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ABSTRACT 

The physiological effects of steroid hormones are 

mediated through intracellular receptors that regulate 

transcription of hormone response element (HRE)-containing 

genes. Although the androgen receptor (AR) and the 

glucocorticoid receptor (GR) are coexpressed in many 

tissues and bind identical HREs, biological actions of each 

hormone are distinct. Elucidating the mechanisms by which 

AR and GR regulate transcription of their target genes is 

vital to understanding cell- and receptor-specific effects 

of steroid hormones. 

These receptor-specific effects were investigated using a 

system in which AR and GR differ in their abilities to 

activate transcription from the same reporter genes. To 

determine if the differential activity was due to inherent 

differences between AR and GR functional domains, the 

activities of AR/GR chimeric receptors were examined. 

Functional differences in the N-terminal modulatory domains 

and, to a lesser degree, the DNA binding domains, 

contributed to the differential transactivation. A panel 

of AR derivatives was constructed to examine the function 

of the N-terminal domain of this receptor. 

The AR modulatory domain contains a tract of glutamine 

residues encoded by the trinucleotide CAG. Expansion of 
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this trinucleotide repeat is correlated with the incidence 

and severity of the degenerative neuromuscular syndrome 

Kennedy's disease. To investigate the relationship of this 

repeat to AR function, receptors that varied in the 

presence, position or size of the polyglutamine tract were 

constructed. Elimination of the tract resulted in elevated 

transactivation. Progressive expansion of the repeat 

caused a linear decrease in transcriptional activation. 

These results indicate the polyglutamine tract is 

inhibitory to AR transactivation function. 

Further analysis of the AR modulatory domain revealed two 

regions are necessary 'for maximal transactivation. 

Secondary structure prediction and site-directed 

mutagenesis of one region suggest a ten residue acidic 

amphipathic a-helix is critical for activity. The second 

region may be a member of the proline-rich class of 

activation domains. Together, these two regions may form 

an interaction surface that contacts a limiting factor(s) 

required for activated transcription. Receptor-selective 

interactions with promoter- or cell-specific auxiliary 

factors could control the specificity of steroid-regulated 

gene networks. 



13 

IV. 

BACKGROUND INFORMATION 

Steroid receptor overview 

The biological actions of the steroid hormones 

testosterone and dihydrotestosterone (DHT) are required for 

primary and secondary sexual characteristics of males, and 

affect muscle development, enzymes of the liver and 

kidneys, and the central nervous, immune and hematopoietic 

systems in both sexes (Mooradjian et al., 1987; Mowszowicz, 

1989) .These hormones exert their physiological effects 

through the intracellular androgen receptor (AR). AR is a 

member of a large family of transcriptional regulatory 

proteins that modulate expression of their target genes 

only in the presence of their cognate hormones. Other 

members of this steroid/nuclear receptor family include the 

receptors for the glucocorticoid hormones (GR), 

progesterone (PR), mineralocorticoids (MR), estrogens (ER), 

retinoic acid (RAR) , thyroid hormones (TR), vitamin D3 

(VDR) , and the retinoid-X receptor (RXR). Each receptor 

contains several functional regions: a C-terminal hormone 

binding domain (HBD), a central DNA binding domain (DBD) 

consisting of two zinc finger motifs, and a poorly

conserved N-terminal domain that, in many receptors, 



contains a transcriptional activation domain (Miesfeld, 

1989; Beato, 1989). 
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Regulation of target genes specific to each receptor can 

be achieved by several mechanisms. ER binds to its own 

unique palindromic hormone response element (HRE) (Beato, 

1989). TR, VDR, and RAR have preferences for direct-repeat 

HREs that differ in half-site spacing (Umesono et al., 

1991; Naar et al., 1991; Forman et al., 1992). 

Heterodimerization of each of these three receptors with 

RXR can further influence binding site selectivity (Yu et 

al., 1991; Perlmann et al., 1993). In other receptors, 

however, amino acid conservation within the DBD is 

sufficient to specify binding to the identical DNA 

sequence. The sequence 5'-GGTACAnnnTGTTCT (Beato, 1989) 

has been identified as a high-affinity consensus HRE for GR 

(Nordeen et al., 1990), AR (Roche et al., 1992), PR 

(Lieberman et al., 1993) and MR (Lombes et al., 1993). 

Despite the abilities of these receptors to recognize the 

same HRE, physiologic responses of androgens and 

glucocorticoids are distinct, and vary depending on the 

target tissue. In ductus deferens smooth muscle tumor 

cells, androgens stimulate growth, but glucocorticoids 

inhibit cell growth by inducing a block in G1 phase of the 

cell cycle (Smith et al., 1984; Syms et al., 1987). In 

Shionogi-115 mammary cells, however, both androgens and 
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glucocorticoid hormones stimulate growth (Desmond Jr. et 

al., 1976; Omukai et al., 1987). High doses of 

glucocorticoids can only partially replace androgens in the 

stimulation of gene expression and promotion of regrowth of 

rat ventral prostate following castration (Rennie et al., 

1989; Rennie, 1988) 

The mechanism of this receptor-specific gene regulation 

within the GR subfamily remains unclear. Several 

"composite" response elements, such as those derived from 

the proliferin (Diamond et al., 1990; Pearce and Yamamoto, 

1993) or sex-limited protein (SIp) (Adler et al., 1992; 

Adler et al., 1993) genes, are differentially regulated by 

GR and MR or GR and AR, respectively. However, in both 

cases, additional DNA binding proteins acting through their 

own response elements are required to confer this selective 

regulation. The rat probasin gene, which is expressed only 

in the prostate, may also utilize auxiliary proteins that 

modulate AR DNA binding, since the observed preferential 

induction by AR is cell-type specific and a large segment 

of the probasin regulatory region is required (Rennie et 

al., 1993). Based on the amino acid divergence among 

receptors in the GR subfamily, particularly within the N

terminal modulatory domains, it has been postulated that 

distinct protein-protein interactions between these 
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receptors and other transcription factors may contribute to 

receptor-specific effects in some cell types. 

Experimental conditions have been described in which the 

transactivation activity of GR is at least la-fold greater 

than that of AR in transiently transfected monkey kidney 

CV-1 cells (Rundlett et al., 1990). This order-of

magnitude difference in transcriptional regulatory activity 

between AR and GR could not be explained by differences 

related to receptor-ligand interactions, since the HBDs of 

AR and GR could be interchanged without significantly 

changing the differential activity. These obs~rvations 

suggest that AR and GR have differences in DNA binding 

properties and/or transactivation functions that may be 

important for receptor-specific effects. 

DNA binding domain structure and function 

The structure and function of the GR DBD has been 

extensively studied (reviewed in Freedman, 1992). The 

crystal structure of a homodimer of GR DBD peptides 

complexed with DNA has been solved at 4.0 A resolution 

(Luisi et al., 1991). This analysis revealed the amino 

acids that contact specific bases within the HRE, the 

orientation of the monomers, and the residues that 

participate in the dimerization interface. Genetic 
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evidence derived from point mutations within the DBD has 

underscored the importance of the three amino acid "P-box" 

in determining HRE selectivity (Danielsen et al., 1989; 

Umesono and Evans, 1989; Mader et al., 1989) and the "0-

box" dimerization interface (Umesono and Evans, 1989; 

Dahlman-Wright et al., 1991) In addition, several 

mutations within the second zinc finger suggest there is 

transcriptional enhancement activity within the DBD (Schena 

et a 1 ., 1989). 

In comparison, the AR DBD has received relatively little 

study. Since both receptors can utilize the identical HRE, 

it has been assumed the DBDs share similar structure. 

However, subtle differences in the functions of these 

domains, due to the relatively low (76%) degree of homology 

between the DBDs of AR and GR, may contribute to the 

observed receptor-specific differences. 

N-terminal modulatory domain structure and function 

The amino-terminal half of GR contains a large 

functionally-defined activation domain designated t1 

(Giguere et al., 1986), enh2 (Godowski et al., 1988), or 

acidic activation domain (Danielsen et al., 1987). As 

suggested by the last term, this region is rich in the 

acidic residues aspartic acid and glutamic acid. In 
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addition, seven phosphorylation sites have been mapped to 

the activa~ion domain (Bodwell et al., 1991). A 41-amino 

acid core, containing a net -7 charge and three of the 

phosphorylation sites, is critical for ~1 function (Dahlman-

Wright et al., 1994). Several functions have been 

attributed to the GR N-terminal domain: contact with the 

basal transcription machinery (Wright et al., 1991; McEwan 

et al., 1993), interaction with nonreceptor factors at 

composite response elements (Adler et al., 1992; Pearce and 

Yamamoto, 1993), mediation of synergistic enhancement of 

transcription in the presence of two GR homodimers (Wright 

and Gustafsson, 1991), and synergy with other transcription 

factors (Muller et al., 1991). 

In contrast, the functional regions within the AR N

terminal domain are not as well characterized. Mapping 

studies employing truncations and large deletions have 

demonstrated the presence of a long activation domain in 

the N-terminus (Simental et al., 1991; Jenster et al., 

1991; Paivimo et ai., 1993). Domain-swapping experiments 

have demonstrated that the N-terminal domains of AR and GR 

differ in their transactivation functions on the composite 

SIp gene (Adler et al., 1992) and in mediating apoptosis in 

T-lymphocytes (Chapman et al., 1994). 

An unusual feature of the AR N-terminal domain is a 

stretch of more than 20 consecutive glutamine residues 



19 

encoded by the trinucleotide CAG. The modulatory domains 

of human, mouse and rat AR all contain this polyglutamine 

tract, although the repeat in the human AR has a different 

location within the N-terminus than in the mouse and rat 

receptors (Lubahn et al., 1988; Tan et al., 1988; Chang et 

al., 1988; Gaspar et al., 1990). Interestingly, the N

terminal domain of rat GR has a tract whose size is 

variable, ranging from 7 to 21 glutamines in length 

(Gearing et al., 1993), while the tracts in mouse and human 

GR have only 9 and 2 residues, respectively (Danielsen et 

al., 1986; Hollenberg et al., 1985). Although the function 

of the polyglutamine repeat in these receptors is unknown, 

rat and mouse GR truncation mutants lacking the tract 

retain wild type activity (Miesfeld et al., 1987; Danielsen 

et al., 1986). 

Recently, expansion of the length of the polyglutamine 

tract in human AR has been correlated with the incidence 

and severity of X-linked spinal and bulbar muscular atrophy 

(Kennedy's disease) (La Spada et al., 1991), a degenerative 

neuromuscular syndrome (Kennedy et al., 1968). The effects 

of the varying location and size of the polyglutamine tract 

on AR function have not been explored. 

In order to explore the mechanisms of gene regulation 

mediated by the androgen receptor, I have used monkey 

kidney cell lines to test various AR derivatives for their 
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abilities to bind hormone and activate transcription of 

simple reporter genes. In this dissertation, I will 

describe experiments in which I determined which functional 

domains are responsible for the observed differential 

activity of AR and GR (Chamberlain and Miesfeld, 1994a), 

investigated the effects of position and length of the 

polyglutamine tract on AR function (Chamberlain et al., 

1994), and mapped multiple regions in the N-terminal domain 

that are required for maximal transactivation by AR 

(Chamberlain and Miesfeld, 1994b). 
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v. 

MATERIALS AND METHODS 

Construction of AR/GR chimeric receptors 

Unique restriction sites flanking the DBDs of rat AR and 

rat GR were introduced by site-directed mutagenesis 

(Oligonucleotide directed in vitro mutagenesis system v. 

2.1, Amersham) ,following the manufacturer's protocols. The 

sequences of the oligonucleotides used the create the AatII 

sites (underlined) in AR and GR, respectively, were 5'

GTTTTACCCATCGACGTCTACTTCCCACCCCAGAAGACC and 5'-TCCAGCT

CGTCAGACGTCACGGGACCACCTCCCAAG. The oligonucleotides for 

introduction of the BssHII sites (underlined) in AR and GR 

were 5'-CTTGGAAATCTCAAACTGCGCGCAGAAGGAGAAAACTCCAGTGC and 

5'-ATCAAAGGGATTCAGCGCGCCACTGCAGGAGTCTCACAAG. The upstream 

AatII sites were located at amino acids 533-534 and 431-

432, and the downstream BssHII sites were at amino acids 

623-624 and 521-522 in AR and GR, creating the parental 

receptors AR-AB and GR-AB, respectively (see figure 3). 

The BssHII-XbaI (HBD) fragments of the parental receptors 

were interchanged to construct the chimeric receptors AAG 

and GGA. The AatII-BssHII (DBD) fragments were exchanged 

to make AGA and GAG, and the KpnI-AatII (N-terminus) 
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fragments were exchanged to create AGG and GAA. The GrAA 

receptor was constructed by using the polymerase chain 

reaction (PCR) to create a GR fragment (coding for rat GR 

amino acids 98-318) flanked by BfrI and NruI sites. The 

PCR primers containing the BfrI and NruI sites (underlined) 

were 5'-GCCTTAAGCGGCTTATCCAAAGCCGTTTCAC and 5'-GCTCGCGA-

TTGCCCAGTTTCTCTTGCTTAATTACCCC. The PCR product was cut 

with BfrI and NruI and inserted into the BfrI and NruI 

sites within AR N-terminus. All constructs were verified 

by double-stranded dideoxy-DNA sequencing (Sequenase kit v. 

2.0, United States Biochemical) and subcloned into the 

eukaryotic expression vector pcDNAI/neo (Invitrogen). 

Construction of polyglutamine-tract mutant receptors 

The AR mutant ~168-221 was created by digesting AR-AB 

with NaeI and AvrIl, followed by the removal of the 

overhang with the Klenow fragment of DNA polymerase, and 

ligation to produce an in-frame deletion. The human/rat AR 

chimeric receptor AR-hKB was made by interchanging the 

KpnI-BfrI fragment from human AR with the corresponding 

region in rat AR. Human AR polyglutamine expansion mutants 

were constructed as follows (see also figure 8). The EagI

StuI fragment of hAR was subcloned into the EagI and EcoRV 

sites of pSK+ (Stratagene) to create pSKhAR-ES. The T3 
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primer (Stratagene) and primer hAR-Q3' (5'-CCCTGCAGGGGGC

TAGTCTCTTGCTG), which contains a PstI site (underlined), 

were used to PCR-amplify a 265 base pair product, which was 

then cut with PstI. The 93 base pair PstI-PstI fragment, 

which encodes the amino acids LQ(25)ETSPL, was inserted 

into the PstI site of pSKhAR-ES and transformed into SURE 

cells (Stratagene). Several of the inserts in the 

resultant plasmids contained fewer CAG trinucleotides, and 

one plasmid contained three inserts. The EagI-BfrI 

fragments of these clones were purified and inserted into 

the EagI and BfrI sites of 6RhAR to create 6RhARQ35, 

6RhARQ49, and 6RhARQ77. One clone lost the insert as well 

as the endogenous polyglutamine tract, deleting amino acids 

59-89 of the wild type hAR, yielding 6RhARQ1. Before 

transfection, these plasmids were CsCl-purified (Ausubel et 

al., 1989) and subjected to dideoxy DNA sequencing using a 

primer containing the sequence 5'-TCAGCTGCCCCATCCACGTTGTCCC 

(+465 to +489). All AR derivatives were subcloned into p6R 

(Godowski et al., 1988) for transactivation assays and into 

pCMX (Umesono et al., 1991) for transfections used in 

ligand-binding assays. 
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Construction of AR N-terminaJ deletion mutants 

Rat AR deletion mutants were derived from the AR-AB (see 

figure 13). The mutants ~117-326 and ~197-266 were created 

as bidirectional nested deletions (Ausubel et al., 1989). 

Briefly, p6RAR-AB was linearized at the AvrIl site and 

treated with 150 units exonuclease III/pmol ends at 37°C 

for 5, 15, and 30 sec. The three reactions were each 

treated with 2 units mung bean nuclease at 37°C for 30 min, 

pooled, treated with 3 units Klenow at room temperature for 

1 hr, and intramolecularly ligated at 16°C for 16 hr. The 

deletion ~169-3S8 was constructed by cutting at the Cfr101 

site, blunting the end with Klenow, cutting with XhoI, and 

gel purifying the 730 bp XhoI-Cfr101 fragment, which was 

ligated to a 5.1 kb XhoI-NruI fragment. The mutant ~40-218 

was created by cutting p6RAR-AB with ApaI and AvrIl, gel 

purifying the 6 kb fragment and ligating it to a synthetic 

ApaI-AvrII adaptor (S'-CCGATAGTTAC and S'-CTAGGTAACTATC

GGGGCC). To make deletion ~lS4-167, p6RAR-AB was cut with 

BfrI, treated with Klenow and cut with XbaI. The 4.1 kb 

band was gel purified and ligated to a gel purified 2.4 kb 

Cfr101 (Klenow)-XbaI fragment. The double deletion ~40-

148, ~168-221 was made as follows: p6RAR-AB~40-148 was 

first constructed by deleting the ApaI-ApaI fragment by a 

partial ApaI digest. The ~40-148 and ~168-221 mutations 
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were combined using the central BfrI site. The point 

mutations in S165A and I163N, L164N were introduced into 

the vector pSKAR-AB by site-directed mutagenesis using the 

oligonucleotides 5'-ATTAAAGACATCCTG~GAGGCCGGCACCATGCAA

CTTC and 5'-GCAGACATTAAAGACAATAATAGCGAGGCCGGCACCATGCAAC, 

respectively. The BfrI-AvrII fragment of each, which 

contained the point mutations, was exchanged for the BfrI

AvrIl fragment of p6RAR-AB. The deletion ~235-245 was 

introduced into pSKAR-AB by site-directed mutagenesis using 

an oligonucleotide which contained bases flanking the 

sequence to be deleted (5'-GACAGTGCCAAGGAGGGTGTGGAAGCACTG

GAACAT). The AvrII-NruI fragment, containing the deletion, 

was exchanged with the AvrII-NruI fragment of p6RAR-AB. 

The ~269-356 deletion was created by cutting pSKAR-AB with 

MluI and NruI, purifying the 5.7 kb fragment, and ligating 

it to a synthetic MluI-NruI adaptor (5'-CGCGTCGCTCAATCG and 

5'-CGATTGAGCGA). To construct ~359-536, pSKAR-AB was cut 

with AatII, treated with T4 polymerase to remove the 

overhang, and cut with NruI. The 5.5 kb fragment was 

purified and intramolecularly ligated. AR~411-531 was 

constructed as follows: two existing NheI sites were 

eliminated by subcloning AR-AB~40-148 (which lacks one NheI 

site) into pSK+ via PstI and XbaI (deleting a portion of 

the AR 5' untranslated region containing the second NheI 

site). The resultant plasmid was cut with NheI and AatII. 
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The 5.2 kb fragment was purified and ligated to a synthetic 

NheI-AatII adaptor (5'-CTAGCTTAATTGACGT and 5'-CAATTAAG) . 

The NruI-BssHII fragment (containing the ~411-531 deletion) 

was exchanged with the NruI-BssHII fragment in p6RAR-AB. 

The endpoints of all mutations were subjected to double

strand dideoxy sequencing to verify the sequence and the 

integrity of the reading frames. All AR derivatives were 

cloned into the expression vectors p6R and pCMX. 

Construction of GAL4-AR fusion genes 

The expression plasmid GAL4 (1-147) (Cohen, 1992) was a 

generous gift of Jeffrey I. Cohen, National Institutes of 

Health. The GAL4 fusion with the entire rat AR amino 

terminus, GAL4-ARd555, was constructed as follows: an in

frame KpnI site was introduced at the first codon of AR by 

PCR using a primer containing a KpnI site (underlined), 5'

CCGGTACCCCATGGAGGTGCAGTTAGGGCTGGGA, and a downstream 

primer, 5'-CTTCAGTGCCTTTGCCC. The PCR product was cut with 

KpnI and AvrIl, and interchanged with the KpnI (from p6R 

multiple cloning site)-AvrII fragment of p6RAR-AB. The 

resultant plasmid, p6RKAR-AB, was cut with KpnI and SacI, 

and the purified 1.7 kb KpnI-SacI fragment was ligated into 

GAL4 (1-147), which had been cut with KpnI and SacI. GAL4-

ARN1 was created by cutting p6RAR-AB~40-148, ~168-221 with 
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AvrII, removing the overhang with Klenow, and cutting with 

ApaI. The 58 bp fragment was ligated to the -3.6 kb ApaI

XbaI fragment of GAL4-ARd555. GAL4-ARd358 was made by 

cutting GAL4-ARd555 with XbaI, treating with Klenow and 

cutting with NruI. The -4.6 kb fragment was purified and 

intramolecularly ligated. To create GAL4-ARN2, p6RAR

AB~40-218 was cut with ApaI and SacI, and the 1 kb fragment 

was purified and ligated to the -3.6 kb ApaI-SacI fragment 

of GAL4-ARd555. 

Descriptions of reporter plasmids 

The reporter plasmid pMMTV-CAT contains 1.4 kb of the 

mouse mammary tumor virus (MMTV) long terminal repeat (LTR) 

upstream of the chloramphenicol acetyl transferase (CAT) 

gene (Rundlett et al., 1990). 

The pG46TCO reporter contains an inverted duplication of 

the HRE at nucleotides -123 to -105 of the MMTV LTR, 

upstream of the minimal promoter (-109 to +52) from the 

thymidine kinase gene and the CAT gene (Sakai et al., 

1988) . 

The plasmid p~G46TCO was derived from pG46TCO by removal 

of the AatII-NdeI fragment in the pUC vector backbone, as 

previously described (Ben-Dror et al., 1993). 
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The reporter TAT3CAT contains three copies of HREII from 

the tyrosine amino transferase (TAT) gene linked upstream 

of the minimal Drosophila alcohol dehydrogenase promoter at 

the -33 TATA element and the CAT gene (Freedman et al., 

1989) . 

The G13MCAT reporter plasmid, a gift of Jeffrey I. Cohen, 

National Institutes of Health, contains 13 copies of the 

DNA binding site for GAL4, upstream of the MMTV promoter 

and the CAT gene (Cohen, 1992). 

Cell culture and transient transfections 

Monkey kidney CV-1 and COS-7 cells were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 

10% bovine calf serum (BCS) or 5% charcoal-stripped, heat

inactivated BCS. COS-7 is a derivative of CV-1 that 

expresses the SV40 T antigen, and thus supports high copy 

numbers of plasmids containing the SV40 origin of 

replication and high protein expression from such plasmids 

(Ausubel et al., 1989). 

For transactivation assays, 1x10 6 CV-1 cells were 

transfected by the calcium phosphate method (Ausubel et 

al., 1989) using equimolar receptor expression plasmid (10 

~g for AR), 2 ~g reporter plasmid, 5 ~g of the ~

galactosidase (~-gal) expression plasmid pEQ176 (Dieken and 
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Miesfeld, 1992), and carrier DNA (sheared calf thymus DNA 

or pSK+ (Stratagene) plasmid DNA) up to 25 ~g (total DNA) 

per 10 cm diameter plate. After 4 hr in the presence of 

the DNA precipitate, the cells were subjected to a 45 sec 

osmotic shock with 2.5 ml 20% glycerol in PO buffer (137 mM 

NaCl, 2.7 mM KC1, 1.5 mM KH2P04, 8.1 mM Na2HP04, pH 7.2) 

Following two washes with PO buffer, fresh DMEM plus 5% 

charcoal-stripped BCS ± 1 ~M DHT or the synthetic 

glucocorticoid dexamethasone (Dex) was added to each plate. 

For transactivation assays using the GAL4-AR derivatives, 

. CV-1 cells were transfected as above, except for the 

following modifications: equimolar GAL4 expression plasmid 

(10 ~g for GAL4-ARd555), 10 ~g G13MCAT, 5 ~g pEQ176, and 

pSK+ up to 25 ~g per 10 cm2 plate were used, and cells were 

transfected in DMEM plus 10% BCS. 

For each ligand-binding assay and Western blot sample, 15 

cm diameter plates containing 1.8x10 6 COS-7 cells in DMEM 

plus 5% charcoal-stripped BCS were transfected as above, 

except that equimolar pCMX receptor expression plasmid or 

GAL4-AR derivative (normalized for the size of the receptor 

or fusion protein; 30~g pCMAR or GAL4-ARd555) and 1 ~g 

pRSCAT (Sakai et al., 1988) were used per plate, and the 

DNA precipitates were left on the cells for 16 hrs. Each 

plate was rinsed twice with PO buffer and fresh DMEM plus 
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derivatives) was added to the cells. 

CAT, fi-galactosidase, and protein assays 
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Forty hours after transfection, the CV-1 cells were 

harvested and assayed for CAT activity (Rundlett et al., 

1990) following a normalization for transfection efficiency 

using p-gal activity (Rosenthal, 1987). Cell extracts 

containing equivalent p-gal units (defined as the A410/mg 

protein/min of p-gal assay, multiplied by the ~g protein in 

the CAT assay) were incubated with 0.25 ~Ci 

[14C]chioramphenicoi and 20 mM acetyl coenzyme A for 2-5 

hr. Substrate and acetylated products were separated by 

thin-layer chromatography, and the percent conversion of 

[14C]chioramphenicoi to the acetylated forms was 

quantitated using a Betascope (Betagen) or a Phosphor Imager 

(Molecular Dynamics). CAT activity was expressed as % 

conversion/p-gal unit/hr of CAT assay. Statistical 

analysis was performed using a two-group paired two-tail t

test. 

The protein concentration of cell extracts was determined 

using the BCA assay (Pierce). 
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Ligand binding assays 

Transfected COS-7 cells were harvested 48 hr after the 

removal of the DNA precipitate, and the cell pellets were 

frozen in liquid nitrogen and stored at -80°C. Cell 

pellets were thawed on ice in 300~1 TEGN50 (10 mM Tris-HC1, 

pH 7.5, 1 mM EDTA, 10% v/v glycerol, 1 mM 2-

mercaptoethanol, 50 mM NaCl, 10 mM Na2Mo04, 1 mm PMSF) . 

Cell extracts were prepared on ice by ultrasonic disruption 

using a Branson probe sonicator at setting 1, 50% duty 

cycle for 10 pulses, followed by centrifugation at 4000xg, 

10 min, 4°C. Ligand-binding assays (Rundlett et al., 1992) 

were conducted in triplicate by incubating 65 ~l extract 

with 20 nM [3Hl-R1881 (methyltrienolone; NEN) , and 

nonspecific binding was measured by including 1000-fold 

molar excess of unlabeled R1881 in one reaction of each 

set. After a 90 min incubation on ice, unbound R1881 was 

separated from receptor-bound ligand by the addition of 100 

~l of 10 mg/ml activated charcoal (J.T. Baker), followed by 

centrifugation through 0.45 ~M spin filters (Intermountain 

Scientific). Filtrate was added to 3 mL scintillation 

cocktail and counted. Receptor-specific radiolabeling was 

calculated by subtracting the cpm in the reaction 

containing excess unlabeled ligand from the average of the 

two reactions containing [3Hl-R1881. 
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The dissociation constants (KdS) for R1881 were 

determined by pooling four 15 cm2 plates of transfected 

COS-7 cells, preparing cell extracts by sonication, and 

measuring the amount of receptor-specific radiolabeling 

using final concentrations of [3H]-R1881 ranging from 0.375 

nM to 30 nM. Nonspecific binding was measured by including 

1000-fold molar excess of unlabeled R1881. The Kds were 

determined by plotting the concentration of bound [3H]

R1881 vs. the ratio of bound to free [3H]-R1881 (Scatchard 

plot). A portion of the cells was removed before freezing 

and prepared for detection of AR protein by Western 

blotting. 

Western blots 

An AR C-terminal segment encoding amino acids 639 to 902 

was expressed and purified from E. coli strain BL21 (DE3) 

using the pET3A vector (Studier et al., 1990; Stephen E. 

Rundlett and Roger L. Miesfeld, unpublished). Anti-AR 

polyclonal antiserum (ARb) was collected from two rabbits 

injected with the purified fusion protein, and used at a 

1:1000 dilution for detection of AR derivatives by Western 

blot analysis. 

Transfected COS-7 cells were harvested, immediately 

resuspended in 250 ~l TEGN50, and sonicated and centrifuged 
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as above. A 10 ~l portion of the supernatant was reserved 

for protein determination by the BCA assay. 2-

Mercaptoethanol and sodium dodecyl sulfate (SOS) were added 

to the remainder of the supernatant, each to a final 

concentration of 1%, and samples were boiled for 5 min. 

Samples (75-100 ~g) were subjected to electrophoresis on a 

7.5% polyacrylamide (37.5:1)-SOS gel. Proteins were 

transferred to zeta-Probe membrane (BioRad) by 

electroblotting in 25 roM Tris and 192 mM glycine at 60V for 

5 hr at 4°C. Nonspecific sites were blocked for 1 hr in 5% 

powdered milk in TBST (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

0.05% v/v TWEEN-20). AR derivatives were detected using 

ARb (diluted 1:1000 in 5% powdered milk in TBST), followed 

by incubations with biotinylated goat anti-rabbit secondary 

antibody (1:3000; BioRad) and avidin-conjugated horseradish 

peroxidase (1:1000; Pierce). The membrane was incubated 

with peroxidase substrates hydrogen peroxide and ImmunoPure 

AEC (Pierce) to visualize the bands. 
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VI. 

QUANTITATIVE DIFFERENCES IN TRANSACTIVATION MEDIATED BY 

THE ANDROGEN RECEPTOR AND GLUCOCORTICOID RECEPTOR ARE DUE 

TO BOTH DNA BINDING AND ACTIVATION DOMAINS 

Introduction 

Elucidating the molecular basis of the previously

observed quantitative difference in transcriptional 

activation of the pMMTV-CAT reporter gene mediated by AR 

and GR (Rundlett et al., 1990) may have important 

implications for understanding in vivo gene regulation of 

more complex target genes. There are several mechanisms 

through which specificity of hormone action can be achieved 

(Pearce and Yamamoto, 1993): 1) ligand bioavailability, 2) 

cell-specific levels of receptor expression, 3) differences 

in DNA binding properties that affect receptor KdS for 

specific binding sites, or 4) modulation of receptor DNA 

binding and/or transcriptional transactivation by 

non receptor factors. 

In the following experiments, receptor-negative cells 

were transfected with equimolar receptor expression 

plasmids and hormone-dependent transactivation was measured 

using saturating concentrations (10- 6M) of bioactive 
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hormone. Under these experimental conditions, quantitative 

differences in receptor activity are likely not due to 

ligand bioavailablity or differences in receptor expression 

(mechanisms 1 and 2) . 

To test the proposal that inherent differences in AR and 

GR functional domains contribute to differential receptor 

activity, I constructed and characterized a series of 

chimeric receptors in which discrete functional domains of 

each receptor were interchanged. 

Results 

Quantitative differences in activation of simple 

reporter genes by AR and GR 

Although AR and GR are classified in the same subfamily 

of steroid receptors, the degree of conservation among 

their functional domains varies widely (figure 1A). The 

DBDs are most homologous, although the conservation of 

these domains between the two receptors (76%) is the lowest 

in the subfamily. The lower (51%) amino acid homology in 

the HBDs is consistent with the receptors binding different 

ligands. The N-terminal modulatory domains of AR and GR 

share very little homology (less than 15%). 
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Figure 1: Quantitative differences in GR and AR domain 
structure and transactivation function. 

A) Diagrammatic representation of the structure and amino 
acid (aa) homology of the functional domains of GR and AR. 
The stippled and solid boxes represent domains derived from 
GR, and the open and hatched boxes indicate domains of AR. 

B) Representative CAT assay demonstrating the 
quantitative difference in the abilities of AR and GR to 
activate transcription. CV-1 cells were cotransfected with 
expression vectors for GR or AR, plus either 2 ~g pMMTV-CAT 
(left) or pG46TCO (right) reporter plasmids and an internal 
control plasmid in the absence of hormone (-) or presence 
(+) of Dex for GR or DHT for AR. Forty hours following 
transfection, cells were harvested and extracts assayed for 
~-gal and CAT activities. An autoradiogram of the 14C
labeled products (top two spots) and substrate (lower spot) 
of the CAT assay is shown. The radioactive spots were 
counted in a Betascope and the net CAT activities (CAT 
activity in the extracts from cells treated with hormone 
minus the CAT activity in untreated extracts) were 
calculated, as described in Materials and Methods. The 
fold activity difference (GR net CAT activity/AR net CAT 
activity) measured for each reporter is indicated. 
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CV-1 cells were cotransfected with equimolar amounts of 

expression plasmid for either receptor and the CAT reporter 

gene under the control of the MMTV LTR. The CAT enzyme 

activities were measured by direct counting and corrected 

for transfection efficiency using an internal control 

plasmid (see CAT, ~-galactosidase, and protein assays in 

Materials and Methods,). This quantitative analysis 

revealed that GR was 10 times more active at mediating 

transactivation of the reporter gene than was AR (figure 

1B). Similar results (a 12-fold difference) were obtained 

using the pG46TCO reporter plasmid, which contains an 

inverted duplication of one HRE from the MMTV LTR (Sakai et 

al., 1988). It has been observed that the pG46TCO plasmid 

contains a transcription factor AP-1 binding site in the 

pUC vector backbone (Kushner et al., 1994; Ben-Dror et al., 

1993). Moreover, the activities of AR and GR are 

differentially affected by the relative amounts of Fos and 

Jun, the components of AP-1 (Shemshedini et al., 1991). 

However, deletion of a restriction fragment containing this 

putative AP-1 site from pG46TCO did not have a significant 

effect on the differential activities of AR and GR in this 

assay (figure 2) . 
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Figure 2: Deletion of the AP-l site in pG46TCO 
does not affect transactivation by GR or AR 

CV-l cells were cotransfected as in figure 1 
using 2 ~g pG46TCO or pllG46TCO reporter plasmids. 
The percent conversion of [14Cl- c hloramphenicol to 
acetylated products was quantitated using a 
Betascope and was normalized to transfection 
efficiency, as described in Materials and Methods. 
Error bars represent the standard error of the mean 
(SEM) of at least three independent experiments. 



Transactivation functions of hormone-binding and 

DNA binding domain AR/GR chimeric recepto~ 
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In order to investigate which of the three major 

functional domains of these receptors contributed to this 

10-fold difference in activities, I created chimeric 

receptors in which individual domains were interchanged. To 

facilitate the construction of these hybrids, two unique 

restriction sites flanking the DBDs were introduced into 

the cDNAs for rat GR and rat AR by site-directed 

mutagenesis (figure 3A). The resultant receptors, GR-AB 

and AR-AB, respectively, each contained three amino acid 

changes, yet displayed transactivation activities that were 

indistinguishable from wild type (figure 3B). 

The hormone binding domain of AR does not contain a 

transactivation region, as the first 629 amino acids (the 

modulatory and DNA binding domains) are sufficient for 

transactivation function (Rundlett et al., 1990). This was 

confirmed by interchanging the AR and GR HBDs, which had 

only a slight effect on transactivation (figure 4). These 

results also suggest that neither functional regions within 

the HBDs, such as those involved in dimerization, nuclear 

translocation, and heat shock protein-binding, nor ligand

specific properties significantly contribute to the 

observed receptor-specific difference in transactivation. 
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Figure 3: Structures and activities of GR and AR 
derivatives containing restriction sites flanking their DNA 
binding domains 

A) Site-directed mutagenesis of the cDNAs for GR and AR 
was conducted to introduce unique restriction sites 
flanking the DBDs. The nucleic acid sequences of the AatII 
and BssHII sites are boxed. The resulting receptors, GR-AB 
and AR-AB, each contained three amino acid changes (shown 
in bold) from the wild-type sequence (shown in 
parentheses) . 

B) The transactivation functions of GR-AB and AR-AB were 
compared to their wild-type parental receptors, using 
either the MMTV-CAT (left) or G46TCO (right) reporter. The 
CAT activities measured in extracts from untreated cells (
hormone) and extracts treated with Dex (GR and GR-AB) or 
DHT (AR and AR-AB) are indicated by solid and stippled 
bars, respectively. Error bars represent the SEM of at 
least four independent experiments. 
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Figure 4: Structures and activities of the AR/GR hormone 
binding domain chimera 

A) Organization of functional domains in parental and 
chimeric receptors. Restriction enzymes used in 
construction of the chimera are indicated. Stippled and 
solid boxes represent the domains derived from GR (G), and 
the open and hatched boxes designate the domains from AR 
(A) . 

B) CV-l cells were cotransfected with the pMMTV-CAT 
reporter and the expression vectors for the receptors shown 
in part A, and the CAT activities in untreated extracts (
hormone) and extracts treated (+ hormone) with Dex (AAG and 
GR-AB) or DHT (AR-AB and GGA) are shown. Error bars 
represent the SEM of at least three independent 
experiments. 
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To determine which sequences outside of the HBDs 

contributed to the lO-fold difference, I next created 

chimeric receptors in which the DNA binding domains were 

exchanged (figure 5A). The relative levels of 

transactivation mediated by AR/GR DBD chimeras were the 

same for both reporter genes (figure 5B). Receptors that 

contained the GR DBD were approximately twice as active as 

those that contained the AR DBD (compare AGA to AR and GR 

to GAG) . 

Transactivation functions of N-terminal domain 

AR/GR chimeric receptors 

The approximately two-fold difference due to the DNA 

binding domain did not completely account for the lO-rold 

difference in transactivation observed for wild type 

receptors in CV-l cells. I therefore constructed chimeric 

receptors in which the N-terminal modulatory domains of AR 

and GR were exchanged (figure 6A). The hormone-inducible 

CAT activity resulting from cotransfection of each receptor 

and the reporter plasmids into CV-l cells is shown in 

figure 6B. The combined contribution of the DBD and HBD of 

GR (compare AR and AGG) was similar to that of the DBD 

alone (compare AR and AGA in figure 5B), confirming that 

the HBDs of these receptors are functionally equivalent in 



A 

B 

-~ -c -.. 
::J 

>. rn 
...... OJ .s; cb 
t5 ...... 

c « 0 

~ 
'en 
~ 
Q) 

0 > c 
0 

0 
~ 
~ 

AR-AB 

AGA 

GAG 

GR-AB 

15 

10 

5 

Kpnl 

~ 
[ 

Kpnl 

modulatory 
domain 

AR-AB AGA GAG GR-AB 

MMTV-CAT 

DNA hormone 
binding binding 

Aatll BssHIl Xbal 

" " IZJ ~ 

Aatll BssHIl Xbal 

8 

6 

4 

2 

AR-AB AGA GAG GR-AB 

G46TCO 

Figure 5: Regulatory activities of AR/GR DNA binding 
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A) Functional domains of wild type and chimeric receptors 
are indicated as in figure 4A. 

B) Results from transactivation assays in CV-l cells 
using the receptor expression plasmids shown in panel A and 
either the pMMTV-CAT (left) or pG46TCO (right) reporter 
plasmids. The solid and stippled bars correspond to the 
CAT activities measured in the absence or presence of Dex 
(GAG and GR-AB) or DHT (AR-AB and AGA) , respectively. 
Error bars represent the SEM of at least five independent 
experiments. 
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A) Domain structure of the N-terminal modulatory domain 
AR/GR chimeric receptors. 

B) CAT activities using pMMTV-CAT (left) or pG46TCO 
(right) reporter genes. The solid and stippled bars 
correspond to the CAT activities measured in the absence of 
hormone and presence of Dex (AGG and GR-AB) or DHT (~117-

326, AR-AB, GAA and G~AA). Error bars represent the SEM of 
at least four independent experiments. 
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this assay. The GR N-terminus, however, mediated 

approximately five times higher levels of transactivation 

than the receptors containing this region from AR (GAA 

versus AR, and GR versus AGG) . 

To better define the region within the N-terminus that 

contributes to this difference in transactivation function, 

I replaced the major transactivation domain of AR (Palvimo 

et al., 1993) with residues 98-318 of GR, which have been 

shown to contain the ~1 (Giguere et al., 1986) or enh2 

(Godowski et al., 1988) transactivation domain. The 

results in figure 6B show that G~AA was as active as GAA, 

indicating that GR amino acids 98-318 can substitute for 

the entire GR N-terminus. The corresponding AR deletion 

(~117-326) was inactive in this assay, suggesting that no 

other AR residues in the N-terminus contribute directly to 

the activity of G~AA. 
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Summary 

In order to investigate the molecular basis of the 

quantitative difference in transactivation mediated by AR 

and GR, I used a transient cotransfection assay in which GR 

is at least 10 times more potent an activator than AR. 

Analysis of AR/GR chimeric receptors confirmed that 

functions within the HBDs (hormone binding, heat-shock 

protein binding, nuclear localization, and dimerization) of 

the two receptors were equivalent. These experiments also 

revealed that differences in both the DNA binding domains 

and in transcriptional activation mediated by the N

terminal domains contributed to receptor-specific 

activities. 

Receptors containing the OED from GR induced two-fold 

higher levels of transcription from the reporter genes than 

receptors with the AR OED. The GR OED contains the 

activation region enh1 (Schena et al., 1989) and interacts 

with additional proteins that modulate DNA binding (Yang

Yen et al., 1990). Therefore, the enhancement in activity 

due to this domain may be due to an inherent higher 

affinity for the HREs used in this study, the ability to 

interact with a protein that increases DNA binding 

affinity, or to the presence of an activation function that 

is absent in the DBD of AR. 
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The activities of the chimeric receptors in which the N

termini of AR and GR were interchanged demonstrated that 

the modulatory domain of GR activated transcription of the 

simple reporter genes to five times higher levels than this 

domain from AR. Moreover, the amino acids responsible for 

this potent activation domain map to GR residues 98-318, 

which contain the previously mapped ~1/enh2 region. 

Since these results indicated a large functional differ

ence in the N-terminal modulatory domains, I undertook 

further study of this poorly-characterized region in AR. 
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VII. 

THE LENGTH AND LOCATION OF CAG TRINUCLEOTIDE REPEATS IN 

THE AR MODULATORY DOMAIN AFFECT TRANSACTIVATION FUNCTION 

Introduction 

The primacy of the N-terminal domain in determining 

receptor-specific quantitative differences in 

transactivation prompted further analysis of this region in 

AR. The effects of the polyglutamine tract on the function 

of human AR were examined for several reasons. First, 

homopolymeric stretches of amino acids are found in an 

increasing number of proteins (Gerber et al., 1994). 

Polyglutamine tracts of twenty or more residues are present 

in at least 33 transcription factors, including the 

Drosophila Antennapedia (Schneuwly et al., 1986), engrailed 

and Notch proteins (Wharton et al., 1985), human TATA 

binding protein (Kao et al., 1990; Hoffmann et al., 1990), 

and yeast GALlI (Gerber et al., 1994). Schaffner and 

colleagues have recently shown that polyglutamine can act 

as an activation domain when fused to the GAL4 DBD, using 

particular reporter genes (Gerber et al., 1994), but not 

others (Seipel et al., 1992). Since activation of 
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transcription is due to interaction between the activator 

and other proteins (either the basal transcription 

machinery or adaptor proteins) (Ptashne and Gann, 1990), it 

is likely that polyglutamine can be a protein interaction 

motif. The observation that polyglutamine tracts can either 

inhibit or stimulate transcription, depending on the cell 

and target gene contexts, has also been suggested for other 

transcription factor motifs (Levine and Manley, 1989; 

Berger et al., 1990; Pearce and Yamamoto, 1993; Wharton et 

al., 1985). The polyglutamine tract could therefore 

modulate, positively or negatively, the function of the AR 

activation domain. 

Second, the AR polyglutamine tract is encoded by 

repetition of the codon CAG, forming a trinucleotide repeat 

or microsatellite. Expansion of this trinucleotide repeat 

in the first exon of the human AR is associated with the 

occurrence of Kennedy's disease (La Spada et al., 1991). 

Several additional human genetic diseases have recently 

been associated with CAG trinucleotide repeat expansion 

(Richards and Sutherland, 1992), including Huntington's 

disease (The Huntington's Disease Collaborative Research 

Group, 1993), and spinocerebellar ataxia type 1 (SCA1) (Orr 

et al., 1993). Huntington's disease, SCA1, and Kennedy's 

disease share several features: 1) the diseases are late

onset, neurological disorders, with larger repeats 



correlated with earlier age of onset; 2) the CAG repeats 

are present in putative open reading frames and encode 

polyglutamine; and 3) the size range of the repeat in 

affected individuals is approximately twice the range in 

the normal population. Because the mutations associated 

with these three diseases are so similar, it is possible 

that studying the effect of CAG expansion on AR function 

may reveal a common underlying mechanism that results in 

the disease phenotypes in Huntington's disease and SCA1 

(Green, 1993; Mhatre et al., 1993). 
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Third, unlike other mutations in AR (He et al., 1991; 

McPhaul et al., 1991; Zoppi et al., 1993), polyglutamine 

expansion does not lead to feminization of affected 

genotypic males, as Kennedy's disease patients show signs 

of only partial androgen insensitivity (Arbizu et al., 

1983). This suggests subtle effects of polyglutamine tract 

expansion on AR activity, not a total loss of AR function. 

To better understand the relationship of the 

polyglutamine tract to AR transactivation function, I 

constructed AR derivatives that varied in the presence, 

position, or size of the CAG repeat. These mutant receptors 

were biochemically characterized and tested for 

transcriptional regulatory activity. Analysis of these AR 

variants revealed a relationship between trinucleotide 

repeat length and protein function, and led to the proposal 
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that cell-specific androgen responses may be sensitive to 

subtle changes in AR activity levels. 

Results 

The polyglutamine tract inhibits AR transactivation 

To test whether CAG repeats are inhibitory to AR 

transactivation function, I took advantage of the fact 

that, although both human and rat wild type AR contain long 

tracts of CAG repeats, they are localized to different 

regions within the N-terminal domains (Lubahn et al., 1988; 

Tan et al., 1988; Chang et al., 1988). Figure 7A shows the 

structures of several AR derivatives, including a rat AR 

mutant in which the region containing the 22 endogenous CAG 

repeats was deleted (~168-221). Transactivation assays in 

transfected CV-1 cells with MMTV-CAT demonstrated that 

removal of the CAG repeat in rat AR caused a three-fold 

increase in transactivation (figure 7B). Similarly, 

deletion of the 25 residue endogenous repeat in human AR 

resulted in higher transactivation (compare hAR to hARQ1), 

suggesting that a polyglutamine tract in either position is 

inhibitory. This conclusion was supported by transfection 

assays using AR-hKB, a receptor that contains polyglutamine 
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Figure 7. Presence of the polyglutamine tract decreases 
AR transactivation function 

A) The structures of human and rat AR derivatives. 
Sequences from rat (r) and human (h) AR are designated by 
stippled and open boxes, respectively. The relative 
position of the DNA binding domain (DBD) is shown. The 
polyglutamine tracts are denoted as Q. 

B) Activities of the AR derivatives using the reporter 
pMMTV-CAT in CV-l cells in the absence (black bars) and 
presence of DHT (stippled bars) are shown. Error bars 
represent the SEM of at least 7 experiments. *, p<O.002 for 
b.168-221 or AR-hKB compared to rAR; **, p<O.02 for hARQl 
compared to hAR. 
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tracts in both the human and rat AR locations, and that 

exhibited a transactivation function significantly lower 

than either wild type receptor. [3H]-R1881-binding assays 

revealed similar dissociation constants (KdS) for each 

receptor (Table 1). Taken together, these results strongly 

suggestthat polyglutamine tracts themselves are inhibitory 

to the transactivation function of AR. 

Progressive expansion of the trinucleotide repeat 

correlates with decreasing activity 

Based on the observation that expansion of CAG repeats in 

human AR is associated with Kennedy's disease (La Spada et 

al., 1991), and that addition of the human AR CAG repeats 

to the rat AR N-terminus (AR-hKB) resulted in a receptor 

that was less active than wild-type rat AR, I examined the 

effect of CAG repeat expansion on human AR transactivation 

function directly. My strategy for constructing such a 

receptor involved PCR-amplification of the entire 

trinucleotide repeat region, including several 3' codons to 

serve as specific priming sites outside the repeat (figure 

8). Unexpectedly, DNA sequencing revealed that the result

ing plasmids contained an array of CAG repeat lengths, 

presumably due to recombination events that occurred during 

propagation in bacteria (figure 9). Scat chard analysis of 
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Table 1 

Dissociation constants of wild type and polyglutamine 
tract mutant androgen receptors 

Receptor Dissociation Constant 
(nM) 

rAR 5.5 

~168-221 5.2 

hAR 4.9 

hARQl 4.5 

AR-hKB 4.8 

hARQ35 5.0 

hARQ49 5.0 

hARQ77 5.3 

Human (h) and rat (r) AR derivatives were subcloned into 
the high-expression vector pCMX and transfected into COS-7 
cells by the CaP04 method. Forty-eight hours after 
transfection, cells were harvested for in vitro [3Hl-R1881-
binding assays, as described in Materials and Methods. 
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Figure 8: Construction of trinucleotide repeat expansion 
mutants in human AR 

The endogenous CAG repeat (Q25) was amplified by PCR 
employing a primer encoding five amino acids and a PstI 
site. The PCR product was cut with PstI and ligated into 
the PstI site in hAR, as described in Materials and 
Methods. 
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Figure 9. Sequences of the trinucleotide repeat region 
in wild-type human AR and in the trinucleotide repeat 
mutants 

The first CAG of the endogenous repeat is designated by 
an arrow, and the CAG repeat tract by a stippled bar. The 
compression observed in this region can be resolved by 
replacing dGTP with dITP in the sequencing reactions, as 
shown for wild type hAR. The hARQ77 sequencing reactions 
were run on the same gel for 3 or 7 hours, as indicated, to 
resolve sequences far from the primer. 
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[3H]-R1881 binding assays demonstrated that the 

dissociation constants for the Q35, Q49 and Q77 mutants are 

all similar to wild-type AR (Table 1). These ligand 

binding data are in agreement with a report that 

demonstrated that hAR containing 40 or 50 glutamines in the 

tract retained normal androgen-binding kinetics (Mhatre et 

al., 1993). Western blot analysis of extracts from COS-7 

cells transfected with each receptor expression plasmid 

confirmed that the receptor proteins were of the expected 

molecular weight (figure 10). 

The natural AR target genes in human motor neuron cells 

are presently unknown. Therefore, to test if trinucleotide 

repeat expansion has any effect on AR function within 

different promoter contexts, I analyzed the transactivation 

functions of the mutants using previously characterized AR

responsive reporter genes. The two reporter genes used for 

these experiments contained similar canonical HREs, but 

each was linked to different promoters. MMTV-CAT contains 

the 1.4 kb MMTV LTR which includes the MMTV promoter, and 

TAT3CAT contains HREII from the TAT gene in triplicate 

upstream of the minimal Drosophila alcohol dehydrogenase 

promoter at the -33 TATA element (Freedman et al., 1989). 

Figure 11 shows results from multiple transfection assays 

using the MMTV-CAT and TAT3CAT reporter genes. When the 

number of CAG repeats increased from 25 (wild-type) to 35, 
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Figure 10: Western blot showing the relative molecular 
masses of hAR trinucleotide repeat expansion mutants in 
transfected COS-7 cells 

Lane 1, untransfected COS-7 extract; lane 2, hAR; lane 3, 
hARQ35; lane 4, hARQ49; and lane 5, hARQ77. The difference 
in band intensity (the hAR band is less intense than the 
corresponding mutant bands) does not correlate with 
decreased transactivation function and therefore is likely 
due to variations in transfection efficiencies. 
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Figure 11: Expansion of the trinucleotide repeat in 
human AR inhibits transactivation 
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Transcriptional activation functions of the expansion 
mutants were tested with the MMTV-CAT (A) and TAT3CAT (8) 
reporter plasmids. The CAT activities obtained from cells 
treated without (black bars) or with DHT (stippled bars) 
are shown. Error bars represent the SEM of at least 4 
experiments. *, p<0.02; **, p<O.OOl. 
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49 or 77 in the mutants, there was a progressive decrease 

in the level of AR transactivation function with increasing 

size of the trinucleotide repeat using both reporter genes. 

The MMTV-CAT and TAT3CAT data are plotted in figure 12 to 

show the relationship between CAG repeat length and AR 

activity. Activation of both reporter genes decreased 

linearly as the number of repeats increases from 25 to 77 

(correlation coefficient r L 0.943). 
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Figure 12: Transactivation activity of human AR is 
inversely correlated to CAG repeat length 

The CAT activities of the trinucleotide repeat expansion 
mutants from figure llA (MMTV-CAT; solid line) and 11B 
(TAT3CAT; dashed line) were divided by the activity of hAR, 
and plotted vs. the total number of CAG repeats. The data 
were subjected to linear regression analysis, and the 
correlation coefficients, r, are shown. 
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Summary 

I have constructed several AR mutants that vary in the 

position or size of the CAG repeat. I tested each mutant 

for its expression level, hormone-binding properties and 

transcriptional activation activities by transfection into 

COS-7 and CV-1 cells. Scat chard analysis of in vitro [3Hl

R1881-binding assays confirm that all AR derivatives bound 

hormone with equal affinity. The effects of the 

polyglutamine tract on AR transactivation function by the 

mutant receptors are clearly demonstrated in figures 7 and 

11. Elimination of the tract (~168-221 and hARQ1) resulted 

in a receptor with increased activity relative to wild type 

rat and human AR, respectively. Conversely, expansion of 

the tract led to progressive loss of transactivation 

function. Taken together, these data strongly suggest that 

the polyglutamine tract, encoded by the trinucleotide 

repeat, is inhibitory to AR transcriptional activation 

function. The proximity of the polyglutamine tract to the 

large activation region in AR suggests that the presence 

and length of the tract directly or indirectly influences 

the activity of this activation domain. 
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VIII. 

THE MODULATORY DOMAIN OF THE RAT ANDROGEN RECEPTOR 

CONTAINS MULTIPLE TRANSCRIPTIONAL ACTIVATION REGIONS 

Introduction 

Results presented in the previous two sections underscore 

the importance of the N-terminal modulatory domain for the 

regulation of gene transcription by AR. This domain is 

required for activation of transcription per se (Simental 

et al., 1991; Jenster et al., 1991; Palvimo et al., 1993), 

as well as AR-specific target gene activation (Adler et 

al., 1992). The presence within the N-terminus of the 

variable-length polyglutamine tract, and its inhibitory 

effects on the activity of this domain (Section VII), 

suggest an underlying complexity in the structure and 

function of the AR modulatory domain. 

The N-terminal activation domain of AR has not been well 

characterized. Two studies of human AR employing 

truncations (Simental et al., 1991) and large, overlapping 

deletions (Jenster et al., 1991) have identified two long 

regions, amino acids 51-211 and 244-338, (corresponding to 

rat AR residues 51-209 and 242-336) as essential for 

transcriptional activation. One mapping study using large, 
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overlapping deletions in rat AR concluded amino acids 147-

296 are mandatory for transactivation (Palvimo et al., 

1993) 

In this section, I describe mapping experiments in which 

I used large and small deletions, point mutations, and 

fusion proteins containing a heterologous DBD to identify 

the portions of the rat AR modulatory domain that are 

required for maximal transactivation function. 

Results 

Construction of internal deletion mutations in rat AR 

In order to identify amino acids that are important for 

transcriptional activation by AR, AR-AB was used in to 

create a series of receptor mutants containing in-frame, 

internal deletions within the N-terminal modulatory domain. 

As detailed in Materials and Methods, many mutants were 

constructed by digestion at convenient restriction sites 

(see figure 13), followed by ligation of blunt ends or to 

synthetic adaptors. Several of the mutants were created by 

bidirectional, nested deletion mutagenesis from the AvrIl 

site using exonucleaseIII. All of the AR derivatives were 

subcloned into expression vectors under the control of the 

Rous sarcoma virus promoter (p6R) for transcriptional 
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Figure 13: Diagrammatic representation of rat AR-AB cDNA 

The AR-AB open reading frame is represented by an open 
box, and the DNA binding domain by the hatched box. The 5' 
and 3' untranslated regions of the cDNA are designated as 
shaded boxes. The multiple cloning site is indicated by 
thick lines. Restriction enzyme sites used in the 
construction of the deletion mutants and an amino acid 
scale are shown. 
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activation assays or the cytomegalovirus promoter (pCMX) 

for expression studies (Western blotting and ligand-binding 

assays) . 

N1 is required for maximal activity and encodes a putative 

amphipathic a-helix 

The abilities of wild type and mutant ARs to induce 

transcription from an androgen-responsive promoter were 

assessed in monkey kidney CV-1 cells by cotransfection of 

receptor expression vectors with the pMMTV-CAT reporter 

plasmid. Cotransfection of p6RAR-AB and the reporter in 

the presence of DHT resulted in a 60-fold induction of CAT 

activity. As shown in figure 14, deletion of amino acids 

117-326 resulted in a receptor that was unable to activate 

transcription, but retained normal hormone-binding 

properties (see Table 2). Two other large deletions had 

different effects on transactivation activity. Deletion of 

amino acids 40-218 resulted in a receptor with 

approximately 45% of wild type activity, suggesting 

residues 219-326 may be important for full activation. The 

receptor ~169-358 retained about 20% activity, suggesting 

amino acids 117-168 may also have a role in activation. To 

test this hypothesis, a smaller deletion within this region 

was created. Since deletion of amino acids 40-148 does not 
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Figure 14: Functional analysis of full length AR and 

internal N1 deletion mutants 

A) The full-length and mutant proteins are shown 
schematically, with the deleted amino acids indicated. 
Each mutant is named using the numbers of the first and 
last residues deleted. The polyglutamine tract is 
designated by the Q, and the DNA binding domain by the 
hatched box. 
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B) The relative activities of the receptor proteins were 
determined following cotransfection of receptor expression 
vector, pMMTV-CAT reporter plasmid and the ~-galactosidase 
expression plasmid pEQ176 into CV-1 cells, as described in 
Materials and Methods. The activities of the mutant ARs 
relative to the full length receptor (net CAT activity = 

1.0) are expressed as mean ± SEM. 
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affect activity (Palvimo et al., 1993 and data not shown), 

the mutant ~154-167 was constructed. Deletion of just 

these 14 residues had the identical effect as the larger 

40-218 deletion. To confirm that these amino acids 

constituted all of the important residues in the region 40-

218, they were "re-inserted" into the larger deletion. The 

resultant mutant, ~40-148, ~168-221, was restored to wild 

type levels of activity. 

The 14 amino acids 154-167, functionally defined here as 

Nl (N-terminal activation region 1), contains three acidic 

residues and several serines that are potential 

phosphorylation sites. As shown in figure 15A, both the 

Chou-Fasman (Chou and Fasman, 1974) and Robson-Garnier 

(Garnier et al., 1978) methods predict that the Nl region 

forms a p-turn followed by an a-helix. When drawn as a 

helical wheel, residues 159-168 form an amphipathic a

helix, with one side having three acidic amino acids and a 

serine. The other face of the helix has four hydrophobic 

residues. Using site-directed mutagenesis, serine 165 was 

changed to the non-phosphorylatable residue alanine, and 

two of the hydrophobic amino acids (isoleucine 163 and 

leucine 164) were changed to the similarly-sized, 

hydrophilic and neutral amino acid asparagine (figure 15B) 

As shown in figure 15C, the S165A mutation was without 

effect on transactivation function. However, the double 



Figure 15: Secondary structure prediction and point 
mutations of the N1 region 
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A) Computer predictions of secondary structure for amino 
acids 135 to 178, encompassing the N1 region (shown in 
bold), were conducted using the MacVector software program, 
which makes calculations based on both the Chou-Fasman (CF) 
and Robson-Garnier (RG) methods. The 10 amino acids 
predicted by both methods to form an amphipathic a-helix 
(CF/RG Hlx) are bracketed and shown in a helical wheel. The 
three amino acids subjected to site-directed mutagenesis 
(I163, L164, and S165) are indicated. 

B) The N1 point mutants are shown diagrammatically as in 
figure 14. 

C) The relative CAT activities from Cv-1 cells 
cotransfected with an expression vector containing an AR 
point mutant and pMMTV-CAT were calculated as described in 
figure 14B. The activities of full length AR and ~154-167 
are shown for comparison. 
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point mutation I163N, L164N reduced the activity of the 

receptor by approximately 60%, which is nearly identical to 

deletion of N1 (~154-167). These results strongly suggest 

that a small region, possibly forming an amphipathic a

helix, is critical for maximal activity of AR. 

The N2 region is also necessary for full transactivation 

Since deletion of the N1 region did not completely 

abolish activity, and a comparison of ~40-218 and ~117-326 

(see figure 14) suggested a second region (N2) was 

necessary for full activation function, we constructed 

additional deletion mutants. The mutant ~197-266 was 

approximately 30% less active than wild type AR. A smaller 

deletion within this region (~235-245) resulted in a 

receptor with at least wild type activity (figure 16) 

Three other mutants containing deletions downstream of 

amino acid 266 (~269-356, ~359-536, and ~411-531) all had 

reduced transactivation potency, retaining 10-40~ of wild

type activity. 

Taken together, these results, along with the high degree 

of conservation of these regions (see below), suggest that 

at least two amino acid stretches (Nl and N2) in the N

terminal modulatory domain are required for full trans

activation function in the androgen receptor. 
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Figure 16: Functional analysis of internal N2 deletion 
mutants 

A) Deletion mutants are depicted as in figures 14 and 15. 

B) The relative activities of the receptor proteins were 
calculated as before. 
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Biochemical characterization of the AR N-terminal deletion 

mutants 

All the receptor mutants were subcloned into the high

expression pCMX vector and transfected into COS-7 cells, in 

order to measure [3H]-R1BB1 binding and to perform Western 

blot analysis. There was no statistically significant 

difference in the abilities of wild type AR and the 

deletion and point mutants to bind the synthetic androgen 

R1BB1 (Table 2). This is consistent with results obtained 

by others using large deletions and truncation mutants of 

AR, which bound androgens in a manner indistinguishable 

from wild type (Simental et al., 1991; Jenster et al., 

1991; Palvimo et al., 1993). Since all receptors bound 

R1BB1, it is concluded that all are expressed. Several of 

the mutants were further analyzed on Western blots to 

examine expression levels and to verify the sizes of the 

receptors (figure 17). Minor variabilities in expression 

levels are likely due to differences in transfection 

efficiencies. 
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Table 2 

[3H]-R1818 binding of wild type and mutant ARs 

Receptor net cpm/J1.g + SEM 

AR 2.78 ± 0.62 
.1117-326 2.82 ± 0.34 
,1169-358 2.79 ± 0.70 
,140-218 3.04 ± 0.34 

,1154-167 2.60 ± 0.15 
,140-148, ,1168-221 2.23 + 0.43 

S165A 2.11 + 0.04 
I163N, L164N 2.52 + 0.05 

,1197-266 2.98 + 0.58 
,1235-245 1. 99 + 0.40 
,1269-356 3.66 + 1. 01 
,1359-536 3.26 + 0.86 
,1411-531 2.62 + 0.37 

AR derivatives were subcloned into the high-expression 
vector pCMX and transfected into COS-7 cells by the CaP04 
method. Forty-eight hours after transfection, cells were 
harvested for in vitro [3H]-R1881-binding assays, as 
described in Materials and Methods. Specific binding was 
calculated by subtracting the cpm measured in a binding 
reaction containing 20 nM [3H]-R1881 and 1000-fold molar 
excess of unlabeled R1881 from the average of two binding 
reactions containing 20 nM [3H]-R1881. This value (net cpm) 
was normalized to the amount of protein present in each 
binding reaction, and the mean ± SEM of two to four 
experiments is shown. 



Figure 17: Western blot analysis of AR N-terminal 
deletion mutants 
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COS-7 cells were transfected with the pCMX-AR derivative 
vectors as in Table 2. Forty-eight hours after 
transfection, cells were harvested and immediately 
processed for Western blot analysis as described in 
Materials and Methods. Wild-type AR and deletion mutants 
were detected using a polyclonal antibody raised against 
the carboxy terminus. Lane 1, untransfected COS-7 extract; 
lane 2, wild-type AR; lane 3, d154-167; and lane 4, 1163N, 
L164N; lane 5, d235-245; lane 6, d197-266; lane 7, d269-
356; and lane 8, d411-531. The positions of protein 
standards (~-galactosidase, 133 kDa; bovine serum albumin, 
71 kDa; carbonic anhydrase, 41.8 kDa) run in separate lanes 
are shown. Lanes 1-4 and 5-8 were transferred separately, 
and minor differences in band intensity may reflect 
differences in transfection or transfer efficiencies. 
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Activity of GAL4-AR fusion proteins 

To assess whether the N1 and N2 subregions of AR could 

function as independent activation domains, several fusion 

genes between the regions coding for the DBD of the yeast 

transcription factor GAL4 and various parts of the AR N-

terminus were constructed (figure 18A) Cotransfection of 

GAL4 (1-147) DBD alone or GAL4-ARd555 (containing the 

entire AR N-terminus) with increasing amounts of the GAL4-

responsive reporter G13MCAT demonstrated the ability of the 

full N-terminus to activate transcription from the 

heterologous DNA binding domain (figure 18B). A comparison 

of the CAT activity from cells transfected with reporter 

only (triangles) and with reporter plus GAL4 (1-147) 

(circles) indicated that there is a low level of 

transactivation mediated by the GAL4 DBD. The AR N

terminus, however, induced a 22-fold increase in 

transcription over the DBD alone at 10 or 20 ~g reporter 

(squares). At higher amounts of reporter, the fold 

increase in activity mediated by the AR N-terminus 

decreased because the level of CAT activity reached a 

maximum and plateaued for GAL4-ARd555, but continued to 

increase for GAL4 (1-147). The implications of this result 

will be explored in the Discussion (Section IX). The 
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Figure 18: Structures of GAL4-AR fusion proteins and 
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A) The structures of the GAL4-AR fusion proteins are 
shown schematically. The amino acids 1-147 (DNA binding 
domain) of the transcription factor GAL4 are shown as 
stippled boxes, and AR amino acids as open boxes. The 
positions of the Nl and N2 regions are indicated by a black 
bar. 

B) CV-l cells were cotransfected with 5 ~g of pEQ176, 10 
~g GAL4-ARd555, and increasing amounts of the GAL4-
responsive reporter G13MCAT. Cells were harvested and 
processed for CAT and ~-gal activity 42 hours after 
transfection. 
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transfection conditions with 10 ~g reporter were chosen for 

further experiments. 

Functional analysis of the other GAL4-AR derivatives is 

shown in figure 19A. Western blot analysis of these fusion 

proteins from COS-7 cell extracts was conducted to ensure 

proper molecular mass and expression (data not shown). 

Deletion of amino acids in the N2 region (169-555 or 359-

555) abolished activity, consistent with the deletion 

mapping in full-length AR. In addition, the fusion 

proteins retaining either N1 alone or N2 alone were 

inactive. Increasing the ratio of the GAL4-AR derivatives 

to reporter to 5:1 did not result in an induction of 

transcription over the GAL4 DBD alone (figure 19B). 

Moreover, GAL4-ARd358 and GAL4-ARN2 did not complement in 

trans when equal amounts of each expression plasmid were 

transfected together (figure 19B), nor did they squelch the 

induction of transcription mediated by wild type AR from 

TAT3CAT (data not shown). These results suggest that both 

N1 and N2 are required to form a functional activation 

domain in the GAL4-fusion protein/CV-1 cell assay system. 
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Figure 19: Functional analysis of GAL4-AR derivatives 

A) CV-1 cells were cotransfected with 5 ~g pEQ176, 
equimolar amounts of the indicated GAL4-AR derivative (10 
~g for GAL4-ARd555), and 10 ~g G13MCAT. p-gal and CAT 
activities were determined forty-eight hours after 
transfection. Mean relative activities ± SEM are shown. 

B) Cotransfections were carried out as in panel A, except 
5 ~g G13MCAT and 5 ~g (odd lanes) or 25 ~g (even lanes) 
GAL4-AR derivatives were used. 



Evolutionary comparison of the activation domain in rat, 

mouse and human AR 
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Sequence alignment of the N-terminal domains of rat and 

human AR reveals only four distinct regions of high 

homology (figure 20A). The most N-terminal conserved 

region, amino acids 1-46, does not contribute to 

transactivation function, as a truncation mutant lacking 

these residues has wild-type levels of activity (Simental 

et al., 1991). Note that N1 lies within one of the highly 

conserved regions. Indeed, alignment of the amino acid 

sequence of N1 among the rat, mouse, and human receptors 

clearly demonstrates the conservation of this region 

(figure 20B). Moreover, Dahlman-Wright, et al. (1994) 

have noted homology between the region of AR encompassing 

N1 and the ~1 core transactivation domain in human GR, a 

region rich in acidic residues and phosphorylation sites. 

N1 contains several acidic amino acids, as well as two 

potential casein kinase II phosphorylation sites located in 

the predicted ~-turn (Edelman et al., 1987) Although it 

has been reported that AR is phosphorylated within the N

terminal domain in response to hormone binding (Van Laar et 

al., 1991; Kuiper et al., 1993) the phosphorylation sites 

have not been mapped in vivo or in vitro. Since 

phosphorylation can affect the activity of transcription 
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Figure 20: Comparison of the N-terminal domains of Rat, 
Mouse and Human AR 

A) The amino acid sequence of rat and human AR (Lubahn et 
al., 1988) were aligned using the MacVector software 
application. Stretches of amino acids that were at least 
40 residues long and >95% identical are shaded, and the 
amino acid boundaries (rat AR numbering) are shown. The 
relative positions of the polyglutamine tracts are 
indicated with a Q. The black bars underscore the 
activation regions mapped in this study, and the hatched 
bars highlight the regions mapped by (from the top) 
Palvimo, et al. (1993), Jenster, et al. (1991) and 
Simental, et al. (1991) 

B) The N1 activation region from rat AR was aligned with 
the corresponding sequences of human and mouse AR (Gaspar 
et al., 1990). Asterisks (*) below the sequence indicate 
amino acid identity and A indicate conservative changes. 

C) The sequence of the N2 activation region (residues 
246-541) is shown. The prolines that are conserved among 
rat, mouse and human receptors are outlined. The amino 
acids in the regions conserved between human and rat AR 
(panel A) are underscored. 
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factors by regulation of nuclear translocation, DNA 

binding, or transactivation (Hunter and Karin, 1992), the 

mapping and functional analysis of phosphorylation sites in 

the N-terminus may prove important in understanding the 

molecular mechanism of action of AR. A comparison of the 

N2 activation region in rat AR to the receptors from mouse 

and human AR revealed a large percentage of conserved 

prolines, especially within two of the highly-conserved 

regions (figure 20C) . 
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Summary 

Using large and small internal deletions, point 

mutations, and GAL4 fusion proteins, this study 

demonstrated that the N-terminal activation domain of the 

rat AR is complex, containing two regions that are 

necessary for maximal transcriptional activation. One 

region is a 14 amino acid segment that is predicted to form 

an acidic, amphipathic a-helix, deletion of which led to a 

50-60% reduction in transcriptional activation. Moreover, 

reintroduction of the amino acids in N1 rescued an inactive 

receptor containing a large deletion. Finally, the double 

point mutant 1163N, L164N had the same phenotype as ~154-

167, suggesting these hydrophobic residues are critical to 

the function of N1. Deletion of any part of a second, 

proline-rich region (N2) also abrogated activity. The 

inability of N1 or N2 alone activate transcription when 

joined to the heterologous GAL4 OED suggests that these 

regions may be interdependent, together forming a 

functional activation domain. 



IX. 

DISCUSSION 

The contribution of the DBD to steroid-specifi~ gene 

regulation 
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The receptors for both androgens and glucocorticoids are 

capable of regulating gene expression by binding to the 

same HRE. The fact that AR and GR differ in 

transactivation potential from the same response element 

was first suggested by studies of the MMTV LTR in mammary 

carcinoma cells (Darbre et al., 1986; Parker et al., 1987; 

Cato et al., 1988; Gowland and Buetti, 1989; Ham et al., 

1988) and oviduct cells (Otten et al., 1988). For example, 

in ZR-75-1 mammary cells, GR mediates higher levels of 

induction per receptor than AR (Parker et al., 1987). In 

this report, I further demonstrated that GR induced higher 

levels of transcription from the pMMTV-CAT and pG46TCO 

reporter genes than AR did in monkey kidney CV-l cells. 

These results suggest that AR and GR differ in their 

abilities to activate transcription from even a simple HRE 

and that in several different cell types, GR has a higher 

specific activity than AR. 
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Although the mechanisms underlying differential receptor 

activity have been characterized for the nuclear receptor 

subfamily including retinoic acid, thyroid hormone and 

vitamin 03 receptors, very little is known about the 

mechanisms conferring receptor-specific gene regulation in 

the subfamily that includes AR and GR. By comparing the 

activities of AR/GR chimeric receptors (Section VI), it was 

demonstrated that the GR DBD mediated two-fold higher 

induction of transcription than the AR DBD. This 

difference in activity could result from the presence 

within the GR DBD of a transcriptional activation domain 

(Schena et al., 1989), interaction of the DBD with other 

proteins that modulate receptor DNA binding (Yang-Yen et 

al., 1990), or to increased DNA binding affinity. De Vos 

et al. (De Vos et al., 1993) recently reported a study in 

which they footprinted HRE regions from the MMTV and 

prostatein C3 genes using bacterially-expressed AR or GR 

DBD-protein A fusions. By inspection of their data, it is 

apparent that approximately two-fold more protein A-AR 

fusion protein than the GR fusion protein was required to 

obtain the same amount of protection of an MMTV HRE, 

suggesting a higher affinity of the GR DBD for the response 

element. Moreover, quantitative in vitro DNaseI 

footprinting using purified AR and GR DBD polypeptides and 

single response elements from the TAT, C3 and SIp genes 
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measured KdS that are two-fold lower for GR than for AR 

(Stephen E. Rundlett, Ph.D. Dissertation, University of 

Arizona, 1993). These results suggest that the two-fold 

difference in transactivation mediated by the DBDs observed 

in vivo may be due to higher affinity (lower Kd) of GR for 

the HREs used in this study. 

Amino acid differences in the DBDs suggest a possible 

underlying structural explanation for this affinity 

difference. The X-ray crystallography and genetic data for 

GR indicate that the residues at the C-terminal base of the 

first zinc finger, the "P-box", dictate binding specificity 

by directly contacting the bases specific to HREs 

(Freedman, 1992). The AR DBD contains the identical P-box, 

consistent with the observation that AR binds to the same 

HREs. However, the majority of amino acid differences are 

in the region between the fingers and within the second 

finger. Of the seven residues that participate in the GR 

dimer interface (Luisi et al., 1991; Dahlman-Wright et al., 

1991), two (I483T and I487F) are different in AR. In GR, 

the backbone NH group ot 1483 hydrogen bonds to the 

carbonyl oxygen of A477 on the other monomer, and 1487 

makes a hydrophobic contact with L475 of the opposite 

monomer (Luisi et al., 1991). Although the relevant 

interactions could still form in AR, the slightly different 

sizes and shapes of the side chains may subtly influence 
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properties of the dimerization interface such as monomer 

orientation, flexibility, monomer affinity, or 

cooperativity. Differences in dimer interactions affect 

affinity for HREs rather than specificity (Dahlman-Wright 

et al., 1990; Dahlman-Wright et al., 1991) 

Analysis of the N-terminal modulatory domain 

The DNA binding domains only partially accounted for the 

difference in transactivation mediated by AR and GR in 

transiently transfected CV-l cells. Analysis of N-terminal 

domain chimeric receptors revealed that the 11 region of GR 

is five-fold more potent than the entire AR N-terminus at 

activating transcription. These results support a role for 

the N-terminal domain in specifying AR- and GR-specific 

differences, even on simple response elements. 

An interesting result of this analysis is that the 

combined contributions of the DNA binding domain (2-fold) 

and the N-terminal modulatory domain (5-fold) account for 

the 10-fold difference in activity seen with the wild-type 

receptors. This is evidence that these domains function 

independently, i.e., that the GR modulatory domain is five 

times more potent than that of AR, regardless of the DBD 

present. Likewise, the presence of the GR DBD led to a 

two-fold better activator, whether it was associated with 
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the modulatory domain of GR or of AR. This independence 

may lead to regulatory programs in which the DNA binding or 

transactivation functions of these receptors can be 

modulated, individually or together, to produce the complex 

patterns of promoter- and cell-specific receptor activities 

observed in vivo (see "Models for AR-specific gene 

regulation", below). 

Effects of the polyglutamine tract on AR activity 

An interesti~g feature of the AR N-terminal modulatory 

domain is the ~~lyglutamine tract encoded by the 

trinucleotide CAG. Although all AR genes cloned to date 

contain this tract, its location within the N-terminus 

varies among ARs from different species. Expansion of the 

length of the trinucleotide repeat in human AR is 

correlated with incidence of Kennedy's disease and, 

moreover, longer repeats are correlated with earlier age of 

onset and increased severity of symptoms (Doyu et al., 

1992; Matsuura et al., 1992; Igarashi et al., 1992; La 

Spada et al., 1992; Amato et al., 1993). Recently, a study 

of androgen-mediated feedback inhibition of pituitary, 

hypothalamic, and testicular hormones in 26 patients with 

Kennedy's disease concluded that the mutant ARs suppressed 

hormone synthesis less well than the wild type AR in 
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control patients (Sobue et al., 1994), suggesting decreased 

AR activity in patients with Kennedy's disease. Consistent 

with this observation, Mahtre, et al (1993) reported that 

ARs from two Kennedy's disease patients have reduced 

transcriptional activation function. However, in this study 

the decreased activity was difficult to quantitate, and 

therefore could not be correlated to CAG repeat length. In 

addition, there were no data to address the mechanism for 

the effects of CAG repeat expansion on AR function. 

The hypothesis that the polyglutamine tract inhibits 

transactivation by AR was confirmed by the analysis of AR 

derivatives that differed in the number, location or size 

of the tract (Section VII). Deletion of the tract from 

either rat or human AR resulted in receptors that were more 

active than their wild type parents. The presence of two 

polyglutamine tracts, one in each of the normal locations 

of the tracts in the rat and human receptors, greatly 

decreased activity. Expansion of the polyglutamine tract 

in human AR from 25 to 35, 49, and 77 residues resulted in 

a progressive loss of activation of two different androgen

responsive reporter genes. 

The polyglutamine tract is located upstream of the 

activation domain in human AR (Simental et al., 1991; 

Jenster et al., 1991), but within the activation domain in 

rat AR (Palvimo et al., 1993) and Section VIII. The 
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difference in location of the tract relative to the 

activation domain may account for the observed difference 

in activity of the human and rat receptors (figure 7). The 

polyglutamine tract in rat GR is also present just N

terminal to the mapped activation domain (Giguere et al., 

1986; Godowski et al., 1988; Danielsen et al., 1987). The 

relative lack of effect of eliminating this region, either 

by deletion analysis (Miesfeld et al., 1987) or in the 

endogenous tract in human GR, supports the notion that the 

juxtaposition of the tract and the activation domain may be 

critical. The polyglutamine tract may therefore have an 

indirect effect on AR function by causing structural 

perturbations within the transactivation domain. 

Alternatively, the glutamine residues may contact another 

protein and inhibit interactions of the activation domain 

with its target protein(s) by either competition or steric 

hindrance. The inhibition could also result from a direct 

interaction of the glutamine residues with a specific 

repressing protein. 

There are mechanisms other than direct protein 

interaction that account for the inhibitory nature of the 

polyglutamine tract in AR. Green (1993) has proposed that 

the expanded polyglutamine tracts present in the proteins 

encoded by the genes involved in Huntington's disease, seAl 

and Kennedy's disease may be subject to transglutaminase-
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catalyzed cross-linking, resulting in the loss of 

functional protein. There was no evidence of cross-linked 

AR aggregates in COS-7 cells expressing the polyglutamine 

expansion mutants (figure 10). The development of a spinal 

or bulbar neuron model system could facilitate the 

detection of a neuron-specific transglutaminase. 

Although there was a strong correlation between CAG 

repeat length and loss of AR transactivation function, it 

is important to recognize that even the mutant that 

contains a repeat three times the normal size retains 

approximately 60% of wild type AR activity (figure 12) 

This observation may be directly relevant to the etiology 

and tissue specificity of Kennedy's disease. Androgens are 

required for normal male development of motor neurons in 

the rat spinal nucleus of the bulbocavernosus (Breedlove, 

1986; Goldstein and Sengelaub, 1992) and for regeneration 

of facial motor neurons in rats and hamsters (Kujawa et 

al., 1989; Yu, 1989). Therefore, continual AR function may 

be necessary for maintenance of normal motor neuron 

function. 

The ARs in the male patients with this syndrome have CAG 

repeats with a size range of 40-62 (La Spada et al., 1992) 

(the range in the normal population is 11-31 (Edwards et 

al., 1992)). Extrapolating from the results in figure 12, 

the levels of AR transactivation function in individuals 
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with Kennedy's disease should be 10-30% lower than wild 

type AR. The finding that the CAG repeat length in 

unaffected individuals does not overlap with the range of 

lengths in patients with Kennedy's disease suggests that a 

minimum threshold level of AR activity is required for 

normal androgen responses within motor neurons. In 

addition, age-dependent decreases in AR expression (Supakar 

et al., 1993) and in plasma testosterone levels (Mooradjian 

et al., 1987) would exacerbate the effect of decreased AR 

function in Kennedy's disease patients, possibly accounting 

for the late onset of the syndrome. Therefore even a small 

decrease in AR transactivation function could be sufficient 

to cause the disease phenotype. 

I postulate that the residual level of AR activity is 

sufficient to ensure normal development of male primary and 

secondary sexual characteristics, as evidenced by the fact 

that affected individuals are often fertile males, and not 

testicularly feminized. The subtle decline of AR 

transactivation activity may, however, eventually lead to 

loss of integrity of certain tissues that require 

continuous high levels of AR activity, such as spinal and 

bulbar motor neurons. Alternatively, the effect of 

polyglutamine expansion may be gene-specific. For example, 

the activity of the mutant ARs may be compromised on genes 

necessary for normal neuron functions, but may be 
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unaffected on genes involved in sexual differentiation. 

Finally, the activities of wild-type and mutant ARs could 

be cell-specific, as different sets of proteins may 

interact with receptors in different cell types. 

Activation sequences within the AR N-terminal domain 

Further analysis of the AR modulatory domain, using a 

panel of receptors possessing deletions and point 

mutations, demonstrated that the N-terminal activation 

domain of rat AR is complex, containing multiple regions 

that are required for maximal transactivation function. 

Secondary structure predictions indicate that one 

component, Nl, may form a ~-turn followed by an amphipathic 

a-helix, with one hydrophobic face and the other face 

having a net negative charge. Activation domains in other 

transcription factors also have been predicted to form 

acidic amphipathic a-helices (Giniger and Ptashne, 1987), 

but the secondary structure determinations of acidic 

activation regions have not confirmed these predictions 

(O'Hare and Williams, 1992; Van Hoy et al., 1993). The 

1163N, L164N point mutations in Nl had the same effect as 

deleting the entire Nl region, suggesting the 

hydrophobicity of Nl is critical to its activity. Analysis 

of this region through circular dichroism spectroscopy or 
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nuclear magnetic resonance spectroscopy will be necessary 

to determine the secondary structures of the wild-type and 

mutant Nl regions, and the relationship of the structure to 

transactivation function. 

Receptor mutants lacking Nl retained approximately 40-50% 

activity, suggesting the presence of a second region 

necessary for transactivation. To investigate this 

possibility, a series of progressive deletions downstream 

of Nl were generated. Deletion of the polyglutamine tract, 

which is just C-terminal to Nl, increases activity of the 

receptor (see Section VII). Interestingly, four adjacent 

deletions all reduced activation function. These deletions 

overlap two highly-conserved regions. Comparison of the 

mapping data presented here to results obtained by others 

(Simental et al., 1991; Jenster et al., 1991; Palvimo et 

al., 1993) shows several trends (figure 20A). First, in 

all cases, deletion of the region encompassing NI resulted 

in receptors with decreased activity. Second, the 197-266 

and 269-356 deletions mapped here are consistent with the 

downstream region mapped in human AR by Jenster, et al. 

(1991). Just N-terminal to N2 is an 11 amino acid segment 

(235-245) that is absolutely conserved among ARs across 

species, and is also highly homologous to regions in human, 

mouse and rat GR and human and mouse MR. The conservation 

of this region across species and receptors suggests an 
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underlying function. However, ~235-245 had wild-type 

activity in this transfection assay. Since deleting up to 

residue 221 (while retaining N1; mutant ~40-148, ~168-221), 

or deleting 235-245 had no effect on transactivation, but 

~197-266 had decreased activity, I infer that the N

terminal boundary of the critical amino acids in N2 is 

between residues 246 and 266. 

Third, two deletions (359-536 and 411-531) analyzed here 

are the first to examine the effects of this part of the AR 

N-terminus on transactivation. Amino acids 460-520 have 

been implicated in the interaction with a factor that 

enhances AR binding to DNA (Kupfer et al., 1993), but I did 

not observe a difference in DNA binding between nuclear 

extracts derived from COS-7 cells expressing wild type AR 

or ~359-536 by a gel-shift assay (data not shown). These 

deletions are in a location within the N-terminus 

homologous to the position of the proline-rich activation 

region in PR (Meyer et al., 1992), a region believed to 

interact with a coactivator (Shemshedini et al., 1992). 

Note that the amino acid composition of this region of rat 

AR is also proline rich (figure 20C), and contains a 

stretch that resembles an SH3 binding site (Ren et al., 

1993), a region believed to be important in protein-protein 

interactions. A similar SH3 binding site homology at amino 
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acids 417-426 is present in the human PR, just upstream of 

the activation domain. 

The mechanisms by which the activation domains of 

steroid/nuclear receptors enhance transcription are not 

well understood. The N-termini of these receptors are the 

least conserved, and are required for cell-type and 

receptor-specific gene regulation, presumably through 

interaction with specific transcription factors (Bocquel et 

al., 1989; Adler et al., 1992; Pearce and Yamamoto, 1993; 

Rupprecht et al., 1993). In vitro and in vivo studies 

provide evidence that the t1 activation domain of GR 

interacts with the basal transcription apparatus (McEwan et 

al., 1993), that the transcriptional actjvation function-1 

of PR interacts with an intermediary factor distinct from 

the general transcription factors (Shemshedini et al., 

1992; Meyer et al., 1992), that the activation domains of 

ER are cell-type and promoter specific (Tora et al., 1989; 

Tzukerman et al., 1994), and interact with specific TAF(s) 

of TFIID (Brou et al., 1993), and that RAR contacts TFIID 

through an E1A-like activity (Berkenstam et al., 1992). 

Moreover, in vitro transcription studies with ER (Elliston 

et al., 1990) and PR (Klein-Hitpass et al., 1990) suggest 

these receptors increase the formation of stable 

preinitiation complexes, leading to enhanced rates of 

transcription. 
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The functional analysis of a fusion protein consisting of 

the entire AR N-terminus and the heterologous DBD of GAL4 

could be interpreted as evidence that AR also interacts 

with transcription factors. Specifically, the titration 

experiment shown in figure 18B demonstrates that in the 

absence of activator, the amount of transcription increased 

linearly with increasing amount of reporter plasmid 

transfected (basal transcription). When a constant amount 

of GAL4 (1-147) was cotransfected, higher CAT activity with 

a linear response to increasing reporter was observed. This 

indicates that there is a weak activation function present 

in the GAL4 DBD and, importantly, that the amount of GAL4 

protein was not limiting, even at the highest reporter 

concentration. Cotransfecting a constant amount of GAL4-

ARd555 with increasing reporter, however, resulted in a 

much greater increase in CAT activity, which saturated at 

30 ~g G13MCAT. Since neither the reporter nor the activator 

was limiting under these conditions, these results suggest 

that the AR N-terminal domain recruits a limiting factor, 

such as a TAF, or stabilizes a complex formed in a rate

limiting step in transcription (Kingston and Green, 1994) 

The ability of the N-terminus of human AR to inhibit 

transcription when coexpressed at 10-fold excess with full

length AR (squelching) is further evidence that the 



activation domain binds a protein necessary for 

transactivation (Simental et al., 1991). 
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In order to further study the functions of the activation 

regions identified here, each was fused to the GAL4 DBD. 

Consistent with the mapping studies discussed above, 

deletion of part of N2 region (GAL4-ARd358) or of a region 

encompassing N1 (GAL4-ARN2) abrogated activity. Likewise, a 

fusion protein containing Nl but not N2 was inactive. 

Similar studies have been conducted with the homeodomain 

protein Oct-2, which contains both glutamine-rich and 

proline-rich activation sequences that do not function when 

fused independently to the GAL4 DBD. However, a fusion 

protein containing a duplication of the proline-rich 

sequence was a potent activator (Tanaka et al., 1994), 

suggesting that multiple protein-protein contacts are 

necessary for activation of transcription. 

These data, together with the inactivity of mutant ~359-

536, which retains N1 but lacks N2, suggest that both 

activation regions within the AR N-terminus are required 

for maximal transactivation. The activation domain of AR 

thus is complex, consisting of two complex protein regions 

that together may directly or indirectly contact the 

transcriptional machinery, and thereby increase the amount 

of transcription of target genes. 
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Models for AR-specific gene regulation 

Since differences in transactivation functions between AR 

and GR map, in large part, to the N-terminal domain, and 

can be identified using heterologous promoters containing 

only simple HREs, I postulate that differential protein

protein interactions between activation sequences in the N

terminal domains and non-DNA binding proteins contribute to 

receptor-specific transcriptional regulation. For example, 

in CV-1 cells these putative proteins may interact more 

productively with GR than with AR due to amino acid 

differences in the N-terminal domains. These proteins may 

act as adaptors or coactivators, serving as bridges between 

the steroid receptor and the initiation complex, or may 

themselves be part of the basal transcription machinery. 

In addition, other explanations, such as post-translational 

modifications, could contribute to the observed differences 

between the N-terminal domains. Both AR and GR are 

phosphorylated at sites in their N-terminal domains in 

response to hormone binding (Hoeck and Groner, 1990; Kuiper 

et al., 1993). However, mutation of the seven 

phosphorylation sites in the GR N-terminus has only a 

modest effect on GR transactivation function (Mason and 

Housley, 1993). Therefore, the relationship of 

phosphorylation to receptor activity remains unclear. 
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Differential interactions between the N-terminal domains 

of steroid receptors and other proteins are indicated by 

several additional studies. Kupfer, et al. (1993) 

demonstrated the presence in several cell types of an 

auxiliary protein that may preferentially enhance AR DNA 

binding via interaction with the N-terminus. Adler et al 

(1992) have shown that the AR N-terminal domain is required 

for androgen-specific activation of the composite enhancer 

of the SIp gene. The N-terminal domain is also required 

for distinguishing GR and MR interactions with AP-1 

complexes on the proliferin composite response element 

plfG. Pearce and Yamamoto (1993) demonstrated that the N

terminal domain of GR repressed API-mediated activation, 

but that this domain of MR did not cause repression. They 

mapped the region within the GR N-terminus that confers 

this repression to amino acids 105-440, a region that also 

encompasses the portion of GR in GtAA. Similarly, 

Rupprecht, et al. (1993) used MR/GR chimeric receptors to 

demonstrate that the N-terminal modulatory domain of GR can 

confer an approximately 10-fold enhancement of 

transactivation to MR from either the MMTV promoter or a 

single-HRE-containing reporter. 

Taken together, these studies suggest that receptor

specific gene regulation can be achieved by at least three 

mechanisms : 1) modulation of receptor DNA binding activity 
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by interaction with nonreceptor auxiliary proteins; 2) 

interaction between the receptor N-terminus and other DNA 

binding proteins, resulting in either increased or 

decreased receptor activity; or 3) as suggested by 

experiments in Section VI, in which a simple HRE reporter 

gene was used, interaction of the receptor N-terminus with 

non-DNA binding proteins that are components of the 

transcriptional machinery or function as adaptors between 

the receptor and the transcription initiation complex. 

Since expression of these auxiliary proteins may vary among 

cell types, these mechanisms may contribute to the observed 

cell- and gene-specific differences in physiologic 

responses to steroid hormones. The evolutionary divergence 

between AR and GR, which results in higher GR activity in 

many cell types, therefore may provide receptor-specific 

regulatory mechanisms by which the level of AR 

transactivation function may be enhanced in androgen target 

tissue. 

Further understanding of the activation domain of AR, and 

insights into the mechanistic basis of cell- and promoter

specific androgen-regulated gene expression, await the 

isolation and characterization of auxiliary factors that 

modulate AR transactivation. The identification here of 

the critical functional regions in the AR modulatory 

domain, and generation of mutants within these regions, 
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will facilitate these future studies. Clearly, a better 

understanding of the molecular determinants that control 

transcriptional activation functions, both cis and trans 

components, will be crucial to deciphering the subtle 

changes in gene expression that are observed with complex 

enhancers in differentiated cell types. The data described 

in this dissertation provide a framework from which future 

studies can more accurately define relevant nonreceptor 

factors, and moreover, emphasize the importance of 

quantitative considerations in understanding the mechanisms 

of transcriptional control. 
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