled beads. (B) llustrates LXRa binds to both GST-RIP 
140 (N) (site 1) and GST-RIP 140 (C) (site 2) with an apparent preference for site 2. In 
vitro translated L-(35Sj-methionine labeled LXRa, RXRa or PPARa were incubated with 
either GST-RIP 140 (N) or GST-RIP 140 (C) coupled beads. Both (A) and (B) studies 
were petformed in the absence or presence ofvehicle (95% ETOH (E) for LXRa and 
DMSO (D) for both RXRa and PPARa) or drug (7J..LM 22(R)-OH-CH for LXRa, 1J..LM 9­
cis RA (RA) for RXRcx and 100J..LM WY-14,643 (Wy) for PPARa). Subsequent to 
incubation, the beads were washed and the bound proteins were eluted and resolved on a 
10% polyacrylamide ~;DS-PAGE gel. Adapted from Miyata et al., 1998. 
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and/or 22(R)-OH-CH did not increase binding. PP ARa was also shown to interact with 

both domains equally well; however, a modest 2-fold enhanced binding was observed for 

PPARa in the presence of Wy-14,643. In contrast, RXR.a binding of RIP 140 was 

shown to be ligand-dependent; however, no difference in binding between site1 and site2 

was detected in our system, which differs from a previous study that reports an RXR.a 

preference for site1 <L'Horset eta/., 1996). This could ·be attributable to the fact that the 

clones employed in this study were slightly different than those used in the 

aforementioned repc,rt (the GST-RIP 140(C) encompassed one more LXXLL motifthan 

the C-terminal/site2 clone employed in L 'Horset et a!., 1996). Thus, in the system 

employed, LXR.a (and PPARa) can bind to either sitel or site2 domains ofRIP140, with 

an apparent preferenGe for site2, in a ligand/activator-independent manner. 

3.3.3 Transfection Studies ofLXRa, RXRa. and RIP 140 with the DR4-LXRE 

Response Element i 11 the BSC40 Cell Line 

Transient transfi~ction experiments were designed in order to investigate the effect of 

RIP 140 on LXR.a./RXR.a.-mediated transactivation in vivo. These transfection assays 

were performed in BSC40 cells in the presence of the pDR4(X2)1uc luciferase reporter 

plasmid (1.25 !J.g) alone or in combination with LXR.a., RXR.a. and RIP 140 (0.5 fJ.g each) 

where the effect of exogenously added 22(R)-OH-CH was also examined. As 

demonstrated in Figure 16A, co-transfection of LXR.a and RXR.a resulted in a 60-fold 

and 100-fold induction in the absence and presence of22(R)-OH-CH respectively. 

However, upon the addition of an equivalent amount ofRIP 140 both ligand-independent 

and dependent activities were reduced by approximately half. 
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Figure 16: Transient transfection assays demonstrating that RIP 140 antagonizes 

transactivation mediated by LXRaiRXRa in vivo in the BSC40 cell line. BSC40 

cells were transfected, utilizing the calcium phosphate method, with either the pDR4(X2) 

luc (1.25 J.Lg) lucifera;:;e reporter plasmid alone or in combination with expression vectors 

for (A) LXR.a, RXR.c~ or RIP 140 (0.5 J.Lg each) or (B) LXR.a and RXR.a (0.5J.1g each) 

with increasing amounts ofthe RIP 140 expression vector (0.1-4 J.Lg). Where indicated, 

the LXR.a activator 22(R)-OH-CH (final concentration 7 J.LM) was added. The lysates 

were assayed for luciferase activity in relative light units (R.L. U.) and adjusted to protein 

content. Values represent the average (±SD) of two separate experiments, performed in 

duplicate, and normalized to the activity observed with LXR.a/RXR.a, in the absence of 

drug, which was set to one. 


DR4-LXRE 

+ + + + + 
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A second set of transfection experiments were carried out in order to determine the 

effect ofRIP 140 titration, in increasing amounts, on LXRa.IRXRa transactivation. Once 

again, transient transfections were performed in BSC40 cells in the presence of the 

pDR4(X2)luc luciferase reporter plasmid (1.25J..I.g) alone or in combination with LXRa 

and RXR.a (0.5 J..l.g each) and increasing amounts of RIP 140 (0.1J..1.g to 4J..I.g). As 

illustrated in Figure 16B, RIP 140 inhibited LXRa.IRXRa-mediated transactivation at all 

concentrations tested in a dose-dependent manner. These results are comparable to those 

found for PPARa (Miyata et a/., 1998) and for ER, at high RIP 140 concentrations 

(Cavailles et a/., 1995) reported. This observed repression may be attributable to a 

number of factors, which are examined in the discussion. 

3.3.4 Transfection ~ltudies ofLXRa, RXRa and RIP 140 with the LXRE-AMTV 

Response Element in the BSC40 Cell Line 

In order to asct~rtain whether or not the reported RIP 140-mediated repression of 

reporter gene activit;r, described in Section 3.3.3, was DNA response element construct 

dependent, transient transfections were performed with the LXRE-.:lMTV reporter 

construct. These tra:1sfection assays employed the BSC40 cell line in the presence of the 

TK-LXRE3-Luc luci::erase reporter plasmid (1.25 J..l.g) alone or in combination with 

LXRa, RXRa and RIP 140 (0.5 J..l.g each) where the effect of exogenously added 22(R)­

OH-CH was investigated. These studies illustrate, in Figure 17, that transfection of 

LXRa alone results .n a two-fold increase in activation potentials with the addition of 

22(R)-OH-CH over a,;::tivation levels achieved in the absence of drug, where the addition 
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Figure 17: Transiemt transfection assays demonstrating that RIP 140 antagonizes 
transactivation med1iated by LXRa!RXRa in vivo in the BSC40 cell line. BSC40 
cells were transfected, utilizing the calcium phosphate method, with the TK-LXRE3-Luc 
(1.25 J..Lg) luciferase reporter plasmid alone or in combination with expression vectors for 
LXR.a, RXR.a and RlP 140 (0.5 J..Lg each). Where indicated, the LXR.a activator 22(R)­
OH-CH (final concentration 7 J..LM) was added. The lysates were assayed for luciferase 
activity in relative lig:1t units (R.L.U.) and adjusted to protein content. Values represent 
the average (±SD) of three separate experiments, performed in duplicate, and normalized 
to the activity observt::d with LXR.aJRXR.a, in the absence of drug, which was set to one. 
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of exogenous RXRa had no significant effect on activity levels (and are therefore 

comparable to resulrs reported in Section 3.1.1). Co-transfection ofRIP140 and LXRa 

resulted in a substantial repression of transcriptional activity either in the absence or 

presence of 22(R)-OH-CH). Similarly, transfection of RIP140, LXRa and RXR.a 

together also result~:d in a repression of activity, although to a slightly lesser extent. 

Thus, regardless of the DNA response element construct employed, in the BSC40 cell 

line, RIP140 has a repressive effect on LXR.a-mediated transactivation. 

3.3.5 RIP 140 In Vitro Binding Studies with the LXRa AlB Domain Deletion RIPA3 

Despite the fact that the LXR.a AlB domain deletions, in comparison to full length 

LXR.a, exhibited no significant differences in either EMSA nor transient transfection 

studies, the possibility that the region spanned by the LXR.a deletion constructs may be 

important for co-factor binding remained. This possibility was addressed, for the co­

factor RIP 140, via GST-binding assays, which employed both GST-RIP140(N) (Figure 

18A) and GST-RIP140(C) (Figure 18B) fusion proteins. These fusion proteins were 

incubated with either in vitro translated L-C5S]-methionine labeled RIPA3 (the construct 

with the largest section ofthe LXRa AlB domain deleted) or full length LXRa. These 

studies were carried out in the presence or absence 22(R)-OH-CH (final concentration of 

7 J..LM) or an equivalent volume ofvehicle (95% ETOH). 

As illustrated in Figure 18A, both LXR.a and RIP A3 bind to the GST -RIP 140 (N) 

protein fusion in a ligand-independent manner. Quantification of the amount of LXR.a 

and RIPL\3 that was retained by the GST fusion protein revealed that LXRa and RIPA3 
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Figure 18: In Vitro CST-binding studies which illustrate a specfic interaction 
between eitherLXRu or the LXRa AlB domain deletion construct RIPL\3 with RIP 
140 in a ligand-independent manner. In Vitro translated L-r5S]-methionine labeled 
LXRa or RIPL\3 wen: incubated with GST and (A) GST-RIP 140 (N) or (B) GST-RIP 
140 (C) coupled beads in the absence or presence ofvehicle (95% ETOH (E)) or dmg 
(7~ 22(R)-OH-CH (HC)). Subsequent to the incubation period, the beads were washed 
and the bound proteins were eluted and resolved on a 10% polyacrylamide SDS-PAGE 
gel. 
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bound with similar affinities; LXR.a. input binding percentages were 12% in the absence 

of vehicle and drug (lane 2), 12% in the presence of vehicle (lane 3) and 12% in the 

presence of22(R)-OH-CH (lane 4) and RIPil3 input binding percentages were 10% in the 

absence of either vehicle or drug (lane 9), 12% in the presence of vehicle (lane 10) and 

11% in the presence of22(R)-OH-CH (lane 11). Similar results were achieved for LXR.a. 

and RIPil3 with the GST-RIP 140 (C) fusion protein (Figure 18B) studies; LXR.a. input 

binding percentages were 19% in the absence of vehicle and drug (lane 2), 17% in the 

presence of vehicle (lane 3) and 17% in the presence of 22(R)-OH-CH (lane 4) and 

RIP il3 input binding percentages were 17% in the absence of either vehicle or drug (lane 

9), 15% in the presmce of vehicle (lane 1 0) and 15% in the presence of 22(R)-OH-CH 

(lane 11). Further more binding of LXR.a. and RIPil3 to GST alone, under any of the 

conditions tested (b ::>th Figure 18A and 18B), was negligible (always less than 1% of 

input). Thus, taken together, the results indicate that the initial 63 amino acids of the 

LXR.a. AlB domain are dispensable for RIP 140 interaction. 

3.3.6 Transfection Studies ofRIPil3, RX.Ra. and RIP 140 with the DR4-LXRE 

Element in the BSC40 Cell Line 

Transient transH~ction studies of RIP il3 and RXR.a. with RIP 140 were designed in 

order to address the possibility that deletion of the LXR.a. AlB domain may effect RIP 

140-mediated repr€:Ssion. These transfection assays were performed with the 

pDR4(X2)luc luciferase reporter plasmid (1.25ug) alone or in combination with RIPil3 

(or LXR.a.) and RXRa. and RIP140 (0.5ug each). The effects of absence of drug and 
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presence of both 9-cisRA and 22(R)-OH-CH together were also investigated. Figure 19 

illustrates that no significant effectual difference between full length LXR.a and RIPil3, 

when co-transfected with RXR.a, either in the absence or presence of drug, as previously 

described in Sectio11 3.2.2. Transfection of RIPLl3 (or LXR.a), RXR.a and RIP 140 

resulted in a signif[cant decrease in both RIP il3/RXR.a and LXR.a!RXR.a-mediated 

transactivation in both the absence and presence of9-cis RA and 22(R)-OH-CH. 

These transient transfection studies indeed demonstrate that deletion of the AlB domain 

of up to 63 amino acids (ripd3) of LXR.a has no effect on transactivation mediated by 

RXR.a!LXR.a and that the addition ofRIP140 resulted in a similar repressive/inhibitory 

effect. 

3.3.7 In Vitro AF-2 Core Domain Deletion Studies ofLXRa with RIP 140 

An intact nuclear receptor E domain, including the AF- core domain, which 

comprises the putative helix 12, has been shown to be required for RIP 140 binding 

(Cavailles eta/., 199\ Joyeux eta!., 1997, Collingwood et al., 1997, Treuter eta/., 1998, 

Miyata et a!., 1998). Thus, in order to determine if the AF-2 domain of LXR.a was 

necessary for RIP 140 interaction, the C-terminal 7 amino acids (aa 432-447) of the GST­

LXR.a fusion protein were deleted (refer to Figure 20A). This construct, GST­

LXR.ailAF-2, was subsequently employed in an in vitro GST-binding assay with L-e5S]­

methionine labeled RIP 140 (refer to Figure 20B). These experiments demonstrate that 

despite cleavage of the AF-2 domain ofLXR.a, RIP 140 was still able to bind, although 

to a lesser extent; qua.1tification ofRIP 140 retention by GST -LXR.a was 9% of input 
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Figure 19: Transient transfection assays demonstrating that RIP 140 antagonizes 
transactivation mediated by both RIPA3/RXRa and LXRa/RXRa in vivo in the 
BSC40 cell line. BSC40 cells were transfected, utilizing the calcium phosphate method, 
with the TK-LXRE3-Luc (1.25 f...Lg) luciferase reporter plasmid alone or in combination 
with expression vectors for RIP.13, LXR.a, RXR.a and RIP 140 (0.5 f...Lg each). Where 
indicated, the LXR.a activator 22(R)-OH-CH (final concentration 7 f...LM) and the RXR.a 
ligand 9-cis RA (final concentration 1 f...LM) were added together. The lysates were 
assayed for luciferas~;: activity in relative light units (R.L. U.) and adjusted to protein 
content. Values represent the average (±SD) of two separate experiments, performed in 
duplicate, and norma:ized to the activity observed with LXR.a!RXR.a, in the absence of 
drug, which was set t) one. 
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(A) 
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Figure 20: In vitro (~ST-binding study which illustrates a specific interaction 
between RIP 140 and both the full length LXRa and the LXRa AF-2 deletion GST 
fusion proteins. (A) Schematic representation oftheAF-2 core domains ofLXRa, TRf3, 
RARa and RXRa adapted from Willy and Mangelsdorf, 1997. (B) Schematic 
representation of the GST-LXRa and GST-LXRadA.F-2 constructs. (C) In vitro 
translated L-P5S]-methionine labeled RIP 140 was incubated with either GST, GST­
LXRa or GST-LXRetAAF-2 coupled beads. Subsequent to the incubation period the 
beads were washed and the bound proteins were eluted and resolved on a 10% 
polyacrylamide SDS··PAGE gel. 
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(lane 2) and 5% of input for GST-LXRadAF-2 (lane 3). Binding of RIP 140 to GST 

alone was negligible (less than 1% of input (lane 4)). Thus, these results indicate that 

RIP 140 requires th1~ LXRa AF-2 core domain for efficient binding yet further suggest 

that other regions of LXRa (although not the N-terminal 63 amino acids) participate in 

binding. This is consistent with findings that an intact E domain is required for efficient 

RIP 140 binding (Tn~uter et al., 1998). 

3.3.8/n Vitro Binding Studies ofLXRa with Both SRC-la and SMRT Co-factors 

GST -protein bi t1ding assays were designed to investigate whether or not LXRa 

interacted with either the co-activator SRC-1a or the co-repressor SMR.T. Furthermore, 

ligand investigatiom: of these potential interactions were also performed in order to 

determine not only if an LXRa/SRC-1 a interaction occurs in a ligand-independent 

manner, but also if an LXRa/SMR.T interaction can be abolished upon addition of ligand 

as observed for both nuclear receptor and/co-activator or co-repressor interactions 

respectively. These ~:tudies employed the GST -LXRa fusion protein and either the in. 

vitro translated L-e5 S]-methionine labeled SRC-1a or SMRT proteins in the absence of 

drug and vehicle, the presence of vehicle (95% ETOH) or the presence of the LXRa 

activator 22(R)-OH-CH (final concentration 7 ~-

The results of the GST-binding studies with LXRa and SRC-1a are illustrated in 

Figure 21A. Analy.:;is of the results reveal that SRC-1a binding to GST alone was 

negligible under any ofthe conditions tested (did not exceed 1% of input) (lanes 5, 6 and 

7). However, SRC-1a did bind to GST-LXRa in the absence ofvehicle and 22(R)-OH­
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Figure 21: In vitro G:~T-binding studies that illustrate a specific interaction between 
LXRa and the co-fa4:tors SRC-la and SMRT. (A) lu vitro translated, L-P5S]­
methioniue labeled SRC-la or (B) SMRT were incubated with GST-LXRa or GST 
coupled beads either in the absence or presence ofthe LXRa activator 22(R)-OH-CH 
(HC) (7)lM) or an equal volume ofvehicle (95% ETOH (E)). Subsequent to the 
incubation period, the beads were washed and the bound proteins were eluted and 
resolved on a 10% polyacrylamide SDS-PAGE gel. 
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CH (23% of input) and in the presence of both vehicle and 22(R)-OH-CH (both 16% in 

lanes 3 and 4 respt:::ctively). Thus, the SRC-1a/LXRa interaction occurs in a ligand­

independent manner and the interaction was not enhanced with the addition of 22R-OH­

CH Furthermore, vehicle (95% ETOH) appears to disrupt the interaction in the binding 

assay to a certain degree for which 22R-OH-CH is not able to compensate. 

The results ofth.e GST-LXRa and SMRT GST-binding studies, presented in Figure 

21B, demonstrate that SMRT binding to GST alone was negligible regardless of the 

conditions employed (less than 1% of input in lanes 5, 6 and 7). However, SMRT did 

bind to the GST -LXRa fusion protein in the absence of both vehicle and 22(R)-OH-CH 

(14% of input in lane 2), in the presence ofvehicle (95% ETOH) (10% of input in lane 3) 

and upon addition of22(R)-OH-CH (11% ofinput in lane 4). Thus, the addition of95% 

ETOH appears to di1;rupt the SMR T !LXRa interaction slightly and the addition of 22(R)­

OH-CH did not havE: any significant effect on the interaction. 

The observations reported here for the SRC-1 a/LXRa and SMR T !LXRa 

interactions may attributable to a number of factors, which are examined in the 

discussion. 

3.3.9 In Vitro LXRct AF-2 Core Domain Deletion Studies with SRC-la and SMRT 

Co-factors 

In order to det,~rmine if the AF-2 core domain of LXRa was necessary for either 

SRC-1a or SMRT ·binding, a series of GST-binding assays were performed. These . 

studies employed both the GST-LXRa and GST-LXR.a.L\AF-2 fusion proteins with either 
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in vitro translated L -C5S]-methionine labeled SRC-1 a and S:MRT in the absence of both 

vehicle and 22(R)-OH-CH. 

The results of the investigations ofGST-LXR.a..1AF-2 with SRC-1a are presented in 

Figure 22A. Analysis of these results indicate that binding of SRC-1a to the GST­

LXR.a..1AF-2 fusion protein, in comparison to GST-LXR.a binding, is significantly lower 

and not above background binding to GST alone (0.6% of input bound to the AF-2 

deletion (lane 3), 0.6% of input bound to GST alone (lane 4) and 3% of input bound to 

GST-LXR.a). These findings suggest that the AF-2 core domain ofLXR.a is essential for 

SRC-1a binding, as observed for interactions with other nuclear receptors. 

S:MRT interaction studies with either GST-LXR.a or GST-LXR.a..1AF-2 are 

presented in Figure 22B. Surprisingly, these results illustrate that binding of S:MRT to 

the GST -LXR.a..1AF--2 fusion protein was significantly higher than that achieved with the 

GST-LXR.a fusion protein (20% of input (lane 3) and 13% of input (lane 2), 

respectively). Retemion of S:MRT by GST alone was negligible (less than 1% in lane 4). 

These findings suggest that the LXR.a AF-2 core domain (helix 12) impedes 

LXR.a/S:MRT interactions. 

3.3.10 Transfection Studies with LXRa, RXRa and SRC-la with the DR4-LXRE 

Element in the BSC40 Cell Line 

In order to determine the effect, if any, of SRC-1a on LXR.a-mediated 

transactivation, transient transfection assays were designed. These transfection studies 

were performed in the BSC-40 cell line in the presence ofthe pDR4(X2)luc reporter 
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Figure 22: (A) In vilro GST-binding study that illustrates a loss of binding between 
the LX.Ra.AF-2 delc~tion GST fusion protein and SRC-la and (B) In vitro GST­
binding study that illustrates a specific interaction between LXRa. and the LXRa. 
AF-2 deletion GST fusion proteins with SMRT. (A) In vitro translated, L-[35S]­
methionine labeled SRC-1a or (B) SMRTwere incubated with GST-LXRa., GST­
LXRa.MF-2 or GST coupled beads in the absence ofboth vehicle and 22(R)-OH-CH. 
Subsequent to the in(:ubation period, the beads were washed and the bound proteins were 
eluted and resolved <Jn a 10% polyacrylamide SDS-PAGE gel. 
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plasmid (1.25ug) alone or in combination with LXR.a, RXR.a (0.5ug each) and 

increasing amounts ofSRC-la (0.001-2 !J,g). The effects of exogenously added 9-cis RA 

and 22R-OH-CH together were investigated. As demonstrated in Figure 23, SRC-la, 

even at the lowest concentration ofO.OOlug, in the presence of both 9-cis RA and 22(R)­

OH-CH, significantiy repressed LXR.a!RXR.a-mediated transactivation (approximately 

by two thirds). This repression was also observed in the absence of drug but to a lesser 

extent (approximately 50%). This surprising observation may be the result of a number 

of factors, which are thoroughly examined in the discussion. 

3.3.11 Transfection Studies of LXRa, RXRa and SMRT with the DR4-LXRE 

Response Element i 11 the BSC40 Cell Line 

A preliminary transient transfection experiment was performed in order to 

investigate the effect, if any, of S"MRT on LXR.a-mediated transactivation. This 

transfection study were performed in the BSC-40 cell line in the presence of the 

pDR4(X2)luc reporter plasmid (1.25ug) alone or in combination with LXR.a, RXR.a and 

S"MRT (0.5ug each). The effects of exogenously added 9-cis RA and 22R-OH-CH, alone 

or in combination w:!re investigated. As demonstrated in Figure 24A, SMRT, in the 

absence and presence ofboth 9-cis RA and/or 22(R)-OH-CH, had no significant effect on 

LXR.a!RXR.a-mediat,:!d transactivation. 

A second prelim.nary transfection experiment was carried out in order to determine 

the effect of SMRT titration, in increasing amounts, on LXR.a!RXR.a transactivation. 

Once again, transient transfections were performed in BSC40 cells in the presence of the 

pDR4(X2)luc lucifera:;e reporter plasmid (1.25~J,g) alone or in combination with LXR.a 
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Figure 23: Transient transfection assays demonstrating that SRC-la antagonizes 
transactivation meclliated by LXRa!RXRa in vivo in the BSC40 cell line. BSC40 
cells were transfected, utilizing the calcium phosphate method, with the pDR4(X2)luc 
(1.25 J.lg) luciferase Ieporter plasmid alone or in combination with expression vectors for 
LXR.a and RXR.a (0.5 J.lg each) with increasing amounts ofthe SRC-1a expression 
vector (0.001-2 J.lg). Where indicated, the LXR.a activator 22(R)-OH-CH (final 
concentration 7 J.lM) and the RXR.a ligand 9-cis RA (final concentration 1 J.lM) were 
added together. The lysates were assayed for luciferase activity in relative light units 
(R.L.U.) and adjusted to protein content. Values represent the average (±SD) of two 
separate experiments, performed in duplicate, and normalized to the activity observed 
with LXR.a.IRXR.a, i t1 the absence of drug, which was set to one. 
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Figure 24: Preliminary transient transfection assays demonstrating that SMRT has 
no significant effect on transactivation mediated by LXRa./RXRa. in vivo in the 
BSC40 cell line. BSC40 cells were transfected, utilizing the calcium phosphate method, 
with either the pDR4(X2) luc (1.25 J.Lg) luciferase reporter plasmid alone or in 
combination with expression vectors for (A) LXR.cx., RXR.cx. or S.MRT (0.5 J.Lg each) or 
(B) LXR.cx. and RXRcx. (0.5J.Lg each) with increasing amounts ofthe S.MRT expression 
vector (0.1-2 J.Lg). VThere indicated, the LXR.cx. activator 22(R)-OH-CH and RXR ligand 
9-cis RA (final concentration 7J.LM and 1J.l.M resepectively) were added. The lysates were 
assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein 
content. Values represent one experiment, performed in duplicate, where the error is 
represented as the range ofvalues and normalized to the activity observed with 
LXR.cx.IRXR.cx., in the absence of drug, which was set to one. 
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and RXR.a (0.5 !J.g each) and increasing amounts ofSMRT (O.l!J.gto 21J.g). As illustrated 

in Figure 24B, SMRT had no significant effect on LXR.a!RXR.a-mediated transactivation 

in the presence ofboth 9-cis RA and 22(R)-OH-CH, although some minor fluctuations in 

activation levels are apparent. However, in the absence of drug, SMRT appeared to 

increase transactiwttion levels approximately two-fold, regardless of the SMRT 

concentration employed. The significance of this observation remains to be seen as 

further study is clearly required. 



CHAPTER FOUR 


DISCUSSION 


4.1 Transient Tra11 sfection Studies of LXRa. 

Studies of the 1ransactivation properties ofLXR.a in vivo were performed with either 

a DR4-LXRE or ar, LXRE-~TV containing reporter construct (the pDR4(X2)luc and 

TK-LXRE3-Luc reporter constructs respectively). A direct comparison between the 

DR4-LXRE and LXRE-~V elements was not possible as they differ in DNA response 

element copy number, configuration and promoter context. Nonetheless, the effectual 

differences between the DR4-LXRE and the LXRE~TV constructs were demonstrated 

in vivo in respom:e to not only exogenously added LXR.a and RXR.a but also 

exogenously added 9-cis RA in a variety ofcell lines. 

The most dramatic difference observed for the DR4-LXRE and LXRE-~TV 

constructs was de:nonstrated via studies with the LXRE-~TV construct, which 

illustrated that tra:1sfection of LXR.a resulted in transactivation levels that were 

comparable to that observed when LXR.a. was co-transfected with RXR.a with certain 

exceptions (for the BSC40 cell line in the absence of drug and in the HepG2 cell line in 

the absence and presence of 22(R)-OH-CH, where a 50% increase in activation levels 

were achieved upon co-transfection with RXR.a). In contrast, the DR4-LXRE construct, 

regardless of the cell line employed, did not result in any significant increase in 

transactivation levels above basal levels upon transfection with LXR.a,. whereas co-

Ill 
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transfection with RXR.a. resulted in a substantial increase. These observations may be 

attributable to the possibility that the LXR.a.IRXRa. heterodimer preferentially binds to 

the LXRE-~TV construct over the DR4-LXRE construct in vivo, although no 

difference in binding affinity has been observed in vitro for the DR4-LXRE and LXRE­

~TV response elements. Alternatively, the endogenous RXR.a. stores may be 

sequestered by binding to other nuclear receptors and/or co-factors which form non­

functional complexes with the DR4-LXRE element not formed in the presence of the 

LXRE-~V element. 

The mammalian cell lines employed in this study harbor endogenous nuclear 

receptors and co-factors, which can interact with LXR.a., RXR.a. and the reporter 

constructs and thus provide a potential explanation for the difference observed upon 

transfection of RXRa. with the reporter constructs. Studies with the DR4-LXRE reveal 

that transfection of RXR.a. results in transactivation levels that are considerably higher 

than those achieve{ with the LXRE-~V construct, regardless of cell line or drug 

conditions investigated. Thus, in this scenario, RXR.a. heterodimerizes with endogenous 

nuclear receptors, such as TR, which co-operatively bind to and subsequently activate the 

DR4-LXRE reporter construct. In contrast, binding of the RXR.a./endogenous nuclear 

receptor complex may or may not be possible on the LXRE-~V element and those 

that are capable ofbinding, such as the LXR.a./TR complex, may not be functional. 

Another significant difference exhibited by the two LXRE constructs is their variant 

response in the presence of retinoids. Investigation of LXR.aJRXR.a.-mediated 
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transactivation via the DR4-LXRE element revealed that this reporter construct lacked 

retinoid responsivem:ss, as illustrated upon addition of 9-cis RA, in both the COS-1 and 

HepG2 cell lines; however a slight response was observed in the BSC40 cell line. In 

comparison, the LXRE-~V proved to be retinoid responsive when transfected with 

LXR.a regardless of the cell lines employed. Co-transfection of LXRa and RXR.a, 

however, resulted in retinoid responsiveness for only· the HepG2 cell line, whereas 

addition of 9-cis RA had no effect on transactivation mediated by LXR.a/exogenous 

RXR.a in the BSC40 cell line and a repressive effect in the COS-1 cell line. Similar 

studies have demonstrated that the LXR.a.IRXR.a heterodimer on the DR4-LXRE lacks 

retinoid responsiveness, as illustrated upon addition of the retinoid methoprene acid, 

while the LXRE-~TV response element is responsive, in the CV -1 cell line (Willy et 

al., 1995). While the observations, reported in this study, may be due to the different 

promoter contexts, number of LXRE copies or configurations of these reporter 

constructs, these variables were shown to be irrelevant for the CV-1 cell line (Willy et al., 

1995). This transcriptional response mediated by the LXR.a!RXR.a heterodimer has been 

shown to require onl~r the activation domain of LXR.a and not that of RXR.a (Willy and 

Mangelsdorf, 1997), which has been attributed to the phantom ligand effect (Schulman et 

al, 1997). This effeet has been described as a unique form of allosteric control and is 

thought to occur as a result of the binding of ligand to one of the heterodimeric partners 

(RXR.a in this case), resulting in a linked conformational change in the second 

heterodimer partner (LXR.a) and the concomitant dissociation of bound co-repressors and 

subsequent association of co-activators. Ultimately, these studies indicate that retinoid 
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signaling, through the LXR.a!RXRa heterodimer, appears to occur in an LXRE construct 

and cell line-specifi:; manner and indicates that different cell lines may posses various 

factors, such as oth:!r nuclear receptors, co-factors and agonists/antagonists, which can 

either interfere with or enhance retinoid activation. 

The transient transfection studies of LXR.a further reveal that LXR.a displays 

constitutive activity, regardless of the cell line or LXRE reporter construct employed. 

This constitutive activity may be attributable to the presence of a functional AF-1 domain 

within the AlB domain of LXR.a as reported for other nuclear receptors (Nagpal eta!., 

1993, Wilkinson and Towle, 1997, Werman eta!., 1997, Metzger eta!., 1995, Sjoberg 

and Vennstrom, 1995, and reviewed in Schoonjans eta!., 1996). Alternatively, such 

activity may be due to the presence of endogenous LXR.a activators/ligands as described 

for LXR.a in the C\'-1 cell line (Forman eta!., 1997). While these two possibilities are 

not mutually exclustve, three main factors have been presented in this study and in the 

Forman and colleagues (1997) study, which, taken together, indicate that the latter 

possibility is the more probable of the two. First, LXR.a!RXRa-mediated constitutive 

activity of both the DR4-LXRE and LXRE-~TV reporter constructs was not 

significantly enhanced upon the addition of the LXR.a activator 22(R)-OH-CH, in either 

the COS-I or HepG~ cell lines, indicating the presence of endogenous ligand. In the case 

ofthe BSC40 cell line, a modest 2-fold increase in activation is observed upon addition 

of 22(R)-OH-CH and may be attributable to sub-optimal levels of endogenous LXR.a 

ligand. Second, LXRa AlB domain deletion studies, as outlined in Section 3 .2, failed to 
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demonstrate a role for the LXR.a AlB domain in transactivation and thus, further 

indicated the absence of a functional AF-1 domain within the N-terminal 63 amino acids 

of LXR.a, although the C-terminal 34 amino acids of the AlB domain have yet to be 

investigated. Third, studies performed by Forman and colleagues (1997), report that the 

observed constitutiv1~ activity is mediated by the LBDs of both the LXR.a and RXR.a 

receptors. Furtherm:Jre, transfection studies, performed in the CV-1 cell line, presented 

in this report further indicate that this activity is dependent upon MV A biosynthesis and, 

in turn, upon the pre~;ence ofMVA itself or MV A metabolites (including 22(R)-OH-CH), 

which may function .:ts endogenous LXR.a ligands. 

4.2 LXRa AlB Domain Deletion Studies 

4.2.1 EMSA Analysis 

The EMSA studies with the LXR.a and the LXR.a AlB domain deletions 

demonstrated that ·;he N-terminal 63 amino acids of LXR.a are dispensable for 

LXR.a/RXR.a heterodimer complex formation with either the DR4-LXRE or the LXRE­

LlMTV elements. Thus, the observed decrease in complex formation observed for the 

SM1/RXR.a heterodimer, on either of the LXR.Es, is attributable to the non-native N­

terminal extension piece, which may induce a conformational change in LXR.a that alters 

DNA binding spec:ficity and/or RXR.a heterodimer formation ability. While the 

components of the Sh.ift B complex are not known it is possible that this shift is a ternary 

complex consisting of LXR.a/RXR.a and an endogenous co-factor in the rabbit 

reticulocyte lysate. Thus, although the biological significance of Shift B is questionable, 
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its formation appears to be specific and dependent upon not only the presence of LXR.a 

and RXR.a but also an intact LXR.a AlB domain. 

4.2.2 Transfection :~tudies of LXRa and the LXRa AlB Domain Deletions 

The transient transfection studies of LXR.a and the LXR.a AlB domain deletions, 

regardless of the LXRE construct or cell line employed, failed to demonstrate a 

functional role for the N-terminal 63 amino acids of the LXR.a AlB domain in 

transactivation. Furthermore, considering the limitations of the experiments performed, 

these studies imply that a functional AF-1 domain is absent in this region of the LXR.a 

AlB domain. This observation may be attributable to a number of factors; first, the 

LXR.a AlB domain does not participate in LXR.a-mediated transactivation. Second, the 

LXR.a AlB domain does participate in transactivation, however, function resides in the 

34 amino acids that remain uninvestigated within the AlB domain of LXR.a. Third, 

detection of a functional LXR.a AlB domain, which may or may not reside in the regions 

spanning the deletion series, could be cell line or cell type-specific as observed for a 

number of other nudear receptor AlB/ AF-1 domains (Berry eta/., 1990, Nagpal et al., 

1992, Nagpal et al, 1993, Metzger eta/., 1995, Ikonen et al., 1997, Wilkinson and 

Towle, 1997). In this scenario, the AlB domain effect may be masked by the presence of 

endogenous LXR.a ligands (MVA metabolites) and thus detection may require a different 

cell line or cell type. Furthermore, the cell lines employed may lack co-factors, which 

would facilitate a potential AF-1/ AF-2 synergism and/or AF-1 activity or, alternatively, 

possess co-factors that inhibit this activity/interaction. As well, although there is no 
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evidence that LXRo~ is phosphorylated (although a putative PKC recognition sequence 

has been located in the LXRa!RLD-1 hinge region) it remains a possibility that the cells 

lines employed are unable to modify or, alternatively do modify, the LXR.a. AlB domain 

(or other regions) rendering the AlB domain inactive as reported for other nuclear 

receptors (Kato et a.r., 1995, Rochette-Egly eta!., 1997, Adams eta!., 1997). Fourth, a 

number of studies with other nuclear receptors have demonstrated that AlB (AF-1) 

domain activity rna) be DNA response element and promoter context-specific (Berry et 

a!., 1990, Nagpal ez a!., 1992, Nagpal eta!., 1993, Metzger et al., 1995, Sjoberg and 

Vennstrom, 1995, lkonen eta!., 1997, Wilkinson and Towle, 1997). Thus, it may be 

possible that LXRa. AlB activity may require naturally occurring promoter contexts 

and/or DNA response elements, such as the CYP7a promoter and DNA response element. 

Ultimately, further study of the LXRa. AlB domain is required in order to 

investigate the possibility that the remaining 34 amino acids of the LXRa. AlB domain 

may play a role in LXRa.-mediated transactivation. Furthermore, the question as to 

whether or not LXRa. possesses a functional AF-1 domain, within the AlB domain, 

remains to be properly addressed. While the studies presented here indicate the absence 

of such a domain, definitive identification would require that transient transfection assays 

be performed that employ a plasmid construct containing the yeast GAL4 DBD upstream 

of the isolated LXRa. AlB domain and a reporter plasmid containing the yeast GAL4 

response element(s). lfindeed the AlB domain possesses a functional AF-1 domain, the 

LXRa. AIB/GAL4 :fhsion construct would activate transcription of the GAL4-reponsive 
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reporter gene as previously demonstrated for PPARy, RAR, RXR and TR (Nagpal et al., 

1993, Werman et al, 1997, Wilkinson and Towle, 1997). 

4.3 Interaction and Functional Studies ofLXRa and RIP 140 

4.3.1 LXRa Interaetion Studies with RIP 140 In Vitro 

In vitro GST -binding studies confirmed the LXR.a/ RIP 140 specific interaction, 

initially illustrated via the yeast dihybrid system. Furthermore, these studies revealed that 

the LXR.aJRIP 140 interaction occurred in a ligand/activator-independent manner, as 

illustrated for the P:t,ARIRIP 140 interaction (Miyata et al., 1998, Treuter et al., 1998). 

Furthermore, LXR.a demonstrated an ability to bind either sub domain of RIP 140 (site I 

and site 2), with a11 apparent preference for site 2, in a ligand/activator-independent 

manner. In contras·t, previous reports have demonstrated that interactions between RIP 

140 and other nucle.:tr receptors, including RXR (also illustrated in this study), RAR, TR 

and ER, occur in a ligand-dependent or enhancing manner (Cavailles et al., 1995, 

L'Horset et al., 19915). These observations may be indicative of the existence of various 

mechanisms that di ~tate the manner in which RIP 140 interacts with various nuclear 

receptors. Alternatively, structural differences may exist between the unliganded LBD, 

specifically the positions of helices 3, 4, 5 and 12, of LXR.a (and PPAR) and other 

nuclear receptors (R.enuad et al., 1995, Bourget et al., 1995), which constitutes a 

constitutively activt:, although potentially unstable, conformation, thereby facilitating 

RIP 140 ligand-independent interactions. In this scenario, the presence of ligand may . 

serve to stimulate the displacement of bound co-repressors, which results in the 

subsequent exposure of a co-activator interaction site and may also serve to stabilize the 
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active conformation (Miyata et a/.,1998, Treuter et al., 1998) (refer to Figure 25 for 

proposed model). 

4.3.2 Transfection ~itudies ofLXRa., RXRa. and RIP 140 


Transient transfection studies of LXR.a., RXR.a. and RIP 140, revealed that RIP140, 


regardless of the LXRE construct or cell line employed, antagonized LXR.a.IRXR.a.­


mediated transcriptional activation in vivo. This RIP 140-mediated repression of 


transcriptional activty has also been reported for both RAR (Chakravarti et al., 1996) 

and PPAR (in both mammalian and yeast cells) (Miyata et al., 1998, Treuter et al., 1998). 

These observations, however, are in contrast to previous reports, which indicate that RIP 

140 acts as a bonafide co-activator when tethered directly to a promoter (Cavailles et al., 

1995). As well, unoublished data from our laboratory indicates that RIP 140 activates 

PP ARa.-mediated transactivation in yeast cells. Furthermore, transfection studies of RIP 

140 and ER, as well as studies performed in yeast, demonstrate an increase in activation; 

however, only minimal activation was achieved and was subsequently repressed as RIP 

140 concentrations are increased (Cavailles et al., 1995, Joyeux et al., 1997). The 

observed RIP 140-mediated repression of transcriptional activity may be attributable to 

the sequestration of downstream effector molecules by RIP 140. Alternatively, RIP 140 

may function as a v<::ry weak co-activator ofLXR.a.; however RIP 140 may compete with 

stronger co-activators, including SRC-1 and CBP/p300, for nuclear receptor binding and 

therefore, antagonism of LXR.a. transactivation is observed in the system employed. 

Nonetheless, despite the similarities between RIP 140 and other co-activators, a true 'co­

activator' role for RlP 140 has come under question for a number of reasons; first, RIP 
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140 has demonstrated an inability to functionally substitute for SRC-1 (Torchia et al., 

1997). Second, RIP 140 has been shown to inhibit the interaction between the N-terminal 

and C-terminal regi:ms of the AR receptor, and thus may inhibit AF-1/AF-2 mediated 

synergism (Ikonen et al., 1997). This observation is contrasted by reports of other co­

activators, such as SRC-1 and CBP/p300, which facilitate this interaction resulting in 

transcriptional activation (Kraus et al., 1995, Ikonen et al., 1997, Ofiate et al., 1998, 

Webb et al., 1998). Third, RIP 140 fails to interact with not only CBP (Kamei et al., 

1996) but also to basal transcription factors such as TBP and TFiffi (Cavailles et a/., 

1995), which indicates an inability to function as a co-activator/bridging molecule with 

the transcription in :tiation complex. Thus, these concepts, in conjunction with the 

observations reported in this study, indicate that RIP 140 acts to -attenuate the 

transcriptional respcnse of nuclear receptors by preventing functional interactions with 

other, more potent co-activators. 

4.3.3 Interaction a11d Functional Studies of RIP 140 and RIPA3 

The in vitro GST-binding studies of RIP 140 with RIPA3 demonstrated that theN­

terminal 63 amino acids of the LXR.a. AlB domain were dispensable for RIP 140 

interaction. Simila~ly, transient transfection studies of RIPA3, RXR.a. and RIP 140 

illustrated that deletion of up to 63 amino acids of the LXR.a. NB domain had no effect 

on RIP 140-mediate:i repression of LXR.a.IRXR.a. transactivation. Taken together, these 

observations may indicate that RIP 140, in its inability to interact with the N-terminal 

domain and therefore its inability to facilitate a functional interaction between theN- and 
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C-terminal regions of LXRa, serves to attenuate the transcriptional response of nuclear 

receptors modulated by other, more potent, co-activators. 

4.3.4 LXRa AF-2 Core Domain Deletion Studies with RIP 140 

In vitro GST -binding studies illustrated the ability of RIP 140 to bind to the LXRa 

AF-2 domain (helix 12) deletion construct, although to a lesser extent than that achieved 

with full-length L)(Ra. These results indicate that RIP 140 requires the LXRa AF-2 

core domain for eflcient binding, however, it is apparent that other regions of LXRa 

participate in RIP 140 binding (which do not include theN-terminal 63 amino acids of 

the LXRa AlB domain). These findings are consistent with a previous study, which 

reported that while the AF-2 domain ofPPAR was necessary for both RIP 140 and SRC­

1 interaction, other regions ofthe PPAR LBD contributed to these interactions (Treuter et 

al., 1998). Ultimat~ly, these observations are also consistent with a current model that 

describes the formation of a compacted nuclear receptor LBD, via interactions with 

helices 3, 4, 5 and 12, which constitutes a hydrophobic groove that binds the LXXLL 

motifs of co-activators, which is thought to occur consequence of ligand binding (Nolte et 

al., 1998, Darimom et al., 1998). However, as previously described for LXRa and 

PPAR, this may not always be the case as the AF-2 domain of LXRa may exist in an 

active, though pote1tially unstable, conformation, which is subsequently stabilized by 

binding ofligand (rder to Figure 25). 

Future studies of the RIP 140 interaction with LXR will undoubtedly include the 

identification of other regions within LXRa that are important for binding. Further 

LXRa AF-2 deleticn studies are also required in order to determine the effect of the 
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addition of the LXRa potent activator, 22(R)-hydroxycholesterol, which may also be 

facilitated by the identification ofLXRa ligands. 

4.4 LXRa Interaction Studies with SRC-la and SMRT In Vitro 

In vitro GST -binding assays revealed that LXRa was able to interact with the co­

activator SRC-1a in a ligand/activator-independent manner, where the addition of22(R)­

OH-CH had no apparent enhancing effect as previously demonstrated for the SRC-

1/PPARy interaction (Zhu et al., 1996) and the p300/PPARa interaction (Dowell et al., 

1997). These observations may be explained with the aforementioned model, where the 

LXRa LBD helice1: 3, 4, 5 and 12 exist in an active (unstable) conformation and the 

presence of ligand serves not only to stabilize the active conformation but also to expose 

a co-activator inter:tction site by displacing bound co-repressors. The in vitro GST­

binding assays, which investigated the LXRa/SMR T interaction, demonstrated that this 

interaction occurred in the absence of ligand/activator as observed for other nuclear 

receptor/co-repressor interactions. However, the addition of the LXRa activator, 22(R)­

OH-CH, did not abolish nor reduce the LXRa/SMRT interaction. Furthermore, 22(R)­

OH-CH failed to enhance either the RIP 140/LXRa or the SRC-1 a!LXRa interaction. 

Taken together, the!:e observations indicate that the potent LXRa activator, 22(R)-OH­

CH, may not functicn as a 'true' LXRa ligand and that a derivative of this compound (or 

other MV A metabolites) may serve as an LXRa ligand. Nonetheless, it is apparent from 

these in vitro studies that 95% ethanol disrupts both SRC-1a/LXRa and SMRT/LXRa 

(and RIP 140/LXRa to a lesser extent) interactions and, therefore, it remains a possibility 
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that the presence of ethanol masks any 22(R)-OH-CH enhancing or inhibiting effect 

respectively. 

4.5 LXRa. AF-2 Core Domain Deletion Studies with SRC-la and SMRT 

In vitro GST -binding studies illustrated the inability of SRC-1 a to bind to the LXR.a. 

AF-2 domain (helix 12) deletion construct. These results indicate that the LXR.a. AF-2 

core domain is essential for efficient SRC-1a binding; however, it remains a possibility 

that other regions of LXR.a. participate in this interaction as reported for other nuclear 

receptor interactiom including PPAR (Treuter eta/., 1998), TR (Jeyakumar et al., 19970, 

and ER (White et a!., 1997, Henttu eta!., 1997). Ultimately, these observations are 

consistent with the Goncept that mutation and/or deletion of the AF-2 domain (helix 12) 

may destabilize the compact LBD conformation resulting in the disruption of the co-

activator LXXLL-rnotif interacting hydrophobic core (Nolte eta/., 1998, Darimont et a/., 

1998). 

In contrast, in vitro interaction studies of S:MRT and both LXR.a. and the LXR.cx. AF­

2 domain deletion GST fusion proteins, surprisingly demonstrated that the SMRTILXR.a. 

AF-2 deletion interaction was significantly greater in affinity than the SMRTILXR.a. . 
interaction, as previously reported for the RAR/SMRT interaction (Wong eta/., 1998). 

This observation is consistent with the concept that co-repressor binding occurs when the 

LBD exists in an €:xtended conformation (helix 12 is extended away from the other 

helices 3, 4, and 5), which usually occurs in the absence of ligand (Chen et a!., 1996, 

Lavinsky eta!., 1998). Thus, this study mimics this effect via deletion of the LXR.cx. AF­

2 domain, where ott.erwise the LXR.a. LBD may exist in a constitutively active (unstable) 
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conformation, thereby impeding the S.MRT/LXRa interaction. Furthermore, these 

observations are als :> consistent with a model for LXRa where addition of ligand, which 

may not alter the position of helix 12 directly, may serve to induce a conformational 

change, which displaces bound co-repressors such as S.MRT. Nonetheless, these results 

also indicate that other regions ofLXRa are important for S.MRT interaction, which may 

include the hinge region (domain D) and other areas of the LBD, as reported for other 

nuclear receptor/co-repressor interactions (Horlein et al., 1995, Kurokawa et al., 1995, 

Chen and Evans, 1995). 

Clearly, future studies would include the investigation of the effect of 22(R)­

hydroxycholesterol on both the LXRa/SCR-la and LXRa/S.MRT interactions, the 

identification of other regions within LXRa that participate in binding and the effect of 

other LXRa ligands, yet to be identified, on these LXRa/co-factor interactions. 

4.6 Transfection Studies ofLXRa, RXRa and SRC-la 

Transient transfection studies ofLXRa, RXRa and SRC-1a, revealed that SRC-la, 

antagonized LXRoJRXR.a-mediated transcriptional activation in vivo, despite its 

classification as a co-activator. While this observation initially seems surprising, this 

result may be attributable to several factors; first, the SRC-1a clone employed in these 

studies lacks the bHLHIPAS domain of full length SRC-1 (F-SRC-1) and thus may be 

incapable of binding in a functional manner as previously reported for the AR receptor 

where the SRC-1a clone prevented the N- and C-terminal domains of AR from 

interacting, thereby repressing AR-mediated activation (Ikonen et al., 1997). In contrast, 

F-SRC-1 was shown to facilitate this interaction resulting in a potentiation of AR­
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mediated transcripti)nal activation (lkonen et al., 1997). Second, the observed repression 

may be DNA response element or promoter context-specific as observed for the ER 

receptor (Kalkoven et a!., 1998). This study demonstrated that ER-mediated 

transcriptional activation was only slightly increased by F-SRC-1a (in comparison to the 

F-SRC-1e isoform) on one ERE/promoter context while another ERE/promoter context 

resulted in severe repression ofER-mediated activation. Thus, the repression reported in 

this study may be promoter context/DNA element-specific and a naturally occurring 

promoter context (possibly the rCYP7A promoter) and/or LXRE-CYP7a response 

element may be necessarily employed in order to achieve potentiation of activation by 

SRC-1. Third, it has been demonstrated that SRC-1 isoforms are functionally distinct 

and, therefore, it is possible the SRC-1e isoform (or other isoforms)may preferentially 

activate LXRa as described for the ER receptor (Kalkoven eta!., 1998). Thus, further 

investigation of the ~ole that SRC-1 plays in LXRa-mediated transactivation may include 

transient transfecticn studies that employ full length SRC-1a, different LXREs and 

promoter contexts, various cell lines and other SRC-1 isoforms. 

4.7 Transfection Studies of LXRa, RXRa and SMRT 

Preliminary trar1sient transfection studies ofLXRa, RXRa and SMRT revealed that, 

SMRT had no signficant effect on LXRa!RXR.a-mediated transactivation, despite the 

fact that LXRa and SMRT were shown to interact with one another in GST-binding 

assays (Section 3.3 .8). This observation has been previously reported by Zamir and 

colleagues (1997), where it was demonstrated that although SMRT 9and N-CoR) may be 

capable ofbinding to various nuclear receptors, including PPARy and the orphan receptor 
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RevErb, in solution, S:MRT may not function as a transcriptional repressor as these 

receptors are unabl~~ to bind these co-repressors when bound to their respective DNA 

response elements. Thus, further study of a potential LXR/S:MRT functional interaction 

would require investigation ofthe ability ofLXR.a/RXR.a. heterodimers to recruit S:MRT 

when bound to various LXR.Es. Furthermore, continuation of the transient transfection 

studies are required in order to not only definitively address the possibility that S:MRT 

may modulate LXR.a.-mediated transactivation but also to determine the significance of 

the observed increa,e in ligand-independent transcriptional activity upon transfection of 

LXR.a., RXR.a. and ~):MRT in the titration experiment. 

4.8 Conclusion 

In summary, the results presented in this study have provided insight into not only 

how LXR.a. functions as a transcriptional regulator of target genes, with respect to LXR.a. 

AlB and LBD (E domain) function, but also the complex mechanism by which co­

factors, such as RIP 140, SRC-1a and S:MRT modulate LXR.a. activation. Furthermore, 

this study indicates that current models, which describe the mechanism by which co­

activators and co-re pressors respectively facilitate or inhibit the transcriptional activation 

mediated by nuclear receptors, may require specific modifications in order to adequately 

delineate LXR.a.-mediated transactivation, as depicted in Figure 25. Figure 25A presents 

a simplified version of the current model, which illustrates that, in the absence of ligand, 

nuclear receptors, whose AF-2 domain (helix 12) exists in an inactive, extended 

conformation, associates with the co-repressor complex, which blocks an interaction 

between these receptors and the basal transcription machinery and causes the 
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deacetylation of core histones, thereby repressing the basal activity of target genes. The 

binding of ligand results in a conformational change that causes the disassociation of the 

bound co-repressor complex and results in a shift ofthe AF-2 domain form an extended 

to a compacted ccnformation with other helices of the LBD, which results in the 

formation of a co-activator interaction surface (actually an LXXLL, hydrophobic binding 

pocket). Recruitment of the co-activator complex follows, via its LXXLL motifs, which 

facilitates both interactions between the nuclear receptors and basal transcription 

machinery and ace·.:ylation of core histones, resulting in the transactivation of target 

genes. A proposed model depicting the mechanism by which co-factors modulate 

LXRa-mediated activity is presented in Figure 25B. While quite similar to the 

aforementioned model, this LXRa model differs in that the AF-2 domain is in an active, 

yet unstable, conformation, which nonetheless associates with a co-repressor complex, 

resulting in the repr,~ssion ofLXRa-mediated transactivation. The addition of ligand, in 

this case, serves to not only disassociate the co-repressor complex, but also to stabilize 

the existing AF-2 domain in its active, compacted conformation. Subsequent association 

of a co-activator complex, yet to be fully delineated for LXRa, follows, which results in 

the strong transcriptional activation ofLXRa target genes. Alternatively, RIP 140 may 

be recruited, which may result in weak transactivation, thus attenuating the 

transcritpional response of LXRa by preventing functional interactions with other, more 

potent co-activators. However, how RIP 140 interacts with the basal transcription 

machinery has yet to be described, as studies have demonstrated that RIP 140 fails to 

interact with CBP, TBP and TFIIB. 
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Figure 25: Model depicting the mechanism by which co-factors modulate the 
transcriptional activation mediated by A) members of the nuclear hormone receptor 
superfamily or B) LXRa. Adapted from Chen et al., 1996, Schulman et al., 1996, 
Korzus et al., 1998 and Westin et al., 1998. Refer to text for details. 
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Nonetheless, this proposed model for LXR.a-mediated transactivation , is consistent 

with the observation that, in a cell free system, co-activators (and co-repressors) are 

capable of binding to LXR.a in a ligand-independent manner as the LXR.a AF-2 domain 

exists in a conforrration which constitutes a co-activator interaction surface!LXXLL 

hydrophobic bindin~; pocket. Furthermore, this model may also explain the observation 

that deletion of the LXR.a AF-2 domain enhanced SMRT binding, as this may have 

exposed other SMRT/co-repressor interaction sites blocked by the LXR.a AF-2 domain in 

its compacted, active, though unstable, conformation. Clearly, LXR.a crystallographic 

studies, in conjunction with the studies presented here and those suggested throughout the 

discussion, will facilitate the delineation of the mechanisms by which LXR.a-mediated 

transactivation is modulated and, in tum, how LXR.a mediates transcriptional control of 

LXR.a target genes. Ultimately, these LXR.a investigations further our understanding of 

how nuclear recepto ~s achieve specificity and diversity, via differences in DNA response 

elements, promoter contexts, ligands and co-factor binding, in the activation of target 

gene expression. 
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