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Chapter 1 

1.1 INTRODUCTION 

Steroid hormones (including androgens, estrogens, progestins, glucocorticoids and 
mineralocorticoids) are small hydrophobic molecules derived from cholesterol. They exert 
profound effects on cell growth, development, differentiation and homeostasis. Steroid hmmones 
mediate their functions through specific intracellular receptors that act as hormone-dependent 
transcription regulators. The androgens testosterone (T) and dihydrotestosterone (DHT) are 
essential for sexual differentiation of the male embryo and are involved in the initiation and 
maintenance of spermatogenesis. Their physiological effects are mediated by the androgen 
receptor (AR). Upon binding of either T or DHT, the receptor is able to recognize specific 
DNA sequences, so-called hormone response elements (HREs). These HREs are connnonly 
located in promoter or enhancer regions of target genes. Binding to a HRE triggers the up- or 
down-regulation of transcription of these genes. 

The AR is a member of the large family of nuclear receptors. Stmctural and functional 
analysis has revealed a common mechanism of action of these receptors (reviewed in Evans 
1988; Green & ehambon 1988; Truss & Beato 1993). The model describing this general pattern 
of receptor behaviour in a target cell, adapted to the AR, is shown in Figure 1.1. 

• - Testosterone 

I Cytoplasm I 

INucleusl r:l\ Dihydro-• 0 testosterone 

~. 

01 k 
(5 ~---

~v @ : AR-associated proteins 

!n] : Nuclear pore complex 

0~P P 

nuclear matrix 

m~ ~ ~ : Transcription factors 

Figure 1.1 Model of androgen receptor function, TIle key protein ill androgell action is the androgen 
receptor (AR), which becomes phosphorylated (P) alld binds to heat shock proteins (hsp) after 
translatioll. The receptor is able to ellter the nucleus (1) using all imrinsic nuclear localization sigllal. 
III some cell types, testosterone (l) call be converted fmo dfhydrotestosterolle (DHT) by the enzyme 5a
reductase (2). Upon Tor DHT binding, which lIIay occur in the cytoplasm or Ilucleus (3), the heteromeric 
AR~hsp complex dissociates and the AR is able to bind to the nuclear matrix and to DNA as a dimer (4). 
11lis triggers the regulation of transcription of specific target genes (5). It is thought that receptor 
trafficking is facilitated by the cytoskeletoll and the nuclear matrix. 
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After translation, the AR quickly becomes phosphorylated and associates with heat shock 
proteins (hsps). To be able to act as a transcription factor, the AR needs to pass the nuclear 
membrane, bind ligand, and interact as a dimer with the HRE (Figure 1.1). 

1.1.1 THE NUCLEAR RECEPTOR FAMILY 

The family of ligand-dependent transcription factors is characterized by a unique modular 
stmcture, with receptors classically divided into four domains: 1) an N-terminal modulating 
domain, 2) a centrally located DNA binding domain (DBD), 3) a hinge region, and 4) a C
terminal ligand binding domain (LBD) (Figure 1.2). The DBD of approxinlately 70 amino acids 
is highly conserved. The sequence predicts two zinc-finger motifs, each motif binding a zinc 
atom between four (tetrahedrally oriented) cysteine residues. The precise DBD tertiary structure 
has been determined by nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallo
graphy of several nuclear receptor DBDs (Hard et a!. 1990; Schwabe et a!. 1990, 1993; Luisi 
et a!. 1991; Katahira et a!. 1992; Lee et a!. 1993). The C-telminal LBD is also relatively 
homologous between the various family members. In particular the LBDs of the AR, 
glucocorticoid- (GR), progesterone- (PR), and mineralocorticoid- (MR) receptors are conserved 
(Figure 1.2). For full steroid binding capacity, these receptors need a domain of approximately 
200 to 250 amino acids (Giguere et a!. 1986; Kumar et a!. 1986; Rusconi & Yamamoto 1987; 
Simons et a!. 1989; Lees et a!. 1989; Jenster et a!. 1991 [Appendix paper 1]). 

SEQUENCE HOMOLOGY RECEPTOR CHROMOSOME 

N-TERMINAL DNA LIGAND 

100 ~Q91 I~_I hAR X 
548 612 662 910 

<15 I~()I , •• , hPR 11 
565 629 685 933 

<15 11'11 1--1 hGR 5 
419 483 530 777 

<15 1'711 1--1 hMR 4 
601 665 736 984 

1<15 1$-11 1-_1 I hER 6 
183 247 313 5SJ 595 

Figure 1.2 Sequence homolog), between the androgen receptor (AR), progesterone receptor (PR), 
glucocorticoid receptor (GR), mineralocorticoid receptor (MR), and estrogen receptor (ER). V,e hinge 
region (open bm.) is located betweell the DNA binding domain (stippled box) alld the ligand binding 
domaill (hatched box), and the sequence and length of this region is I/ot conserved amollg the steroid 
receptors. The chromosomal locatioll of the genes encoding these human receptors is indicated 
(Hollenberg el 01. 1985; Green el 01. 1986; Arrha el 01. 1987; Mishari el 01. 1987; Trapman elal. 1988; 
Faber el 01. 1989). 
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THE NUCLEAR RECEPTOR SUPERFAMILY 
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Introduction 

Figure 1.3 Opposite page. Domain represel1fatioll a/selected members a/the nuclear receptor supeifamily 
(based 011 Wahli & Martinez 1991). I71e family is divided illfo three subfamilies according to the 
phylogenetic tree of the DNA billdillg domaill (DBD) (Lalldet el al. 1992). Based lipan HRE recogllitioll, 
the DBDs call be grouped into two classes: GRE-like binders, alld ERE-like binders (Chapter 8.2) 
(Formall & Samllels 1990; Freedmall 1992). 'Die ligalld billdillg domaills (LBDs) of Drosophila kllirps 
(KNI), kllirps-relaled (KNRL) alld embryollic gOliad (EGON) show vel)' little similarity to Ihe LBDs of 
the other receptors, and are therefore represented ill a different way. 

The N-terminal domain as well as the hinge region, are highly variable in size and amino 
acid composition. The N-terminal domain contains a transcription activation function (Appendix 
paper IV; Giguere et al. 1986; Gronemeyer et al. 1987; Kumar et al. 1987; Jenster et al. 1991 
[Appendix paper 11; Simental et al. 1991; Rupprecht et al. 1993). Although the function of the 
hinge region is unknown, it is believed to be a spacer that flexibly links the LBD and DBD. 
Since the cloning of the human GR (Hollenberg et al. 1985) and human estrogen receptor (ER) 
(Walter et al. 1985), more than 60 different members of the family of nuclear receptors have 
been identified. The large family includes receptors for hormones (steroids, thyroid hormone, 
ecdysone), vitamins (vitamin D3• retinoic acid), and chemical agents (peroxisome proliferators), 
as well as a variety of receptors lacking a putative ligand. This latter group has been designated 
orphan receptors (O'Malley 1989; O'Malley & Conneely 1992). 

Phylogenetic studies based on the DBD and LBD show a common progeny of nuclear 
receptors (Laudet et al. 1992; Amero et al. 1992). Through processes such as gene duplication, 
rearrangement, mutation, exon shuffling and transposition, it is believed that family members 
originated from a single precursor gene (O'Malley 1989; Dorit et al. 1990; Amero et al. 1992; 
Keese & Gibbs 1992; Laudet et al. 1992). Based on the phylogenetic tree for the DBD, the 
family can be grouped into three subfamilies (Figure 1.3) (Laudet et al. 1992). The genes 
encoding the various family members are located throughout the genome on different 
chromosomes (Figure 1.2). The AR gene is unique since it is the only member known to be 
located on the X-chromosome. 

The full length AR cDNA has been cloned from several species: 
1) human (Chang et al. 1988a,b; Lubahn et al. 1988a,b; Trapman et al. 1988; Faber et al. 
1989; Tilley et al. 1989; Govindan 1990) (Figure 1.4), 
2) mOllse (Gaspar et al. 1990; He et al. 1990a; Charest et al. 1991; Faber et al. 1991), 
3) rat (Chang et al. 1988a,b; Tan et a!. 1988). 
Parts of the AR eDNA encoding the DBD and part of the N-terminal domain have been isolated 
from dog, guinea pig and clawed frog (He et al. 1990a; Shibuya et al. 1993). Figure 1.4 shows 
the amino acid sequence of the human AR. 

The DBD and the LBD are 100% identical between human, mouse and rat AR. The N
tenninal domain and hinge region are highly conserved, with amino acid substitutions scattered 
over these domains. Most prominent are the variations in size and location of the N-terminal 
glutamine- and glycine stretches. The difference in length of these two repeats accounts for most 
of the variability in size between hAR, mAR, and fAR, but also for the variation between the 
different reported hAR lengths of 910, 917, 918 and 919 amino acids, respectively (Faber et 
al. 1989; Tilley et al. 1989; Chang et al. 1988b; Lubahn et al. 1988b) (Figure 1.5). 
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1 MEVQLGLGRVYPRPPSKTYRGAFQNLFQSVREVIQNPGPRHPEAASAAPP 

51 GASLLLLQQQQQQQQQQQQQQQQQQQQETSPRQQQQQQGEDGSPQAHRRG 

101 PTGYLVLDEEQQPSQPQSALECHPERGCVPEPGAAVAASKGLPQQLPAPP 

151 DEDDSAAPSTLSLLGPTFPGLSSCSADLKDILSEASTMQLLQQQQQEAVS 

201 EGSSSGRAREASGAPTSSKDNYLGGTSTISDNAKELCKAVSVSMGLGVEA 

251 LEHLSPGEQLRGDCMYAPLLGVPPAVRPTPCAPLAECKGSLLDDSAGKST 

301 EDTAEYSPFKGGYTKGLEGESLGCSGSAAAGSSGTLELPSTLSLYKSGAL 

351 DEAAAYQSRDYYNFPLALAGPPPPPPPPHPHARIKLENPLDYGSAWAAAA 

401 AQCRYGDLASLHGAGAAGPGSGSPSAAASSSWHTLFTAEEGQLYGPCGGG 

451 GGGGGGGGGGGGGEAGAVAPYGYTRPPQGLAGQESDFTAPDVWYPGGMVS 

501 RVPYPSPTCVKSEMGPWMDSYSGPYGDMRLETARDHVLPIDYYFPPQ KT 

550 CLICGDEASGCHYGALTCGSCKVFFKRAAEGKQKYLCASRNDCTIDKFRR 

600 KNCPSCRLRKCYE AGMTLGARKLKKLGNLKLQEEGEASSTTSPTEETTQ 

649 KLTVSHIEGYECQPIFLNVLEAIEPGVVCAGHDNNOPDSFAALLSSLNEL 

699 GEROL VHVVKWAKALPGFRNLHVDDQMA VIOYSI'lMGLMVFAMGWRSFTNV 

749 NSRMLYFAPDLVFNEYRMHKSRMYSOCVRMRHLSOEFGWLQITPOEFLCM 

799 KALLLFSIIPVDGLKNOKFFDELRMNYIKELDRIIACKRKNPTSCSRRFY 

849 OLTKLLDSVOPIARELHOFTFDLLIKSHMVSVDFPEMMAEIISVOVPKIL 

899 SGKVKPIYFHTO 

Figure 1.4 Amillo acid sequence of the Iwman AR. The amino acids encodillg the DBD are boxed, 
whereas the underlined amillo acids represent the LBD. V,e hOJ1/opolymeric amino acid stretches ill the 
N-terminal domain (residues 1-547) are bold. Amino acids are illdieafed as one-letter symbols. 

AR DOMAIN STRUCTURE SIZE SPECIES 

N-TERMINAL DNA LIGAND 

GIn Gly 

1m I UII~I 910 hutnatl 
(20) (16) 

01n* Gly 

1m I I ::H I~I 899 tnousc 

(21) (5) 

GIn Gly 

I§I I n::I I~I 902 tat 
(22) (5) 

Figure 1.5 Sequence comparison between the human, mouse alld rat AR. n,e amino acid sequellces of 
the DBD alld LBD are 100% conserved amollg these receptors. Vie mouse AR N-termillal domaill is 76% 
homologolls to the human AR N-fermillal domain, whereas the rat AR "Nerminal domaill is 74% 
homologous to the human AR N-termillal domain. V,e positioll alld lIumber of residues ill the glutamille
alld glycine stretches are indicated. III the mouse AR, 3 histidille residues interrupt the 18 glutami1le 
stretch (*). 
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1.1.2 ANDROGENS AND ANTIANDROGENS 

The androgens T and DHT are directly involved in the development and differentiation 
of the male embryo and in the initiation and maintenance of spennatogenesis. T is produced by 
the Leydig cells in the testis and secreted into the blood. Bound to plasma proteins, T is 
transported throughout the whole body. It is believed that the free steroid can reach the AR by 
diffusion across the cell- and nuclear membranes (Westphal 1978). Specific organs and 
structures (prostate, urethra, and external genitalia) depend for their growth and development 
on DHT. In these organs and structures, the differentially expressed Sex-reductase can convert 
T into DHT. Both androgens bind to the same AR protein with high affinity and specificity. 

A problem making T and DHT impracticable in assays using cell line cultures, is their 
rapid conversion into inactive metabolites. Therefore, stable synthetic androgen agonists such 
as R1881 (17ex-methyl-17B-hydroxyestra-4,9,II-trien-3-one)and mibolerone (7ex,17ex- dimethyl-
19 nortestosterone) are being used. These agonists answer the criteria of high affinity, although 
receptor specificity of both compounds is not strict. Both R1881 and mibolerone bind to the AR 
as well as to the PRo 

Antiandrogens, such as hydroxy-flutamide (OH-flu), cyproterone acetate (CA) , and 
Casodex (lCI 176334), have the ability to compete with androgens for AR occupancy without 
effectuating androgen action themselves. As a result, antiandrogens inhibit androgen action and 
are used for treatment of several diseases and disorders, such as prostate cancer and hirsutism. 
In addition, AR antagonists can be useful for ill vitro (assays using subcellular fractions) and 
ex vivo (assays using cell cultures) studies, since they appear to block specific steps in the AR 
activation cascade. 

1.1.3 STRUCTURAL AND FUNCTIONAL UNITS AS BUILDING BLOCKS OF 
PROTEINS 

In accordance with the conserved modular structure of nuclear receptors, the genomic 
organization of the corresponding genes is very similar. In general, the genes consist of 8 
coding exons. The variable N-terrninal domain is encoded by part of exon I, the conserved 
DBD is encoded by exons 2 and 3, whereas exons 4 to 7 and part of exon 8 encode the LBD 
(Figure 1.6). 

After the discovery that genes consist of exons spaced by non-coding introns, it was 
suggested that protein evolution could have benefited if exons coded for functional or structural 
units in proteins (Traut 1988). According to this exon-protein unit theory, novel genes would 
have been assembled from exons by duplication and intron-mediated recombination. The 
hypothesis implies that proteins are composed of separable functional/stmctural domains, and 
that certain protein units, encoded by discrete exons, can be identified in different proteins 
(Keese & Gibbs 1992; Dorit et a!. 1990). This view is supported by the conserved struc
tural/functional features of large gene superfamilies, such as the nuclear receptor family and the 
immunoglobin-Iike family. 
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N-TERMINAL DNA LIGAND 

PROTEIN 

I I I I I I I I 

Figure 1.6 Domain structure alld gene orgallizatioll of nuclear hormone receptors. The genes comain 8 
exOIlS encoding (he different proteill domains. Black boxes represent 5' alld 3' ulltralls{afed sequences. 

As genomic organization for different genes encoding structurally defined proteins was 
determined, there were both positive and negative reports for the correspondence between exons 
and protein domains. However, the number of positive correspondences favoured the exon-unit 
theory, since the number appeared to be greater than by chance alone (Traut 1988). It should 
also be noticed that processes such as intron-loss/addition, junction-sliding/formation, and 
general evolutional mutation, can result in degeneration of the original pattern of exons as 
protein units. 

The exon-protein unit theory implies that exon-intron junctions would be at equivalent 
positions, because shuffling of exons should not alter the reading frame when they are inserted 
into a new location. From a large survey, the average interruptions between codons was 54 %, 
after the first codon-nucleotide 27%, and after the second codon-nucleotide 18 %, indicating the 
preference for one position (Traut 1988). 

Based on the exon-protein unit theory, nuclear receptors (including the AR) would be 
build up of discrete domains, and the location, size, and boundaries of the domains should 
correspond with the genomic organization. Since the nuclear receptor homo logs are found in 
organisms ranging from plants and insects to vertebrates, it is believed that evolution of the 
respective family began one thousand million years ago, and, therefore, some degeneration of 
the exon-protein unit pattern might be expected (O'Malley 1989). 

In theory, an isolated receptor domain would retain its characteristics, and deletion of 
a specific domain would not necessarily eliminate the function of neighbouring domains. From 
mutational analysis combined with functionality studies of the GR, ER, and PR, it is evident that 
the DBD and LBD are discrete, sharply bordered units (reviewed in Muller & Renkawitz 1991; 
Freedman & Luisi 1993; Gronemeyer 1991). In accordance with the exon-protein unit theory, 
the two zinc-finger structures of the DBD are each encoded by a single exon. Similarly, the 
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large N-tenninal domain which harbours the important transcription activation function is 
encoded by a single exon (Gronemeyer 1991, and references therein). In contrast, the discrete 
LBD is encoded by 5 exons, indicating a deviating pattern from what was to be expected 
according to the exon-protein unit theory (for more details see Chapter 5.3). 

The single domains isolated from their receptor context retain their function. 
Additionally, comparable domains of different nuclear receptors can be artificially interchanged, 
resulting in chimeric proteins exhibiting the combined characteristics of the domains from which 
they were constructed (Green & Chambon 1987; Webster et al. 1988; Rupprecht et al. 1993). 
Even fusion to unrelated proteins, such as GAIA, lexA, E1A, fi-galactosidase, los, and lIlyc, 
will transfer the receptor domain characteristic to the hybrid protein (Godowskl et al. 1987a; 
Picard & Yamamoto 1987; Hollenberg & Evans 1988; Webster et al. 1988; Becker et al. 1989; 
Eilers et al. 1989; Superti-Furga et al. 1991). 

Based on these findings, deletion analysis and domain transfer/fusion studies are useful 
and powerful methods to locate and characterize protein domains. However, there is one major 
drawback: loss of domain function not only can be caused by the mutation of essential amino 
acids that are part of the unit, but also indirectly by altered protein structure of neighbouring 
sequences. Only knowledge of the 3-dimensional protein folding, obtained by NMR or X-ray 
crystallography analysis, can provide decisive answers to such a problem. Unfortunately, both 
techniques are difficult and laborious, with limitations on the size of the protein (Wright 1989; 
Gronenborn & Clore 1990, and references therein). Up to now, only the tertiary structure of 
the DBD of some nuclear receptors has been elucidated. To be able to analyze other regions of 
nuclear receptors, the knowledge of function, location and boundaries of the different domains 
is essential. 

1.2 SCOPE OF THIS THESIS 

The importance to understand the detailed mechanism of action of nuclear receptors is 
twofold. Originally, interest in steroid hormone receptors stemmed from the central role they 
play in steroid hOlmone action. Steroid hormone functions such as regulation of embryonic 
development, sex differentiation, reproduction, and homeostasis, are mediated by nuclear 
receptors. Androgens, the male sex steroid honnones, are essential for development of the male 
genital tract during prenatal life, and important for development and functional maintenance of 
male sex organs and characteristics postnatally. The AR is the key protein that effectuates 
androgen action. Mutations in the AR have been implicated in male sex-linked disorders such 
as androgen insensitivity (AIS) and Kennedy's disease, and in prostate- and male breast cancer. 

Besides the central role steroid hOlmone receptors play in hormone action, they constitute 
one of the best available model systems for the study of regulation of gene transcription. The 
attractiveness of the system is the fact that transcription activity of many nuclear receptors is 
controlled by extra-cellular compounds. 

For a better understanding of androgen action in normal and diseased states, a detailed 
knowledge of the AR characteristics is essential. The aim of this project was to map the 
different functional/stmctural domains of the human AR and to study their specific role in AR 
functioning. The different domains were investigated after constmction of AR mutants and 
subsequent expression in eukaryotic cells. The ability of these receptor proteins to associate with 
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heat shock proteins, to bind ligand, to enter the nucleus, to associate with the nuclear matrix, 
and to activate transcription, was examined. Furthermore, their migration pattern in SOS-PAGE 
was analyzed to provide evidence for phosphorylation. In Chapter 2 some post-translational 
modification events are discussed that might, or are known to modify the AR protein. Especially 
phosphorylation of steroid receptors is emphasized (Appendix paper V). In the absence of 
ligand, steroid receptors associate with hsps. In Chapter 3 the location of the receptor domain 
that binds hsp90 is examined and the physiological role of this association is discussed. The 
signal that is responsible for AR nuclear import is described in Chapter 4 and Appendix paper 
II. The subcellular localization of the AR is dependent on several factors that form the basis of 
the compartmental retention model. The location and boundaries of the LBO is examined in 
Chapter 5. In Chapter 6, the domains that are involved in homodimerization of steroid receptors 
are described. The characterization of the domains of the AR and GR that are important for the 
association with the nuclear matrix is depicted in Chapter 7 and Appendix paper III. In addition, 
the functional aspects of the nuclear matrix interaction are discussed. In Chapter 8, the location 
and the possible 3-dimensional conformation of the AR OBO are presented. Moreover, different 
HREs that are bound by various nuclear receptors are described. Chapter 9 deals with the main 
nuclear receptor feature which is transcription regulation. Some basic principles of transcription 
initiation are described and the role of nuclear receptors in this process is discussed. The 
problem of how each nuclear receptor is capable of specifically regulating its own set of target 
genes is addressed in the diversity issue. The location and boundaries of the transcription 
activation units in the human AR are examined in Chapter 9 and Appendix paper IV. In Chapter 
10, the site and kind of mutations in the AR that are associated with human diseases are 
described. Chapter 11, summarizes the location and size of the various signals and domains in 
the human AR and indicates the major challenges that confront future nuclear receptor research. 
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2.1 INTRODUCTION 

After translation, many proteins undergo some type of covalent modification. More than 
100 different fonns of post-translational modifications of the amino acid side chains are known 
(Han & Martinage 1992; Krishna & Wold 1993). Only few of these have been investigated or 
have been suggested to be involved in nuclear receptor protein alterations. These include 
disulfide bond formation, glycosylation, transamidation, and phosphorylation (Jackson & Tjian 
1988; Chakraborti et aJ. 1990; Green 1993b; Kuiper & Brinkruann 1994a). 

Disulfide bond Jonnalion 
Paired cysteine residues allow intra- and inter-molecular disulfide bonds to form in 

proteins. This reversible modification might be important for the correct 3-dimensional folding 
of steroid hormone receptors. It has been shown that sulfhydryl alterations of the GR inactivated 
the receptor to a state which was unable to bind glucocorticoids (Bresnick et aJ. 1988; Silva & 
Cidlowski 1989; Chakraborti et aJ. 1990). Furthermore, it has been demonstrated that the 
oxidation or reduction state of sulfhydryl groups within the GR protein can account for much 
of its heterogeneity resulting in the 5-6 isoforms observed in two-dimensional gel analysis (Silva 
& Cidlowski 1992). These reports indicate the existence of disulfide bonds in the GR. The 
human AR contains 27 cysteine residues. Besides the 8 cysteine residues essential for the 
formation of the two zinc finger structures of the DNA binding domain (Chapter 8), the 
importance of the other cysteine residues in protein conformation and AR functioning is 
unknown. 

G/yeosy/alion 
Two different types of glycosylation have been described: I) N-linked glycosylation 

common to cell surface and secreted proteins, and 2) O-linked glyeosylation found in secreted 
proteins, but also in some cytoplasmic and nuclear proteins. It is very unlikely that the AR is 
N-linked glycosylated since this type of protein modification mainly occurs in the endoplasmic 
reticulum to proteins that are directed to the Golgi apparatus, to lysosomes, to the plasma 
membrane or are secreted. Although less common, oligosaccharides could be linked to serine, 
threonine or hydroxy-lysine residues (O-linked glycosylation). Some nuclear proteins involved 
in transcription initiation and regulation are O-linked glycosylated (e.g. Spl, RNA pol II, v
erbA) (Jackson & Tjian 1988; Privalsky 1990; Haltiwanger et aJ. 1992). Except for the v-erbA 
oncogene, glycosylation has not yet been shown to modify nuclear receptors. 

Transamidation 
Only recently, transamidation of the AR N-terrninal glutamine stretch has been suggested 

to explain the causal link between expansion of this glutamine repeat and the development of 
Kennedy's disease (Chapter 10.3) (La Spada et aJ. 1991; Green 1993b). Transglutaminases are 
enzymes that catalyze an acyl transfer reaction between the carboxyamide group of a peptide
bound glutamine and the amino group of a lysine residue or polyamine (Greenberg et aJ. 1991; 
Han & Martinage 1992; Krishna & Wold 1993) (Figure 2.1). The reaction results in a covalent 
isopeptide crosslink which is stable and resistant to proteolysis. Because of these characteristics, 
transglutaminase modified, crosslinked proteins are found in extracellular matrices, in fibrin 
networks of blood cloths and in cornified features of the epidermis and its appendages (callus, 
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hair, nail) (Greenberg et a1. 1991). More enzyme details and the relationship between the 
glutamine stretch, transglutaminase and Kennedy's disease are described in Chapter 10.3. 
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Figure 2.1 Schematic represellfatiOtl of the reaction catalyzed by trallsglutam;lIases (TGase). The calcium
dependent acyl transfer reaction results ill all isopeptide bond beflveell the 'protein' alld the 'R' group 
which can also be a proteill. 

2.2 ANDROGEN RECEPTOR PHOSPHORYLATION AND ISOTYPES 

The best studied steroid receptor post-translational modification process is 
phosphorylation. Reversible protein phosphorylation is one of the most important mechanisms 
of regulating intracellular processes. Through phosphorylation and dephosphorylation, protein 
functions can be switched on or off (Han & Martinage 1992; Krishna & Wold 1993). 

Many transcription factors, including steroid honnone receptors, are phospho-proteins 
(Moudgil 1990; Meek & Street 1992; Hunter & Karin 1992; Ort! et a1. 1992; Takimoto & 
Horwitz 1993; Kuiper & Brinkmann 1994a). Mutational analysis, phospho-amino acid analysis, 
tryptic phospho-peptide mapping, and microsequencing have identified phosphorylation sites in 
the GR (Bodwell et a1.1991), PR (Denner et a1. 1990b; Poletti & Weigel 1993), ER (Ali et a1. 
1993; Le Goff et a1. 1994), and VDR (Hsieh et a1. 1991). Phosphorylation mainly occurs in the 
N-terminal domain of these receptors, although sites in the hinge region (chicken PR [Denner 
et a1. 1990b]), hinge region and LBD (VDR [Brown & DeLuca 1991; Hsieh et a1. 1991]) and 
in the DNA binding domain (VDR [Hsieh et a1. 1991]) have also been reported. AlInost all the 
characterized phosphorylations are on serine residues. In some cases minor phosphorylation on 
threonine residues (Hoeck & Groner 1990; Bodwell et a1. 1991) was observed, but rarely on 
tyrosine residues (Migliaccio et a1. 1986; Auricchio 1989). Several different kinases (protein 
kinase A, protein kinase C, casein kinase II, Ser-Pro directed kinases, DNA dependent kinase) 
have so far been impli<;ated in phosphorylation of steroid receptors (reviewed in Moudgill990; 
Ort! et a1. 1992). 

With respect to the human AR, no individual phosphorylation sites have been identified 
in the intact AR as yet. From limited proteolysis studies of "P-Iabeled AR isolated from LNCaP 
cells, it is evident that phosphorylation occurs in the first 300 amino acids of the N-terminal 
domain (Kuiper et a1. 1993). Phospho-amino acid analysis revealed only phosphorylation on 
serine residues (Kuiper & Brinkmann 1994b submitted). In the fIrst part of the N-terminal 

21 



Chapter 2 

domain approximately 30 serine residues are present. Many of these potential phosphorylation 
sites comply to a consensus sequence of one of the above described kinases (Kemp & Pearson 
1990; Kennelly & Krebs 1991). Analysis of AR fragments expressed in COS cells indicated that 
serines at position 80, 93 and 641 can be phosphOlylated (Zhou et al. 1994b). Whether these 
serine residues are phosphorylated in the intact AR still needs to be established. 

For the PR (Dalman et al. 1988; Sheridan et al. 1989; Beck et al. 1992), ER (Washburn 
et al. 1991), AR (Kuiper et al. 1991; Krongrad et al. 1991) and VDR (Jurntka et al. 1993) 
phosphorylation corresponds with a characteristic decrease in electrophoretic mobility (upshift) 
during SDS-PAGE analysis, resulting in different separable isotypes. Immediately following 
synthesis, the nascent human AR has an apparent molecular mass of 110 kDa and matures into 
two bands (110-112 kDa) over the ensuing 30 minutes. Alkaline phosphatase treatment resulted 
in the single 110 kDa protein band, showing that the upshift to 112 kDa reflects phosphOlylation 
(Appendix paper V, Kuiper et al. 1991). 

This migration upshift, resulting in different AR isotypes, can be used as a marker for 
AR phosphorylation. The region responsible for the doublet appearance observed in the absence 
of hormone, is located between amino acids 46-139 (Appendix paper V). Substitution of two 
Ser-Pro directed kinase consensus sites (Ser-80 and Ser-93) revealed that these potential 
phosphorylation sites are essential for the formation of the 112 kDa AR isotype. Together with 
the observation that both serine residues can be phosphorylated in an AR fragment expressed 
in COS cells (Zhou et al. 1994b), it seems likely that Ser-80 and Ser-93 are phosphorylated in 
at least part of the wild type AR population. Interestingly, deletion of the adjacent glutamine 
stretch (amino acids 58-77) also resulted in a single protein band. Increasing the length of the 
glutamine repeat caused an increase in the spacing between the two isotypes of the doublet, 
showing that the number of glutamine residues detcl1uines the extent of the described upshift. 
Two possible explanations for phosphorylation-induced AR doublet appearance in the absence 
of hormone can be proposed. Firstly, phosphorylation on sites Ser-80 and Ser-93 results in a 
conformational change in the neighbouring glutamine repeat causing the migration upshift visible 
as a 112 kDa isotype. Deletion of the glutamine stretch or elimination of the phosphorylation 
sites would both result in a single AR protein band. Secondly, Ser-80 and Ser-93 
phosphorylation might retard the AR protein migration by decreasing SDS-binding to the AR. 
The negatively charged detergent SDS provides the negative charge to the SDS-protein complex, 
and therefore largely determines the migration pattern of proteins in the SDS-PAGE system. 
Possibly, SDS molecules that bind to the glutamine stretch will be supplanted by the negatively 
charged phosphate groups of the phosphorylated Ser-80 and Ser-93. Phosphorylation of AR 
mutants containing a shortened glutamine repeat length might supplant fewer SDS molecules, 
resulting in a decreased spacing between the two isotypes. 

Upon incubation of cells in culture with the respective ligands, steroid receptors become 
hyperphosphorylated (Ort! et al. 1989; Moudgil 1990; Brown & DeLuca 1990; Ort! et al. 1992; 
Washburn et al. 1991; Chauchereau et al. 1991; van Laar et al. 1991; Denton et al. 1992; Beck 
et al. 1992; Kuiper et al. 1993). The increase in AR phosphorylation upon hormone treatment 
is approximately twofold (van Laar et al. 1991; Kuiper et al. 1993). This doubling is not very 
dramatic in contrast to other steroid receptors, and Kemppainen and co-workers (1992) even 
claim that a ligand-induced prolonged AR half-life is responsible for the observed additional 
phosphorylation. 
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We have shown by Western blot analysis that R1881 induced a second migration upshift 
resulting in three AR isotypes (110-112-114 kDa) (Appendix paper V). These ligand-induced 
changes could be due to additional phosphorylation and lor a re-location of phosphorylation sites. 
Analysis of SDS-PAGE migration patterns of AR mutants expressed in hormone-treated cells, 
provided evidence for the importance of Ser-80 and involvement of transcription activation in 
the hormone-induced upshift. Even upon R1881 treatment, the AR mutant in which Ser-80 was 
replaced by a glycine residue, migrated as a single protein band, suggesting that this 
phosphorylation site is essential for the ligand-induced AR modifications. Interestingly, the 
migration pattern of AR mutants, unable to activate transcription due to elimination of DNA 
binding or due to N-terminal deletions, revealed a decreased amount of the hormone-induced 
isotype compared to the other isotypes. This might indicate that part of the hormone-induced 
phosphorylation occurs during or following transcription activation (Appendix paper V). Similar 
observations have been made for the human progesterone receptor, where both hyperphos
phorylation and coincident PR upshifts were partially inhibited in PR mutants unable to bind 
DNA or by antagonist-treatment that prevented PR DNA interaction (Bagchi et a1. 1992; 
Takirnoto et a1. 1992). 

A possible order of phosphorylation events is proposed in Figure 2.2. After synthesis, 
the AR rapidly becomes phosphOlylated. Upon hOlmone-treatment, additional phosphorylation 
occurs in a ligand-dependent manner, possibly before the AR is bound to DNA. In the last step 
phosphorylation follows transactivation, possibly by a DNA-dependent kinase. 

LIGAND • 
GENE 

~ ACTIVATION 

---7) W ) 

TRANSCRIPTION 

Figure 2.2 Model describing a three stage AR phosphorylation cascade. Immediately after tralls/ation, 
the AR call be phosphorylated (represellted by the class of phosphorylatioll sites PI). UpOIl ligalld 
bindillg additional phosphorylation call occur Oil phospho-sites represented by P2. During or after 
transcriptioJl regulatioll, the AR becomes fully phosphorylated by phosphorylation 011 sites represented 
by P3. 

2.3 FUNCTION OF ANDROGEN RECEPTOR PHOSPHORYLATION 

Virtually every step in the steroid receptor activation cascade, from hormone binding to 
transactivation has been postulated to be influenced by changes in receptor phosphorylation 
(reviewed in Ortf et a1. 1992; Kuiper & Brinkmann 1994a). The importance of this reversible 
protein modification has therefore often been emphasized. Site-directed mutagenesis of 
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phosphorylation sites in the human ER and human VDR revealed a reduced capacity to activate 
transcription of the respective mutants (Hsieh et aJ. 1991; Ali et aJ. 1993; I.e Goff et aJ. 1994). 
However, functional analysis of mouse GR mutants in which known phosphorylation sites had 
been eliminated, showed no, or only minor changes in transactivating capacity (Mason & 
Housley 1993). 

For the human AR, it has been shown that both the 110 and 112 kDa isotypes are able 
to bind hormone and can undergo the ligand-dependent transformation to a tight nuclear binding 
form (Kuiper et aJ. 1991). This indicates that the 110 to 112 kDa conversion caused by 
phosphorylation, is not obligatory for hormone binding or tight nuclear binding. As described 
above, it is suggested that hormone-induced phosphorylation of the AR occurs during or after 
transcription activation, implying a possible role for phosphorylation in AR transactivity 
(Appendix paper V). However, substitution of the proposed phosphorylation sites Ser-80 or Ser-
93 had no significant effect on the AR's capacity to activate transcription of a (GRE),tkCAT 
reporter gene in ex vivo transfection assays. Similarly, Mason & Housley (1993) have shown 
that elimination of mouse GR phosphorylation sites had only minor effects on transactivity. So, 
from the available data, it has to be concluded that for the human AR and mouse GR, the 
functional significance of phosphorylation is still essentially unknown. 

2.4 ACTIVATION OF NUCLEAR RECEPTORS VIA MODULATION OF KINASE
MEDIATED SIGNAL TRANSDUCTION PATHWAYS 

Over the past four years new evidence has accumulated that connects phosphorylation 
to nuclear receptor functioning. It was shown that modulation of kinase-mediated signal 
transduction pathways could affect nuclear receptor activity (reviewed in Power et aJ. 1992; 
Takimoto & Horwitz 1993; Burnstein & Cidlowski 1993). Stimulation of the cAMP-dependent 
kinase pathway with 8-bromo-cAMP, and the protein phosphatase inhibitor okadaic acid, 
mimicked progesterone action by inducing activation of a PRE-tk-CAT reporter in transient 
transfected CV-l cells (Denner et aJ. 1990a). Since this first report, many articles have been 
published on ligand-independent receptor activation, and on cooperativity between ligand
dependent activation and other signal transduction pathways (e.g. protein kinase A and protein 
kinase C pathways) (reviewed in Power et aJ. 1992; Takimoto & Horwitz 1993; Burnstein & 
Cidlowski 1993). Also for the AR, synergistic activation by ligand and the cAMP-dependent 
kinase pathway has been demonstrated. Transcription activation of the MMTV promoter in 
T47D cells is small in the presence of DHT or 8-bromo-cAMP separately, but simultaneous 
addition of DHT and 8-bromo-cAMP synergistically stimulated AR transactivity up to 30-fold 
(Sartorius et aJ. 1993). The precise mechanism by which kinase modulators influence receptor
mediated transcription is largely unknown. For the ER, the enhancing effects of protein kinase 
A activators on ER functioning might be explained by an increased level of ER phosphorylation 
(Aronica & Katzenellenbogen 1993; I.e Goff et aJ. 1994). However, although these activators 
enhanced ligand-mediated PR and GR transactivity, no additional phosphorylation of the PR and 
GR could be detected (Moyer et aJ. 1993; Sartorius et aJ. 1993). 

The exciting discovery of the existence of ligand-independent activation pathways raises 
a lot of questions, particularly on the mechanisms of receptor activation and on the significance 
for ill vivo nuclear receptor functioning. Especially to orphan receptors, the non-classical 
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concept of ligand-independent activation might be applicable and could change the field of 
research for orphan receptor activators (O'Malley & Conneely 1992). Although the ill vivo 
significance of non~classical receptor activation is still unclear, future research on nuclear 
receptor functioning must take this new concept into account. 

2.5 ANOMALOUS ANDROGEN RECEPTOR MOBILITY DURING SDS-PAGE 

Similar to what has been observed for several other steroid hormone receptors, there 
exists a significant discrepancy between the predicted molecular mass based on the AR sequence 
(98.4 kDa) and the AR protein size detennined by SDS-PAGE (approximately 110 kDa). The 
region responsible for this mobility retardation of approximately 12 kDa is partially deleted in 
an AR mutant lacking amino acids 51 to 211. The calculated molecular mass (81.2 kDa) and 
the SDS-PAGE size determination ( - 84 kDa) of this mutant are comparable (Appendix paper 
V). Recently, it has been shown that the mobility retardation of the mouse GR can be attributed 
to an N-terminal region of approximately 200 amino acids containing all of the identified 
phosphorylation sites within the receptor (Hutchison et al. 1993). With the SDS-PAGE analysis 
of many different AR deletion mutants (Appendix papers I-V), it became evident that the first 
part of the AR N-tenninal domain (amino acids 46-244) is responsible for the discrepancy 
between predicted and SDS-PAGE detemlined molecular mass. Comparable to the mouse GR, 
this region contains most, if not all AR phosphorylation sites (Kuiper et al. 1993). The basis 
for the molecular mass discrepancy is unknown, although it is unlikely to be caused by 
phosphorylation, since alkaline phosphatase treatment had no effect on the apparent 110 kDa 
molecular mass of the wild type AR determined by SDS-PAGE. Possibly, the region between 
amino acids 46 and 244 binds relatively few SDS molecules resulting in a less negative charged 
protein and the observed mobility retardation during SDS-PAGE. Somehow it seems impossible 
to attribute this mobility retardation to a smaller domain, since the SDS-PAGE molecular masses 
of AR mutants with smaller deletions (of approximately 50 residues) covering the region of 
amino acids 46 to 244, were all 10 to 12 kDa above the calculated sizes (Appendix paper V; 
Table 1). 
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3.1 INTRODUCTION 

In the absence of ligand, steroid hormone receptors can be recovered from cells as large 
heteromeric complexes. These complexes have an apparent molecular mass of approximately 
250-300 kDa and sediment with a sedimentation coefficient of 8-10 S in sucrose gradients. The 
steroid receptor in this complex is unable to bind DNA. Although the unliganded receptor might 
be nuclear in intact cells, upon cell fractionation into cytosolic and nuclear extracts, the receptor 
complex is predominantly cytosolic. Hormone treatment of cells results in the dissociation 
(partly or completely) of the heteromeric complex. The steroid receptor then shows a sedimen
tation coefficient of 4-5 S, is able to bind DNA and is predominantly present in the nuclear 
extract of ruptured cells (which is termed tight nuclear binding). This receptor transition from 
a non-DNA binding to a DNA binding state is telmed transformation. 

Most proteins that are part of the heteromeric complex have been characterized. Besides 
the steroid receptor they include heat shock proteins (hsps) with an apparent molecular mass of 
90 kDa (hsp90), 70 kDa (hsp70) and 56-59 kDa (hsp56, also referred to as p56 and p59). These 
heat shock proteins were found to be present in AR, PR, GR and ER complexes (reviewed in 
Smith & Toft 1993). In addition, proteins with a molecular mass of approximately 60 kDa, 54 
kDa, 50 kDa and 23 kDa were found to be associated with the chicken PR (reviewed in Smith 
& Toft 1993). 

3,2 STRESS AND HEAT SHOCK PROTEINS 

Hsps were originally discovered as newly synthesized proteins after the exposure of ceUs 
to increased temperatures. Later it was found that also certain chemicals and pathophysiological 
conditions (e.g. infections, tissue damage) induced transcription and translation of the same hsps 
(reviewed in Burdon 1986; Kaufmann 1990; Schlesinger 1990). Nowadays, many different 
proteins that are induced upon stress have been characterized in many different organisms, 
showing the universality of stress-response. The hsps are categorized in distinct classes based 
upon their molecular masses, which range from 15 to 110 kDa (reviewed in Burdon 1986; 
Kaufmalm 1990). Interestingly, several hsps are constitutively expressed under normal 
physiological conditions. The above described hsp90, hsp70 and hsp56 belong to this group. The 
importance of hsps in cell functioning and stress-response, has been emphasized by deletion of 
some of the respective genes. After "knocking out" certain hsp genes, cells no longer could 
resist heat treatment, which ultimately resulted in cell death (Saito & Uchida 1977; Itakawa & 
Ryu 1979, Craig & Jacobson 1984, Picard et a!. 1990). 

Stress-response is believed to be a rapid, transient reprogramming of cellular activities 
to ensure survival during the stress period, by protection of essential cell components against 
damage, and by refolding or breakdown of damaged proteins. Under nOlmal physiological 
conditions, several functions have been ascribed to constitutively expressed hsps. These include: 
1) protein folding, 2) assembly of oligomeric protein complexes, 3) unfolding of proteins and 
subsequent translocation into mitochondria, endoplasmic reticulum or other cell organelles, and 
4) protein degradation (reviewed in Burdon 1986; Hershko 1988; Ellis & Hemmingsen 1989; 
Beckmann et a!. 1990; Hartl & Neupert 1990; Kaufmann 1990; Schlesinger 1990; Baker & 
Schatz 1991; Kelley & Georgepoulos 1992; Pratt 1993; Pratt et a!. 1993). Except for protein 
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degradation, the other three functions are described by the so~called molecular chaperone 
concept. Chaperones afe proteins involved in the control of the folding, transport, localization 
and functioning of other proteins (Kelley & Georgepoulos 1992). It is thought that in the 
situation of stress, the basic function of hsps is boosted by their increased expression (Burdon 
1986). 

3.3 THE HSP ASSOCIATING DOMAIN IN STEROID RECEPTORS 

Much effort has been put in the identification of the steroid receptor region that contacts 
the hsps, especially hsp90. Knowledge on the intermolecular contact site(s) might indicate the 
functional role of associated hsps. Studies with steroid receptor mutants have revealed that the 
LBD is essential for hsp90 association (Pratt et a!. 1988; Carson~Jurica et a!. 1989; Chambraud 
et a!. 1990; Housley et a!. 1990; Howard et a!. 1990; Cadepond et a!. 1991; Schowalter et a!. 
1991). Since the LBD is so large (approximately 200~250 amino acids), smaller regions might 
be responsible for hsp binding, and it was speculated that a small conserved sequence was the 
site of hsp90 interaction (Danielsen et a!. 1986; Housley et a!. 1990; Dalman et a!. 1991a). 
Recent shtdies, however, do not support the view that a relatively small receptor region is 
responsible for interaction with hsp90. Deletion of the entire LBD eliminated hsp90 association, 
but deletion of separate subregions (less than one third of the total LBD) did not affect hsp 
binding (Carson~Jurica et a!. 1989; Chambraud et a!. 1990; Cadepond et a!. 1991; Schowalter 
et a!. 1991). These observations can be explained by the assumption that there is more than one 
(sequence specific) contact site, or that the receptor~hsp interaction would be a kind of 'casting~ 
mould' interaction, which is not determined by direct interactions between specific amino acids, 
but rather by recognition of a modular 3~dill1ensional conformation of the receptor by the hsp 
(a similar model is visualized in Figure 9.4 in Chapter 9.5.1). Besides the LBD, the nuclear 
localization signal of the human ER has been implicated to be necessary, but not sufficient, for 
complex formation (Chambraud et a!. 1990). 

With respect to the AR, no studies have been published on the receptor region 
responsible for hsp association. Few experiments have been performed which show that also for 
the AR, the LBD is necessary for hsp90 binding. AR mutants, lacking part of the LBD, were 
expressed in COS-l cells in the absence of hormone, and immunoprecipitated from the cytosolic 
fraction using an antibody directed against the human AR. Figure 3.1 shows that hsp90 could 
be visualized in the wild type AR sample (lane 2), indicating, via co~immunoprecipitation, that 
the AR binds hsp90. ARI7, lacking the last C~terminal114 amino acids, did not bind hsp90 as 
visualized by its inability to co~immunoprecipitate hsp90 (lane 3). Control transfections of COS~ 
1 cells with pTZ19 carrier plasmid showed that hsp70 co~ill1munoprecipitated non~specifical1y 
with the antibody~coated agarose beads (lane 1). From these experiments it can be concluded 
that the last C~terminal 114 amino acids are necessary for hsp90 binding. 

Although the total number of proteins present in the heteromeric complex is still a point 
of discussion, the molecular ratio of hsp90, hsp70, hsp56 and steroid receptor molecules in the 
complex is generally agreed upon. One receptor molecule is associated with two hsp90, one 
hsp70 and one hsp56 molecules (Figure 3.2) (Pratt 1993; Smith & Toft 1993). 
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Figure 3.1 CO-imlJlflllOprecipitatioll of hsp90 alld hsp70 with AR proteill. COS-1 cells were Iral/stem!y 
trallsfeeted with p1Z19 carrier, wild type AR (ARO), or AR17 plasmids, by the DEAE-dextrall111ethod ill 
the absence of hormone (see experimental procedures ill Appendix paper V). AR17 lacks the last C
termillal114 amino acids. Cytosalic extracts were prepared and the AR complex was imIJ/ulloprecipitated 
/Ising the monoclonal allfibody F39.4.1 coupled to goat-allti-mouse agarose beads, Samples were heated 
in sample buffer, Gild subjected to SDS-PAGE all a 7% gel. After separation alld blotting, AR, hsp70 
alld hsp90 proteills were visualized lIsing specific monoclonal antibodies P39.4.1, AC88 (ami-hsp90) alld 
N27 (anti-hsp70) as described previously (Kuiper et al. 1991) (AC88 and N27were generously provided 
by Dr. D.D.Toft and Dr. W.J. Welch). 

3.4 ROLE OF STEROID RECEPTOR ASSOCIATED PROTEINS 

The observation that different hsps are abundantly expressed in all cell types of all 
organisms and associate with many different proteins, implies that these chaperones are part of 
some sort of cellular core facility. This facility would be responsible for proper protein folding 
and protein transport to the correct site in the target organelle. Steroid hormone receptors would 
be just one group among many proteins that make use of tltis facility (pratt 1993; Smith and 
Toft 1993). Normally, most of the de /laVa synthesized cellular proteiru; probably have a 
transient interaction with hsps, and are released once the mature confonnation is obtained. 
Steroid hormone receptors, however, may reach a final mature conformation only after ligand 
binding. which could explain the continuous hsp association in the absence of hormone (Smith 
& Toft 1993). Not all nuclear receptors are continuously complexed with hsps in the absence 
of ligand. Both the thyroid honnone receptor (THR) and the retino;c acid receptor (RAR) appear 
not to be associated with hsp90 (Dalman et al. 1990, 199Ib). Interestingly, these receptors are 
tight nuclear bound even in the absence of ligand (Samuels et al. 1988; Nervi et al. 1989), 
which indicates that hsp association (in particular hsp90) inhibits certain receptor features such 
as tight nuclear binding. 
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Hsp-receptor association has been implicated to be involved in ligand binding, 
intracellular receptor trafficking and nuclear import. The finding that hsp90 binds to the LBD 
of steroid hormone receptors suggested that hsp90 is important for the receptor in acquiring 
ligand binding capacity (Bresnick et al. 1989; Nemoto et al. 1990; Scherrer et al. 1990). 
Glucocorticoid receptors that had never been associated with hsp90 were unable to activate 
transcription in yeast (Picard et al. 1990). These studies might indicate the involvement ofhsp90 
in proper LSD folding as one of the first essential steps in the receptor activation cascade. The 
necessity of hsp90 association for ligand binding. however. seems to be GR specific. The PRo 
ER and AR are able to bind hormone even in the absence of hsp90 (Ohara-Nemoto et al. 1991; 
Nemoto et al. 1992; Smith & Toft 1993). 
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Figure 3.2 Model for chaperollefimclioll of heat sIwek proteins that are associated with the androgen 
receptor. Hsps could facilitate AR protein folding immediately after translation. 1hrough a mechanism 
that involves interaction of lisps with the cytoskeleton, the AR could be transported to the nucleus and 
translocated across the nuclear membrane. Upon ligand binding, the heteromeric complex dissociates 
alld the AR is released from the hsps alld able to function as a transcriptioll regulator. Ligand binding 
followed by complex dissociation might also OCClIl' in the cytoplasm. 
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The observation that hsp90 and hsp56 are associated with filamentous cytoplasmic 
structures (Redmond et a!. 1989; Fostinis et a!. 1992; Ruff et a!. 1992) and are involved in 
intracellular trafficking of pp60"'''', and possibly also in the trafficking of the vitamin D, 
receptor and GR (Brugge 1986; Akner et a!. 1991; Miyata & Yahara 1991; Barsony & McKoy 
1992), led to the hypothesis that hsps might be part of a cellular protein trafficking system (Pratt 
1993; Pratt et a!. 1993). After the cloning and sequencing the cDNA encoding hsp56 it became 
evident that hsp56 is an immunophilin (Lebeau et a!. 1992). Immunophilins are proteins that 
specifically bind immunosuppressive agents such as cyclosporin A, FK506 and rapamycin. All 
the members of this family have peptidyl-prolyl cis-trans isomerase activity that catalyses the 
cis-trans isomerization of proline peptide bonds, important for protein folding (reviewed in 
Schreiber 1991; Walsh et a!. 1992; Pratt et a!. 1993). The presence of a conserved stretch of 
8 acidic amino acids led to the speculation that hsp56 binds to the basic nuclear localization 
signal (NLS) of steroid receptors, implying a functional role in nuclear import (for more details 
on the AR NLS see Chapter 4). This proposed model could explain the requirement of the ER 
NLS for detection of the complete 9 S heteromeric ER complex (Chambraud et al. 1990). 
Although there is no direct and decisive evidence for the existence of trafficking systems, nOf 

for the involvement of hsps in such a facility, speculations on the few published observations 
results in an attractive concept (Pratt 1993; Pratt et a!. 1993) (Figure 3.2). 
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Chapter 4 

SUBCELLULAR LOCALIZATION AND NUCLEAR IMPORT 
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4.1 INTRODUCTION 

To be able to regulate the expression of target genes. the AR needs to be translocated 
to the nucleus. Proteins enter the nucleus through so called nuclear pore complexes (NPCs). 
NPCs are large supramolecular structures that provide aqueous channels with a functional 
diameter of 9-10 nm, allowing diffusion of ions, small molecules, and proteins with molecular 
masses up to 40-60 kDa (reviewed in Wagner et al. 1990; Garcia-Bustos et al. 1991; Nigg et 
al. 1991; Silver 1991). The import of larger proteins such as steroid receptors, is an active 
process (temperature- and ATP dependent) and requires that these proteins contain suitable 
nuclear localization signals (NLSs) (peters 1986). 

Besides nuclear import, export out of the nucleus is also facilitated by NPCs, indicating 
the possibility of a dynamic bidirectional traI15port. Such a nucleo-cytoplasmic shuttling has been 
demonstrated for the PR, ER and GR (Guiochon-Mantel et al. 1991; Dauvois et al. 1993; 
Madan & DeFranco 1993). Under energy-depleting conditions, the ER, PR and GR become 
cytoplasmic, indicating receptor export out of the nucleus and inhibition of nuclear import. In 
cell hybrids that originated from cells of different species of which only one species ceH type 
contained the receptor in the nucleus, the steroid receptor could be visualized in all different 
nuclei of the heterokaryon. This demonstrated that protein migration from one nucleus to the 
other had occurred via a reversible shuttle mechanism between cytoplasm and nuclei (Guiochon
Mantel et al. 1991; Chandran & DeFranco 1992; Dauvois et al. 1993; Madan & DeFranco 
1993). 

The subcellular localization of steroid receptors in the absence of ligand is still a point 
of discussion. Although it is generally agreed upon that the ER and PR are predominantly 
nuclear, the localization of the un1iganded GR is different in various reports, and is dependent 
on the ceHline expressing the receptor (Gasc et al. 1989; Sanchez et al. 1990). Moreover, Brink 
and co-workers (1992) have shown that the subceHular localization of the unliganded GR can 
be influenced by the fixation and penneabiJization conditions of the immunocytochemical 
procedure applied to visualize the GR. Contradictory findings have been published also for the 
AR. III vivo immunohistochemical studies of androgen target tissues demonstrated that the AR 
was nuclear in either the absence and presence of ligand (Chang et al. 1989a; Husmann et al. 
1990; Sar et al. 1990; van der Kwast et al. 1991). In contrast, the AR transiently overexpressed 
in various cell lines demonstrated a predominant cytoplasmic localization in COS-l cells . an 
evenly distribution over cytoplasm and nucleus in CHO and CV-l cells, and a nuclear 
localization in HeLa ceHs, all in the absence of hormone (Simental et al. 1991; Jenster et al. 
1993 [Appendix paper II]). Hormone treatment resulted in a nuclear AR staining in all cell 
lines. The differences observed between the ill vivo inununohistochemistry and ex vivo 
transfection analysis might be due to different fixation- and staining techniques, and might be 
due to protein overexpression in cell lines such as COS-1 cells, that are not AR target cell types. 
Moreover, in the ill vivo situations of castrated rats or patients under androgen ablation therapy, 
low T and DHT levels might still contribute to the nuclear localization of the AR. 

Besides the nucleus, mitochondria also could be a ceH organelle to which nuclear 
receptors are transported. The observation that PH]-cortisol is found in the mitochondrial 
fraction of rat liver cells, and that cortisol treatment resulted in mitochondrial RNA synthesis, 
suggested a role for the GR in the regulation of expression of mitochondrial genes (Beato et a!. 
1969; Mansour & Nass 1970). Recently, also import of the GR protein into mitochondria was 
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demonstrated to occur ill vivo and ill vitro (Demonacos et a!. 1993). 

4.2 NUCLEAR LOCALIZATION SIGNALS IN THE HUMAN ANDROGEN RECEPTOR 

In the past 10 years, several different NLSs have been described to be responsible for 
the nuclear import of proteins. One common feature is the relatively high content of the basic 
amino acids lysine and arginine (reviewed in Garcia-Bustos et a!. 1991; Silver 1991). One of 
the best characterized NLSs is the targeting signal of simian virus 40 (SV40) large T antigen, 
which consists of 7 amino acids, 5 of which are positively charged (Kalderon ot a!. 1984a,b; 
Lanford & Butel 1984). A similar basic signal is present in the hinge region of steroid 
receptors, and its importance for nuclear import has been demonstrated for the GR, PR, ER and 
AR (Picard & Yamamoto 1987; Guiochon-Mantel et a!. 1989; Simental et al. 1991; Cadepond 
et al. 1992; Ylikomi et a!. 1992; Jenster et a!. 1993 [Appendix paper 11]). However, in steroid 
receptors this SV40 large T antigen-like NLS is only part of the complete NLS. In the nuclear 
protein nucleoplasmin, an NLS has been identified that consists of 16 amino acids which 
includes a basic lysine sequence, similar to the SV40 large T antigen NLS. Two basic amino 
acids (Lys, Arg) followed by a 10 residues spacer precede the lysine stretch, forming a bipartite 
NLS (Robbins et al. 1991) (Table 4.1). This conserved bipartite NLS is present in many other 
nuclear proteins, including nuclear receptors (Dingwall & Laskey 1991; Friedberg 1992). 

Table 4.1 Nuclear localization signals in various proteins 

Protein Species Sequence 

SV40 large T antigen SV40 126 pKKKRKv 
Nucleoplasmin Xenopus 152 kavKRpaatkkagqaKKKKl 
Androgen receptor human 605 crlRKcyeagmtlgaRK1KKl 
Progesterone receptor human 622 crlRKccqagmvlggRKfKKf 
Glucocorticoid receptor human 476 cryRKclqagmnleaRKtKKk 
Mineralocorticoid receptor human 658 crlqKclqagmnlgaRKsKKl 
Estrogen receptor human 240 crlRKcyevgmmkggiRKdRRg 

Comparison of amino acid sequences of NLSs ill SV40 large T antigen, Ilucleopiasmill, alld various 
steroid hormone receptors. The numbers refer to the first amino acid of the sequence. Basic residues 
thought to be importallf for the signal, are shown ill bold capitals. Amino acids are indicated as oue
letter symbols. 

Analysis of the subcellular localization of a series of AR deletion mutants, transiently 
transfected into COS-\ cells, revealed that the hinge region, containing the nucleoplasmin-like 
NLS, was essential for nuclear import (Jenster et al. 1993 [Appendix paper Ill; Zhou et al. 
1994a). Deletions in the N-temlinal domain or DBD had no effect on the ability of the AR to 
enter the nucleus. AR mutants lacking the LBD were constitutively nuclear in contrast to the 
predominantly cytoplasmic localization of wild type AR in the absence of ligand. This indicates 
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that the LBD inhibits nuclear localization of the AR in the absence of ligand when analyzed in 
COS-l cells. Detailed deletion- and substitution analysis of the AR nucleoplasmin-Iike NLS 
revealed that mutation of either basic domain only partially affected nuclear import. Simulta
neous mutation of both positively charged domains, resulted in an AR mutant that was 
exclusively cytoplasmic in the absence of honnone, and predominantly cytoplasmic with only 
a faint nuclear staining in the presence of R1881. This shows that the AR NLS is functionally 
similar to the nucleoplasmin NLS. The observation that part of the receptor population of AR 
mutants lacking the entire NLS was still localized in the nucleus, might indicate the presence 
of additional NLSs (Jenster et al. 1993 [Appendix paper II]). 

For the ER and GR, other sequences besides the conserved nucleoplasmin-like NLS are 
involved in nuclear import. Short amino acid stretches containing a high amount of lysine and 
arginine residues, located in the hinge region of the ER, contribute to the capacity of the ER 
to enter the nucleus (Ylikomi et al. 1992). These sequences are not conserved among the steroid 
receptors. In the GR, a second NLS is located in the LBD (Picard & Yamamoto 1987; 
Cadepond et al. 1992). This signal is hormone-dependent and capable of directing a 6-
galactosidase fusion protein into the nucleus (picard & Yamamoto 1987). 

Several ex vivo studies provided positive evidence for the capacity of the conserved 
nucleoplasmin-Iike NLS to direct proteins into the nucleus, by linking the entire, or part of the 
NLS, to large extranuclear proteins such as fi-gaiactosidase, pyruvate kinase and bovine serum 
albumin (Picard & Yamamoto 1987; Dang & Lee 1989; Addison et al. 1990; Robbins et al. 
1991; Hamy et al. 1992; Schreiber et al. 1992). Recently, Zhou and co-workers (1994a) showed 
that the NLS (amino acids 604-624) of the hAR, when linked to pyruvate kinase, was not 
capable of inducing nuclear localization. The minimal region (amino acids 571-652) necessalY 
to direct the chimeric protein to the nucleus included part of the DBD, the NLS, and most of 
the hinge region. This indicates the weakness of the AR-NLS andlor the necessity of 
neighbouring residues for proper NLS functioning. 

4.3 ANDROGEN RECEPTOR CLUSTERING 

During the subcellular localization studies, an interesting observation was made 
concerning the intranuclear staining pattern of AR mutants that were mutated in their DBD. In 
addition to the diffuse granular distribution of the wild type AR, large clusters of AR protein 
were present in the nucleus of cells expressing ARs mutated in the DBD (Jenster et al. 1993 
[Appendix paper Ill). These clusters were only observed in the presence of hormone. A similar 
clustering pattern was noticed for PRs mutated in their DBD (Takimoto et al. 1992), but not for 
comparable GR mutants (Appeudix paper III). If, in addition to mutations in the DBD, the LBD 
was deleted J no clustering of the respective AR mutants was observed. This indicates that the 
LBD is necessary or responsible for the clustering phenomenon. Deletion of the NLS in 
combination with DBD mutations resulted in cytoplasmic clustering (Jenster et al. 1993 
[Appendix paper Ill; Zhou et al. 1994a). 

The clustering phenomena which is dependent on the presence of the LBD and hormone J 

and on a mutated DBD, is unexplained up to now. Starting from the principle that upon ligand 
binding the AR follows a fIXed pathway (like milliing a computer programme), one might expect 
that a receptor molecule, which is unable to bind DNA to stop during, or deviate from the 
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programme at the position of its last executable step. So, clustering may represent either a 
normal AR intermediate state, or ARs directed to sites for proteolysis. To investigate the 
possibility that cytoplasmic clusters could represent AR proteolysis in Iysosomes, an AR 
construct and a construct encoding the lysosomal enzyme a-glucosidase (Hoefsloot et al. 1990) 
were co-transfected in COS-l cells (Figure 4.1). AR27 which is mutated in its NLS (deletion 
amino acids 620-625 and substitution of Arg-Lys ~ Gly-Ala at position 608 and 609) was unable 
to enter the nucleus, and, due to mutations in the first zinc-finger (567 Cys~Ser; 570 Cys~Phe), 
unable to bind DNA, formed large clusters in the cytoplasm upon RI881 treatment (Figure 4.1). 
After co-transfection of the constructs, AR27 and a-glucosidase were immunocytochemically 
detected using specific anti-AR and anti-a-glucosidase antibodies. These experiments 
demonstrated that AR27 did not co-localize with the lysosomal a-glucosidase. 

Figure 4.1 Immuflocytochemicallocalizatioll of AR27 alld lysosomal a-glucosidase. AR27 COIlS/ruct alld 
all ex-glucosidase construct were co-trans/eeted ill/a COS-] cells flsing the calcium-phosphate precipitation 
method, and the cells were incubated with 10 11M RiB81 (see Materials alld Methods ill JenSler et al. 
1991 £Appendixpaper IJ). AR27, which lacks its NLS alld is mutated ill (heftrs! zinc-jinger,jorms large 
clusters ill/he cytoplaSlllupolI RIB81 freatmellt (left photographs), AR27 was visualized lIsillg allfi-AR 
P39.4.1 antibody alld FIre-conjugated goat-ami-mouse antibody. ex-Glucosidase was visualized usillg 
a specific allfi~<x~glilcosidase antibody and TRITC~colljugated goat-allti-rabbit am/body. llvo different 
examples of localization of AR27 (left photographs) and <x-glucosidase (right photographs) protein 
expressed ill one cell are shoWI/. 711e <x-glucosidase expression plasmid alld the allti-<x-glucosidase 
alllibody were '?lIdly prOl'ided by Dr. A.J.J. Reuser (de Jouge el 01. 1985; Hoefslool el 01. 1990). 
Magnification approximately 630 x . 
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4.4 EFFECTS OF ANTIANDROGENS AND VARIOUS STEROID HORMONES ON 
ANDROGEN RECEPTOR NUCLEAR IMPORT 

There are a number of different processes in the cascade of steroid receptor activation 
that may be blocked by antagonists (e.g. hsp dissociation, nuclear import, receptor dimerization, 
DNA binding and transactivation). Several antiandrogens (e.g. hydroxy-flutamide [OH-flu], 
cyproterone acetate [CA], Casodex [ICI 176334]) have been found to be able to induce AR 
nuclear localization (Kemppainen et aJ. 1992; Jenster et aJ. 1993 [Appendix paper II]). The 
concentrations of antiandrogens that resulted in a clear shift in AR immunostaining from 
cytoplasm to nucleus, were not sufficient for a significant induction of AR transcription activity. 
So, these findings indicated that the inability of these compounds to activate transcription is not 
caused by an inhibition of nuclear import (Jenster et aJ. 1993 [Appendix paper II]). 

Besides androgens and antiandrogens, ligands with low affinity for the AR (dexamethas
one [Dex], estradiol [E,] and promegestone [R5020, a synthetic progestagen]), also were able 
to induce nuclear retention (Kemppainen et aJ. 1992; Jenster et aJ. 1993 [Appendix paper II]). 
The concentrations of these compounds, inducing nuclear localization, were proportional to the 
relative binding affinities (REAs) for the AR as determined by ['Hl-RI881 AR binding 
competition assays (Veldscholte et aJ. 1990). However, the concentrations inducing nuclear 
retention, were far too low to saturate the AR. Already 0.01 nM RI881 resulted in a 
predominantly nuclear AR localization, while only 3-4 % of the receptors are occupied under 
these conditions based on a Kd of 0.3 nM. Possibly, the relative RI881 concentration in the cell 
is higher because the lipophilic steroid accumulates in the membranes of the cells. Furthermore, 
it is possible that, after the AR has been directed to the nucleus, the R1881-AR complex 
dissociates and the AR molecule remains nuclear for a long period, while RI881 is able to 
associate with a next cytoplasmic AR molecule. 

4.5 THE COMPARTMENTAL RETENTION MODEL 

Based on the dynamic shuttling of AR nuclear import and AR export out of the nucleus, 
there are three major factors that could influence subcellular localization: I) accessibility of the 
NLS for recognition at the NPC, 2) binding to cytoplasmic or nuclear components (Laskey & 
Dingwall 1993), and 3) potency of the NLS. The compartmental retention model depicts the 
subcellular localization of the AR based on these three factors. 

The balance between nuclear import and export is disturbed when the NLS in the AR 
is not exposed or masked by accessory proteins such as hsps. It has been observed for the GR 
and AR, expressed in transfected cell lines, that deletion of the LBD resulted in a ligand
independent shift from a predominantly cytoplasmic wild type receptor to a constitutively 
nuclear mutant (Picard & Yamamoto 1987; Jenster et aJ. 1991, 1993 [Appendix papers I, II]; 
Simental et aJ. 1991). This suggests that the LBD andlor the associated hsps mask the NLS and 
inhibit nuclear import. Deletion of the LBD, or hormone-induced conformational changes and 
subsequent hsp dissociation, expose the NLS, resulting in nuclear import. Since hsp90 is 
predominantly cytoplasmic it has the tendency to retain the associated AR in this compartment. 
Upon hormone binding, the AR dissociates from hsp90 and binds tightly to the nuclear matrix 
and to DNA, resulting in a complete shift of the nuclear import-export balance to a nuclear 
localization. 
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Figure 4.2 The compar/mellfal retention model. Vie balance between active lIuclear import alld export 
out of the nucleus ;s dependent 011 NLS accessibility, binding fo cytoplasm-specific or nUcleus-specific 
compOllellts, and potency of the NLS. Binding of the AR to hsp90 could obstruct Iluclear import by 
masking of the NLS or could retaill the AR ill the cytoplasm because hsp90 itself is predominantly 
cytoplasmic. If the NLS is 1I0t masked and the receptor not trapped ill the cytoplasm, the potency of the 
NLS alld possible binding to lIuclear components determine subcellular localization. If the AR is not 
trapped by nuclear components, the potency of the NLS determines the localization of the AR (stippled 
arrow). III this reasoning, the e.\port of the AR out of the lIucleus is considered to be COllstallt. Hormone 
treatmetlt completely shifts the balance to a nuclear localization: the receptor is 1I0t bound to hsps and 
will be trapped in the lIucleus because of binding to the nuclear matrix alld DNA. I71e possibility of 
protein-proteill (Piggy-back) facilitated Jluclear import is !lot taken illfo accoullt. 
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Targeting hsp90 to the nucleus by linking it to the nucleoplasmin NLS, resulted in a 
complete shift from cytoplasm to nucleus of associated GRs, showing that the subcellular 
localization of hsp90 is an important detenninant for receptor destination in the absence of 
honnone (Kang et al. 1994). Interestingly, these GRs were devoid of their nucleoplasmin-Iike 
NLS, indicating the possibility of a 'piggy-back' nuclear import of the GR mutants via the NLS 
of the associated hsp90. 

Besides accessibility of the NLS and compartmental retention, the potency of the NLS 
might also detennine AR subcellular localization. Some reports suggest that phosphorylation in 
or near the NLS could be involved in NLS-NPC interaction and consequently might affect 
nuclear import (Rihs & Peters 1989; DeFranco et al. 1991; Robbins et al. 1991). Hence, 
phosphorylation, possibly induced by ligand, might directly regulate the potency of an NLS. C
terminal of the AR NLS are several serine residues that could be targets for kinases. The serine 
at position 641 represents a consensus phosphorylation site for Ser-Pro directed kinase and a 
consensus site for casein kinase II. Zhou and co-workers (1994a) have shown that this serine 
residue was phosphorylated in an AR fragment expressed in COS cells. Nuclear import 
efficiency might also indirectly be regulated by the activity of the proteins that facilitate AR 
transport such as hsp90 and hsp56 (Chapter 3). Figure 4.2 visualizes the processes involved in 
AR subcellular localization and describes a possible flowchart to determine receptor localization, 
based on the compartmental retention model. 
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5.1 INTRODUCTION 

Hormone binding is the initial step in the series of sequential processes in the nuclear 
receptor activation cascade. Phosphorylation, hsp dissociation, dimerization, nuclear matrix 
association, DNA binding and transcription activation are processes that follow upon the binding 
of ligand to the receptor. Ligand binds with high affinity and specificity to the ligand binding 
domain (LBD), which is located in the C-terminal part of nuclear receptors. This domain has 
a length of approximately 250 amino acids, encoded by five exons (Chapter 1; Figure 1.6). The 
LBD is conserved among the nuclear receptor family members and it is believed that it folds 
into a hydrophobic pocket in which the ligand specifically binds. 

5.2 CHARACTERISTICS AND 3-DIMENSIONAL MODELS OF THE LIGAND BINDING 
DOMAIN 

Information on boundaries, LBD-ligand contact sites, and 3-dimensional conformation 
has been provided by 1) mutational analysis, 2) steroid cross-linking, 3) limited proteolytic 
digestion, and 4) structural comparison. 

Mutational analysis 
Deletion analysis revealed that for full binding capacity, the last C-terminal 200-250 

amino acids of the GR, PR and AR are indispensable (Giguere et aJ. 1986; Rusconi & 
Yamamoto 1987; Dobson et aJ. 1989; Jeruter et aJ. 1991 [Appendix paper I]). The ER contains 
approximately 60 additional amino acids located C-terminal of its LBD, that are not necessary 
for steroid binding (Kumar et aJ. 1986; Lees et aJ. 1989). This region has been termed the F 
domain (hER residues 553 to 595) and its function is unknown up to now (Pakdel et aJ. 1993b). 
Deletion analysis studies showed that almost all intra-LBD deletions abolished ligand binding. 
The same inhibitory effect is observed for the vast majority of different amino acid substitutions 
introduced in the LBD by site-directed mutagenesis and naturally occurring in patients with 
steroid hormone insensitivity syndromes. Most of the substitutions resulted in impaired- Of loss 
of ligand binding (Tora et aJ. 1989; Wrenn & Katzenellenbogen 1993; Pakdel et aJ. 1993a; 
Sultan et aJ. 1993; Chen & Stallcup 1994). However, some substitutions caused an increased 
ligand binding affinity (Chakraborti et aJ. 1991), changed hormone or antihormone specificity 
(Veldscholte et aJ. 1990; Jiang et aJ. 1992; Culig et aJ. 1993; Ris-Stalpers et aJ. 1993), or 
caused changes in other LBD features such as transactivation and receptor dimerization (Fawell 
et aJ. 1990; Danielian et aJ. 1992; Pakdel et aJ. 1993a). 

Many mutations in the AR DBD and LBD have been found in individuals with androgen 
insensitivity syndrome (AIS) (reviewed in McPhaul et aJ. 1991; Brinkmann & Trapman 1992; 
Pinsky et aJ. 1992; Sultan et aJ. 1993). The complete form of the syndrome is characterized by 
46,XY karyotype, external female phenotype, intra-abdominal testes, absence of uterus and 
ovaries, blind ending vagina, and gynaecomastia (Chapter 10) (Griffin & Wilsall 1989; Schweik
ert 1993). Amino acid substitutions, identified in AIS patients, that affected ligand binding are 
scattered throughout the LBD, although the frequency of mutations in some regions seems to 
be higher (McPhaul et aJ. 1992) (Figure 5.IA). Especially the region from amino acids 716 to 
763, encoded by exon 5, contains a relatively large number of mutations. So far, there have 
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been no reports of mutations in the AR hinge region (encoded by the first half of exon 4). The 
most N-telminal and most C-telminal residue substitutions affecting ligand binding, are residues 
655 and 895, providing an estimation of the LBD boundaries (Pinsky et al. 1992; McPhaul et 
al. 1992). 

partial AIS 

hAR 4 5 f-- 6 H 7 f--I 8 -, 910 

620 716 764 808 860 

complete AIS 

rOR -------I"""""'~~..,I--
I 

-
1 

Met- 622 Cys-656 Cys-754 

hPR ------~,.._------I i 
Met-759 Met-909 

hER -----~_I------ ~-

1 
Cys-381 Cys-530 

Figure 5.1 A: Localioll of amillo acid substitutiolls identified ;1/ patiellfs with androgen insensitivity 
syndrome (AIS). V,e AR LBD (encoded by exoJls 4 to 7 and part of exolt 8) is shown (open boxes). Lilles 
above the LBD boxes itldicate the sites of the substitutiolls identified ill patients with partial AlS. These 
mutations do 110t abolish ligand binding completely. SubstitlllioJls identified ill patiellts with complete AIS 
are showlI as lilles below the LBD. Ill/ell' cases, the same amino acid has been substituted illfo differellt 
amino acids ill different patients (indicated as IOllger lines). The mutatiolls are reviewed in McPhaul ef 
al. 1991; Brinkmanll & Trapmanl992; PinsJ..y ef al. 1992; Sultall et al. 1993. 
B: Location of amino acids identified ill the rGR, hPR alld hER to be covalelllly cross-iinked fa the 
receptor's respective ligand. Dexamethasone 21-mesylate labeled Cys-656 in fhe rat GR (Simol1s ef at. 
1987,' Carlsfedf-Duke et af. 1988) and triamcinoloJle acefoJlide covalemly attached fa Mef-622 alld Gys-
754 (Carlsledl-Dllke el 01. 1988). R5020 labeled Mel-759 alld Mel-909 of Ihe hPRb (Slr6msledl el al. 
1990). Tamoxifell aziridille alkylates C)'s-530 ill the hER (Harlow et at. 1989), and wheJl this residue is 
1I111tated to alanine, it alkylates C)'s-381 (Reese et al. 1992). 
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Ligand cross-linking 
More detailed information on possible LBO-steroid contact sites was provided by affinity 

labeling studies. Steroids containing an activated side-group (such as dexamethasone-21-
mesylate, ketononestrol aziridine, and tamoxifen aziridine, and the photo-activated compounds 
triamcinolone acetonide, R5020, and R1881) would be expected to interact with amino acids that 
are in close proximity. The residue cross-linked to the labeled steroid can subsequently be 
identified. Affinity labeling studies of the GR, PR and ER provided evidence for residues in the 
LBO that are proximate to, or are themselves, ligand contact sites (Simons et al. 1987; 
Carlstedt-Duke et al. 1988; Harlow et al. 1989; Ratajczak et al. 1989; Reese et al. 1992; 
Goldstein et al. 1993) (reviewed in Carlstedt-Duke et al. 1989; Danielsen 1991). Interestingly, 
amino acids identified in the various steroid receptors, are located in similar regions and even 
are sometimes at exactly corresponding positions in the various receptors. Met-622 in the [GR, 
labeled by triamcinolone acetonide, corresponds exactly to Met-759 of the bPR which is labeled 
by R5020 (Figure 5.IB). These residues and Cys-381 in the hER are located in the LBD-region 
encoded by exon 5 in which a relatively large number of mutations has been identified in the 
AR in patients with AlS. Possibly, this part of the LBD is more important for ligand binding 
than other LBD regions. The C-terminal part of the LBD of the rGR, bPR and hER also contain 
residues that can be covalently cross-linked by the receptor's respective ligands (Figure 5.IB). 
Cys-754 in the rGR labeled by triamcinolone acetonide corresponds to the Cys-530 in the hER 
which can be labeled by tamoxifen aziridine. The corresponding residue in the hAR at the exact 
same position as Cys-754 in the rGR and Cys-530 in the hER is Thr-868. This Thr-868 is 
substituted by alanine in the AR expressed in the human prostate cancer cell line LNCaP, which 
results in an increased affinity of the mutant AR for progestins, estrogens and antiandrogens 
(Veldscholte et al. 1990; Ris-Stalpers et al. 1993). 

Limited proteolytic digestion 
Besides deletion analysis, limited proteolytic digestion is another method that provides 

information on the minimal size of the ligand binding domain. In the absence of hOlmone, the 
receptor is an easy target for proteases. However, upon hOlmone binding, the LBD becomes 
partially resistant to proteolytic digestion. Resistance to proteases is different when bound to 
agonists or to antagonists, since different size LBD fragments are protected (Allan et al. 
1992a,b; Beekman et aJ. 1993; Kallio et al. 1994; Kuil & Mulder 1994). For the wild type 
hAR, protection by R1881 resulted in a 29 kDa fragment, whereas CA, OH-flu and Casodex 
protected a 35 kDa LBD fragment (Kuil & Mulder 1994). The residues that detemline the 
difference between the 29 and 35 kOa segments, are located in the hinge region. These studies 
showed that agonists and antagonists induced different conformational changes that, most likely, 
are the basis for the receptor's capacity to activate transcription (Baniahmed & Tsai 1993; 
Beekman et al. 1993). 

Structural comparison 
Based on structural homology and hydrophobic cluster analysis, 3-dimensional models 

of steroid receptor LBDs have been designed (Lemesle-Varloot et al. 1992; Goldstein et al. 
1993). Although the two proposed models are very different from each other, both groups claim 
that the available biochemical information, described above, fits their model. This already 
indicates the difficulty in predicting 3-dimensional conformation of large protein domains based 
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on little conclusive biochemical data and on low homology to known 3-dimensional protein 
structures. Although the proposed models provide attractive starting points for the prediction 
of LBD characteristics and the sites responsible for these characteristics, the LBD's structural 
detelmination by NMR spectroscopy or X-ray diffraction is crucial and of high priority. 
Preliminary crystallographic studies of the THR LBD indicate that 3-dimensional structural data 
will soon be available (McGrath et al. 1994). Although the homology between the THR LBD 
and the LBD of steroid hormone receptors is not very high, structural data of the THR-LBD 
might form a much better basis for the prediction of the 3-dimensional conformation of the LBD 
of steroid hormone receptors than the models based on structural homology and hydrophobic 
cluster analysis. 

5.3 ANDROGEN RECEPTOR CHARACTERISTICS ENCODED BY SEQUENCES IN 
THE LIGAND BINDING DOMAIN 

Some of the sequences responsible for the processes that are part of the steroid receptor 
activation cascade, are located in the LBD. These characteristics include: 1) ligand binding, 2) 
hsp association (Chapter 3), 3) nuclear import (Chapter 4), 4) dimerization (Chapter 6), 5) 
nuclear matrix association (Chapter 7), and 6) transcription activation (Chapter 9). 

According to the exon-protein unit theory, the sequences responsible for the various LBD 
characteristics, would each be encoded by a single exon (Traut 1988). However, it is clear from 
studies on ligand binding. hsp association, and transcription activation, that these characteristics 
are not effectuated by a sharply bordered protein unit encoded by only one of the exons 4 to 8 
(Webster et al. 1989). 

In general, the ligand binding domain is considered to be an inhibiting domain. Deletion 
results in a constitutively active transcription factor, and linking the LBD to other proteins 
inhibits normal activity of these proteins (Picard et al. 1988; Becker et al. 1989; Eilers et al. 
1989; Superti-Furga et al. 1991). The inhibition is abolished upon ligand binding, which 
additionally unlocks the capacity of the LBD to enter the nucleus, dimerize, bind to the nuclear 
matrix, and to act as a transcription activation unit (Appendix paper III; Picard & Yamamoto 
1987; Webster et al. 1988; Fawell et al. 1990). From the observation that the LBD is 
responsible for several receptor characteristics, it can be understood why it is so large, but it 
is still unknown how the small steroid hormone molecule is able to abolish inhibition of receptor 
characteristics by the LBD, and is able to unlock LBD features. 
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6.1 INTRODUCTION 

Since DNA sequences to which nuclear receptors bind (HREs) usually consist of two 
half-sites, it was speculated that receptors bind to DNA as protein dimers. Evidence was 
provided by band shift assays with labeled HREs, using co-expressed wild type receptor and 
receptors with a large N-terminal deletion. While the wild type receptor-HRE complex migrated 
slower than the N-telminal deletion receptor-HRE complex in a band shift assay, co-expression 
of the two receptor forms resulted in an additional intermediate retarded band, indicating 
heterodimerization on the HRE (Bagchi et al. 1988; Kumar & Chambon 1988; Tsai et al. 1988; 
Dahlman-Wright et al. 1990; Meyer et al. 1990; Perlmann et al. 1990; Palvimo et al. 1993; 
Wong et al. 1993). Dimerization seems to be cooperative, since receptor binding is undetectable 
or much weaker in gel shift assays using only half-site HREs. Binding of the second receptor 
to the HRE might increase the stability of the complex, due to an alteration of the DNA 
structure or due to protein-protein interactions between the two receptor molecules. This last 
possibility suggests the existence of dimerization domains in the nuclear receptors (reviewed in 
Fonnan & Samuels 1990; Gronemeyer 1991; Wright et al. 1993). 

6.2 DIMERIZATION DOMAINS 

In search for dimerization signals in the ER, deletion mapping revealed that the LBD was 
important for ER dimer fonnation (Kumar & Chambon 1988). The presence of a dimerization 
sequence within the ER LBD was confirmed by the identification of amino acids that were 
critically involved in high affinity DNA binding and dimerization, as demonstrated by band shift 
assays and co-immunoprecipitation experiments (Fawell et al. 1990). Moreover, a peptide with 
22 amino acids, containing the sequences important for dimer fOlmatioll, restored DNA binding 
activity to mutant ERs lacking their LBD (Lees et al. 1990). This region is highly conserved 
among the nuclear receptor family members, and contains a heptad repeat of hydrophobic amino 
acids that might fonn a dimerization interface. The corresponding region in the THR and RAR 
has been implicated in the formation of heterodinlers (FOlman et al. 1989; Glass et al. 1989), 
but also other sequences in the LBD were held responsible for THR dimerization (Spanjaard et 
al. 1991; Lee et al. 1992). Although there are some indications for the involvement of the LBD 
in PR and GR dimerization (Guiochon-Mantel et al. 1989; Dahlman-Wright et al. 1992b), the 
importance of the LBD sequence in PR, GR and AR dimerization still needs to be established. 

A second dimerization sequence has been identified in the second zinc-finger of the 
steroid receptor's DBD. Mutation of five amino acids in the N-telminal part of the second zinc
finger resulted in loss of cooperative DNA binding of two GR DBDs to the HRE (Dahlman
Wright et al. 1991). This region has been termed the 'D-box' (Chapter 8, Figure 8.1) and the 
evidence that it is the main part of the interaction site between two GR molecules has been 
provided by analyzing the structure of the DBD-HRE complex by X-ray diffraction (Luisi et al. 
1991). The 3-dimensional structure determination of the ER DBD, indicated that dimerization 
via the conserved D-box might be applicable to all steroid receptors (Schwabe et al. 1993). 

Besides homodimerization, several nuclear receptors can fonn heterodimers on the HRE. 
Retinoic acid/thyroid hormone/vitamin DJ receptors and orphan receptors, have been found to 
heterodimerize (reviewed in De Luca et al. 1991; Glass et al. 1991; Green 1993a; Giguere 

48 



Dimerization 

1994). The protein-protein contact sites of the RXR, RAR, VDR and THR on directly repeated 
elements, concern various parts of the DBD. Besides the D~box, also amino acids in the first 
and second zinc-fingers, and a domain C-terminal of the second zinc-fmger (terwed T -box) can 
be involved (Zechel et al. 1994a,b). The recently cloned and characterized RXR plays a central 
role in heterodimerization, since this receptor is able to dimerize with many different nuclear 
receptors. Heterodimerization amplifies the number of possibilities to regulate positively or 
negatively the expression of specific target genes. So far, there are no reports of heterodirneri
zation between the PR, GR, MR and AR. 

Co-irnmunoprecipitation experiments using the GR, PR or ER have shown that these 
receptors can form homodirners even in the absence of DNA (Wrange et al. 1989; Fawell et al. 
1990; Rodriguez et al. 1990; Cairns et al. 1991; DeMarzo et al. 1991). These studies 
demonstrate that receptor dimerization occurs in solution, prior to HRE-binding, and suggest 
that dimerization can be a regulatOlY step to control DNA binding as has been described for 
other transcription regulatory proteins (Yamamoto et al. 1988; Landschulz et al. 1989) 
(reviewed in Forman & Samuels 1990; Jones 1990). 

For the AR, only a few studies have been carried out to investigate receptor dimer 
formation. These studies provided evidence for AR dirnerization on the HRE and suggested a 
strong dimerization sequence in the DBD (Palvimo et al. 1993; Wong et al. 1993). 
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7.1 INTRODUCTION 

The nucleus is a highly complex cell organelle, which contains approximately 6 x 10' 
base pairs of DNA (diploid mammalian cell), RNA, and many proteins. In order to 
accommodate the large amount of chromatin in such a way that it remains accessible for 
replication and transcription, the DNA is condensed by different orders of packaging, and 
organized in less compact transcriptionally exposed chromatin and in highly condensed 
heterochromatin which is inactive in RNA synthesis (reviewed in Getzenberg et al. 1991). 
Besides these stmctural features, the correct and efficient execution of nuclear processes such 
as RNA synthesis, RNA processing, RNA transport, DNA replication, and DNA repair, that 
all take place at discrete and specific sites, calls for a nuclear skeleton as the basic scaffold 
structure around which DNA packaging and these nuclear processes can be organized. 

Such a stmcture has been biochemically defined by Berezney & Coffey (1974), who 
obtained a residual nuclear framework from nuclei after treatment with detergent, digestion with 
nucleases and extraction with salt. This residual nuclear framework has been designated as the 

. nuclear matrix (NM). The nuclear matrix consists mainly of three substmctures: 1) the lamina, 
a fibrous network which encloses the nucleus completely and lines the inside of the nuclear 
membrane, 2) an internal matrix that is composed of fibres and granular structures, and 3) the 
residual nucleoli (reviewed in Verheijen et aJ. 1988; Getzenberg et aJ. 1990; He et aJ. 1990b; 
Berezney 1991). 

Various different methods to isolate nuclear matrices have been published (reviewed in 
Berezney 1991; van Driel et aJ. 1991). All these methods have a pre-step in common that makes 
nuclei accessible for nucleases, after which DNA is digested and almost all of it removed. 
During the procedures, soluble and loosely bound nuclear components are extracted. One of the 
main differences in the various NM preparation protocols is the way to stabilize the matrix 
stmcture. These different stabilizing procedures (e.g. oxidizing agent sodium tetrathionate 
[NaTT], Cu'+ ions, heat treatment, embedding in agarose beads) partially determine the final 
NM composition, and hence fmID a source of controversy on the issue to what extent the 
various biochemically defined structures represent the in vivo proposed nucleoskeleton 
(Stuurman et aJ. 1992a; Appendix paper III, and references therein). 

Although there is some debate about the NM composition, the observation that a variety 
of essential nuclear activities are matrix-associated, strongly suggests that the residual NM 
stmctures embody a scaffold network that can function as a model system to investigate 
nucleoskeleton-associated processes. It has been shown that specific DNA fragments bind to the 
NM and that these matrix associated regions (MARs) presumably anchor the chromatin loops 
to the matrix, thereby organizing the genome (reviewed in Zlatanova & van Holde 1992; Cook 
1989,1991). Moreover, processes such as DNA replication, DNA repair, RNA synthesis, RNA 
processing and RNA transport have been shown to occur associated with the NM (reviewed in 
Getzenberg et aJ. 1990; Berezney 1991). Interestingly, most of these nuclear processes are 
localized at discrete and specific sites. According to the finding that transcription is NM
coupled, RNA polymerase II and various transcription factors have been found to be associated 
with the NM (reviewed in Berezney 1991). Also various steroid receptors are attached to the 
NM in a ligand-dependent fashion (Appendix paper III; Kaufmann et aJ. 1986; Kirsch & Miller
Diener 1986; Alexander et aJ. 1987; Barrack 1987; Mowszowicz et aJ. 1988; Metzger & Korach 
1990; Schuchard et aJ. 1991; van Steensel et aJ. 1991). 
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7.2 STEROID RECEPTOR BINDING TO THE NUCLEAR MATRIX 

In vitro reconstitution experiments have shown that binding of the AR, ER or PR to the 
NM occurs with high affinity at a limited number of sites, and is more or less target cell 
specific (Barrack & Coffey 1983; Wilson & Colvard et al. 1984; Barrack 1987; Belisle et al. 
1989; Metzger & Korach 1990; Schuchard et al. 1991). This indicates that the NM contairu 
specific binding sites for steroid receptors, although little is known about the nature of these 
sites. Binding to the NM might be direct to its backbone or mediated by acceptor proteins as 
was demonstrated for the PR (Schuchard et al. 1991). Although more than 90% of the 
chromatin has been removed from the NM preparations, residual DNA could also still be 
involved in steroid receptor binding. 

The AR domain responsible for binding to the NM has been located in studies with AR 
mutants transiently transfected into COS-l cells (Appendix paper III). The wild type AR could 
be immunocytochemically visualized in perrneabilized cells (referred to as nuclei) and in NM 
preparations only in the presence of ligand. AR mutants which were unable to bind DNA due 
to mutations in the DBD were also associated with the NM. Interestingly, as was observed in 
the AR subcellular localization studies, clusters of these AR mutants were present in nuclei and 
NM preparations (Chapter 4.3). The domain responsible for the tight NM association is the AR 
LBD. An AR mutant lacking the LBD could not be detected in permeabilized cells and only in 
NMs when the NaTT stabilizer was present during the first perrneabilization step. Two 
important conclusions can be drawn from these experiments. Firstly, the process of AR tight 
nuclear binding is independent of DNA binding but is mediated by the LBD. Secondly, although 
the AR mutant which lacks the LBD is constitutively active in transcription activation assays, 
the receptor is not tightly bound to nuclei or NMs, which demonstrates that tight nuclear binding 
is not a prerequisite for transactivation. When NaTT (a weak sulfhydryl cross-linker) was added 
to the buffer used for the permeabilization of the transfected cells as the first step in the NM 
preparation, all AR mutants tested were NM-associated (Appendix paper III). This indicates that 
NaTT most likely cross-linked the AR mutants to the NM even when they were not tightly 
bound. Interestingly, this "cross-linkingH seems to be selective since it does not occur to all 
nuclear proteins (reviewed in Stuurman et al. 1992c; Appendix paper III, and references 
therein), and is only observed for steroid receptors in the presence of ligand. A fi-galactosidase 
fusion protein, directed to the nucleus by the SV40 large T antigen NLS, was not associated 
with the NM after NaTT treatment (Appendix paper III). It is thought that only proteins that are 
at least weakly bound to the NM will be retained in the NM preparation due to NaTT 
stabilization. This suggests two types of interactions with the NM: 1) a tight binding (mediated 
by the AR LBD) , and 2) a weak interaction stabilized by NaTT involving the N-tereninal domain 
andlor the DBD, which is only evident in AR mutants lacking the LBD. 

In contrast to the AR, the wild type GR is not retained in perrneabilized cells in the 
presence of ligand, and apparently not tightly nuclear bound. However, when NaTT was added 
during pelmeabilization, part of the GR population resisted extraction (Appendix paper III). This 
NaTT-stabilized interaction was abolished by deletion or mutation of the first zinc-finger of the 
GR DBD, indicating that the weak GR-NM association is dependent on an intact DBD. In 
conclusion, the liganded AR is tightly associated with the NM via its LBD, an interaction that 
is not observed for the GR. The liganded GR associates weakly with the NM via its DBD, 

53 



Chapter 7 

which might be similar to the weak AR-NM association, observed for an AR mutant lacking its 
LBD. 

7.3 FUNCTIONAL ASPECTS OF NUCLEAR MATRIX-STEROID RECEPTOR 
ASSOCIATION 

Although the NM has not yet been shown to be a relevant structure in intact eukaryotic 
cells, strong evidence has been provided for its importance in major nuclear activities. It has 
been suggested that DNA anchorage via MARs to the NM, resulting in a loop-domain 
organization, represents a level of transcription regulation (Cook 1989; Jackson et al. 1992; 
Ziatanova & van Holde 1992). By condensation and decondensation, chromatin loops can be 
made accessible or inaccessible to transcription factors, and clusters of genes may be turned on 
or off. This higher order of transcription control might be regulated by NM composition and 
could determine cell-specific and development-specific expression of genes. Interestingly, an 
example for such a situation has been proposed for the androgen-regulated genes encoding C3 

and SVS-4, which are specifically expressed in the rat ventral prostate and seminal vesicle, 
respectively (Getzenberg et al. 1990, and references therein). Within the same animal, both 
tissues contain the same genome and express ARs, but respond differentially to DHT with 
respect to the production of the secretory proteins C3 and SVS-4. One explanation might be that 
the DNA is organized differently in the two tissues due to tissue-specific NM composition 
(Getzenberg et al. 1991). Differences in NM protein content between rat ventral prostate and 
seminal vesicle were confirmed by NM isolation followed by 2-dimensional gel electrophoresis 
(Getzenberg & Coffey 1990). These studies are consistent with the idea that transcription control 
is possibly determined by the composition of the NM. 

Analogous to the cytoskeleton, the NM could facilitate intra-nuclear transport and direct 
nuclear receptors and other transcription factors to specific nuclear sites. Positioning and 
anchorage of transcription units (pre-initiation complex, RNA polymerase and accessory 
transcription factors) to certain sites might ensure specific and efficient gene expression (Cook 
1989). Moreover, binding and migration along a matrix greatly reduces the freedom of 
movement of proteins, accelerating protein-protein encounters and assisting in the assembly of 
multimeric transcription complexes. 
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8.1 INTRODUCTION 

One of the processes that are essential for nuclear receptors and other transcription 
regulators to be able to modulate gene expression. is specific DNA binding. Several different 
structural domains are responsible for DNA binding of various proteins: helix-tum-helix 
domains, homeD-domains, zinc-fingers, leucine zipper-helix-loop-helix domains, and B-sheet 
motifs (reviewed in Harrison 1991; Pabo & Sauer 1992). The nuclear receptors belong to the 
group that use zinc ions to compose a structural module. DNA binding zinc proteins can be 
categorized into three classes: 1) zinc-finger proteins, containing a variable number of a 30 
amino acid module with one zinc ion Iiganded by two cysteines and two histidines (e.g. TFIIIA, 
Spl), 2) zinc-twist proteins, containing a domain of approximately 70 residues with two zinc 
ions each Iiganded by four cysteines (nuclear receptors), and 3) zinc-cluster proteins in which 
two zinc ions are complexed by six cysteine residues (e.g. GAIA) (reviewed in Harrison 1991; 
Valee et a!. 1991). Although the zinc-twist and zinc-finger modules are structurally very 
different, the original and generally accepted term 'zinc-finger' is also being used for the 
nomenclature of nuclear receptor DBDs. 

8.2 ZINC-FINGER STRUCTURE 

The DBD is the best conserved domain among the nuclear receptor family members, and 
contains many invariant amino acids, nine of which are cysteines (Laudet et a!. 1992). 
Mutational analysis of the GR and ER DBDs provided infoIDlation on the eight cysteine residues 
involved in the zinc ion association, and information on DBD-dimerization (Severne et a1. 1988; 
Dahlman-Wright et a!. 1991). Furthermore, mutational analysis revealed the amino acids that 
determine response element specificity. These studies were based on the finding that the GR and 
ER DBDs bind to related, but receptor-specific, HREs: an estrogen response element (ERE) and 
a glucocorticoid response element (GRE) will only be bound by the respective receptor (Green 
& Chambon 1987; Freedman et a!. 1988; Dahlman et a!. 1989). Swapping of the individual 
zinc-fingers between the ER and GR demonstrated that the first (N-terminal) zinc-finger was 
primarily responsible for HRE specificity (Green et a!. 1988). Subsequently, three amino acids 
were identified in this zinc-finger that were essential for specific HRE interaction (Danielsen 
et a!. 1989; Mader et a!. 1989; Umesono & Evans 1989; Zilliacus et a!. 1991). Based on these 
three discriminatory residues, the nuclear receptors can be divided into at least four groups 
(Forman & Samuels 1990; Laudet et a!. 1992) (Table 8.1). 
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Table 8.1 Classification of nnclear receptors for their DNA binding specificity 

Group P-box Receptors 

I GSckV AR, GR, PR, MR 

II EGckG THR, RAR, VDR, RXR, PPAR, 
Nur77, EcR, E75, EAR-I, USP 

III EGckS COUP-TF, EAR-2, EGON, KNI, 
KNRL, SVP 

IV EGckA ER, ERRl, ERR2 

Classification of nuclear receptors according to the sequence of their P-box which comains the three 
amino acids (bold capital) that determine HRE specificity. Vze location of the P-box ill the DBD is 
indicated ill Figure 8.1. The classification is based all that of Forman & Samuels (1990). Amino acids 
are indicated as olle-letter symbols. 

In Figure 8.1A the sequence and different functional motifs of the AR DBD are shown. 
The three discriminatory residues (G, S, Y) are part of the so-called P-box and located in the 
C-tenninal part of the first zinc-finger. The D-box is located in the N-terminal part of the 
second zinc-finger and forms part of a dimerization interface where two DBDs make contact 
when bound to the HRE (Chapter 6). The elucidation of the 3-dirnensional conformation of the 
GR, ER, RAR, and RXR DBDs has revealed the detailed protein-protein and protein-DNA 
contact sites (Hard et al. 1990; Schwabe et al. 1990, 1993; Luisi et al. 1991; Knegtel et al. 
1993; Lee et al. 1993). The GR and ER DBDs consist of three a-helices of which the two 
largests are oriented perpendicular to each other (Figure 8.1B). The recognition a-helix 
containing the P-box is placed in the major groove, allowing amino acid side-chains to make 
sequence specific contacts to the base pairs of one HRE half-site. The second zinc-finger 
contains two ",-helices and the D-box as the dimerization interface (Figure 8.1B). 

8.3 HORMONE RESPONSE ELEMENTS 

In general, HREs consist of two half-sites, spaced by a variable amount of base pairs 
(bp). The half-sites partially detelmine receptor specificity by their specific sequence and 
orientation into a direct- or inverted repeat. The length of the spacer between the two half-sites 
is also a detelminant for the kind of receptor that binds to the HRE (reviewed in De Luca 1991; 
Glass et al. 1991; Freedman 1992; Green 1993a; Tmss & Beato 1993; Giguere 1994). The 
consensus ERE and GRE differ in the sequence of their half-sites (Table 8.2). Almost all HREs 
described so far contain half-site sequences related to the ERE. This ERE versus GRE half-site 
bipartition, coincides with the pobox sequence. Members of the Pobox group I, bind to a GRE 
and are characterized by a 'GSckY' pobox motif (Table 8.1). This motif is very different from 
the 'EGck(G/S/A), P-box sequences of the other three groups of which members bind to HREs 
containing ERE-like half-sites (Tables 8.1, 8.2) (Martinez & Wahli 1991). 
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A Sequence and functional motifs of the AR DBD 

FIRST Zn FINGER SECOND Zn FINGER 

S G Y Hy 
A 560 G K F R 

E A D R 
I K-600 

L T N 

C; k. P-box 590~ND CXCp 
® D-box'7 R S / S 

C -570 A C C 550-C 
T 

-PQK 
* K 580 L R 610 
*@FFKRAAEGKQKY LRKCYEA-

* NLS 
® = ZlUC lOn 

B Schematic model of the AR DBD dimer 

Nf 

NH 
2 

e = zinc ion eOOH 
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Figure 8.1 Opposite page. Sequence alld model of the AR DBD. 
A: 17le amino acid sequence of the AR DBD is showll ill olle-Ietter code. 171e domain consists a/two zillc
finger modules. 17le first (N-terminal) module colltaius the P-box of which three residues (cire/ed) 
determine lIRE specificity. 17le second zillc-finger cOlltains the first part (underlined) of the Ilue/ear 
localization sigllal (NLS) Gild the D-box in which the amillo acids are involved ill protein-proteill 
imerae/lol/witli the second receptor molecule. Asterisks indicate the residues that most likely make base 
pair cOIl/acls ill the lIRE half-site. 
B: Schematic model of two AR DBDs forming a dimer 011 the DNA. 
The a-helix (stippled box) call1att/lllg the P-box alld the residues (boxed) that make base pair comacts, 
is positioned ill the major groove 0/ a HRE half-site. The second zillc-finger (2) comalns two a-helices 
(boxes) alld the D-box (residues showlI) responsible/or protein-protein collfacts. 11lis FiR model images 
the positioll 0/ the secondary protei" structures ill the AR DBD dimer, based on the GR-HRE alld ER
HRE crystallographic analyses data (Luisi et at. 1991; Schwabe et al. 1993), alld the schematic 
representation/rom Schwabe alld co-workers for the ER (1990). 11le HRE should be positioned Oil top 
0/ the schematic dimer. 

Table 8.2 ConsenslIs HREs 

HRE Consensus 

GRE: AGAACA nnn TGTTCT 
---> <---

ERE: AGGTCA nnn TGACCT 
---> <--

TREpal: AGGTCA TGACCT 
---> <---

EcRE: AGGTCA n TGACCT 
---> <---

DR1: AGGTCA n AGGTCA 
---> ---> 

DR2: AGGTCA nn AGGTCA 
---> ---> 

DR3: AGGTCA nnn AGGTCA 
---> --> 

DR4: AGGTCA nnnnAGGTCA 
---> ---> 

DR5: AGGTCAnnnnnAGGTCA 
---> ---> 

Rece§tor 
Homo imer 

AR, GR, 
PR, MR 

ER 

THR, RAR, 
RXR, 
COUP-TF 

EcR 

RXR, 
COUP-TF 

COUP-TF, 
RAR 

RAR, 
THR 

COUP-TF, 
RAR, THR 

RXR, 
COUP-TF, 
RAR, THR 

P-box 
group 

I 
I 

IV 

Receptor 
HeteiOdimer 

II RXR-THR 
II RXR-RAR 
I II RAR-CDUP-TF 

TlJR-CDUP-TF 

II 

II RXR-PPAR 
III RXR-RAR 

III RXR-RAR 

RXR-VDR 

III RXR-THR 

II RXR-RAR 
III 

Consensus HREs for the mrious nuclear receptors. The sequence of the two half-sites of the HREs are 
shown, and the length of the spacer is indicated as the number ofn 'so 17w nucleotides that are u1Ideriined 
ill the GRE and ERE, illdicate the differe1lce between these elements that determine receptor specificity. 
The orientation of the half-sites is illdicated by arrows. 111 illverted repeats (IRs), the arrows face each 
other, whereas ill direct repeats (DR), the arrows point ill the same directioll. all several HREs more 
than aile combillatioll of receptor 1101110- alld Jzeterodimers call be formed. III case of a receptor 
hOll1odimer, the P-box group of tile receptor is illt/icated. 
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The GRE is not GR specific and can also be bound by AR, PR, and MR homodimers. 
In search for a consensus androgen response element (ARE), Roche and co-workers (1992) 
screened a pool of random sequence oligonucleotides for AR DNA binding. The AR-complexed 
HREs were isolated, characterized and compiled to give a consensus ARE. This sequence 
(GG[A/nACAnnnTGTTCT) is very similar to the consensus GRE. No respollse elements were 
detected that did not fit the GRE consensus sequence, which emphasizes the observation that 
GR, AR, MR and PR may recognize the same HREs. This immediately raises the dilemma of 
target gene specificity in cells containing two or more of these receptors. If all receptors, 
present in the cell, are activated by their respective ligand, how do they recognize and 
specifically regulate expression of their own set of target genes? This question will be addressed 
in Chapter 9.4. 

So far, the GR, AR, MR and PR have been observed to bind only HREs that resemble 
the consensus GRE sequence. This seems also troe for the ER which only recognizes HREs that 
comply to the consensus ERE sequence. In contrast, several other nuclear receptors appear to 
recognize more than one type of HRE. The RXR, for example, is able to bind strongly to a 
DRI and the TREpal sequence, and binds weakly to a DR5 consensus sequence (Table 8.2) 
(reviewed in Gignere 1994). On top of the possibility that receptors can bind to more than Olle 
type of HRE, heterodimerization further complicates the view that receptors are committed to 
specific HREs. The first observations of heterodimerization with RXR as one of the partners, 
led to the proposal of the so-called 3-4-5 role. The spacing of the HRE direct repeats determined 
the binding preference: 3 bp spacing for RXR-VDR, 4 bp for RXR-THR, and 5 bp for RXR
RAR (Table 8.2) (reviewed in Green 1993a). However, the large amount of data available today 
on heterodimerization between many different nuclear receptors on various HREs, show that the 
real picture is far more complicated (Zechel et al. 1994a,b) (reviewed in De Luca 1991; Glass 
et al. 1991; Green 1993a; Giguere 1994). This compilation of novel possibilities (hetero
dimerization, HRE half-site spacing, and half-site orientation), amplifies the number of ways 
to specifically regu1ate gene expression. So far. heterodimerization has been observed for many 
different nuclear receptors except for the AR, GR, MR, PR, and ER. This suggests that these 
latter receptors have other strategies to attain cell- and receptor-specific gene regulation. 

8.4 MODULATORS OF ANDROGEN RECEPTOR· DNA BINDING 

Different proteins are able to modulate the binding of the AR to DNA. A factor 
designated receptor accessory factor (RAF), potentiates DNA binding of AR and GR mutants 
containing the DBD and N-terminal and C-terminal flanking sequences (rat AR residues 460 to 
704) (Kupfer et al. 1993). RAF has a predicted molecular mass of 130 kDa, and is present in 
a variety of lysates from different cell types which can enhance AR-DNA binding as determined 
by band-shift analysis. The N-terminal region between amino acids 460 and 521 in the rat AR 
(corresponding to bAR residues 467 to 527) appeared to be essential for RAF to form a 
heteromeric AR-RAF complex. These observations have led to the postulation that RAF could 
be a bridging factor (co-activator), influencing the ability of steroid receptors to activate 
transcription (Kupfer et al. 1993). Interestingly, the region of the AR to which RAF binds, 
coincides with a transcription activation unit (TAU-5), responsible for transactivity of a 
constitutively active AR mutant lacking its LBD (Chapter 9.5.1; Appendix paper IV). 
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A new class of modulators has recently been shown to inhibit AR and GR DNA binding 
(Burns et a!. 1994; Dedhar et a!. 1994). Cal reticulin is a multifunctional protein that is able to 
bind and store Ca'+ in the lumen of the endoplasmic reticulum, specifically recognizes the 
KxGFFPR sequence of the cytoplasmic integrins, and is also found in the nucleus (Rojiani et 
a!. 1991; Michalak et a!. 1992). The presence of the highly conserved motif (KxFFKR) in the 
DBD of nuclear receptors, which is very similar to the integrin sequence, implied a possible 
binding of calreticulin to the DBD. Interestingly, the motif contains the amino acids (K,V,R) 
that make direct contacts with the base pairs of the HRE (Figure 8.1). Dedhar and co-workers 
(1994) have shown that calreticulin inhibited binding of the AR to its HRE, and subsequently 
repressed AR-mediated transcription activation. The same inhibiting properties were found using 
the GR (Burns et a!. 1994). These studies indicate that calreticulin can modulate steroid receptor 
transactivation. However, its in vivo significance in AR functioning still needs to be established. 
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9.1 INTRODUCTION 

After the AR successfully has undergone the sequential steps described in the previous 
chapters, it is able to perform its major task: transcription regulation. Binding to its HRE, 
located in promoter andlor enhancer regions of target genes, triggers or inhibits the assembly 
of the basal transcription machinery, resulting in the up- or down regulation of RNA synthesis. 
The details of the cooperation between nuclear receptors and the basal transcription machinery 
are largely unknown. The most recent models that illustrate this cooperativity will be discussed. 
Knowledge on receptor-mediated transcription regulation is essential to explain the issue of how 
each nuclear receptor is able to specifically regulate its own set of target genes. 

9.2 TRANSCRIPTION INITIATION 

In eukaryotes, synthesis of mRNA is carried out by RNA polymerase II. In order to 
accurately initiate transcription and efficiently carry out the elongation reaction, RNA 
polymerase II requires auxiliary proteins referred to as general transcription factors (GTFs: 
TFIIA,-B,-D,-E,-F,-H,-J) (reviewed in Zawel & Reinberg 1992, 1993). Together they constitute 
the basal transcription machinery, which is assembled in a multi-step process on the promoter 
region of genes. The assembly andlor stability of the basal transcription machinery is usually 
controlled by a second class of transcription factors. These transcription regulators bind to DNA 
consensus elements, located in the promoter region andlor at distant enhancers. Promoters of 
genes transcribed by RNA polymerase II usually contain two distinct classes of DNA elements: 
1) the TATA-motif (optional) andlor the initiator site (Inr) (optional) representing the starting 
points for the assembly of the basal transcription machinery and the transcription start site 
respectively (also referred to as minimal promoter elements), and 2) consensus elements which 
are bound by specific DNA binding regulatory proteins, and of which the presence and 
arrangement are gene-specific. The combination of the number, type and position of cis
elements determines the strength and specificity of a promoter (Figure 9.1) (reviewed in 
Mitchell & Tjian 1989; Ptashne 1989; Gill & Tjian 1992). 

9.2.1 ASSEMBLY OF THE BASAL TRANSCRIPTION MACHINERY 

Up to now, seven different GTFs (TFIIA,-B,-D,-E,-F,-H,-J) have been identified as 
auxiliary proteins that catalyze a basal level of RNA synthesis by RNA polymerase II (reviewed 
in Zawel & Reinberg 1993; Buratowski 1994). The assembly of the basal transcription 
machinery starts with the specific binding of TFIID to the TATA-box. TFIIA is able to 
associate with this complex and stabilizes the TFIID-DNA interaction. This complex acts as a 
binding site for TFIIB, which can recruit RNA polymerase II and TFIIF into the complex. 
Subsequently, TFIIE and TFIIH join the complex, and finally TFII-J completes the assembly 
of the basal transcription machinery (Figure 9.1). These GTFs represent proteins purified from 
cellular extracts. Recent cloning and characterization of four of the GTFs (TFIIB, TFIID, 
TFIIE, TFIIF) have enabled more detailed studies regarding the assembly, protein-protein 
interactions, and individual function of the factors that are part of the basal transcription 
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machinery (reviewed in Zawel & Reinberg 1993). 

3 

~ Gene-specific ________________________ 1 
[---Transcription factors ~ 

Transcription regulation 

L--~RNA 

f--- Basal ~ 
Transcription machinery I 

Figure 9.1. 17ze basal tra1lscription machinel), c01lsists of RNA polymerase 11 alld the gelleral 
trallscriptioll/actors (GTFs: TFlIA,-IlB,-IlD,-IlE,-IlF,-IlH,-1l J) alld is positiolled by the billdillg 0/ 
TFIlD to the TAT A-box. nze assembly call be controlled by tra1lscription regulators which billd to 
consellsus DNA elemellfs located ill the promoter or enhancer regions (the complexes of transcription 
regulator fill cases J and 3 a dimer] with the DNA elemellt are indicated as I, 2, 3) . 17ze presellce and 
arrangement of these elemellfs is gene-specific. When a stable trallscriptiOI1 il1itiation complex has beell 
formed, RNA polymerase II starts RNA synthesis. 

Especially the cloning and characterization of the TATA binding protein (TBP) provided 
new insight into the communication between the basal transcription machinery and the gene
specific transcription regulators (Greenblatt 1991, and references therein). TBP can replace the 
TFIID fraction when basal transcription is concerned. However, recombinant TBP cannot 
substitute for TFIID to support activated transcription, mediated by transcription regulators such 
as Spl, CTF and GAIA-VPI6 (reviewed in Gill & Tjian 1992). These findings, combined with 
the observation that the 38 kDa TBP is much smaller than the molecular mass of TFIID (more 
than 100 kDa), resulted in the suggestion that TFIID is a multi-protein complex, that, besides 
TBP, contains co-activators which link transcription regulators to the basal machinery (Lewin 
1990; Peterson et al. 1990). Characterization of several polypeptides, tightly associated with 
TBP, provided strong evidence for the hypothesis that these TBP associated factors (TAFs) are 
specific bridging (adaptor) proteins that facilitate the 'cross-talk' between GTFs and transcription 
regulators (Kelleher et al. 1990; Dynlacht et al. 1991; Pugh & Tjian 1991; Tanese et al. 1991; 
reviewed in Gill & Tjian 1992). 
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9.2.2 GENE-SPECIFIC TRANSCRIPTION REGULATORS 

Transcription regulators are characterized by specific DNA binding to consensus 
elements and their capacity to activate or inhibit transcription. They usually contain at least two 
independent functional domains: a DNA binding domain, and a domain responsible for the 
enhancement of transcription, referred to as a transcription activation unit (TAU, in the 
literature also referred to as TAF, AF, TAD). Nuclear receptors are a special group of 
transcription regulators. since they contain a ligand binding domain which makes most of these 
transcription factors dependent on the binding of small non-protein compounds for activity. 
Various structural designs of DBDs that can specifically interact witli DNA have been charac
terized in detail for the many different families of transcription regulators (Chapter 4) (Harrison 
1991; Paba & Sauer 1992). Less well defined are the transcription activation units, which have 
been loosely classified in: I) acidic activation domains (AADs), 2) glutamine-rich domains, and 
3) proline-rich domains (reviewed in Ptashne 1988; Mitchell & Tjian 1989; Latchman 1990; 
Tjian & Maniatis 1994). 

Acidic activation domains 
Acidic regions were originally identified in the yeast GAIA and GCN4 factors. The 

TAUs of these proteins consist of a relatively short stretch of negatively charged residues which 
can form an amphipatic a-helical structure (Giniger & Ptashne 1987). A very potent AAD is 
present in the herpes simplex VP16 protein. This protein by itself lacks DNA binding activity, 
but displays, when linked to the GAIA DNA binding domain, a strong capacity to activate 
transcription (Sadowski et al. 1988). None of the above described AADs reveal any sequence 
homology, but can be interchanged and activate transcription when linked to a heterologous 
DNA binding domain (reviewed in Ptashne 1988; Mitchell & Tjian 1989). 

Glutamine-rich domains 
A second type of TAU has been identified in the Spl transcription factor, in which two 

domains that are important for transactivation contain a relatively large number of glutamine 
residues (Courey & Tjian 1988; Courey et al. 1989). Proteins in which glutamine-rich domains 
Of glutamine repeats have been recognized, are usually involved in control of gene expression 
and development (Bohmann et al. 1987; Duboule et al. 1987; Dynlacht et al. 1989; Gerster et 
al. 1990; Maity et al. 1990; Peterson et al. 1990; Tanaka & Herr 1990; Williams & Tjian 
1991). In Drosophila meiallogasler, proteins containing glutamine stretches (also referred to as 
opa-repeats) seem to playa central role ill embryogenesis (Wharton et al. 1985; Haynes et al. 
1987; Scott & Carrol 1987; Deatrick et al. 1991; Grabowski et al. 1991). 

Proline-rich domains 
A third type of TAU consists of a proline-rich domain which was originally identified 

in CTF/NF1 (Mermod et al. 1989). Related regions have been described in AP-2, C-jllll, Oct-2 
and SRF (reviewed ill Mitchell & Tjian 1989). 

Except for indefinite features like acidic, glutamine Of proline-rich, none of the above 
described TAU-types is characterized by a common and conserved sequence-specific motif. It 
rather seems that TAUs, with respect to their primary amino acid sequence, are highly 
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transcription factor-specific. Besides the fact that TAUs are ill-defined, the mechanism by which 
these domains regulate transcription is poorly understood as well. 

9.3 MODELS DESCRIBING THE MECHANISMS OF ACTION OF TRANSCRIPTION 
REGULATORS 

Several models have been postulated that describe mechanisms in which transcription 
regulators communicate with the basal transcription machinery and thereby modulate gene 
expression (reviewed in Gill & Tjian 1992; Ing et al. 1992; Adams & Workman 1993). 

Model A: COlIlllllll/icatiol/ via bridgil/g faclors 
The first model proposes so-called bridging factors (co-activators) that physically link 

transcription regulators via protein-protein interactions to one of the GTFs (reviewed in Gill & 
Tjian 1992). Most evidence for the existence of bridging factors comes from the studies on 
TFIID and TBP, discussed previously. Recent observations support the view that these co
activators specifically mediate activation of only one type of TAU (either acidic, glutamine-rich, 
or proline-rich), and that the combination of co-activators, part of the TFIID fraction, might 
contribute to promoter- and cell specificity (Kelleher et al. 1990; Dynlacht et al. 1991; Tanese 
et al. 1991; Tinnners & Sharp 1991; Brou et al. 1993) (reviewed in Gill & Tjian 1992; Zawel 
& Reinberg 1992; Tjian & Maniatis 1994). Indirect evidence for the existence of bridging 
factors comes from transcription interference experiments. This interference phenomenon 
(squelching) reflects the competition of different transcription regulators for conunon factors, 
which are essential for transcription and available at limiting concentrations in the cell (Ptashne 
1988; Latchman 1990). Squelching experiments using different types of TAUs, demonstrated 
that acidic activation domains do not interfere with the activity of non-acidic TAUs located in 
the ER, which suggests bridging factor-specificity (Tasset et af. 1990). The hPR N-terminal 
domain has been observed to squelch its own constitutive transactivation capacity in an ill vitro 
transcription assay. This self-squelching did not affect basal transcription and was relieved by 
a partially purified cell-fraction, suggesting a bridging factor distinct from the GTFs 
(Shemshedini et af. 1992). Overexpression of the ER in CRO cells, or overexpression of the 
N-tenuinal TAU of the GR in yeast, interfered with endogenous cell growth, even resulting in 
cell death (Kushner et af. 1990; Wright et af. 1991). These latter studies suggest the squelching 
of a factor that is essential for cell-functioning, and that would probably be part of the basal 
transcription machinery which is postulated in the second model (McEwan et af. 1993). 

Model B: direcl interaclion beMeel/ regulalors and Ihe basallral/scriplion machinery 
The second model is essentially the same as the bridging factor model, except that 

transcription regulators directly contact the GTFs. Particularly TBP and TFIIB are the target 
GTFs that bind different transcription regulators. Various nuclear receptors have been shown 
to interact with TFIlB (Ing et af. 1992; Baniahmad et af. 1993). They include COUP-TF, PR, 
ER, and THRB. Furthermore, VP16 directly binds TBP and TFIIB (Stringer et af. 1990; Lin 
et af. 1991). From these two models it can be concluded that TAUs are domains facilitating 
protein-protein interactions. These contacts, either direct or indirect, might induce and enhance 
the assembly of the basal transcription machinery by stabilizing the complex resulting in RNA 
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synthesis by RNA polymerase II. 

Model C: IIlIcieosome displacemelll 

In the third model nucleosome organization is taken into account. DNA packaging into 
higher order structures such as eu- and hetero-chromatin is known to strongly influence gene 
expression, most likely by modifying DNA accessibility to transcription factors (Chapter 7) 
(Getzenberg et al. 1991). The first order packaging of naked DNA into nucleosomes is involved 
in the regulation of transcription (reviewed in Adams & Workman 1993; Wolffe 1994). For 
initiation and elongation of transcription, nucleosomes need to be displaced. The presence of 
DNase I hypersensitive sites is usually interpreted as local alterations in chromatin stmcture, 
accompanied by nucleosome disruptions, and therefore often is used as a tool for promoter 
studies (reviewed in Elgin 1988). These studies revealed that transcription regulators can 
displace or disrupt nucleosomes, possibly making DNA accessible for other transcription 
regulators and the basal transcription machinelY (reviewed in Adams & Workman 1993). One 
of the best studied promoters with respect to nucleosome organization is the MMTV -LTR. It 
has been proposed that GR-driven transactivation of the MMTV-LTR is achieved by a 'hit-and
run' mechanism (Rigaud et al. 1991, and references therein). GR binding to its GRE causes 
disruption of a nucleosome, after which NF-l is able to associate with its DNA element thereby 
activating MMTV transcription (Archer et al. 1992; Truss et al. 1992a). These studies indicate 
that nucleosome organization can prevent transcription from promoters by precluding access of 
transcription factors. Nucleosome displacement could be one of the mechanisms by which 
transcription regulators induce gene expression (reviewed in Hager & Archer 1991). 

Importantly, none of the above described models exclude one another as being the 
mechanism of transcription regulation. Since there is strong evidence for all three models, it 
seems more likely that they all contribute to the regulation of gene expression. 

9.4 THE DIVERSITY ISSUE: MECHANISMS TO ACHIEVE RECEPTOR/CELL
SPECIFIC GENE REGULATION 

In previous paragraphs some general principles of promoter activation are described. The 
assembly of the basal transcription machinery is controlled by gene-specific regulators. The 
communication between these factors forms the basis for diversity and specificity of the control 
of gene expression, which has been the subject for many studies on steroid receptor-mediated 
gene expression. 

Although the nuclear receptor family is characterized by a marked conservation of 
structure and function, each member regulates a specific set of genes. Besides this receptor
specificity, some of these genes will only be activated in certain cell types. The complexity of 
receptor- and cell-specific regulation of gene expression can elegantly be exemplified by the 
comparison of AR, GR, MR, and PR-mediated transcription. These four receptors recognize 
the same HRE but do not regulate the same set of target genes. A variety of mechanisms can 
achieve part of the diversity observed in the actions of these receptors: 1) cell-specific receptor 
expression, 2) ligand specificity, and 3) ligand availability (reviewed in Fuller 1991). For 
example, expression of prostate specific antigen (PSA) in LNCaP cells is induced by androgens 
but not by glucocorticoids (dexamethasone). However, when the GR is transfected into LNCaP 
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cells, dexamethasone will also stimulate expression of PSA (Cleutjens et aI., submitted). Thus, 
androgen-specific regulation of PSA expression in prostate cells might simply be achieved by 
the exclusive expression of AR, whereas cell-specific PSA expression could be a result from 
gene-inactivation by condensation into heterochromatin in all other cell types. The same 
principle has been implicated in GR-specific gene expression in hepatoma cells (Strahle et al. 
1989). 

The diversity dilemma becomes complicated in situations where two or more different 
steroid honnone receptors. which can interact with the same HRE, are expressed in one cell and 
are all activated by their respective ligands. The specific regulation of the receptor's individual 
set of genes must then be dependent on the target genes promoter context. Through domain 
structures which are receptor-unique, nuclear receptors could interact specifically with other 
transcription regulators and with the basal transcription machinery, resulting in receptor-specific 
gene regulation. As was to be expected, the N-terminal domain of nuclear receptors which 
contains a transactivation function, is absolutely receptor-unique. Studies with promoters 
inducible with only one specific steroid receptor show that the promoter context as well as the 
receptor N-terminal domain determine receptor-specificity (Adler et al. 1992; Pearce & 
Yamamoto 1993). 

Besides the fact that the AR, GR, MR and PR constitute P"box group I and recognize 
the same HRE (Chapter 8), the size of their N-terminal domain is extremely large as compared 
with all other nuclear receptors (Figure \.3). For the thyroid hormonelretinoic acid receptors 
and orphan receptors, three different mechanisms have been described that increase diversity 
of action and explain cell and promoter discrimination: heterodimerization, variable spacing and 
direct/inverted orientation of the two HRE half-sites (Chapter 8.3). Since these variabilities are 
not observed for the AR, GR, MR, and PR, it seems reasonable to assume that their large and 
unique N-terminal domains compensate the dedication to only one kind of HRE (Chapter 8.3). 
A large N-terminal domain with multiple TAUs, could introduce diversity with respect to 
receptor- and cell-specificity. 

Several mechanisms that contribute to the diversity observed in nuclear receptor-mediated 
gene expression, have not been mentioned or are discussed in previous chapters. These include: 
non-ligand activation (Chapter 2.4), phosphorylation (Chapter 2.2), A and B receptor isotypes 
(Chapter 9.6.1), and nuclear matrix composition (Chapter 7.3). 

9.5 TRANSCRIPTION ACTIVATION UNITS IN STEROID RECEPTORS 

By deletion mapping and insertional mutagenesis, transcription activation units in nuclear 
receptors have been located and characterized. Because of the extensive literature on this 
subject, this short review will be restricted to some of the work all the TAUs in the AR, GR, 
PR, and ER. In general, two different TAUs are present in steroid receptors: a TAU located 
in the N-tenninal domain, and a hOlmone-dependent TAU in the ligand binding domain. 
However, for the ER and GR a weak transactivation function has also been attributed to the 
DBD (Hollenberg et al. 1987; Schena et al. 1989; Nardulli et al. 1991). 
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9.5.1 N-TERMINAL TRANSCRIPTION ACTIVATION UNITS 

The N-terminal domains of AR. GR. PR, and ER are capable to activate transcription 
when linked to a heterologous DBD (from GAlA or LexA), which shows that these receptor 
domains harbour a TAU by definition (Appendix paper IV; Godowski et al. 1987a; Hollenberg 
& Evans 1988; Berry et al. 1990; Tasset et al. 1990; Meyer et al. 1992; Shemshedini et al. 
1992). Starting from the intact steroid receptor, deletion mapping has been performed to delimit 
the sequences essential for the N-telminal TAU (referred to as TAU-I). These studies 
established that the location of TAU-1 in the various steroid hormone receptors differs, and that 
there is little evidence for sequence- or structural homology (Figure 9.2) (Appendix paper IV; 
Giguere et al. 1986; Danielsen et al. 1987; Hollenberg et al. 1987; Kumar et al. 1987; Miesfeld 
et al. 1987; Guiochon-Mantel et al. 1988; Hollenberg & Evans 1988; Dobson et al. 1989; 
Imakado et al. 1991; Jenster et al. 1991 [Appendix paper 11; Simental et al. 1991; Meyer et al. 
1992; Palvimo et al. 1993; Dabiman-Wright et al. 1994). 

Met 
1 

N-TERMINAL DOMAIN DBD 

TAU-l 548 

101 370 

TAU-l 419 

Met 
187 227 

165 TAU-l 565 
~~~~~~~- T~~~--

MODULATOR 456 

TAU-l 185 

59 140 

hAR 

hGR 

hPRb 

rER 

Figure 9.2 Locatioll of different N-termillal TAUs-J ill various steroid receptors. Hatched boxes represent 
domains necessary for full trallsactivity (light s/zaded),- alld possible core sequences (dark shaded). 171e 
hPR cOlltaills a modulatory region beh\'eell amino acids 1 and 165, that, by itselffs incapable a/illducing 
tral/sae/ival/oll but enhances TAU-J activity. The locatioll and TAU-borders are based Oil Appendix paper 
IV (hAR). Dahlmall-Wright et 01. 1994 ~IGR), Meyer et 01. 1992 (hPRb). alld Imakada et a1. 1991 (rat 
ER). 

The N-terminal TAU-1 of the hGR is characterized by a relatively high amount of acidic 
amino acids (Dahlman-Wright et al. 1994). In contrast, the N-termin.1 TAUs of the hPR and 
rat ER are not acidic but rich in proline residues, probably reflecting a functional and structural 
distinction (Imakado et al. 1991; Meyer et.1. 1992). Comparison oflhe different TAUs by their 
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ability to synergize and to squelch, revealed that they belong to different classes of trans
activation domains (Tora et al. 1989; Tasset et al. 1990; Meyer et al. 1992; reviewed in 
Gronemeyer 1991). These resuHs correspond with the theory that the TAUs of the AR, GR, PR 
and MR need to be different in order to effectuate receptor- and cell-specific gene activation. 
The hPRb contains a modulatory region between residues 1 and 165, that, by itself, is incapable 
of inducing transcription, but which enhances TAU-l functioning. This region is present in the 
hPRb isoform but absent in the hPRa isoform, which is generated by an aHernative translational 
start (Schrader & O'Malley 1972; Horwitz & Alexander 1983). 

A striking finding in many of the deletion studies is that often large parts of the N
terminal domain of steroid honnone receptors can be deleted without affecting the transcription 
activating capacity of the receptor. This raises the question of the functional role of these 
specific regions. One possible answer has already been mentioned earlier by suggesting the 
presence of more than one TAU in the N-terminal domain of steroid hormone receptors 
(Chapter 9.4). Different N-tenninal TAUs might be responsible for the regulation of different 
genes. Tllis hypothesis was addressed in a study which aimed to delimit the TAU responsible 
for activity of the AR in various situations (Appendix paper IV). This study revealed that for 
the wild type AR, almost the entire N-te.minal domain was necessary for full activity (TAU-I) 
when tested in HeLa cells using the (GRE),tkCAT reporter. 

N-TERMINAL DOMAIN DBD REPORTER 

(GRE)2tk ARO 

(GRE)2tk AR5 

GAL4 

(VAS) tk AR4G 
2 1 DED 147 

GAL4 

(VAS) Eib AR4G 
5 1 DBD 147 

LOCATION OF THE REPEATS 
1 548 
LI ~1III~1 __ ---,IL.-___ --,!iI,"-' ... 1L-..!lB3"---_1 

QQ Q PA G 

Figure 9.3 Regiolls ill the N-termillal domain essential for transcription activatioll of the wild type AR 
(ARO) alld lIIutant ARs. The borders of the TAU were located by analysis of a series of deletiolll1lutalltS 
for trallsactivity of a certaill reporter gene ill Hew cells (Appendix paper N). Hatdled boxes represent 
domains necessary for full activity (light shaded) or more thall 50% activity (dark shaded). III additioll, 
the location of the amino acid repeats are delineated (Q=glutamine; P=prolille; A=alallille; 
G=glycillej. 

71 



Chapter 9 

In contrast, only a small C-tenninal part of the N-telminal domain (designated TAU-S), 
was sufficient for the constitutive active AR (lacking the LBD) to induce transcription of the 
same promoter in the same cell line (Figure 9.3) (Appendix paper IV). This demonstrates the 
capacity of the AR to use diff~rent N-tenninal regions for transactivation. Furthermore, these 
observations suggest a detenninant role for the LED in TAU functioning. Deletion of the LBD 
resulted in loss of TAU-l activity and induced the use of TAU-S. 

Evidence for the role of different N-terminal regions in the activation of different kind 
of promoters, was provided by the analysis of a series of AR N-terminal-GALADBD chimeric 
constructs (Appendix paper IV). When transactivity was tested for two different promoters, a 
shift in position of the TAU responsible for full activity was observed. The location of the TAU 
was more C-terminal when tested on the (UAS),tkCAT reporter compared to the (UAS),Elb
CAT reporter (Figure 9.3). It is unlikely that these two situations represent the use of two 
different and separate TAUs, but rather indicate a small difference in the location of essential 
sequences. The same could account for the difference in location of the TAU between the wild 
type AR (TAU-I) and the constitutively active ARS (TAU-S), since both regions overlap. 
However, the core of the two TAUs (responsible for over SO% of the activity) are separate N
tenninal regions with individual characteristics. TAU-l contains a relatively high amount of 
acidic amino acids, three glutamine repeats, and potential phosphorylation sites (Figure 9.3) 
(Faber et al. 1989; Kuiper et al. 1993; Appendix papers IV, V). TAU-S is not acidic and 
harbours three different amino acid stretches: 1) a proline repeat, 2) an alanine repeat, and 3) 
a glycine repeat (Figure 9.3). Deletion of the Pro-stretch or Gly-stretch has no substantial effect 
on the activity of the hormone-regulated AR. A possible role of these repeats in TAU-S 
functioning has not been investigated as yet. The largest and polymorphic glutamine repeat does 
playa role in transcription activation of the wild type AR. Deletion of the repeat resulted in an 
increased activity when tested in COS-l cells on a reporter containing the promoter of the 
prostate-specific antigen (PSA) gene. The same AR mutant, however, had wild type activity 
when tested on a reporter containing the long temlinal repeat of the mouse mammary tumor 
virus (MMTV-LTR) (Appendix paper V). Extension of the GIn-repeat from 20 to 48 residues 
resulted in a decreased AR activity on both promoters to 40-60% compared to the wild type AR 
(Appendix paper V; Mhatre et al. 1993). Lengthening of the GIn repeat to more than 40 
residues is associated with Kennedy's disease. an X-linked neuro-degenerative disorder, 
characterized by a slowly progressing muscle weakness (Chapter 10.3) (La Spada et al. 1991). 

Another feature of the AR TAU-l is the impossibility to eliminate its activity by a small 
deletion. If the TAU-l activity could be attributed to a small structural element, one would 
expect that disruption of that structure by a deletion would eliminate TAU-l activity. Starting 
from an AR mutant lacking the region between residues 244 to S28, which was less than 10% 
active compared to the wild type AR. mutants were constructed with smaller deletions (of 
approximately 100 residues) covering this region. All AR mutants containing a smaller deletion, 
however, were quite capable of activating the transcription in the co-transfection assay 
(Appendix paper IV). This suggests the presence of two or more TAU-subunits, each one 
capable to 'take over' transactivity, or suggests that the TAU-l stmcture is not characterized 
by essential core units. The inability to attribute TAU activity to a small stmcturai element using 
AR deletion mapping studies, seems to be emphasized by the observation that up to now, no 
mutations (except for alterations resulting in premature translational tetmination) have been 
identified in the AR N-tenninal domain of individuals with AIS (Chapter 10.2). The assumption 
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that it is impossible to identify essential motifs has also been implied for the hsp90 association 
with the LBD of steroid receptors (Chapter 3.3). Only deletion of the entire LBD eliminated 
hsp90 binding, but deletion of subregions did not affect hsp90 association (Carson-Jurika et aJ. 
1989; Chambraud et aJ. 1990; Cadepond et aJ. 1991; Schowalter et aJ. 1991). Based on the 
plausible hypothesis that TAUs are protein-protein interaction sites, and taking into account all 
the previously mentioned TAU features, a model is proposed in which the AR N-terminal 
domain would be one large continuous modular structure. Different sides of this structure may 
form interfaces to which other proteins, such as bridging factors and GTFs can bind. These 
contact-interfaces together with the structural elements that shape them, would be defined as a 
TAU. Protein interactions might both be direct interactions between specific amino acids and 
of the 'casting-mould' type in which the recognition depends 01) the modular 3-dimensional 
conformation (Figure 9.4). This last type of binding (Figure 9.4; indicated by factor 1), does 
not need to be affected by a small deletion of any of its structural components. 

TAU-S 

TAU-! TAU-? 

Figure 9.4 Hypothetical model describing possible proteill-protein illferactiolls between the AR N-termillal 
domain and other transcriptioll/actors. 171e N-termillai domaill is delineated as olle modular structure 
(stippled) to which all different sides proteins call interact. These COlltact interfaces together with the 
structural elements that shape the illfetjace, would be defined as a TAU. Both residue-specific proteill
protein collfacts (indicated by interaction of factor 2 with the G-triallgle and neighbouring box) alld 
'casting-mould' conformational illferactioJ1s (indicated byfactor 1 binding) could be possible. The single 
letters Q, P, A, and G represent the amillo acid stretches. 

9.5.2 C-TERMINAL TRANSCRIPTION ACTIVATION UNITS 

The LBDs of the GR, PR and ER have been shown to contain a transcription activation 
unit (Danielsen et aJ. 1987; Hollenberg et aJ. 1987; Kumar et aJ. 1987; Miesfeld et aJ. 1987; 
Hollenberg & Evans 1988; Webster et aJ. 1988; Bocquel et aJ. 1989; Lees et aJ. 1989; Berry 
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et al. 1990; Tasset et al. 1990; Danielian et al. 1992; Tzukerman et al. 1994). This C-terminal 
TAU (referred to as TAU-2) is dependent on hormone for activity. In the LBD of the GR two 
different regions have been identified as possible TAUs. Hollenberg and Evans (1988) located 
an acidic region in the N-terminal part of the hGR LBD (amino acids 526 to 556) that functions 
as an activation unit. This domain is only moderately conserved among the steroid receptors, 
and no such sequence could be identified in the ER LBD when individual regions encoded by 
one of the eXOns 4 to 8 were tested for trans activity (Webster et al. 1989). Danielian and co
workers (1992) could specifically abolish hOlmone-induced transcription activation of the mouse 
GR by substitution of amino acids in a conserved C-terminal part of the LBD (residues 752 to 
757 of the hGR, which are identical to the corresponding mOllse sequences). This suggests that 
the conserved motif is essential for ligand-dependent transactivation and could be part of a TAU. 
The same motif is also required for the hormone-dependent transcription induction of the mouse 
ER (Danielian et al. 1992). So far, there is no evidence for the presence of a TAU in the LBD 
of the AR. Deletion of the N-terminal domain eliminated all AR transcription induction capacity 
(Appendix paper IV; Jenster et al. 1991 [Appendix paper 1]; Simental et al. 1991; Palvimo et 
al. 1993). Chimeric AR constructs in which the AR LBD was linked to the GAL4 DBD were 
unable to activate transcription. However, immunocytochemical visualization of these AR 
mutants revealed that they formed large protein clusters in the cytoplasm, which might indicate 
that these mutants were incapable of activating transcription due to other defaults (see also 
Chapter 4.3). 

9.6 COOPERATION BETWEEN TAUs AND BETWEEN TRANSCRIPTION REGULA
TORS 

Characterization of TAUs in steroid receptors revealed that they are receptor-unique, of 
different types, and that receptors likely harbour more than one unit. These features form the 
basis for the specific interactions with other gene-specific transcription regulators and GTFs, 
allowing a receptor to regulate its own set of target genes. 

9.6.1 COOPERATION BETWEEN TAUs AND MODULATORY REGIONS 

Intramolecular TAUs cooperate to enhance the transactivation potency of steroid hormone 
receptors. TAU-l and TAU-2 have been shown to contribute synergistically to the total activity 
of the ER and GR (Hollenberg & Evans 1988; Tasset et al. 1990; Pham et al. 1992). In 
addition, the TAU-l and TAU-2 activities of steroid receptors is determined by both cellular 
and promoter context (Bocquel et al. 1989; Berry et al. 1990; Tzukerman et al. 1994; reviewed 
in Gronemeyer 1991). These findings correspond with the TAU features and the expectation that 
they are involved in cell- and receptor-specific gene regulation. 

Moreover, the modulatory region located in the first 164 amino acids of the hPRb adds 
another level of possibilities to achieve diversity of action (Meyer et al. 1992; Schrader 1993). 
Two distinct PR isoforrns have been identified (Schrader & O'Malley 1972; Horwitz & 
Alexander 1983). The hPRb form is the largest and contains 164 additional amino acids in its 
N-terminus. The PRa is generated by an alternative translational start at codon position 165 
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(Figure 9.2). The two isoforms are synthesized from nine structurally different mRNAs, 
transcribed from two different promoters in the hPR gene (Kastner et a!. 1990; Wei et a!. 
1990). Recent studies on the functional role of the two PR isoforms revealed that the smaller 
PRa dominantly inhibited PRb transactivation, which was dependent on the cell type and 
promoter context (Vegeto et a!. 1993; Tung et a!. 1993; reviewed in Schrader 1993). 
Interestingly, the inhibitory function of PRa did not require DNA binding and PRa could also 
inhibit AR, GR, and MR-mediated gene transcription. 

A and b forms of the AR have also been demonstrated in human foreskin fibroblasts 
(Wilson & McPhaul 1994. The shorter (approximately 84-87 kDa) ARa isoform is synthesized, 
starting from codon-188 (ATG). The ARa expression is very low in fibroblasts compared to 
expression of the full length ARb. ARa is regularly observed in transiently transfected cells 
overexpressing the AR (Jenster et a!. 1991 [Appendix paper 11; Simental et a!. 1991), and the 
use of alternative translational starts has also been demonstrated in an AIS patient and in the 
Tfm mouse (Gaspar et a!. 1990; Charest et a!. 1991; He et a!. 1991; Zoppi et a!. 1993). When 
tested in HeLa cells using the (GRE),tkCAT reporter gene, ARa (ARI21) was capable of 
activating transcription (Appendix paper IV). Whether or not the ARa isoform is capable of 
inhibiting ARb functioning still needs to be established. So far if is unclear if the shorter AR 
isoform plays any physiological role. 

9.6.2 COOPERATION BETWEEN TRANSCRIPTION REGULATORS 

Besides intramolecular TAU-cooperation and concerted action of the homo- or 
heterodimer on the HRE, nuclear receptors have been shown to syncrgizc with transcription 
regulators that bind to neighbouring elements in target promoters. 

Already the presence of two or morc HREs results in a synergistic transcription 
activation compared to the presence of only one HRE, suggesting cooperation between steroid 
receptor dimers (SchOle et al. 1988; Tsai et al. 1989; Baniahmad et al. 1991; Bradshaw et al. 
1991; Wright & Gustafsson 1991; Rupprecht et al. 1993; reviewed in Muller et al. 1991b). This 
synergism has been shown in several cases to be partially or solely dependent on the receptor's 
TAU (Baniahmad et al. 1991; Bradshaw et al. 1991; Wright & Gustafsson 1991; Rupprecht et 
al. 1993). In addition to cooperation induced by two similar response elements, synergism has 
also been demonstrated between heterologous response elements. If one of the elements concerns 
a GRE, the other elements include: CACCC-box, CAAT-box, NF-l, Spl, Oct-2A, and Oct-l 
(Schule et al. 1988; Schatt et al. 1990; Allan et al. 1991; Brtiggemeyer et al. 1991; Muller & 
Renkawitz 1991; Muller et al. 1991a; Wieland et al. 1991; Tmss et al. 1992a) (reviewed in 
Muller et al 1991b;_ Truss & Beato 1993). Besides (positive) synergism, several examples have 
been described for negative regulation by steroid hormone receptors: 1) interference of DNA 
binding due to overlapping response elements (Akerblom et al. 1988), 2) formation of an 
inactive GR complex containing three GR molecules on a negative GRE (Drouin et al. 1993), 
and 3) cross-talk between steroid receptors and the AP-l (josjulI) regulatory pathway, which 
seems to involve both inactivation through direct/os/jufl-receptor interactions and DNA binding 
competition (reviewed in Clark & Docherty 1993; Pfahl 1993; Truss & Beato 1993). 
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9.7 CONCLUDING REMARKS 

In tltis chapter, the basic principles are described of the regulation of TATA-box
containing promoters that are under the control of steroid hormone receptors. Models are 
proposed with respect to two central questions: 1) how are steroid receptors and other 
transcription regulators able to activate (or inhibit) transcription?, and 2) how do steroid 
receptors 'know' when and which genes to regulate in what types of cells? Several processes 
have been postulated concerning the communication between transcription regulators and the 
basal transcription machinery. Those protein domains of the regulators that are essential in this 
communication are referred to as transcription activation units. TAUs are highly regulator
specific and likely represent protein-protein interfaces. The phrases 'unique' and 'specificity' 
are repeatedly used with respect to the diversity issue which covers the problem of steroid 
hormone receptors only regulating their own set of target genes in a cell-specific pattern. 
Multiplicity is achieved through many variabilities, such as multiple TAUs within one receptor 
that are all receptor-unique, modulatory regions, and positive and negative cooperation between 
different transcription regulators. These features and processes in combination with many more, 
complicate the detailed understanding of specific gene expression, but provide enough 
mechanisms to achieve the diversity observed in the actions of nuclear receptors. 
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Chapter 10 

ANDROGEN RECEPTOR MUTATIONS IN HUMAN DISEASE 
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10.1 INTRODUCTION 

As is clear from previous chapters, intentional mutagenesis provided a large amount of 
data on AR functional domains in in vitro and ex vivo (cell line transfection) situations. 
Information on ill vivo AR functioning can be obtained from naturally occurring mutations in 
several human diseases. Mutations in the AR gene have been demonstrated in subjects with 
androgen insensitivity syndrome (AlS), Kennedy's disease, and patients with prostate cancer, 
and in males with breast cancer. These in vivo situations provide the opportunity to correlate 
receptor alteration with the impainnent of its physiological function, which might confitm and 
add new perspectives to the understanding of AR action. 

10.2 ANDROGEN INSENSITIVITY SYNDROME 

The complete form of AIS (also referred to as testicular feminization [Tfm]) is an X
linked disorder, characterized by 46,XY karyotype, external female phenotype, intra-abdominal 
testes, absence of uterus and ovaries, blind ending vagina and gynaecomastia (reviewed in 
Griffin & Wilson 1989; Schweikert 1993). Besides the complete fmID, mutations in the AR gene 
cause a variety of clinical related disorders, covered by the tcnn 'Reifenstein syndrome' which 
will be referred to as partial AIS. 

Insensitivity to steroid hormones has also been reported for glucocorticoids, mineralo
corticoids, progesterone, thyroid hormone and vitamin D" although these cases (except for 
thyroid honnone resistance) are not as frequent as androgen insensitivity and many of them 
concern partial syndromes (Keller et al. 1979) (reviewed in Hughes & O'Malley 1991; Chrousos 
et al. 1993; Refetoff et al. 1993). The relatively high incidence of AlS compared to the other 
insensitivity syndromes, can be explained by several observations. Firstly, the AR gene is the 
only nuclear receptor so far, found to be located on the X-chromosome, and AR mutations thus 
become clinically manifested in males (XY). Mutations in other receptor genes located on 
autosomes are clinically evident: 1) in the homozygous state, which is a rare event if the number 
of mutations in the population is low, or 2) in the heterozygous state as a relatively mild 
syndrome due to the compensating effect from the unaffected allele, or as a more severe defect 
as a result of a dominant negative receptor form. Such dominant negative receptor forms have 
been described in generalized resistance to thyroid hormone and explain its autosomal dominant 
inheritance and relatively high number of reported cases (Refetoff et al. 1993). Secondly, 
androgen action is necessary for male sexual differentiation and fertility, but is not essential for 
life of the individua1. In contrast, estrogen, progesterone, and cortisol action have always been 
thought to be essential for processes during embryogenesis (such as blastocyst implantation) and 
therefore complete insensitivity to these hormones caused by receptor mutations would not be 
compatible with life. However, with respect to estrogen action, this view needs to be 
reconsidered since homozygous dismption of the ER gene in mice did not result in prenatal 
death, although the reproductive functions of these mice were severely affected (Lubahn et al. 
1993). 

A variety of different kind of mutations have been reported in the AR gene causing AlS 
(reviewed in McPhaul et al. 1991; Brinkmann & Trapman 1992; Pinsky et al. 1992; Sultan et 
al. 1993). They include large and single base pair deletions, insertions, and base substitutions. 
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Especially the subtle alterations such as missense mutations, resulting in amino acid substitutions 
add new information to the ill vitro and ex vivo deletion mapping studies. Most mutations 
identified so far are located inthe LBD (Figure 10.1). This is not surprising since it is known 
that almost any alteration in the large LBD interferes with ligand binding (Chapter 5). However, 
the overall distribution of mutations known today might be somewhat distorted, since originally 
most subjects chosen to be screened for AR mutations concerned cases with loss of androgen 
binding. 

Amino acid substitutions affecting ligand binding are scattered throughout the LBD, 
although the frequency of mutations seems to be higher in some regions (McPhaul et aJ. 1992). 
The part of the LBD encoded by exon 5 (residues 716 to 763) contains a relatively large number 
of mutations. The first half (residues 716 to 739) of this region is characterized by mutations 
predominantly causing partial AIS, whereas the second half (amino acids 740 to 763) concerns 
ahnost exclusively substitutions causing the complete form (Figure 10.1). Also the first part of 
the LBD (residues 655 to 709), encoded by the second half of exon 4, only concerns mutations 
causing complete AlS. 
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~ ~30 IlIT 

x ;:;. x ?X x 

...-__ --1I~/_
I /, 

N-termlllUS 

partial AIS 

f- 3 4 H.. f---, 

'" '" 
x x 

complete AIS 

r---i 
hinge 

I f-
Sf- 6 H 7 f---, 

'" '" 'W 
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Figure 10.1 Location of amino acid substitutiolls, small deletiolls and illsertiolls identified in subjects with 
complete or partial AIS. 17/e AR amino acid sequence is depicted as boxes represented by the 
corresponding exoJ/S. The N-termillal domain is encoded by part of exoll1, and so far, 4mutatiolls have 
been identified ill this domain that all resulted directly ill a terminatioll codon (X) or resulted in a 
different reading frame eventually leading to a translation termination (-X). 111 some cases, the same 
residue has beel! substituted illto different amiI/O acids (or terminatioll codolls [X)) ill dijferellf patients 
(indicated as 10llger Iilles) (mutations are reviewed ill McPhaul et al. 1991; Brinkmann & Trapma1l1992; 
Pillsky el al. 1992; Sullall el al. 1993) 
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Also mutations in the DBD causing AlS have been identified (Beitel et al. 1994; 
reviewed in Sultan et al. 1993). The correlation between the substitution of essential amino acids 
and the consequent development of the complete form of AlS is quite strong. Any substitution 
of cysteine residues involved in zinc-ion binding, or mutations of residues contacting the base 
pairs in the HRE, resulted in the complete form of AlS. 

In the hinge region and in the N-tenninal domain, no mutations have been found, except 
for alterations causing premature translational tennination. This observation raises the question 
if single amino acid substitutions in these two domains will ever cause sufficient damage to the 
receptor to result in partial or complete AIS. The fact that the N-terminal domain and hinge 
region are absolutely not conserved among nuclear receptors, and the observation that small 
deletions in these domains could not eliminate AR functioning in transfection assays, strongly 
suggests that such substitutions will not cause AIS. 

Premature stop·codons in various parts of the receptor mRNA introduced by base pair 
substitutions or mutations that result in a different reading frame, have been identified in 
individuals with AlS. As expected, all cases concern the complete fOlID. Interestingly, in a 
subject with a premature stop·codon at codon position 60 (Gln=CAG--TAG=stop), androgen 
binding could still be detected, suggesting alternative initiation downstream of the termination 
codon (Zoppi et al. 1993). This finding, together with the identification of a 87 kDa AR fornl 
in normal fibroblasts, has led to the hypothesis of a and b AR isofOlIDs (Chapter 9.6.1) (Wilson 
& McPhaul 1994). 

10.3 KENNEDY'S DISEASE 

Kennedy's disease or SBMA (spinal and bulbar muscular atrophy) is an X-linked, slowly 
progressing, muscle weakness which becomes manifest in adult males (Kennedy et al. 1968; 
Arbizu et al. 1983). The syndrome is a motor-neuron disease in which bulbospinal motor
neurons slowly degenerate. Affected males may also develop gynaecomastia and sometimes have 
reduced fertility, which suggested a defect in AR functioning. Analysis of the AR gene revealed 
an absolute correlation with an extension of the (CAG), repeat in the coding region of exon 1 
(La Spada et al. 1991). The repeat encodes a glutamine stretch which is polymorphic and 
encompasses between 11 and 31 residues, with an average repeat number of 21, which is most 
common in the (normal) human population (Caskey et al. 1992; Edwards et al. 1992; Sleddens 
et al. 1992). In Kennedy's disease, the amount of glutamines varies between 40 and 53, and 
there seems to be a correlation between the number of residues and the clinical onset of the 
syndrome (La Spada et al. 1991; Biancalana et al. 1992; Igarashi et al. 1992). 

Lengthening of a (CAG), repeat has also been correlated with Huntington's disease 
(HD), spinocerebellar ataxia type I (SCA-l), and dentatorubral and pallidoluysian atrophy 
(DRPLA) (Orr et al. 1993; The Huntington's disease collaborative research group 1993; Koide 
et al. 1994; Nagafuchi et al. 1994; reviewed in Green 1993b). In fact, these syndromes have 
surprisingly many aspects in common: 1) all four are progressive neuron degenerative disorders, 
2) in all four syndromes, the length of the (CAG), repeat is expanded to more than 40 residues, 
while on average approximately 16 to 25 residues are present in the nOlmal state, 3) in 
Kennedy's and Huntington's disease, and presumably in SCA-l and DRPLA, the polymorphic 
repeat encodes a glutamine stretch in the corresponding proteins, and 4) the length of the repeat 
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inversely correlates with the onset of the clinical features (Andrew et a1. 1993; Chung et a1. 
1993; Duyao et al. 1993; Myers et al. 1993; Orr et al. 1993; Snell et al. 1993; The 
Huntington's collaborative research group 1993). 

Two other disorders have been associated with triplet repeat expansions: Fragile X 
syndrome (FraXA) and myotonic dystrophy (DM) (Kremer et a1. 1991; Verkerk et a1. 1991; 
Brook et a1. 1992; Fu et al. 1992; Mahadevan et al. 1992) (reviewed in Caskey et a1. 1992; 
Edwards et al. 1992; Richards & Sutherland 1992). These syndromes however, differ in several 
aspect with the (CAG), repeat related diseases. They concern other triplets (FraXA: CGG; DM: 
CTG) that are not located in a coding region and can extend in disease states to more than 1000 
triplets (Figure 10.2; reviewed in Caskey et a1. 1992). 

- Fragile-X Syndrome (FMR-l ) 
AAAAA 

(CGG)7_50 --0> 1 >250 1 

- Myotonic Dystrophy ( Myotonin Kinase) 

l:000Yff$.&'ff/0//$ffffff/{I/............. AAAAA 

(CUG)5_35 --0> ~ 

- Kennedy's Disease ( Androgen Receptor) 

(CAGll_31--o> 140-60 1 

- Huntington's Disease ( Huntingtin ) 

I~~/ff$###/"ffffil 

(CAGlI.34 --0>142-1001 

- Spinocerebellar Ataxia type 1 

AAAAA 

AAAAA 

AAAAA 

location unknown 

- Dentatorubral and pallidoluysian atrophy 
AAAAA 

(CAG~_25 -----7149-751 location not exactly known 

Figure 10.2 Syndromes correlated with trinucleotide repeat extension. The locatioll. sequence alld 1I0rmai 
range of the amount of triplels are shown ill the mRNA of the affected gene. The lengtll of the repeat in 
the diseased state is boxed. For references see text. 

81 



Chapter 10 

The role of the glutamine repeat is unknown, although its function in AR transcription 
activation has been investigated (Chapter 9.5.1; Appendix paper V). Deletion of the stretch 
resulted in an increased trans activity • whereas an extension to 48 or 50 residues reduced AR 
activity to approximately 50% (Appendix paper V; Mhatre et al. 1993). These transfection 
results correspond to the clinical features of gynaecomastia and reduced fertility in some 
Kennedy's disease patients, that indicate a decreased AR functioning. It could be argued that 
a reduced AR activity would be damaging to motor-neurons and subsequently cause Kennedy's 
disease. There are reports of testosterone effects on rat and human neurons and the presence of 
ARs in rat and human motor-neurons has been demonstrated (Araki et al. 1991; Kurz et al. 
1992; Hodges et al. 1993; Matsuura et al. 1993; Zhou et al. 1993; Nakamura et al. 1994). 
However, individuals with partial or complete AIS and nOtillal women (low testosterone) have 
no clinical features of Kennedy's disease, which implies that a decreased AR functioning itself 
cannot be the exclusive cause. These contra-arguments rather indicate a positive dominant effect 
of the (CAG), repeat extension on motor-neuron degeneration, which is the case in HD, SCA-l 
and DRPLA. The question then arises: why do women who carry the affected AR not develop 
the syndrome? Possibly, due to X-chromosome inactivation, only half of the respective neurons 
express the affected AR, which means that female carriers will retain a sufficient number of 
non-affected motor-neurons to prevent manifestation of clinical features. In addition, periphere 
male levels of testosterone might be needed for the affected AR to become harmful for neurons. 
In confonnity with this reasoning, Green (1993b) suggested that ARs containing an expanded 
GIn-stretch would be a better substrate for the enzyme transglutaminase (TGase). TGase, which 
is expressed in many different cell types (including neuronal tissues), catalyses the coupling of 
glutamine and lysine residues via their side chain groups (Chapter 2.1; Figure 2.1 for reaction). 
The reaction results in a covalent isopeptide crosslink that is stable and resistant to proteolysis 
(Greenberg et al. 1991). Since the expanded GIn-repeat might turn the AR into a TGase 
substrate, gradual accumulation of an undegradable isopeptide may eventually become toxic to 
the cells expressing the affected AR. In combination with the fact that neuronal cells and few 
other cell types such as Sertoli cells do not regenerate, the late onset and slowly progressive 
features are explained. This hypothesis is in agreement with the observation that the larger the 
extended repeat, the earlier the onset of clinical symptoms, and also explains the observation 
that up to now no regions coding for Gin-stretches of more than 38 residues were found in 
normal alleles (Green 1993b). The TGase hypothesis is likely also applicable to Huntington's 
disease, spinocerebellar ataxia type I ,and dentatorubral and pallidoluysian atrophy. The origin 
of the partially different clinical symptoms between these four syndromes, might be due to 
expression level, cell-specific expression and characteristics of the respective proteins carrying 
the expanded repeat. 

10.4 PROSTATE CANCER AND MALE BREAST CANCER 

One of the target organs for androgen action is the prostate. Its development, growth, 
and maintenance of functions is largely dependent on DHT. which is also hue for primary 
prostatic tumours (reviewed ill Schroder 1991; Gittes 1991; Santen 1992; Dearnaley 1994). 
Despite the initial androgen dependency of human prostate cancer, eventually they will become 
androgen-independent during androgen-ablation or antiandrogen therapy. The mechanism of this 
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transition is unclear, although the AR could in theory playa major role. Deletion of the LBD 
for example, converts the receptor into a constitutively active transcription regulator (Jenster et 
al. 1991 [Appendix paper ID. Moreover, mutations in the LBD could increase androgen affinity, 
or change hormone- or antiandrogen specificity. Examples of such receptor alterations have been 
reported for several steroid receptors. In female breast cancer, variant human ERs have been 
demonstrated, that lack part of their LBD and display a constitutive transcription activity (Fuqua 
et al. 1991). A single amino acid substitution in the LBD of the rat GR increased its affinity for 
cortisol (Chakrabarti et al. 1991). 

For the AR, a mutation has been identified in the LBD (868: Thr-->Ala) that resulted in 
a changed ligand binding specificity (Veldscholte et al. 1990). Interestingly, this substitution was 
originally found in the prostate cancer cel1line LNCaP (lymph node carcinoma of the prostate), 
but has recently also been demonstrated in metastatic prostate cancer tissue from a patient 
treated with antiandrogens (Suzuki et al. 1993). Since it has been shown that due to this 
substitution antiandrogens, estrogen, and progesterone are able to activate the mutant AR, it 
seems plausible that the anti androgen treatment had an opposite effect and selectively induced 
growth of cells expressing this AR mutant. 

Table 10.1 AR mutations in prostate and male breast cancer 

PROSTATE CANCER 

Mutation Position 

(CAG) "-->(CAG),, 55 

Leu ...,. His 692 

Val ...,. Met 706 

Val ...,. Met 721 

Thr ...,. Ala 868 

MALE BREAST CANCER 

Mutation Position 

Arg ...,. Gin 598 

Arg ...,. Lys 599 

Effect 

unknown 

unknown 

increased transactivity 
by adrenal androgens and 
progesterone 
wild type activity 

LNCaP mutation: changed 
affinity for hormones and 
antiandrogens 

Effect 

partial AlS 

partial AlS 

Mutations ill the human AR identified ill prostate callcer alld male breast cancer. 

Reference 

Schoenberg 
et a1. 1994 
Suzuki et 
a1. 1993 
Ollig et al. 
1993 

Newmark et 
a1. 1992 
Schoenberg 
et a1. 1994 
Suzuki et 
a1. 1993 

Reference 

Wooster et 
a1. 1992 
Lobaccaro 
et a1.1993b 
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Another residue substitution has been identified in the AR LBD resulting in different AR 
characteristics. The mutation alters a valine into a methionine residue at position 706 and was 
found in endocrine therapy-resistant prostate cancer (Culig et al. 1993). Although the binding 
affinities of this AR mutant for a variety of compounds was not different from those of the wild 
type AR, progesterone and adrenal androgens (dehydroepiandrosterone and androstenedione) 
mediated a higher transcription activation through the mutant than through the wild type AR 
(Culig et al. 1993). Besides these two AR mutations, ordy three other alterations have been 
described in prostate cancer (Table 10.1). The effect on AR functioning has not been reported 
for all of them yet (Suzuki et al. 1993; Schoenberg et al. 1994). The total group of prostate 
cancer patients screened for AR mutations exceeds 150, and it can be concluded that this kind 
of alterations do not play an important role in the etiology of prostate cancer or of transition into 
androgen-independent growth. 

Besides prostate cancer, the relatively rare male breast cancer has also been implicated 
as a disease possibly induced or enhanced by AR mutations. In two different cases of partial 
A1S, the subjects developed breast cancer (Table 10.1) (Wooster et al. 1992; Lcbaccaro et al. 
1993b). Up to now, it is not clear if the AR substitutions directly influenced the breast cancer 
development and growth, or that the cancer is a result from the increased risk of breast cancer 
because the AR mutation caused partial A1S and subsequent gynaecomastia (Lobaccaro et al. 
1993a). Like prostate cancer, the very few mutations identified in the group of patients 
screened, reveals that AR mutations are not one of the main causal factors of male breast 
cancer. 
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From the large number of studies on AR functioning it is evident that the AR's ultimate 
objective is specific and efficient transcription regulation. To perform this function, the AR has 
910 amino acids at its disposal that are partitioned over several functional and structural 
domains. For transcription activation, the receptor needs at least a transcription activation unit 
(TAU) located in the N-terminal domain, and a DNA binding domain (DBD) which consists of 
two zinc-finger modules. The AR shows androgen-dependency through a ligand binding domain 
which is linked to the DBD via the hinge region (Figure 11.1). Additional signals and units are 
certainly or likely necessary for: 1) nuclear import, 2) efficient protein folding and transport to
and into the nucleus chaperoned by hsps, 3) intra-nuclear positioning and anchorage by nuclear 
matrix binding, 4) specific and cooperative DNA binding through dimerization, and 5) 
enhancement of transactivity by N-terminal phosphorylation. 

Imlmll~1 

80 93 

II 

II!B: 

... -

transcription activation 
of wild type AR: TAU-l 

transcription activation 
of constitutive AR mutant: TAU-

phosphory lation 
mobility retardation in SDS-PAG 

DNA binding 

nuclear import 

ligand binding 

hsp90 association 

nuclear matrix binding 

dimerization 

Figure 11.1 Localization and size of the variolls signals alld domains ill the }Ulman AR respollsible for 
the different AR characteristics. Details of the different domains are discussed ill the corresponding 
chaplers. 

Based on the 'exons coding for protein units' theory described in Chapter 1.1.3, it can 
be expected that every receptor domain responsible for a specific feature is encoded by a 
separate exon. This seems to be true for transcription activation and DNA binding, but many 
other activities are executed by the large LBD which is encoded by 5 different exons. The 
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observation that one large domain performs various AR activities that seem indistinguishably 
integrated, suggests degeneration of the original exon-protein unit pattern. 

Besides the efficient execution of transcription regulation, this process is highly specific 
regarding AR unique target genes that are expressed in specific cell types. To comply to 
specificity, diversity among the steroid receptors is achieved mainly by cell-specific receptor 
expression, ligand-specificity and availability, and the large and unique N-terminal domain. The 
N-telminal domain contains different, but ovedapping TAUs which might share structural 
elements that shape them, but at the molecule surface most likely interact specifically with 
different transcription factors. Multiple protein-protein interfaces (as part of TAUs) that are AR
unique, provide the conditions for gene-specific transcription regulation. 

Naturally occurring AR mutations and their physiological effects confum results from 
ill vitro and cell line transfection mutational analysis studies. Many substitutions in the AR DBD 
and LBD disrupt these domain's respective functions. On the other hand, the absence of 
naturally occurring amino acid substitutions in the AR N-tenninal domain, might reflect the 
impossibility to attribute transactivity to only a small N-telminal motif in transfection assays. 
This raises the question whether any small N-terminal mutation (except for those resulting in 
translational termination) can be disruptive enough to cause physiological AR impainnent. The 
general conformity between the ill vivo findings and cell line transfection studies, shows that 
transient transfection is a useful model system to investigate AR functioning. 

Several major challenges confront the field of nuclear receptor research, among which 
the elucidation of the 3-dimensional confomlation of the LBD and the N-terrninal domain. This 
knowledge would provide an enormous amount of information concerning specific ligand 
interaction, and other LBD features such as hsp binding. nuclear matrix association and 
dimerization, and on protein-protein interfaces of the N-terminal domain. The latter information 
could be velY useful to the expanding field of research on the large heteromeric protein 
complexes positioned on gene promoters, and on the role of the receptor therein. 
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SUMMARY 

A series of human androgen receptor (AR) deletion mutants was constructed to study the 
relatiol15hip between the structural domains and their different functiol15 in the AR protein. 
Human AR mutants were expressed in COS-l and HeLa cells to investigate hormone binding, 
transcriptional activation and subcellular localization. The wild type human AR (AR 1-910) was 
expressed as a 110-112 kDa doublet as revealed on immunoblots. All mutant AR proteins also 
migrated as doublets, except for one. TIlls AR has a deletion from amino acid residue 51 to 211 
and migrated as a single protein band, possibly due to altered post-translational modification. 
The AR steroid binding domain is encoded by approximately 250 amino acid residues in the C
terminal end. Deletions in this domain as well as truncation of the last 12 C-terminal amino acid 
residues abolished hormone binding. Co-tral15fection studies in HeLa cells showed that 
tral15criptional activation of an androgen regulated reporter gene construct was induced by the 
wild type human AR. Mutational analysis revealed a region in the N-terminal part encoded by 
amino acid residues 51-211, to be essential for this transcriptional activation. Deletion of the 
hormone-binding domain yielded a constitutively active AR protein, indicating that in the 
absence of hormone this domain displays an inhibitory function. In the presence of its ligand 
the wild type AR was located in the cell nucleus. In the absence of androgens the receptor was 
mainly nuclear but cytoplasmic localization was observed as well. In contrast, an AR deletion 
mutant lacking part of the DNA binding domain and part of the hinge region was exclusively 
cytoplasmic in the absence of hormone. This mutant AR lacks a region which is highly 
cOl15erved among steroid receptors and homologous to the SV40 large T antigen- and 
nucleoplasrnin- nuclear localization signals. Transfonnation by hormone directed this mutant to 
the nucleus, indicating the presence of a second, hormone-dependent nuclear targeting 
mechanism. 

INTRODUCTION 

Androgens are essential for sexual differentiation of the male embryo and responsible 
for initiation and maintenance of spermatogenesis. Testosterone and dihydrotestosterone mediate 
their function through the intracellular androgen receptor (AR). Upon binding of androgen, the 
steroid-receptor complex interacts with specific DNA sequences, located in the flanking regions 
of target genes, resulting in the up or down regulation of the expression .of these genes. 

The AR is a member of the superfamily of ligand-dependent transcription factors, which 
includes receptors for retinoic acid, vitamin D3, thyroid hOlmone and other steroid hormones 
(Eval15 1988; Green & ChambonI988). Mutational analysis combined with functionality studies, 
revealed three major functional domains within the glucocorticoid- (GR), progesterone- (PR) 
and estrogen- (ER) receptors (Giguere et al. 1986; Gronemeyer et al. 1987; Kumar et al. 1987; 
Dobson et al. 1989). The poorly conserved N-terminal region is involved in transcriptional 
activation. Two more conserved domains correspond to the cysteine-rich DNA-binding domain 
and the C-terminal ligand-binding domain. Other sequences, connected with common steroid 
receptor characteristics such as interaction with 90 kDa heat shock protein (Kost et al. 1989; 
Pratt et al. 1989; Howard et al. 1990; Pratt 1990), receptor dimerization (Tsai et al. 1988; 
Fawell et al. 1990) and nuclear entering (Picard & Yamamoto 1987; Guiochon-Mantel et al. 
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1989) also show some conservation. Structural homology between the AR and other steroid 
receptors indicates that similar regions are present in the AR. 

Important information concerning the function of AR domains can be deduced from 
naturally occurring mutations in the AR in individuals with the androgen insensitivity syndrome. 
A numbe-r of different point mutations and deletions have illustrated the importance of the C
temlinal region in functional ligand binding (Lubahn et a!. 1989; Brown et a!. 1990; Marcelli 
et a!. 1990b; Ris-Stalpers et a!. 1990; Sai et a!. 1990). 

The subcellular localization of the PR and ER is mainly nuclear, even In the absence of 
ligand (King & Greene 1984; Perrot-Applanat et a!. 1985; Guiochon-Mantel et a!. 1989). In 
contrast, the GR is mainly cytoplasmic in the absence, and nuclear in the presence of hormone 
(Fuxe et a!. 1985; Picard & Yamamoto 1987; Wikstrom et a!. 1987). Immunocytochemical 
analysis of the subcellular localization of the AR in nom",l and castrated rats shows the AR to 
be located in the nucleus (Husmann et a!. 1990; Sar et a!. 1990). Similarly, in prostate tissue 
derived from prostate cancer patients under androgen ablation therapy. the AR is mainly nuclear 
(van der Kwast et a!. 1991). In contrast, recent In vitro mutagenesis studies with the human AR 
overexpressed in COS cells, showed the AR to be cytoplasmic in the absence and nuclear in the 
presence of androgens (Simental et a!. 1991). 

Different mechanisms for nuclear entering have been proposed for the GR and PR 
(picard & Yamamoto 1987; Guiochon-Mantel et a!. 1989). A SV40 large T antigen-like nuclear 
localization signal (NLS) constitutively directs the PR to the nucleus. This NLS, although 
present, seems not to be functional in the GR. The GR becomes nuclear after activation of a 
second, hormone-dependent translocation process. 

In an ongoing study on AR expression and the molecular mechanism of androgen action, 
we are interested in defining the relationship between the structural domains and their various 
functions in the human AR. We have constructed a set of AR deletion mutants and expressed 
these transiently in COS-l and HeLa cells. The ability of these AR mutants to bind hormone 
and to activate transcription was examined. In addition, the subcellular localization of these AR 
mutants was determined. 

RESULTS 

Expression of androgen receptor proteins 

Full-length eDNA coding for the human AR was cloned Into an eukaryotic expression 
vector (pSV-ARO, coding for AR 1-910) designed for high level expression in COS and HeLa 
cells (Brinkmann et al. 1989). From this expression vector, a series of deletion mutants was 
constructed. COS-l cells were transfected with plasmid DNA, and expressed AR was analyzed 
by immunoblotting. A monoclonal antibody (F39.4.1) raised against a synthetic peptide 
corresponding to AR amino acid residues 301-320, was used to specifically immunoprecipitate 
the AR (van Laar et a!. 1989; Zegers et a!. 1991). 

As shown in Fig.1A, the wild type human AR (AR 1-910) migrated as a 110-112 kDa 
doublet, possibly reflecting different degrees of phosphorylation. A less prominent 82 kDA band 
may result either from internally initiated translation or from proteolytic degradation. If 
translation would start at the second or third AUG it would result in AR proteins of 
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approximately 87 and 80 kDa, respectively. With one exception (AR.t.51-211), all the Illutant 
AR proteins (see Figure 2) migrated as doublets (Figure lA). Besides being expressed as a 
single protein band, AR.t.51-211 migrated with the same mobility as AR 1-653, although the 
calculated molecular mass of ARt.51-211 is approximately 13 kDa higher than that of AR 1-653 
(Figure lB). These findings indicate a possible post-translational modification event in the 
region 51-211. 

Two mutant AR proteins (ARi137-494 and AR.t.244-360) cannot be recognized by the 
monoclonal antibody because they lack the peptide sequence to which the antibody is directed. 
Since AR.t.37-494 and AR.t.244-360 specifically bind RI881, we conclude that both receptor 
Illutants are properly expressed (Figure 2). 

A 

B 

M 
kDa 

205 -

pAR 1-910 
pAR A 37-494 
pAR b. 51-211 
pAR 1-653 
pAR 1-713 
pAR 1-796 
pAR 1-898 
pAR ..-..651-712 
pAR A 557-653 
pAR A 24<\-360 
pAR A 712-731 

SOS-PAGE sizes 
kOn 

110 

., 
M 
09 

9' 
103 

98 
96 

101 

Calculated sizes 
kDo 

·98.4 
52.0 
81,1 
68.5 
74.9 
85.0 
96.9 
91.8 
87.9 
06.9 
96.3 

Figure 1 lmmulloblot afwild type AR and AR lIluta11!s expressed ill COS-1 cells. 
A: AR proteins, synthesized ill COS-J cells were il1llllulloprecipitated with the mOl/oclollal antibody 
P39.4.1, separated by SDS-po/)'acry/amide gel electrophoresis, blotted alld immutlostained with the 
polycloJlol antibody Sp061. Molecular weight markers were rull 011 a parallel lalle (M). 
B: Calculated alld SDS-PAGE determined molecular masses of the AR deletioll mutants. 
Calculated lIIolecular masses are based Oil the amino acid residue contelll of the different AR mutallls. 

Hormone binding of mutant androgen receptors 

The ability of wild-type and AR mutants expressed in COS-l cells to bind specifically 
the synthetic androgen RI881 was examined next. Deletion of amino acid residues 651-712 or 
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712-731 in the C-tenninal domain of the AR abolished honnone binding completely (Figure 2). 
In addition, truncated receptors lacking the last 257, 197, 114 or 12 amino acid residues were 
unable to bind RI881. Deletions in the N-terminal and DNA-binding domain 
(AR~557-653, AM37-494, AM51-211 and AR~244-360) did not affect hormone binding. 
These results are in agreement with mutational analysis studies performed with GR, PR and ER, 
indicating that also in the AR the C-terminal part is the steroid binding domain (Giguere et a1. 
1986; Gronemeyer et a1. 1987; Kumar et a1. 1987; Dobson et a1. 1989). 

Domains required for transcriptional activation 

Cotransfection in lIeLa cells of the AR expression plasmids and a plasmid containing 
an androgen-regulated reporter gene was perfonned, to study the ability of different AR mutants 
to induce transcription. The reporter plasmid contains two PREIGREs in front of the thymidine 
kinase (tk) promoter linked to the chloramphenicol acetyltransferase (CAT) gene (pG29GtkCAT) 
(Schille et a1. 1988). Cotransfection of pAR 1-910 together with pG29GtkCAT in the presence 
of 10 nM R1881, resulted in a 50-fold induction of CAT expression as compared to the CAT 
activity of the uninduced AR 1-910 (Figure 2). C-terminal deletions of either the last 12 or the 
last 114 amino acid residues inactivated the receptor. 

Deletion of the complete steroid binding domain (approximately 250 amino acid residues) 
resulted in a constitutively active AR protein. AR 1-653 was found capable to induce 
transcription, also in the absence of hormone to approximately the same level as the wild type 
AR in the presence of hormone. AR 1-713 is also constitutively active, but its level of induction 
of CAT activity was approximately 40% of the wild type AR activity. AR mutants with small 
deletions in the C-terminal domain (e.g. residues 651-712 and 712-731) which abolish RI881 
binding, showed no measurable CAT induction capacity. The requirement of the DNA binding 
domain for transcription activation is illustrated by mutant AM557-653, which lacks this 
domain and was inactive. The N-terminal domain, which is completely encoded by exon 1 
sequences, is of crucial importance for transcriptional activation. A mutant AR with a large 
deletion in the N-terminal domain (AM37-494) was still able to bind honnone but did not 
induce CAT activity. Mutant AM51-211 showed a strongly decreased CAT induction capacity, 
which was only 5% of the wild type AR level, while AR~244-360 was still quite capable of 
inducing CAT activity (approximately 75%) (Figure 2). 

Subcellular localization 

To define the mechanism and the domains involved in the nuclear localization, the 
different AR mutants were transiently expressed in COS and HeLa cells. After transfection, the 
cells were fixed and immunostained using the monoclonal antibody F39.4.1. The number of 
stained transfected COS-I cells corresponded to a transfection efficiency of 5-15%. The 
transfection efficiency of the HeLa cells was in the range of 2-5%. 
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Figure 2 Steroid binding alld CAT inductioll capacity of Iwman AR deletion mutants. 
ARproteills were e)..pressed ill COS-J cells alld hormone binding was determined by whole celilabelillg 
with PH] Ri88i. Transcriptiollal activit)' was examined by cOfral/sfeetioll afAR expression plasmids alld 
a GREtkCAT reporter plasmid. CAT acth'ity was determined from celllysates of trans/eeted HeLa cells 
cultured, in the absence (- RI881) or presence (+ RI88l) Of 10 JIM RIB81. Activities were corrected/or 
the GREtkCAT background alld are presented as percellfage relative to the wild type AR. Ig represents 
the position o/the synthetic peptide used/or the generation o/the Sp061- alld F39.4.1 antibodies. 111 the 
origina/manuscript, the CAT-acti\Iity of AR!l.244-360 (*) was reported to be < 1. Reexamination 0/ this 
construct revealed an illsertioll at codon positioll 244 resulting ill a frame-shift and a premature 
stopcodoll. The speCific fH}-R1BBl binding obsen'ed after expression of this AR mutant was due to 
alternative translational starts. As is shown ill the figure, the correct AR!l.244-360 mutallf was capable 
0/ activating transcrlplioll to approximately 75% as compared to the wild type AR. A rectijicatioll has 
been submitted to the journal. 

The subcellular localization of the wild type AR in the absence of honnone was mainly 
nuclear in transfected COS-I cells. Nucleoli were not stained. Addition of 10 oM RI881 
directed the remaining cytoplasmic AR to the nucleus, suggesting that in addition to the 
constitutive import of AR into the nucleus, a hormone dependent nuclear uptake process can be 
active (Figure 3A and 3D). 
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Figure 3 Immullocyfoc/zemicallocalizatioll a/the wild type alld human AR lllutallIs. 
COS-J cells were plated directly 011 microscope slides alld trans/eeted using the calcium phosphate 
method. Olle day after the additioll of the DNA precipitate, fhe cells were washed alld incubated/or 24 
It with (rigilt pallels B,D and F) or without (left pallels A, C and E) 10 11M RiB81. Subsequently, the cells 
were fixed alld stained llsing the peroxidase procedure as described ill Materials and Methods. The 
differellf immww-grapJzs show: wild type AR (A alld BJ; constitutively acti\'e AR 1-653 (C and D); 
ARtJ.557-653 (E alld F). 

Deletion of a large part of the DNA binding domain together with part of the hinge 
region (AR.6557 -653) resulted in an exclusively cytoplasmic localization of the AR protein in 
the absence of hormone (Figure 3E). The deleted region contains a nuclear localization signal, 
similar to the SV40 large T antigen nuclear entering signal (human AR amino acid residues 620-
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626: arg-Iys-Ieu-Iys-Iys-Ieu-gly). Tins signal is highly conserved among steroid hmmone 
receptors (Ouiochon-Mantel et a!. 1989). Interestingly, addition of hormone induced nuclear 
Import of AM557-653 into the nucleus (Figure 3F). This confinus the observation made with 
the wild type receptor that the androgen receptor is capable of entering the nucleus by a 
hormone dependent nuclear translocation mechanism. AR mutants lacking small parts of the C
tenninal domain (AR 1-898, AM651-712 and AM712-731) were located mainly in the nucleus 
(Figure 4). These proteins are unable to bind hormone, and addition of ligand therefore had no 
effect on the distribution of the AR over nucleus and cytoplasm. The constitutively active AR 
1-653, which lacks the steroid binding domain, showed almost no cytoplasmic localization in 
transfected COS-l cells (Figure 3C and 3D). A mutant AR, essentially identical to AR 1-653, 
but lacking a region of 30 amino acid residues containing the SV40 large T antigen-Ilke NLS, 
was cytoplasmic in the absence and presence of honnane (data not shown). This indicates that 
the nuclear Import of AR 1-653 is controlled by the NLS rather than that its reduced size results 
in a protein, small enough to pass unhindered through nuclear pores. A 51-211 deletion in the 
N-terminal domain did not affect the subcellular distribution, as compared to the wild type AR. 
Subcellular localization experiments perfomled with HeLa cells gave essentially identical results 
(data not shown). 
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Figure 4 Subcellular localization of human AR deletiolllllllfallls. 
Nuclear (N) alld cytoplasmic (e) localization afAR proteins ill (ral/sjeeted COS-J alld Hew cells ill the 
absellce (- R1881) or presellce (+ R1881) of 10 11M R1881. 19 represellts the positioll of the sYllthetic 
peptide llsed for the gelleration of the Sp061- alld F39.4.1 antibodies. 

The medium in which the COS-l and BeL1 cells were cultured and transfected contained 
5 % charcoal-stripped fetal calf serum and 45 I'M phenol red. It has been shown that high 
concentrations of phenol red can direct the OR to the nucleus (Picard & Yamamoto 1987) and 
it was detemlined therefore whether phenol red could interfere with the subcellu1ar distribution 
of the AR. Control experiments were performed also in the compiete absence of serum. COS-l 
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cells expressing the wild type AR or AR6557-653 were grown, one day prior to fixation, either 
on serum- and phenol red-free medium, or on phenol red-free medium containing 5% charcoal 
stripped serum. Using these media no significantly different subcellular distribution of the AR 
was observed, as compared to the results of all other experiments which were obtained in 
medium containing charcoal stripped serum and phenol red (data not shown). The finding that 
phenol red does not influence the nuclear entering of the AR is in agreement with the 
transcriptional activation experiments where CAT activity of the wild type AR, estimated using 
phenol red containing medium, was not different from the control (only CAT reporter construct 
transfected) in the absence of R188I. 

DISCUSSION 

Mutational analysis of the human AR through expression of AR mutants in COS-l and 
HeLa cells has facilitated structural and functional characterization of the AR domains including 
regions for steroid binding. transcriptional activation and subcellular localization. 

The wild type AR expressed in COS-l cells migrated as a 110-112 kDa doublet when 
analyzed by SDS-polyacrylamide gel electrophoresis. This doublet represents AR isoforms, 
produced through post-translational phosphOlylation (Kuiper et al. 1991). The B-form of the PR 
migrates as a triplet when 11m on SDS-polyacrylamide gel. These PR-B isoforms are also caused 
by differential phosphorylation (Sheridan et al. 1989). All the investigated ARdeletion mutants 
migrated as doublets, with one exception; AM51-211 migrated as a single protein band with 
an apparent molecular weight of 84 kDa. It is tempting to speculate that in the deleted part of 
ARA51-211, one or more serine, threonine or tyrosine residues are located, which are 
phosphorylated in the wild type AR, giving rise to the slower migrating band of the doublet. 
Two possible phosphorylation sites for proline directed kinase that conform to the Ser-Pro motif 
are located in this region (Ser-Pro at sites 80 and 93) (Paber et al. 1989). In the chicken PR, 
two serine residues in the N-terminal domain with this Ser-Pro motif can be phosphorylated 
(Denner et al. 1990b). 

Besides being expressed as a single protein band, AM51-211 migrated with the same 
mobility as AR 1-653 and even faster than AR 1-713 when analyzed by SDS-polyacrylamide 
gel electrophoresis. This is unexpected since the calculated molecular mass of AM5I-21I is 
larger than those of AR 1-653 and AR 1-713. Possibly AM51-211 has undergone less or no 
post-translational modification or the constitutively active AR 1-653 and AR 1-713 are subject 
to extra modification. 

It has been shown for other steroid hormone receptors that the honnone binding domain 
is restricted to the approximate last 250 amino acid residues (Kumar et al. 1987; Dobson et al. 
1989; Simons et al. 1989). Unlike the ER, where truncation of 61 amino acid residues does 
not affect hormone binding (Lees et al. 1989), the truncation of 12 amino acid residues in the 
AR resulted in complete loss of binding of R1881. Deletion of a small region of 19 amino acid 
residues (AR6712-731) within the steroid binding domain also completely abolished specific 
RI88I binding. This small deleted region is very conserved among steroid receptors and is 
supposed to be a site of receptor-hsp90 interaction (Kost et al. 1989; Pratt et al. 1989; Howard 
et al. 1990). 

Complete deletion of the steroid binding domain resulted in an AR that was constitutively 
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active. Truncation of the C-telminal 257 amino acid residues of the AR yielded a protein 
capable of complete transcriptional activation of the CAT reporter gene in the absence of 
honnone. Deletion of the C-terminal 197 amino acid residues resulted in a constitutively active 
AR with approximately 40% activity as compared to wild type AR. These results agree with 
earlier published reports on the AR (Marcelli et al. 1990a; Rundlett et al. 1990) and GR 
(Godowski et al. 1987b; Miesfeld et al. 1987; Hollenberg & Evans 1988). Lower CAT 
induction levels have been found by Simental et al. (Simental et al. 1991). Their AR mutant, 
comparable to AR 1-653, was capable to induce transcription of a MMTV -CAT reporter gene 
to only 10% of the wild type AR capacity. These variations in CAT induction could be caused 
by differences in AR protein expression levels or by the fact that different reporter gene 
promoters were used. From the results we can conclude that the C-tenninal steroid binding part 
of the AR acts as a regulatory domain, that prevents transcriptional activation in the absence of 
hormone. 

The N-terminal domain of the human AR was found to be essential for transcriptional 
activation of the CAT reporter gene. Deletion of a large part of this domain (AM37-494) 
completely inactivate the AR. Structural comparison of the N-tenninal domain of steroid 
receptors showed a relatively high amount of acidic amino acid residues (Danielsen et al. 1987; 
Faber et al. 1989). Deletion of this acidic region in the human GR (amino acid residues 77-262, 
referred to as transcription activation unit [TAU-I]) strongly reduced the transcriptional 
activation capacity (Hollenberg et al. 1987; Hollenberg & Evans 1988). Acidic domains of 
variable sizes are common to several transcription regulating proteins, and at least for two yeast 
factors the function of these domains in transcription regulation is evident (ptashne 1988). AR 
deletion mutant AM51-211 lacks a portion of the acidic region and has a strongly reduced 
transcriptional activation capacity. It can be speculated that the acidic region is of high 
importance for transcriptional activation; however, other explanations are possible. As discussed 
above AM51-211 might be different post-translationally modified. Furthennore, the deleted 
region in this AR mutant contains three homopolymeric glutamine stretches. Several 
homopolymeric amino acid stretches (viz. poly-glutamine, a poly-glycine, a poly-alanine and 
a poly-proline stretch) are present in the N-tenninal domain of the human AR (Faber et al. 
1989). The function of these amino acid repeats is at present unknown. Most proteins in which 
similar repeats have been identified are involved in developmental control and/or regulation of 
gene expression (Haynes et al. 1987; Burglin 1988). Interestingly, a large poly-glutamine stretch 
is also present in human TFIlD (peterson et al. 1990). 

The results of the subcellular localization experiments are in agreement with the in vivo 
immunohistochemistry studies perfollued with rat and human tissues (Husmann et a1. 1990; Sar 
et al. 1990). The AR is nuclear in the presence but also in the absence of androgens, although 
there is a significant cytoplasmic localization when hormone is absent. The nuclear localization 
is mainly determined by amino acid residues in the region 557-653. In the absence of hormone, 
AM557-653 is almost exclusively cytoplasmic. The deleted region contains a nuclear 
localization signal similar to the SV40 large T antigen NLS which is conserved in all steroid 
hmmone receptors (Guiochon-Mantel et al. 1989). It has been shown that this SV40 large T 
antigen-like NLS is responsible for the nuclear entering of the PR (Guiochon-Mantel et al. 
1989). Interestingly, the addition ofR1881 directed the cytoplasmic ARLl557-653 to the nucleus, 
indicating the existence of a second, hormone-dependent nuclear import mechanism. Similar 
results have been obtained with PR deletion mutants lacking the SV40 large T antigen-like NLS 
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(Ouiochon-Mantel et aJ. 1989). Picard & Yamamoto (1987) showed that the subcellular 
distribution of the OR is regulated by such a hormone-dependent nuclear entering mechanism. 
The molecular nature of the hormone-dependent nuclear localization mechanism is unclear I and 
it is not known where the putative signal sequence is situated in the receptor molecule. Studies 
with chimeric B-galactosidase/OR proteins have shown that the steroid binding domain of the 
OR is capable of directing the cytoplasmic B-galactosidase protein to the nucleus in a hormone
dependent fashion (Picard & Yamamoto 1987). The present investigation indicated that a similar 
NLS may be present in the AR and becomes activated upon hormone binding. Experiments are 
in progress to substantiate further the activity and localization of the second NLS in the AR. 

In a recent study, Simental and co-workers (1991) presented evidence that the wild type 
human AR is cytoplasmic in the absence and nuclear in the presence of hormone, which is in 
contradiction with the observations presented here. An explanation for this discrepancy has not 
yet been found, but we have mled out a possible effect of the composition of the culture 
medium. 

In conclusion, the data presented show that: 1) the functional domain stmcture of the AR 
is comparable to that of the OR and PR, 2) at least one part of the N-terminal domain is 
important for the trans-activation function of the AR, 3) the doublet appearance of the AR in 
SDS-polyacrylamide gel electrophoresis might be due to post-translational phosphorylation of 
amino acid residues in the N-terminal region and 4) the AR contains at least two nuclear 
localization signals, of which one is hOlmone-dependent. 

MATERIALS AND METHODS 

Cen culture and transfection 

COS-l and HeLa cells were maintained in Eagle's llUIllmum. essential medium 
supplemented with 5 % fetal calf serum (FCS), non-essential amino acids and antibiotics. 
COS-l and HeLa cells were transfected using the calcium phosphate precipitation method (Chen 
& Okayama 1987). 

AR expression vectors 

A human AR cDNA expression vector (pAR 1-910) was constructed using the SV40 
early promoter and the rabbit 6-globin polyadenylation signal (Brinkmann et aJ. 1989). AR 1-
898, AR 1-796, AR 1-713 and AR 1-653 are C-terminal tmncation mutants made by 
introduction of a stop codon in the 3' part of the AR cDNA. For that purpose, a Xba I-linker 
(promega, Madison, WI, U.S.A.) that contains an in frame stop codon, was ligated in the blunt 
ended Xho II, EcoR I, Stu I and Tth III sites (Figure 5). All deletion mutants were constructed 
by removal of internal fragments using two different restriction enzymes (Figure 5). After 
digestion of pAR 1-910, the linear fragment containing the vector was isolated, blunt ended and 
ligated. The combination of the restriction enzymes was chosen in such a way that ligation of 
the blunt ended plasmid would result in an in frame deletion. In cases where more than one 
restriction site of an enzyme was located in the human AR eDNA, partial digestions were 
performed (Figure 5). All deletion mutants were sequenced to verify the correct reading frame. 
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ATG STOP 

Sm Na St Nc Nr AHTStScRX 

Figure 5 Schematic representation of the human AR expression vector AR 1-910. Human AR eDNA was 
inserted illfo all eukaryotic expression veclor cOlllaining the SV40 early promoter alld the J1-globin 
polyadenylatioll sigllal (Brinkmanll et al. 1989). Shaded areas represent 5' alld 3' ulltranslated regiolls 
a/the AR eDNA. Restrictioll sites used fa COJ/struct the different deletion mutallfs Ofe shown. Sm=Sma 
I; Na~Nar I; Sf~SfU I; Nc~Nco I; Nr~NrtI I; A~Asp718; H~Hilld III; T~Tt" III; Sc~Sca I; 
R~EcoRI; X~X1/O I. 

Western blot analysis 

Transfected COS-l cells were lysed in 40 mM Tris.HCI pH 7.0, I mM EDTA, 4% 
glycerol, 10 mM dithiothreitol and 2 % SDS. The androgen receptor proteins were immunopreci
pitated in whole celllysates from approximately 5.10' COS-I cells, using monoclonal antibody 
F39.4.1 coupled to goat-anti-mouse agarose beads (Zegers et al. 1991). Western blotting and 
immunostaining with polyclonal antibody Sp061 (diluted I: 1000) were performed as described 
previously (van Laar et al. 1989). 

Hormone binding- and CAT-assays 

COS-I cells were grown and transfected in medium containing 5% dextranlcharcoal
treated fetal calf serum (ccFCS). For hormone binding studies, cells were incubated with 5 nM 
['HjR1881 (methyItrienolone, S.A. 87 Ci/llllnol, New England Nuclear, Dupont de Nemours, 
F.R.G.) for 2 h at 37'C, in the presence or absence of a 200-fold molar eXCess of urdabeled 
R1881. After washing the cells 4 times with 1% BSA in PBS, the cells were lysed by freezing 
and thawing 5 times. Steroid-binding protein from whole cell Iysates were precipitated with 
protamine sulfate as described (Mulder et al. 1981), and the precipitates were counted for 
radioactivity. Specific binding represents the difference between counts in the absence and 
presence of eXCess unlabeled steroid, respectively. The CAT assays were performed essentially 
as described previously (Seed & Sheen 1988). 
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Inmmllocytochemistl'Y 

COS-lor HeLa cells were cultured directly on microscope glass slides (2.10' cells/slide) 
and transfected using the calcium phosphate method (2 I'g AR plasmid and 2 I'g pTZI9 carrier 
plasmid/slide). The COS-I cells were plated and transfected in the presence of 5% ccFCS. 24 
h after the addition of the DNA precipitate, the cells were washed and fresh medium was added. 
Cells were incubated with or without 10 nM RI881 for an additional 24 h, and subsequently 
washed with PBS and fixed in phosphate-buffered 10% formalin during 10 min. The microscope 
slides were washed in PBS pH 7.4 and attached cells were perrneabilized in chilled (-20°C) 
methanol for 4 min. and chilled (-20°C) acetone for 2 min. After rehydration in PBS, the slides 
were incubated for 15 minutes in PBS containing 10% FCS, and then incubated with I: 1000 
diluted monoclonal antibody F39.4.1 for 20 h, at 4°C. Excess antibody was removed by 
washing, followed by a 30 min. incubation of horse-radish peroxidase conjugated rabbit anti
mouse immunoglobulin (DAKO, PI61), diluted 1:100 in PBS containing 4% serum. After 
several PBS washes, the slides were incubated with diaminobenzidine and the reaction was 
stopped with water. The cells were counterstained with Mayers haematoxylin for 20 seconds. 
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ABSTRACT 

Nuclear import of the human androgen receptor (AR) was investigated by immunocyto
chemical analysis of AR deletion- and substitution mutants which were transiently expressed in 
COS-l cells. The signal responsible for nuclear import is encoded by amino acid residues 608-
625 and is functionally similar to the bipartite nucleoplasmin nuclear localization signal (NLS). 
Although the subcellular distribution of androgen receptors mutated in the DNA binding domain 
was unchanged as compared with the wild type AR, in the presence of ligand these mutations 
resulted in cluster formation of part of the receptor population. Depending on the presence or 
absence of the bipartite NLS, clusters were formed in the nucleus or cytoplasm, respectively. 

Expression of wild type AR in different cell lines revealed a cell line specific subcellular 
distribution ofunliganded receptor. The AR was predominantly nuclear when expressed in HeLa 
ceUs, whereas mainly a cytoplasmic staining was observed when expressed in COS-l cells. In 
the presence of hormone, the AR was located in the nucleus, independent of the cell line 
expressing the receptor. 

Antiandrogens and various steroid hOlmones induced the nuclear localization of the wild 
type AR in a dose-dependent way without activating transcription of an androgen-regulated 
reporter gene. This indicates that the inability of the tested compounds to activate transcription 
is not due to inhibited nuclear import. 

INTRODUCTION 

The androgen receptor (AR) is a ligand-dependent transcription factor that belongs to the 
large family of steroid hormone receptors (Evans 1988; Green & Chambon 1988). Activated 
by their ligand, these receptors interact with specific DNA sequences located in the 5' flanking 
regions of target genes, resulting in the up- or down-regulation of the expression of these genes. 
Before exerting their function as transcription factors, these proteins have to pass the nuclear 
membrane. Two processes for nuclear import of proteins are commonly considered (Nigg et al. 
1991; Silver 1991). Proteins either freely diffuse through the nuclear membrane or harbour a 
nuclear localization signal (NLS) resulting in active transport. For passive diffusion through 
nuclear pores, proteins should not exceed the apparent exclusion limit of approximately 60 kDa 
(Peters 1986). Larger proteins, such as the human AR, need specific signals for active nuclear 
import. 

The subcellular localization of the unliganded progesterone- (PR), estradiol- (ER) and 
glUCOC0l1icoid (GR) receptors is still a point of discussion (Perrot-Applanat et al. 1985; Sanchez 
et al. 1990; Power et al. 1991b; Brink et al. 1992). Contradictory findings have been published 
for the AR as well. Immunohistochemical studies on the subcellular localization of the AR in 
normal and castrated rats demonstrated that the AR was located in the nucleus (Husmann et al. 
1990; Sal' et al. 1990), as is the case in comparable studies on prostate tissue from prostate 
cancer patients under androgen ablation therapy (van del' Kwast et al. 1991). In contrast, the 
AR transiently overexpressed in COS cells was found to be localized in the cytoplasm (Simental 
et al. 1991) or distributed over cytoplasm and nucleus (Jenster et al. 1991) in the absence of 
ligand, and was found to be exclusively nuclear only in the presence of androgen. 

One of the best characterized NLSs is the nuclear targeting signal of simian virus 40 

104 



Nuclear import of the AR 

(SV40) large T antigen, which consists of seven amino acid residues, of which five are 
positively charged (Kalderon et a!. 1984a,b; Lanford & Butel 1984). A similar basic signal is 
also present in the hinge region of all steroid receptors and its importance for nuclear import 
has been determined for the PR, ER, GR and AR (Picard & Yamamoto 1987; Guiochon-Mantel 
et a!. 1989; Simental et a!. 1991; Ylikomi et a!. 1992). Deletion of tllis SV40 large T antigen
like NLS, however, did not result in the exclusive cytoplasmic localization of the PR and AR 
in the presence of hormone, indicating the complexity of the NLS andlor the presence of 
additional signals. 

In the nuclear protein nucleoplasmin, an NLS has been identified that consists of 16 
amino acid residues, which includes a basic lysine sequence similar to the SV40 large T antigen 
NLS. Two basic amino acid residues (Lys, Arg) followed by a spacer of ten residues precede 
the lysine stretch, forming in this way a bipartite NLS (Robbins et a!. 1991). This conserved, 
bipartite NLS is present in many other nuclear proteins, including steroid receptors (Dingwall 
& Laskey 1991). To identify the position of possible NLSs and to define in detail the 
contribution of the bipartite nuc1eoplasmin-like NLS in AR nuclear import, we have constructed 
a series of mutants of the human AR and have immunocytochemically examined the subcellular 
localization of these proteins. In addition, the effect of antiandrogens and various steroid 
hOlmones on nuclear import of the AR was investigated. 

RESULTS 

Cell line specific subcellular localization of the human AR 

One of the possible explanations for the contradictory reports on the subcellular 
localization of unliganded AR may be the use of different cell lines in the various studies. To 
investigate the subcellular localization in different cell lines, COS-I, HeLa, CV-I and CHO 
cells were transiently transfected with the pSVARO expression vector coding for the wild type 
human AR (Brinkmann et a!. 1989). As shown in Figure 1, in the absence of ligand, the AR 
in COS-I cells was predominantly cytoplasmic, whereas in CV-I and CHO cells, the AR was 
more evenly distributed over cytoplasm and nucleus. In HeLa cells, unliganded AR was 
predominantly nuclear, indicating that the subcellular distribution is indeed cell line specific. 
Addition of 10 nM of the synthetic androgen RI881 resulted in the nuclear localization of the 
AR in all cell lines (Figure 1). 

Subcellular localization of AR deletion mutants 

To identify the position of possible NLSs, AR deletion mutants were transiently 
expressed in COS-l cells and their subcellular localization was examined. The results of these 
experiments are sununarized in Figure 2. The deletion of part of the steroid binding domain 
(ARI7) resulted in a receptor that was mainly located in the cytoplasm. This protein is unable 
to bind ligand and therefore the addition of 10 nM RI88I, had no effect. AR mutants lacking 
even larger parts of the C-terminal domain (AR13 and ARI4) were exclusively nuclear, 
indicating that a region present in AR17 but deleted in AR14 (amino acid residues 713-796) is 
responsible for the cytoplasmic retention. Both AR13 and AR14 show constitutive transactivati-
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on activity (Jenster et al. 1991). Deletion up to amino acid residue 618 results in a truncated 
receptor (AR4) that was mainly cytoplasmic. 

This observation suggests the presence of an NLS between residues 618 and 653. An AR 
mutant, lacking both the steroid binding domain and the DNA binding domain (ARI2), was 
evenly distributed over the cytoplasm and nucleus. This tnmcated protein, with a molecular 
mass of approximately 60 leD., is probably small enough to passively diffuse through the 
nuclear pores. 

- IWlSI + IOSSI 

COS-I 

HeLa 

<:\'-1 

CliO 

Figure 1 Immullocytochemicallocalizatioll of the wild type AR ill different cell lilies. 
COS-I, Hew, CV-J alld CHO cells were plated OJlto microscope slides alld tralls/eeted ({Sillg the calcium 
phosphate method, Olle day after the additioll of the DNA precipitate, the cells were wasJzed and 
incubated/or 24 hours either with 10 11M RiB81 (+R1881) or without ligand (-RiB81). Subsequently, 
the cells were fixed Gnd stailled lIsing the F39.4.1 monoclonal alltibody alld FiTe-coupled goat onti
mouse antibodies as described ill the Materials alld methods section. Magnification is approximately 
250x. 
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The second indication for the position of an NLS came from the subcellular localization 
of AR21, which lacks the amino acid residues 557 to 653 (including part of the DNA binding 
domain). We previously reported that, in the absence of ligand, AR21 was exclusively 
cytoplasmic; the addition of hormone directed a portion of the receptor population to the nucleus 
(Figure 2) (Jenster et aJ. 1991). 

DNA STEROID 

." 
-,."1 [W//"ftAl c 

, .. 
-IIW41 

[================IEa=~'" ARt4! q (?l 

[==============5'M Aft12! 

[==========~J 'M AR61 I I--""-i I "'1 IWff/'W1 

Figure 2 Subcellular localization of l/tIman AR mutants. 
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Nuclear (N) alld cytoplasmic (C) localizatioll of AR proteins expressed ill COS-J cells ill the absence (
RiBBI) or presence (+R1881) of 10 11M RiB8I. The receptor mutants were visualized using the F39.4.1 
alltibody, except for AR22, for which the SpJ97 a1ltibody was used. 

Deletions in the N-terminal domain did not affect the AR nuclear import. Unliganded 
AR6, which lacks almost the entire N-terminal part, had a more nuclear than cytoplasmic 
distribution. Probably because of its reduced size (approximately 53 kDa), this AR mutant was 
able to passively diffuse through the nuclear membrane. The subcellular localizations of AR8, 
AR7, AR22, AR61 and AR63, all of which lack part of the N-terminal domain, were similar 
to the wild type AR distribution. AR64 and AR65 were also sinlilarly distributed, compared 
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with the ARO subcellular distribution (Figure 2). In these receptor mutants, the stlUcture of the 
fIrst (AR64) or second (AR65) zinc twist is disrupted by the replacement of two of the four 
cysteine residues that are involved in co-ordination binding of the zinc atoms. This indicates that 
effective DNA binding is not involved in the subcellular distribution of the AR. 

It was observed that AR21, AR63, AR64 and AR65 gave a different staining pattern in 
comparison with the wild type AR staining. In contrast with the diffuse granular distribution of 
ARO in cytoplasm or nucleus, large clusters of AR21 protein were visible in the cytoplasm of 
most transfected cells in the presence of hormone (Figure 3). Ligand-induced cluster-formation 
was also observed for part of the receptor population of AR63 , AR64 and AR65. The AR63, 
AR64 and AR65 clusters, however, were mainly located in the nucleus (Figure 3). These 
rmdings indicate that disruption of the DNA binding domain results in clustering of the mutated 
AR and that clustering is independent of the subcellular localization. 

AWl 

AR21 AR63 

AR6-1 AR65 

Figure 3 Staining pattern of the wild type AR (ARO) alld of AR mutants e.\pressed ill COS-J cells il1 the 
presellce of 10 11M RISSl. 
The receptors were visualized usillg the F39.4.1 alltibody. Magnification approximately 630x. 
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Definition of an AR NLS 

From the studies with the mutants AR4 and AR21, it was concluded that amino acid 
residues 557 to 653 are necessary for proper nuclear import. This part of the AR harbours at 
position 620-624 the sequence "RKLKK" which is an SV40 large T antigen NLS-like sequence. 
This signal can partially account for the nuclear import of the AR, PR and ER (Guiochon
Mantel et al. 1989; Simental et al. 1991; Ylikomi et al. 1992). The same region also shares 
sequence similarity with the nuclcoplasmin NLS, which consists of two basic residues, a spacer 
of ten amino acid residues and a C-tenninal basic domain, similar to the SV40 large T antigen 
NLS (Table I). In nucleoplasmin, both basic parts are involved in nuclear targeting (Robbins 
et al. 1991). The NLS of nucleoplasmin is conserved among steroid receptors. To investigate 
if this bipartite NLS can account for the total nuclear import of the AR, both basic parts were 
either separately Of simultaneously mutated. 

Table 1 Comparisoll of a11l;'10 acid sequences of provell or potentia/nuclear localization sigllals ill SV40 
large T aflligen, Ilucleop/asmbz and various steroid hormoJle receptors. 
Vze lIumbers refer to the first amino acid residue of the sequel/ce. Basic amino add residues thought fa 

be important/or the sigllal are shown ill bold capitals. 

Protein Species Sequence 

SV40 large T antigen SV40 126 pKKKRK 
Nucleoplasmin Xenopus 152 kavKRpaatkkagqaKKKKl 
Androgen receptor human 605 crlRKcyeagmtlgaRKlKKl 
Progesterone receptor human 622 crlRKccqagmvlggRKfKKf 
Glucocorticoid receptor human 476 cryRKclqagmnleaRKtKKk 
Mineralocorticoid receptor human 658 crlqKclqagmnlgaRKsKKl 
Estrogen receptor human 240 crlRKcyevgmmkggiRKdRRg 

As shown in Figures 4a and b, mutation of either basic domain affected nuclear import 
(AR28.1, AR28.2 and AR28.3). In the presence of ligand, however, part of the receptor 
population was still nuclear. Simultaneous mutation of both basic domains (AR28.31 and 
AR28.23) resulted in AR mutants which were cytoplasmic in the absence of ligand, and were 
predominantly cytoplasmic with only a faint nuclear staining in the presence of 10 nM RI881 
(Figure 4a,b). The mutations introduced in the NLS of these AR mutants, in particular the 
[eplacement of the Arg~Lys by Gly-Ala in the first basic domain of the NLS, resulted in cluster 
fonnation, again indicating the role of the DNA binding domain in receptor clustering (Figure 
4b). The same set of NLS mutations were introduced into the constitutively nuclear AR13, 
which lacks the steroid binding domain. Again, alteration of either one of the basic domains 
hindered nuclear import. Simultaneous modification of both basic domains in AR13 clearly 
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affected nuclear transport; however, a small portion of the receptor population was still nuclear. 
The subcellular localization of these mutants derived from ARl3, was investigated both in the 
absence and in the presence of ligand. As expected, hormone had no effect on the distribution 
(results not shown). 
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28.31 
28.23 

9 a 
9 a 

. ----DEL---- . 
------DEL------ m 

910 

subcellular 
localization 

+ 

C > N N 
C N > C 
C C N 
C N > C 
C c· 
C C· 

Figure 4A Mutational analysis of the lIucleop/asmill-like nuclear localization sigllal ill the wild type AR. 
a) The wild type AR, with the NLS shown as a bar. TIle NLS is gh'en below ill single letter code (amino 
acid residues 608-627). Dots represent unchanged residues, deletions are represented as lilies with the 
word "DEL" alld the newly encoded residue is shown ill case of amillo acid substitutions. AR mutant 
/lumbers are 011 the left alld the subcellular localization ill the absence (-) or presence (+) of 10 11M 
RlSS] is shown on the right as cytoplasmic (C), /luc/ear (N) or combinations of cytoplasmic alld nuclear 
staining (C> N, C=N, N> C). AR28.31 alld AR28.23 showed ollly a very faint nuclear staining in the 
presence of ligand indicated as C. Basic residues thought to be importallf for the fUllction of the sigllal 
are ill bold underlined capitals. 
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-RISSI + RISSI 

AR28.1 

AR28.2 

AR2S.3 

AR28.31 

AR28.23 

Figure 4B Mutatiollal analysis of the llucleop{asm;lI~like lIuclear localization sigllal ill the wild type AR. 
b) Immullofluorescence images of the AR lIm/allts eJ.pressed ill COS-J cells ill/he absence (-RiBS]) or 
presence (+R1881) of 10 11M RI881. Receptor mutants were visualized Ilsing the F39.4.1 monoe/ollal 
antibody. 

Hormone specificity of AR nuclear import 

Next, the ability of antiandrogens and various steroids to induce nuclear import of the 
AR was investigated. COS-I cells expressing the wild type AR were incubated for 2 hours with 
different concentrations (1000, 100, 10, I, and 0.1 nM) of R5020 (promegestone), estradiol 
(E2), and dexamethasone or the antiandrogens hydroxyflutamide, Casodex (ICI 176334), and 
cyproterone acetate (CA) . All compounds were capable of directing the AR to the nucleus, 
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although concentrations of more than 100 nM hydroxyflutamide, Casodex or dexamethasone and 
more than 1 nM cyproterone acetate, R5020 or estradiol were necessary (Figure 5). None of 
the tested compounds, however, induced transcriptional activation of an androgen regulated 
reporter gene (GREtkCA T) at concentrations that already resulted in a shift of the AR to the 
nucleus (Figure 6). TIns indicates that the inability of the tested compounds to induce 
transactivation is not due to the impaitment of nuclear import. 

CONTROL 

I 11M RIHSI n.1 11M RISSI ()'o1 11M RIHHI 

I 11M CA I 11M RS020 

100 11M Casodcx 100 11M Vex 

Figure 5 Subcellular localization of the wild type AR in the absence (camrol) or presence of variolls 
steroid hormolles and olltiandrogells. 
COS~l cells that had been transfecred with pSVARO, were incubated with differellf cOllcellfratiolls from 
0.01 to 1000 11M of steroids alld antiandrogells for 2 II before to fixation. Immunofluorescence images 
are shown of the lowest COllcellfratiOJl of steroid or alltialldrogens fllat resulted illl/uclear retention. The 
wild type AR was visualiz.ed using tile F39.4.1 alltibody. Abbreviations used: CA, cyproterone 
acetate; E" estradiol, OH-jlu, hydrmyjllltall1ide; dex, dexall1ethasone. 
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Figure 6 Transcription activation of the wild type AR induced by various steroid hormolles alld 
allt/androgens. 
CAT activity was determined ill COS-J cells tralls/eeted witlz pSVARO and the pG29GtkCAT reporter 
plasmid (Schiile et al. 1988). aile day before eel/lysis, cells were incubated with different concentrations 
ofR1881, R5020, estradiol (E2), dexamethasone (Dex), cyproterone acetate (CA), hydroxyjllltamide (OH
Flu) alld Casodex (Cas) as indicated. Trans/eelioll of ollly the reporter construct is shown as GREtkCAT 
ill the absence of hormone (-) or in/he presence of 0.1 11M RI88] (+). Activities were corrected for the 
assay background that was determined by mock transjectioll alld are preseJlled as a percelltage relative 
to that oj 0.1 11M R188i inductioll. 

DISCUSSION 

Nuclear localization sequences are essential for the transport of large proteins, such as 
the AR, into the nucleus (Nigg et al. 1991; Silver 1991). In previous publications on the nuclear 
import of the GR, PR and AR, a candidate signal similar to the SV40 large T antigen NLS has 
been described (Picard & Yamamoto 1987; Guiochon-Mantel et al. 1989; Simental et al. 1991). 
Deletion of this signal, however, does not always prevent nuclear import, indicating the 
complexity of the signal andlor the presence of additional signals. In the present study we show 
that the nucleoplasmin-like NLS, partially overlapping the SV40 large T antigen-like NLS, can 
account for nuclear import of the human AR. This nucleoplasmin NLS, composed of two basic 
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parts separated by a ten amino acid residue spacer, is highly conserved among steroid receptors 
and appears to be present in many nuclear proteins (Dingwall & Laskey 1991; Robbins et al. 
1991). 

Mutational analysis of the bipartite nucleoplasmin-like NLS, revealed that both basic 
parts contribute to nuclear targeting of the AR. Substitution of two amino acid residues in the 
first basic half of the NLS or deletion of the second basic domain clearly affected nuclear 
import, but did not result in the exclusive cytoplasmic localization of these AR mutants. 
Mutation of both NLS parts resulted in an AR mutant which was unable to enter the nucleus; 
only a very faint staining of the nucleus was observed. For the glucocorticoid receptor (GR) it 
has been shown that the steroid binding domain is also capable of directing a B-galactosidase 
fusion protein to the nucleus (Picard & Yamamoto 1987), indicating the presence of an 
additional NLS in this domain. There is no evidence for additional NLSs in the AR apart from 
the faint nuclear staining of AR mutants with the nucleoplasmin-Iike NLS deleted (AR28.23 and 
AR28.31) that suggest such a signal. 

Recently, it has been shown that the nuclear PR becomes cytoplasmic under energy 
depIcting conditions, demonstrating that a dynamic shuttling occurs with the receptor diffusing 
out of the nucleus and being actively transported back into the nucleus (Guiochon-Mantel et al. 
1991). Besides the ratio of transport in to diffusion out, the balance between binding to nuclear 
or to cytoplasmic components could also determine the subcellular distribution of steroid 
receptors. Elements such as the cytoskeleton and heat shock proteins (hsp90, hsp70) might keep 
steroid hormone receptors cytoplasmic. However, the nuclear matrix and DNA might trap the 
AR in the nucleus. This could explain the observed hOlTIlOne dependent AR nuclear localization 
in transfected COS-l cells. Ligand induces the dissociation of the heteromeric complex of 
receptor with heat-shock proteins, and transforms the receptor into a high affinity DNA binding 
and nuclear matrix binding protein (Barrack 1987). AR13, lacking the steroid binding domain 
is not complexed with hsp90 and constitutively binds DNA (unpublished observations). 
Therefore, most of these receptors will be present in the nucleus. This finding is in agreement 
with the proposed model. The compartmental retention model, based upon the dynamic shuttling 
of steroid receptors, suggests that nuclear import and export arc continuous processes and that 
nuclear import itself is not regulated by ligand binding. This is consistent with the observation 
that homologous signals are present in many nuclear pmteins that are not ligand dependent. 
There are, however, at least two mechanisms by which ligand might indirectly regulate transport 
of steroid receptors across the nuclear membrane. Firstly, some reports suggest that 
phosphorylation in or near the NLS could be involved in NLS-nuclear pore interaction and in 
nuclear import (Ribs & Peters 1989; DeFranco et al. 1991; Robbins et al. 1991). Hence 
phosphorylation, possibly induced by ligand, might be a mechanism to regulate the efficiency 
of nuclear import. Secondly, besides being trapped by binding to cytoplasmic components, 
cytoplasmic retention could also be caused by masking of the NLS. Hormone-induced changes 
in structural conformation or the dissociation of the hetcromeric complex of the receptor with 
heat-shock proteins could expose the NLS, resulting in nuclear translocation (Picard & 
Yamamoto 1987; Picard et al. 1988; Ylikomi et al. 1992). Evidence for the latter may be 
provided by the observation that ARI7, lacking the last 114 amino acid residues, was 
predominantly cytoplasmic, whereas ARI4, lacking the last 197 residues, was exclusively 
nuclear. Possibly, in contrast to ARI4, the NLS of AR17 was masked by hsp association or by 
conformational interference due to the additional 83 amino acid residues. Thus, according to the 
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compartmental retention model, at least three possible factors could influence subcellular 
localization: accessibility of the NLS. translocation efficiency. and binding to nuclear or 
cytoplasmic components. 

Dismption of the DNA binding domain did not influence hormone-induced nuclear 
localization of the AR. Interestingly, clusters of receptors appeared in most nuclei, which were 
rarely observed in cells expressing the wild type AR. Expression of different AR mutants all 
affected in DNA binding, revealed this clustered pattern only in the presence of ligand, 
indicating that it is unlikely to be a non-specific precipitation. AR21, which lacks the NLS, 
formed clusters in the cytoplasm. 

Some components involved in trapping the AR might be cell type specific and differently 
distributed over cytoplasm and nucleus. In addition, differences in membrane translocation 
efficiency could be another explanation for the cell line specific distribution of the unliganded 
AR that was observed in COS-I, CVI, CHO and HeLa cells. 

The mechanism of action of steroid honllone antagonists has been the subject of many 
studies. There are a number of different processes in the cascade of steroid receptor activation 
that may be blocked by antagonists, including the dissociation of the heteromeric complex of 
the receptor with heat-shock proteins, nuclear import, receptor dimerization, DNA-binding and 
the activation of transcription. For several of these processes there is substantial evidence that 
they can be blocked by specific antagonists, but our knowledge about the inhibition of nuclear 
import by antagonists is limited (Kemppainen et al. 1992). Recently it has been shown that the 
antiandrogen Casodex (lCI 176334), was unable to induce dissociation of hsp90, hsp70 and p59 
from the AR expressed in cells derived from a lymph node carcinoma of the prostate (Veld
scholte et al. 1992b). Although this prostate cancer cell line expresses a mutant AR (Thr at 
position 868 is substituted by Ala) (Veldscholte et al. 1990), the experiments with Casodex (ICI 
176334) show that dissociation of the heteromeric hsp-receptor complex is one of the processes 
that can be blocked by antagonists. To investigate the possibility that antiandrogens and other 
steroids could interfere with AR nuclear import, different concentrations of R5020, estradiol, 
dexamethasone or the antiandrogens OH-flutamide, cyproterone acetate and Casodex (lCI 
176334) were added to COS-1 cells that were expressing the wild type AR. All compounds were 
able to induce nuclear localization, although relatively high concentrations (100 oM) of OH
flutamide, Casodex or dexamethasone were necessary. The observation that all these different 
compounds were able to cause the translocation of the AR to the nucleus suggests that passage 
of the nuclear membrane itself is not a ligand-specific process. This is supported by findings 
that non-ligands such as dopamine and okadaic acid are also able to induce nuclear translocation 
of the PR and of the GR, respectively (DeFranco et al. 1991; Power et al. 1991b). Possibly, 
upon binding of antiandrogens or other steroids, the AR is retained in the nucleus via an 
interaction with DNA or with the nuclear matrix. The Casodex-induced nuclear localization of 
the AR seems to be a more complex process, since there is evidence that Casodex cannot induce 
dissociation of the hcteromeric hsp-receptor complex. This suggests that the whole complex 
passes through the nuclear pore, or that disassembly and subsequent re-assembly occur at the 
nuclear pore. Consequently, DNA is not the nuclear component that traps the IIsp complexed 
AR. Loss of cytoplasmic retention or interaction with nuclear components such as the nuclear 
matrix could retain the receptor in the nucleus, similar to AR mutants that are unable to bind 
DNA. None of the compounds that were tested induced transcriptional activation of an 
androgen-regulated reporter gene at the lowest concentrations that resulted in AR nuclear 
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localization. This indicates that the inability of the compounds tested to induce transactivation 
is not caused by an inhibition of nuclear import. 

In conclusion, the data presented show that: I) the NLS responsible for nuclear import 
of the human AR is encoded by amino acid residues 608-625 and is functionally similar to the 
nucleoplasmin NLS, 2) the ratio of nuclear and cytoplasmic distribution of the unliganded AR 
is cell line specific, 3) dislUption of the DNA binding domain resulted in the formation of AR 
clusters in the nucleus or in the cytoplasm, and 4) antiandrogens and various steroid hormones 
induced nuclear localization of the AR in a dose-dependent fashion, without affecting 
transcription activation. 

MATERIALS AND METHODS 

Materials 

R1881 (l7a-methyltrienolone) and R5020 (promegestone) were purchased from NEN 
(Boston, MA). Cyproterone acetate was a gift from Schering (Berlin, FRG), hydroxyflutamide 
was from Schering U.S.A. (Bloomfield, NJ) and ICI 176334 (trademark "Casodex") was from 
ICI Pharmaceuticals (Macclesfield, Cheshire, U.K.). All other steroids were purchased from 
Steraloids (Wilton, NH, U.S.A.). 

Cen culture, transfection and chloramphenicol-acetyltransferase assay 

COS-I, HeLa, CV -1 and Chinese hamster ovary (CHO) cells were maintained in Eagle's 
Minimum Essential Medium supplemented with 5% fetal calf selUm (FCS), nonessential amino 
acids and antibiotics. The cells were transfected using the calcium phosphate precipitation 
method (Chen & Okayama 1987). AR functional activity was assessed in COS-l cells by 
transient transfection as described previously (Jenster et a!. 1991). The reporter plasmid contains 
two PRE/GREs in front of the thymidine kinase (tk) promoter linked to the chloramphenicol 
acetyltransferase (CAT) gene (pG29GtkCAT) (Schille et a!. 1988). CAT assays representative 
of at least three independent experiments are shown. 

AR expression vectors 

A human AR cDNA expression vector (pARO) was constructed using the SV40 early 
promoter and the rabbit B-globin poly-adenylation signal (Brinkmann et a!. 1989). Construction 
of the AR mutants pAR6, pAR7, pAR13, pARI4, pAR17 and pAR21 has been described 
(Jenster et a!. 1991). The mutant pAR12 is a C-terminal truncated mutant, made by introduction 
of a stop-codon into the AR cDNA. For this purpose, an XbaI linker (promega, Madison, WI, 
U.S.A.) that contains an in-frame stop-codon lVas ligated into the blunt ended Asp718 site 
(Jenster et a!. 1991). pAR4 was constlUcted from an aberrant cDNA clone that lacks exons 4 
to 8. The first part of intron 3 is present, so that translation will result in a protein encoded by 
exons 1, 2 and 3 and 20 additional amino acid residues encoded by intron 3 (618 GGKILFFLF
LLLLLSPFSLIF 638). Deletion mutants pAR61 and pAR63 were constructed by removal of 
internal fragments using two different restriction enzymes. The combination of the restriction 
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enzymes was chosen such that ligation of the blunt ended plasmid would result in an in-frame 
deletion. The restriction enzymes Nm! and Asp718 were used to construct pAR61, and Asp718 
and Sac! were used to construct pAR63 (Jenster et a!. 1991). The mutant pAR8 was made using 
the pSTCGR3-795 vector, containing the cytomegalovirus (CMV) promoter and rabbit fi-globin 
poly-adenylation signal (Severne et a!. 1988) which was digested with BamHi to remove the rat 
GR eDNA, and was made blunt-ended. An AR eDNA fragment was isolated from pARO by 
Sma! digestion and was inserted in the pSTC vector. The mutants pAR22, pAR64, pAR65 and 
pAR28.X were constructed by site-directed mutagenesis using polymerase chain reaction DNA 
amplification techniques (Higuchi et a!. 1988). The following primers, introducing the deletion 
or substitution, were used: 
pAR22: 5' GCAGTGTCGGTATCGATGGACTACTACAACTTTCCA 3' 
pAR64 : 5' GCTCTCACATCTGGAAGCTTCAAGGTCTTC 3' 
pAR65 : 5' CCGAAGGAAGAATTCTCCATCTTCTCGTC 3' 
pAR28.1 : 5' GGATGACTCTGGGCGCCGGCAATCTGAAACTACAG 3' 
pAR28.2: 5' AGCAGGGATGACTCTGGGCATGCTGAAACTACAGGAGGAAG 3' 
pAR28.3 : 5' TGTCCATCTTGTCGTCTTGGCGCCTGTTATGAAGCAGGGATG 3' 
The mutant pAR28.23 is a combination of mutants pAR28.2 and pAR28.3. The mutant 
pAR28.31 is a combination ofpAR28.1 and pAR28.3. All the mutants were sequenced to verify 
the correct reading frame. In addition, the mutants were expressed in COS-l cells and the 
protein was analyzed by Western blotting (Jenster et a!. 1991). 

Immunocytochemistry 

COS-I, HeLa, CY-I and CHO cells were cultured directly on microscope glass slides 
(2 x 10' cells/slide) and were transfected using the calcium phosphate method (2 Jig AR 
plasmid and 5 I'g pTZI9 carrier plasmid/slide). The cells were plated and transfected in medium 
containing 5 % (w/v) dextran/charcoal-treated FCS (dccFCS). Fixation and permeabilization of 
the transfected cells was performed essentially as described previously (Jenster et a!. 1991). 
After the permeabilization, the cells were rehydrated in phosphate-buffered saline (PBS) and 
incubated for 15 min in PBS containing 10% (v/v) FCS. Slides were incubated with 1:1000 
diluted monoclonal antibody F39.4.1 (Zegers et a!. 1991) or polyclonal antibody Spl97 in PBS 
containing I % bovine senUll albumin (BSA) for I h at room temperature. Excess antibody was 
removed by washing, followed by a I h incubation of FITC or TRITC conjugated goat anti
mouse or goat anti-rabbit immunoglobulin (Sigma, St.Louis, MO, U.S.A.) diluted 1:1000.in 
PBS containing 1% (w/v) BSA. After several PBS washes, slides were mounted with 90% (v/v) 
glycerol in PBS. The polyclonal antibody Spl97 (designed according to Husmann et a!. 1990) 
contains a high titer of androgen receptor antibodies as was shown by immunoprecipitation and 
Western blotting. F39.4.1 and Spl97 antibody specificity has been determined by mock 
transfection of COS-I, HeLa, CY-I and CHO cells, showing background staining only. AR 
subcellular localization was classified into five different categories (N; N > C; C = N; C> N; C) 
based upon intensity of fluorescence in the cytoplasm compared to the nuclear fluorescence 
intensity. In the case where the distribution is C = N. the fluorescence intensity is the same in 
both compartments. In each transfection experiment at least 50 positive cells were scored. The 
category that was scored most is the one that is reported. In almost all cases more than 75% of 
the positive cells were classified into the same category. The transfection experiments were 
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perfonned at least three times. 
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AIISTRACT 

Steroid receptors have been reported to bind to the nuclear matrix. The nuclear matrix 
is operationally defined as the residual nuclear structure that remains after extraction of most 
of the chromatin and all soluble and loosely bound components. To obtain insight in the 
molecular mechanism of the interaction of steroid receptors with the nuclear matrix we studied 
the binding of several deletion mutants of the human androgen receptor (hAR) and the human 
glucocorticoid receptor (hGR) to the nuclear matrix. Receptor binding was tested for two 
different nuclear matrix preparations: (i) complete matrices, in which most matrix proteins arc 
retained during the isolation procedure and (ii) depleted matrices, which consist of only a subset 
of these proteins. The results show that the C-terminal domain of the bAR binds tightly to both 
depleted and complete matrices. In addition, at least one other domain of the bAR binds to 
complete matrices but not to depleted matrices. In contrast to the hAR, the hGR binds only to 
complete matrices. For this interaction both the DNA-binding domain and the C-terminal 
domain of the hGR are required, whereas the N-temlinal domain is not. We conclude that 
specific protein domains of the hAR and the hGR are involved in binding to the nuclear matrix. 
In addition, our results indicate that the bAR and the hGR are attached to the nuclear matrix 
through different molecular interactions. 

INTRODUCTION 

Steroid receptors are hormone-dependent transcription factors. They can regulate the 
expression of specific genes by binding to regulatory DNA sequences named hormone response 
elements (HREs). At least three functional domains can be distinguished in steroid receptors. 
These include a C-terminal steroid binding domain, a DNA binding domain (DBD) and an N
terminal domain which is required for maximal transcriptional regulatory activity (Evans, 1988; 
Green & Chambon, 1988). 

The DBDs of the glucocorticoid receptor, mineralocorticoid receptor, progesterone 
receptor and androgen receptor are highly homologous. TIllS is reflected by their ability to bind 
to the same HRE. However, ill vivo these steroid receptors regulate gene expression 
differentially. Evidence is accumulating that this target gene specificity is determined by the 
interplay between steroid receptors, other transcription factors and chromatin structure (Adler 
et al. 1992; Hayes & Wolffe, 1992; Pearce & Yamamoto, 1993; Tmss & Beato, 1993). 

Many members of the steroid and thyroid hormone receptor superfamily have been 
reported to be bound to the nuclear matrix (reviewed in Barrack, 1987; Getzenberg et al. 1990). 
The nuclear matrix is operationally defined as the residual nuclear structure that remains after 
extraction of more than 90 % of the chromatin and all soluble and loosely-bound components 
(Cook, 1988; Verheijen et al. 1988; Berezney, 1991; van Driel et al. 1991). It consists of a 
peripheral nuclear lamina and an internal fibrogranular network. Nuclear matrices are generally 
isolated by treatment of cell nuclei with non-ionic detergents, digestion with nucleases and 
extraction with a buffer of high ionic strength (Berezney & Coffey, 1974; Kaufmann et al. 
1981; He et al. 1990). 

Numerous data indicate that transcription is closely associated with the nuclear matrix. 
Active genes are enriched in the residual DNA that remains bound to the nuclear matrix 
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(reviewed in Getzenberg et al. 1991). Pulse labelled, nascent RNA is associated with the nuclear 
matrix (Jackson et al. 1981; Ciejek et al. 1982; Jackson et al. 1993; Wansink et al. 1993). 
Transcriptional activity has been demonstrated in the nuclear matrix (Jackson & Cook, 1985; 
Razin & Yarovaya, 1985). Steroid and thyroid honnone receptors (Barrack & Coffey, 1980; 
Barrack, 1983; Kaufmann et al. 1986; Kirsch & Miller-Diener, 1986; Kumara-Siri et al. 1986; 
Alexander et al. 1987; Barrack, 1987; van Steensel et al. 1991) and a number of other 
transcription factors (Evan & Haucock, 1987; Klempnauer, 1988; Getzenberg & Coffey, 1990; 
Stein et al. 1991; Bidwell et al. 1993; van Wijnen et al. 1993) are associated with the nuclear 
matrix. These data indicate that the nuclear matrix may play an important role in the regulation 
of transcription. 

The interaction of steroid receptors with the nuclear matrix is dependent on the presence 
of hormone (Barrack, 1987). By ill vitro reconstitution experiments, binding of the rat androgen 
receptor (Barrack, 1983; Colvard & Wilson, 1984), the mouse estrogen receptor (Belisle et al. 
1989; Metzger & Korach, 1990) and the chicken progesterone receptor (Schuchard et al. 1991) 
to the nuclear matrix was demonstrated to be saturable and of high affinity. This indicates that 
the nuclear matrix contains specific binding sites for steroid receptors. Little is known about the 
nature of these binding sites. Chick oviduct nuclear matrix contains a 10 kDa protein that has 
been shown to bind specifically and with high affinity to the progesterone receptor (Schuchard 
et al. 1991). This suggests that binding of steroid receptors to the nuclear matrix is mediated 
by specific acceptor proteins. On the other hand, residual nuclear matrix DNA may be involved 
in steroid receptor binding. 

The function of the interaction of steroid receptors with the nuclear matrix is presently 
unknown. To obtain more insight in this interaction we set out to identify protein domains of 
the human androgen receptor (hAR) and the human glucocorticoid receptor (hGR) that are 
required for binding to the nuclear matrix. 

RESULTS 

Nuclear localization of wild type and IlIutant hAR and hGR 

To investigate the interaction of steroid receptors with the cell nucleus and the nuclear 
matrix COS-l cells were transiently transfected with expression vectors coding for wild type and 
mutated hAR and hGR. Binding to nuclei and nuclear matrices was examined by subjecting 
transfected cells to several ill situ extractions, followed by western blot analysis to estimate the 
amount of receptor that remained bound to nuclei or nuclear matrices. Evidently I only receptor 
mutants that were located in the cell nucleus after expression in COS-l cells could be used to 
study binding to the nucleus and nuclear matrix. Therefore, we first investigated the subcellular 
localization of wild type and mutated receptor proteins by indirect immunofluorescence 
microscopy. using specific antibodies against these receptors. 

The subcellular distribution of the wild type and a number of mutant hGRs is shown in 
Figure la-h. The wild type hGR was both cytoplasmic and nuclear in the absence of steroid 
hormone (Figure la). After addition of the GR agonist dexamethasone (DEX), wild type and 
most mutant glucocorticoid receptors that were tested displayed an exclusively nuclear staining 
(Figure Ib-h). Two hGR deletion mutants 11.451-487 and 11.420-777 remained cytoplasmic in the 
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presence of DEX (not shown). 

Figure 1 Subcellular localization o/wild type and mutated hGR Gild hAR. 
Immunofluorescence microscopy of cells expressing various hGR alld liAR lJIutall/s. COS-cells were 
trallsfeeted with wild type hGR (a alld b), hGR !Ill/tallts G438 (e), M20-451 (d), 1550* (e), 1488* (j), 
89-205 (g), or 111-420 (II), or lIAR mulalll AR67 (I). After growillg 24 IIrs 01/ microscope cover slips ill 
the absence of hormone (a) or in the presence of J0 8 M DEX (b-h) or 1~ M RIB81 (I), cells were 
formaldehyde fixed alld labe/ed with mouse monoclonal amihody mAb7 (a-j) or GR788-/95 (g, h) agaillst 
the hGR, or rabbit antiserum SP066 (I) against the hAR, followed by biotillylated sheep-allti-mouse 
amibady alld FETC labeled streptal'idill (a-h) or F1TC-labeled gaat-allti-rabbit alltibady (i). 

The nuclear localization of hGR mutants 1488* and 1550* was not dependent on steroid, 
because these constructs lack the hormone binding domain. Based on their nuclear localization 
a number of hGR mutants was selected for the nuclear and nuclear matrix binding studies. 
These mutants are depicted in Figure 2a. Because mutant "'1-420 was expressed at a very low 
level compared' to the wild type receptor, binding studies were carried out with the almost 
identical mutant .89-385, which had a normal expression level. 

The subcellular localization of various hAR mutants was published previously (Jenster 
et al. 1993). Based on these data we selected a number of mutants that were localized in the 
nucleus after hormone stimulation. We tested the localization of an additional hAR mutant 
(AR67), which lacks both the DBD and most of the N-terminal domain. After stimulation with 

122 



Nuclear matrix binding of steroid receptors 

the AR agonist R1881, this mutant was localized mainly in the nucleus, but also some 
cytoplasmic labeling lVas present (Figure Ii). The bAR mutants that were found to be localized 
in the nucleus after hormone stimulation are summarized in Figure 2b. 
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Figure 2 Scheme of receptor mutallts showing predominant lIuclear localization. 
Schematic representation of hGR (a) and hAR (b) mulallls that were tested for binding to nuclei alld 
Iluclear ilia/rices. Nomenclature of the receptor mutants was taken from the publications ill which they 
were described first (Hoffenberg et al. 1987; Hollellberg & Evans, 1988,' ]ellster et al. 1993). 

Isolation of nuclei and nuclear matrices and analysis of receptor binding 

Binding of steroid receptors to the cell nucleus and the nuclear matrix was tested by ill 
situ extraction of COS-1 cells expressing wild type or mutant bAR or hOR. Two different 
methods for the isolation of nuclear matrices were compared (Figure 3). In method A, cells 
were permeabilized with a non-ionic detergent, then stabilized with sodium tetrathionate 
(NaTT), digested with DNase I and extracted with 0.25 M ammonium sulphate. Method B was 
identical to method A except that the permeabilization and the stabilization were combined in 
one single step. NaTT is known to stabilize the nuclear matrix stmcture (Kaufmann et al. 1981; 
Kaufma1m & Shaper, 1984) and the binding of the glucocorticoid receptor to the nuclear matrix 
(Kaufmalm et al. 1986), most likely by introducing disulfide bridges. Components which have 
a weak (i.e. rapidly dissociating) interaction with the nuclear matrix may be lost during 
permeabilization. Immediate addition of NaTT during permeabilization may result in 
stabilization of some of these weak interactions. Therefore, it was expected that method B would 
result in retention of more proteins in the nuclear matrix fraction than method A. We analyzed 
receptor binding in penneabilized cells and in nuclear matrices that were obtained with both 
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methods. 
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Figure 3 Scheme of the extraction methods A and B. 
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Schematic outline of the hl'O ill situ extraction methods A alld B to isolate nuclear (NA alld NsJ and 
nuclear matrix (NMA and NMnJ fractiolls from tralls/eeted cells. Method B was fdellficallo method A, 
except that ill method B the NOllidet P-40 permeabifizatioll and the NaIT-stabilizatioll were combined ill 
olle single incubatioll step (see also Materials and methods section). 

Proteins from intact cells and from the insoluble fractions after extraction were separated 
by SDS-PAGE, blotted onto a nitrocellulose membrane and probed for the presence of receptor, 
using specific antibodies against hAR or hGR. The apparent molecular weight of all hGR 
mutants. as judged from the western blots, was close to the molecular size that can be predicted 
from the sequences of the constmcts (data not shown). The apparent molecular weight of the 
wild type hAR and of the Illutants ARl3, AR64 and AR65 was 10-\2 kDa higher than the 
predicted value, as was noticed previously (Jenster et al. 1991). To verify that equivalent 
amounts of cells and nuclear matrices were loaded, blots were also probed with a monoclonal 
antibody against the 65 kDa nuclear matrix protein lamin B, which served as an internal 
standard. Lamin B fractionates completely in the insoluble nuclear fraction (Kaufmann & 
Shaper, 1984). The amount of receptor that was bound to nuclei and nuclear matrices was 
determined semi-quantitatively as described in the materials and methods section. 

Only receptor mutants that were located in the nucleus after steroid treatment were 
included in the binding studies. Therefore, receptors that remained associated with the insoluble 
cell fractions after penneabilization or after matrix preparation were assumed to be bound to the 
nucleus and the nuclear matrix, respectively. To exclude the possibiJity that the extractions 
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caused dissociation of receptors from the nucleus and subsequent trapping by residual 
cytoplasmic stmctures, we checked the localization of each receptor mutant after extraction by 
inmmllofluorescence microscopy. In no case cytoplasmic labeling was observed (data not 
shown). Thus, mutant receptors that were found by western blot analysis to be resistant to 
pClmeabilization and nuclear matrix extraction were bound to nuclear structures and not to 
cytoplasmic components (e.g. the cytoskeleton). 

Binding of wild type and mutated hAR to the nucleus and to the nuclear matrix 

When cells expressing the wild type hAR and stinlUlated with RI881 were permeabilized 
(method A), approximately 15-40 % of the receptor molecules remained bound to the nucleus 
(Figure 4b and Table I). 
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Figure 4 Western blot analysis of liAR binding to nuclei and nuclear matrices. 
Cells expressillg lI'i1d Iype hAR (a alld h), ARl3 (e), AR64 (d), AR65 (e) or AR67 (f) were groll'lI ill Ihe 
absence (a) or presence (b1J of 108 M R188) and extracted as described ill the text alld Figure 3 to 
obtain Iluclei or Illte/ear matrices. Protein samples from equimlellf numbers of cells, nuclei or Iluclear 
matrices were separated by SDS~PAGE, blotted onto nitrocellulose alld probed with monoclonal antibody 
F39.4.1 (a-e) or rabbit allfiserum SP066 (f), followed by alkaline phosphatase-conjugated anti-mouse or 
anti-rabbit antibody, respectively. Blots were also probed wi,h monoclonal allfibody }O}-B7 against lamitl 
B, which served as all intemal Slandard. Opell arrowhead, band representing (mulant) receptor; solid 
arrowhead, band representing lamin B. Olher bands may be hAR degradation products or represent 
altemative trallslational initiatioll products, because they were 1I0t observed ill mock-trallsfected cells 
(data not shown). ume 1, cells; lanes 2 alld 3, nuclei; lane 4 and 5, nuclear matrices. Lalles 2 alld 4, 
extractioll method A; Lanes 3 alld 5, extraction method B. 

125 



Appendix paper III 

When NaTT was added during permeabilization (method B) 40-100 % of the hAR 
remained bound to the nucleus. Subsequent isolation of nuclear matrices from these preparations 
did not result in any significant further extraction of receptor, indicating that most of the wild 
type bAR that is bound to the nucleus is also associated with the nuclear matrix. In the absence 
of hormone less than 5 % of the hAR molecules was bound to nuclei or nuclear matrices with 
either method A or method B (Figure 4a). Thus, binding of the hAR to the nucleus and the 
nuclear matrix is hormone-dependent and is enhanced two- to threefold when NaTT is present 
during permeabilization of the cells. 

To identify the domains of the hAR that are involved in binding to the nuclear matrix, 

we tested the effect of several Illutations on the binding of the hAR to permeabilized nuclei and 
nuclear matrices prepared according to method A or method B. Representative western blots are 
shown in Figure 4c-4f; the results of semi-quantitative analysis (see materials and methods 
section) of these and other blots are summarized in Table 1. 

Table 1 Semi-quantitative analysis of wild type and mutant hAR binding to nuclei and 

nuclear matrices 

[RI881] NA NMA NB NMB 
(M) 

hAR 0 - - - -

hAR 10-8 ++ ++ +++ +++ 

AR64 10-8 ++ ++ ++ ++ 

AR65 10-8 ++ ++ ++ ++ 

AR7 10-8 n.d. n.d. ++ ++ 

AR6 10 8 ++ ++ ++ ++ 

AR67 10-8 +++ +++ +++ +++ 

ARl3 10-8 - - ++ ++ 

Semi-quolltilative analysis of wild type and 11Iutallf liAR binding to nuclei alld nuclear matrices. 
171e all/oulll of receptor bOllnd to nuclei (NA and NnJ and nuclear matrices (NMA alld NMoJ prepared 
according to method A (NA alld NMA) or method B (NB alld NMJ was determined by semi~quantifative 
western blot analysis as described ill the materials alld methods section alld was calculated as the 
percentage of tile total alllolillt Of each mutant receptor ill the cell. ~ = less thall 5 %; + = 5~15 %; 
+ + = 15~40 %; + + + = 40-100 %; lI.d. = not determined. 

When cells were extracted according to method A, deletion of the N-terminal domain 
(AR6) or dismption of either one of the two zinc fingers in the DBD (AR64 and AR65) had no 
significant effect on nuclear and nuclear matrix binding. However, deletion of the C-tenninal 
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domain (AR13) resulted in complete dissociation of the hAR during permeabilization of the 
cells. ComplementalY to this, a hAR fragment lacking both the DBD and almost the entire N
terminal domain (AR67) remained bound to the cell nucleus and the nuclear matrix. We 
conclude that binding of the hAR to the nucleus and the nuclear matrix prepared according to 
method A is mediated by the C-terminal domain. 

Different results were obtained with nuclear matrices isolated according to method B. 
With this method, all mutants tested (including AR13) remained bound to the nuclear matrix. 
This indicates that addition of NaTT during permeabilization affects the interaction of the bAR 
with the nuclear matrix not only quantitatively, bnt also qualitatively. The interaction of the 
hAR with the nuclear matrix prepared by method B is most likely mediated by more than one 
domain. 

a 1 2 3 5 b 1 2 3 5 C 1 2 3 5 d 1 2 3 5 

1>- 1>,., - - 1>- I>~ --~ 
~ ---- ~ ..,,.. ....... ~...- .......... ~ ~ ..........a_...,....t 

e 1 2 3 5 f 1 2 3 5 9 1 2 3 5 

1>. 1>- ~ - ........ ... -
~ -_ .... / 

~.;...-- - I> - .... -
Figure 5 Western blot analysis of hGR binding to lIuclei and nuclear matrices. 
Cells expressing wild type hGR (a and b), 1550* (c), 1488* (d), M20-451 (e), G438 (J) or /!.9-385 (g) 
were grown ill the absence (a) or presence (b~g) of 108 M DEX alld extracted as described ill the text 
and Figure 3 to obtaill nuclei or nuclear matrices. Proteill samples from equimietlf /lumbers 0/ cells, 
nuclei or nuclear matrices were separated by SDS-PAGE, blotted Ol1to nitrocellulose alld probed with 
mOl/oclollal antibody mAb7 (a-:f) or GR7S$.795 (g), followed by alkaline phosphatase-conjugated anti-mouse 
antibody. Blots were also probed with monoclonal antibody 101-B7 agaillst lamill B, which served as an 
intemal standard. Open arrowhead, band represelllillg (mutalll) receptor; solid arrowhead, balld 
representing lamill B. Lane 1, cells; lanes 2 alld 3, nuclei; lane 5, Jluclear matrices. Lalle 2, extraction 
method A; Lalles 3 and 5, extractioll method B. 
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Binding of wild type and mutated hGR to the nucleus aud to the nuclear matrix 

In contrast to the wild type hAR, the DEX-stimulated wild type hGR was completely 
extracted by permeabilization in the absence of NaTT (method A). Thus the hGR is not tightly 
bound to the nucleus under these conditions (Figure 5b). Evidently, under these conditions the 
hGR is also not bound to the nuclear matrix either (data not shown). However, when NaTT was 
added during permeabilization (method B) 15-40 % of the hGR mOlecules resisted ex.traction. 
The same amount of receptor was retained in nuclear matrices isolated according to method B, 
indicating that all nuclear bound hGR was associated with the nuclear matrix. In the absence of 
hormone no hGR binding to nuclei or nuclear matrices was observed (Figure 5a, Table 2). 
Thus, binding of the hGR to the nuclear matrix is hOlmone-dependent and is only observed 
when NaTT is present during permeabilization of the cells. 

Table 2 Semi-quantitative analysis of wild type and mutant hGR binding to nnclei and 
nuclear matrices 

[DEXj NA NB NMB 
(M) 

hGR 0 - - -

hGR 10'8 - ++ ++ 

G438 10'8 - - -

Ll.420-451 10'8 - - -

89-385 10'8 - ++ ++ 

119-205 10'8 - ++ ++ 

1550* 10'8 - ++ -

1488* 10,8 - ++ + 

Semi-qualltitative analysis a/wild type alld mutant hGR binding to nuclei alld /luclear matrices. 
nle amollllt a/receptor bound to /luclei (NA alld NnJ alld !luclear matrices (NMnJ prepared according 10 
method A (NA ) or method B (No alld NMoJ was determined by semi-quantitative westem blot analysis as 
described ill lhe materials Gild methods section alld was calculated as the percellfage of the total amollnt 

of each mutant receptor ill the cell. - = Jess thall5 %; + = 5-15 %; ++ = 15-40 %; +++ = 
40-100 %; Il.d. = lIot determined. 

Several mutant hGRs were tested for binding to nuclei and nuclear matrices. 
Representative western blots are shown in Figure 5c-5f; the results of semi-quantitative analysis 
are summarized in Table 2. After permeabilization in the absence of NaTT (method A), none 
of the hGR mutants showed nuclear binding. This is consistent with the behaviour of the wild 
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type hGR. When cells were extracted according to method B, deletion of part or most of the 
N-tenninal domain ("'9-205 and "'9-385) did not affect binding to nuclei and nuclear matrices. 
However, deletion of the first zinc finger ofthe DBD ("'420-451), or disl1lption of the first zinc 
finger by replacement of the cysteine residue at position 438 by glycine (G438), resulted in a 
striking decrease of receptor binding to nuclei and nuclear matrices. Deletion of the C-tenninal 
domain (1488* and 1550*) had no effect on nuclear binding, but resulted in a partial (1488*) or 
complete (1550*) loss of nuclear matrix binding. These results demonstrate that the intact DBD 
of the hGR is required for binding of the hGR to the nucleus and nuclear matrix. The C
terminal domain is not essential for binding to the nucleus, but is required for optimal binding 
to the nuclear matrix. 

b 
1 2 3 4 5 

.. ----

Figure 6 Analysis of /luclear and Iluclear matrix billding of a {3galNLS jusioll protein 
fl, subcellular localizatioll of {3galNLS protein. COS-cells were lralls/eeted with plasmid pCHSV coding 
for the /3gaINSL proteill, grown 011 cover slips, fixed ill 3.7% formaldehyde and labeled with monoe/ollal 
antibody 12B3 agaillst /3-galactosidase, followed by FITe-labeled goat-allfi-moltse antibody. No labeling 
was obserl'ed in cells trallsfected with empty e.lpressioll vector. 
b, western blot analysis nuclear and Iluclear matrix billdillg of (3gaINLS. Cells expressing (3galNLS were 
extracted as described in the text alld Figure 3 to obtail1lluclei or nuclear matrices. Protein samplesjrolJl 
equivalellf numbers of cells, nuclei or nuclear matrices were separated by SDS-PAGE, blotted onto 
nitrocellulose and probed with monoclollal allfibody 12B3, followed by alkaline phosphatase-conjugated 
allfi-lJIollse antibody. The blot was also probed with monoclollal antibody 101-B7 againstlamill B, which 
served as all intemal standard. Open arrowhead, band represellling (3gaINLS; solid arrowhead, band 
represellfing lalllill B. Lalle 1, cells; lane 2 alld 3, lluclei; lane 4 and 5, nuclear matrices. Lane 2 alld 
4, extractioll method A; Lane 3 alld 5, extraction method B. 
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The effect of NaTT on matrix binding of nuclear proteins 

The results described above clearly show that NaTT has a stabilizing effect on the 
nuclear binding of steroid receptors. The observation that mutation of a single cysteine in the 
DBD of the hGR (mutant G438) causes a dramatic decrease in binding to NaTT-stabilized nuclei 
and nuclear matrices indicates that the stabilizing effect of NaTT is highly selective. Most 
likely, after treatment with NaTT only a specific set of nuclear proteins is associated with the 
nuclear matrix. We tested this further by measuring nuclear matrix binding of a protein that has 
no known interaction with any nuclear component and contains several SH-groups. For this 
purpose COS-l cells were transfected with an expression vector coding for a fusion protein 
(J3gaINLS) consisting of f3-galactosidase linked to the nuclear localization signal (NLS) of the 
SV40 large T antigen (Schreiber et al. 1992). The f3galNLS protein contains 16 cysteine 
residues, of which the sulfhydryl groups are potential targets for oxidation by NaTT. Due to 
the presence of the NLS, the fusion protein is readily transported into the nucleus, as was 
confinned by immunofluorescence microscopy using a monoclonal antibody against {3-
galactosidase (Figure 6a). Despite its exclusive nuclear localization, the f3galNLS protein showed 
no detectable binding to nuclei or nuclear matrices, irrespective of the presence Of absence of 
NaTT during permeabilization (Figure 6b). This observation supports the view that the nuclear 
interactions of the hAR and hGR presented here are not artefacts induced by random sulfhydryl 
crosslinking by NaTT. 

DISCUSSION 

The nuclear matrix plays an important role in nuclear organization and may be involved 
in the regulation of transcription (de Jong et al. 1990; van Driel et al. 1991). Steroid receptors 
bind to the nuclear matrix after hormone stimulation (Kaufmann et al. 1986; Barrack, 1987). 
This binding has been reported to be saturable, indicating that specific acceptors for steroid 
receptors are present in the nuclear matrix (Barrack, 1983; Colvard & Wilson, 1984; Belisle 
et al. 1989; Metzger % Korach, 1990; Schuchard et al. 1991). These acceptors may consist of 
residual matrix DNA, specific matrix proteins, or both. 

To obtain insight in the mechanism of binding of steroid receptors to the nuclear matrix 
we set out to identify protein domains in Ihe hAR and the hGR that are involved in the 
interaction with the nuclear matrix. For this purpose we isolated nuclei and nuclear matrices 
from cells expressing wild type or mutant receptors. Binding of these receptors to nuclei and 
nuclear matrices was determined by semi-quantitative western blotting. 

The internal fibrogranular network of the nuclear matrix is relatively labile and is in 
many cell types only found when a stabilization step is included in the isolation protocol. 
Various stabilization methods have been described, such as fixation with acrolein (DeGraaf et 
al. 1991), incubation at 37 or 42°C (Mirkovitch et al. 1984; McConnell et al. 1987), treatment 
with Cu'+ (Kaufmann et al. 1981; LebkolVski & Laenunli, 1982), and oxidation with sodium 
tetrathionate (Narf) (Kaufmann & Shaper, 1984). The molecular events responsible for 
stabilization in most of these procedures are poorly understood. Stabilization by NaTT is most 
likely due to the formation of inlra- and inter-protein S-S bridges (Kaufmann & Shaper, 1984). 
However, the NaTT-stabilized matrix is not a continuous network of disulfide bridged proteins 
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(Stumman et a!. 1992c). This implies that other interactions than disulfides are hnportant for 
matrix integrity too. 

[n the present study we utilized NaTT to stabilize the nuclear matrix. NaTT treatment 
was included either during permeabilization or after permeabilization of the cells (Figure 3). 
When NaTT is present during permeabilization (method B) it rapidly stabilizes the nuclear 
matrix. We call the nuclear matrices prepared according to method B 'colllplete lIlatrices'. When 
NaTT is added after permeabilization (method A) some weakly associated matrix proteins may 
be extracted during the permeabilization step. Therefore, these nuclear matrices are caBed 
'depleted matrices' . 

Our observations can be summarized as follows. Depleted matrices contained 15-40 % 
of the wild type hAR protein (Table I). Evidently, this receptor fraction is tightly bound to the 
nuclear matrix. The interaction of these receptor molecules with the depleted matrix required 
an intact C-terminal domain. The N-terminal domain and the DNA-binding domain were not 
required. In contrast, complete matrices retained any of the mutant hAR proteins. We interpret 
these results as follows. Binding of the hAR to depleted nuclear matrices involves a tight 
interaction with an acceptor protein via the C-terminal hAR domain. In complete matrices at 
least one other interaction of the hAR with the nuclear matrix must take place, since deletion 
of the C-tenninal domain does not abolish binding. This interaction is relatively weak, as it 
becomes only evident after NaTT stabilization. This interaction may be mediated by an acceptor 
that differs from the acceptor that binds to the C-temlinal domain of the hAR. [n conclusion, 
the C-temlinal domain and at least one other domain of the hAR are involved in matrix binding. 

The hGR behaved unlike the hAR. Neither wild type nor mutated hGR proteins were 
found in depleted matrix preparations. Complete matrices, however, contained 15-40 % of the 
wild type hGR protein (Table 2). These results indicate that under conditions that the matrix 
structure is not stabilized during permeabilization either the hGR acceptors dissociate from the 
matrix, or the hGR-acceptor interaction itself is a weak interaction. Treatment with NaTT 
evidently stabilizes such interactions, It has been reported that the glucocorticoid receptor in 
NaTT -stabilized rat liver nuclear matrices is covalently bound to other matrix components 
through intermolecular disulfide bridges (KaufmaIlll et a!. 1986). This suggests that at least part 
of the stabilizing effect of NaTr results from direct crosslinking of the receptor to its nuclear 
matrix acceptors. 

Dismption of the DBD of the hGR was sufficient to completely abolish interaction with 
complete matrices. Therefore, either residual matrix DNA or a matrix protein that specifically 
binds to the DBD may function as an acceptor for the hGR. The C-terminal domain of the hGR 
also contributed to matrix binding. One mutant, lacking most of this domain ([550*), was not 
retained by the matrix at all, whereas another C-terminal deletion mutant ([488*) bound only 
poorly. Presumably the C-terminal domain interacts with an acceptor protein. The observation 
that both the DBD and the C-terminal domain are required suggests that these two domains bind 
to the nuclear matrix in a cooperative fashion. The N-terminal domain of the hGR is not 
important for matrix binding under our experimental conditions. 

The hAR and the hGR show different matrix binding characteristics. First, the hAR 
binds both to depleted and complete matrices, whereas the hGR binds only to complete matrix 
preparations. Second, for binding to complete matrices the hGR requires both the DBD and the 
C-tenninal domain, whereas in the hAR disruption of either of these two domains does not 
affect binding to complete matrices. These differences clearly demonstrate that the hAR and the 
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hGR are associated with the nuclear matrix through different molecular interactions. Most 
likely, the nuclear matrix contains distinct acceptors for the hAR and the hGR, 

An important issue is the mechanism of stabilization of matrix protein interactions by 
NaTT. One might argue that the interactions of steroid receptors with the nuclear matrix are 
artefacts caused by non-specific formation of disulfide bridges by treatment with NaIT. A 
number of observations argue against this possibility. First, disruption of the DBD by a single 
amino acid residue substitution results in loss of binding of the hGR to the nuclear matrix, 
indicating that the interaction is specific. Second, we show that the fusion protein {3galNLS does 
not bind to the nucleus or to the nuclear matrix in the presence of NaTT, although it is 
exclusively located in the nucleus and it contains 16 cysteine residues. Third, Stuurman et a1. 
(Stuurman et al. 1992c), have demonstrated that only a very limited set of nuclear matrix 
proteins is actually covalently cross-linked after treatment with NaTT. Fourth, it has been shown 
that in NaTT-stabilized nuclear matrices the polyoma large T antigen is covalently crosslinked 
to a small number of proteins (Humphrey & Pigiet, 1987). These proteins are probably nearest 
neighbours of T antigen in the nucleus. Clearly, the stabilizing effect of NaIT is selective. 

The role of different domains of the hAR and hGR in the activation of transcription has 
been extensively characterized (Hollenberg et al. 1987; Jenster et al. 1991). Comparison of our 
results with these transactivition activity data shows that there is no positive correlation between 
nuclear matrix binding and activation of transcription by mutant receptors. For instance, the N
teoninal domains of the hAR and the hGR are required for maximal transcriptional activation 
(Jenster et al. 1991; Hollenberg et al. 1987), but are not essential for nuclear matrix binding. 
Conversely, hGR mutant 1550*, which lacks most of the C-tenninal domain, still shows 40% 
of the wild type transactivation activity (Hollenberg & Evans, 1988), but does not bind to the 
nuclear matrix. Also the C-terminal domain of the bAR interacts with the nuclear matrix, but 
deletion of this domain does not result in a decrease in transactivation of a reporter gene 
construct in COS-cells (Jenster et al. 1991). This lack of correlation between matrix binding and 
transactivation activity suggests that matrix binding is not directly involved in the regulation of 
transcription by steroid receptors. However, it should be emphasized that the available data on 
the role of steroid receptor domains in the regulation of transcription are based on measurements 
using artificial reporter plasmids, which have an only poorly defined chromatin structure. It 
remains possible that steroid receptor-matrix interactions are required for the transcriptional 
activation of genes in their proper chromatin context. 

\Ve showed by immunofluorescence microscopy that all hGR mutants that were tested 
for nuclear matrix binding were localized in the nucleus after steroid treatment (Figure 1). 
These localization data are consistent with previously reported results (Cadepond et al. 1992). 
In general, we observed predominant nuclear localization for mutant proteins that contained the 
intact bipartite nuclear localization sequence (NLS). In the hGR this NLS consists of two 
conserved stretches of basic amino-acid residues at positions 479-480 and 491-495, separated 
by a spacer of ten residues (Dingwall & Laskey, 1991). Although the truncated hGR mutant 
1488* lacked the C-terminal part of the bipartite NLS, we found this mutant to be located 
exclusively in the nucleus. In agreement with this observation Cadepond et al. (Cadepond et al. 
1992) have reported the predominantly nuclear localization of a similar mutant (1491 *), which 
is tnmcated after position 491. Apparently the conserved NLS basic residues at position 491-495 
are not absolutely required for nuclear import of these hGR mutants. 

We also found the hAR mutant AR67 to be mainly nuclear, despite complete deletion 
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of the bipartite NLS at positiou 608-625 (Jenster et al. 1993). Because of its small molecular 
size ( - 35 leDa) this mutant protein may be able to traverse the nuclear pore without requiring 
a NLS (Nigg et al. 1991). The nuclear accumulation of the AR67 protein is probably the result 
of its interaction with the nuclear matrix. 

It has been reported that disruption of the DBD of the hAR causes a dramatic change in 
the subnuclear distribution of this receptor (Jenster et al. 1993). After hOlmone stimulation the 
wild type hAR is homogeneously distributed throughout the nucleoplasm, whereas mutants 
AR64 and AR65 are concentrated in large clusters inside the nucleus. Also in nuclear matrix 
preparations we found a homogeneous distribution for the wild type hAR and a clustered 
distribution for AR64 and AR65 (data not shown). These clusters may be either large aggregates 
of these mutant receptors due to reduced solubility, or caused by an interaction of the lIAR 
mutants with specific nuclear substructures, such as nuclear bodies (Stuurman et al. 1992b). In 
both cases the altered distribution indicates that mutant receptors AR64 and AR65 display 
nuclear interactions which are not manifest for the wild type receptor. Thus, caution should be 
taken with the interpretation of binding data of these mutants. All other mutants showed a 
normal wild type-like subnuclear distribution. 

In conclusion, we show that specific protein domains of the hAR and hGR are involved 
in binding to the nuclear matrix. The binding characteristics of both receptors depend on the 
precise method that is used to isolate the nuclear matrix. Evidently, the interaction of certain 
receptor domains with the nuclear matrix is relatively labile. Our results show that the hAR and 
the hGR are attached to the nuclear matrix through different molecular interactions. The 
physiological relevance of these receptor-matrix interactions remains to be elucidated. Matrix 
binding of the various receptor mutants is not clearly correlated to their potency to activate 
transcription of an artificial reporter gene construct. However, receptor-matrix interactions may 
playa significant role in the activation of genes in their proper chromatin context. Alternatively. 
matrix binding may be involved in other receptor functions, such as inhibition of the expression 
of specific genes, or intra-nuclear transport or storage of receptors. Identification of the nuclear 
matrix acceptors that interact with steroid receptors will be a important step towards 
understanding the function of matrix binding. 

MATERIALS AND METHODS 

bAR and hGR expression plasmids 

The hGR (Hollenberg et al. 1987; Hollenberg & Evans, 1988; Rupprecht et aI. 1993) 
and hAR (Jenster et al. 1991; Jenster et aI. 1993) expression plasmids have been published 
previously. Plasmid pAR67 was constl1lcted from pARS (Jenster et al. 1993) in which via site
directed mutagenesis a NarI site was introduced in codon 625 using primer pAR28.1 (Jenster 
et al. 1993). NarI digestion resulted in the in-frame deletion of a cDNA fragment encoding 
residues 51-624. 

Cell culture and tl'ansfcctions 

For hGR studies, COS-l cells were grown in Dulbecco's Modified Eagle's Medium 
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supplemented with 10% fetal calf semm. Cells were transfected by electroporation with 51'g 
receptor expression vector and 10 I'g carrier DNA (pGEM4; Promega Corp., Madison, WI) as 
described (Rupprecht et al. 1993). For nuclear binding studies, electroporated cells were 
replated in 6 cm" petridishes in Dulbecco's Modified Eagle's Medium supplemented with 10% 
charcoal-stripped steroid-free fetal calf semm and cultured 24 hr in the presence or absence of 
10·' M dexamethasone (Sigma). For immunofluorescence labeling, transfected cells were 
replated on 16 nun glass cover slips that were pretreated with alcian blue (Brink et al. 1992), 
and cultured as for nuclear binding studies. 

For hAR and /lgalNLS studies, cells were grown on alcian blue treated cover slips or 
in 6 em " petridishes, transfected and cultured as described previously (Jenster et al. 1993). 
When indicated, cells were treated with 10"' M RI881 (17a-methyltrienolone, NEN, Boston, 
MA) for 24 hours. 

Immunofluorescence labeling and microscopy 

All incubations were carried out at room temperature. After hormone treatment for 24 
hours, hAR-transfected cells grown on cover slips were either directly fixed or first extracted 
ill situ to obtain nuclear or nuclear matrix fractions, which were subsequently fixed. Fixation 
occurred by washing twice in PBS, fixing with 3.7% formaldehyde 10 min in PBS, washing 
twice in PBS and penneabilization with 0.5% Nonidet P-40 in PBS for 10 min. After two wash 
steps in PBS, fixed and permeabilized specimen were incubated 20 min with 10% FCS in PBS, 
followed by incubation with the monoclonal antibody F39.4.1 (Zegers et al. 1991) (ascites fluid, 
diluted 1:1000) or the polyclonal antibody SP066 (Kuiper et al. 1993) for I hr, followed by 6 
x 5 min washing in PBS, and subsequent incubation with FITC-conjugated goat-anti-mouse 
antibody (Sigma), or FITC-conjugated goat-ant i-rabbit antibody (Sigma) for Ihr. After 6 
washing steps in PBS and 10 min incubation with 1 I'g/ml Hoechst 33258 in PBS, preparations 
were mounted in I mg/ml p-phenylene diamine (Sigma) in 75% glycerol in PBS. 

hGR transfected cells, grown on cover slips, were treated with hormone for 24 hours, 
washed twice in PBS, fixed 10 min in 2% fOlmaldehyde in PBS, washed twice in PBS, 
permeabilized 10 min in 0.5% Nonidet P-40 and washed twice in PBS. Cells were incubated 
2 x 10 min in PBG (0.5% BSA, 0.1 % gelatin in PBS), followed by overnight incubation with 
a mouse monoclonal antibody mAb7 (Okret et al. 1984) (1I'g/ml) or monoclonal antibody GR7SS. 
795 (undiluted hybridoma culture supernatant) directed against the hGR. Western blotting and 
immunofluorescence labeling of several hGR deletion mutants demonstrated that the epitope of 
mAb7 is situated in region 9-205 (data not shown). Antibody GR7SS~795 is directed against the C
terminal amino acid residues 788-795 of the rat GR (Flach et al. 1992), which are identical to 
amino acid residues 770-777 of the hGR. After 6x5 min washing in PBG, cells were incubated 
I hr in PBG with biotin-conjugated sheep-anti-mouse antibody (Jackson ImmunoResearch 
Laboratories) followed by FITC-conjugated streptavidin (Gibco) for 1 hr. After 6x5 min 
washing in PBG, preparations were stained with Hoechst 33258 and mounted as described 
above. The same procedure was followed for labelling of pelmeabilized cells and nuclear 
matrices. 

Cells transfected with the /lgalNLS fusion protein were fixed and stained as with hAR
transfected cells, using monoclonal antibody 12B3 against /l-galactosidase. 
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Permeabilization and nuclear matrix preparation 

All incubations were carried out ill situ on monolayer cultures of transfected ceBs. 
For permeabilization, transfected and hormone treated cells were washed twice in CSK buffer 
(10 mM PIPES, pH 6.8; 100 111M NaCl; 300 mM sucrose; 3 mM MgCI,; 1 111M EGTA; 0.5 
mM benzamidin; 1 mM PMSF; l/,g/ml pepstatin; Il'g/ml aprotinin), incubated 3 min with 0.5% 
Nonidet P·40 in CSK with (method B) or without (method A) 0.5 111M NaIT, then 5 min with 
CSK with or without NaIT, respectively, and washed twice briefly with CSK. Then cells were 
incubated 85 min in CSK, or subjected to extractions to obtain nuclear matrices. 

For nuclear matrix preparations, cells pClmeabilized in the absence of NaTT were 
incubated 10 min with 0.5 mM NaIT in CSK (method A), and cells permeabilized In the 
presence of NaTT were incubated 10 min in CSK (method B). Subsequently, all cells were 
washed once with CSK and once with digestion buffer (CSK with 50 mM NaCI instead of 100 
mM NaCI), followed by incubation for I hr with 250 I'g/ml DNase I (type IV, Sigma) in 
digestion buffer. Then cells were extracted with 0.25 M (NH4),SO, in digestion buffer for 10 
min and washed twice with CSK. By phase·contrast microscopy it was confirmed that more than 
80% of the cells remained attached to the substratum during the ill situ extractions. 
Permeabilized cells and nuclear matrices in petridishes were collected in 200!,1 sample buffer 
(2% SDS, Tris pH 6.8, l1-mercapto ethanol, glycerol), and heated at 95°C for 5 min. Total cell 
protein samples were obtained by washing transfected and hormone treated cells twice in CSK, 
after which they were collected and heated in 200!,1 sample buffer. Permeabilized cells and 
nuclear matrices on cover slips were prepared further for immunofluorescence labeling. 

Polyacrylamide gel electrophoresis and western blotting 

Protein samples from approximately 2xl0' cell equivalents were separated on 8% 
polyacrylamide gels In the presence of SDS and transferred to nitrocellulose membranes 
(Towbin et al. 1979). Membranes were incubated 16 hI' with I % blocking reagent (Boehringer, 
Mannheim), followed by one of the antibodies mentioned above, followed by alkaline 
phosphatase conjugated goat-anti-mouse (Jackson ImmunoResearch Laboratories, West Grove, 
PAl or goat-anti-rabbit antibody (BioRad). Blots were stained using the BCIP/NBT method 
(BioRad). Antibodies were diluted in 0.1 % gelatin, 0.5% bovine serum albumine, 0.05% 
Tween-20 and 300 mM NaCI in PBS. After staining, all blots were reprobed with monoclonal 
antibody 101-B7 against lamin B (Matritech, Cambridge, MA) and alkaline phosphatase 
conjugated goat-ant i-mouse antibody. In case of the receptor mutants 1488* and 1550*, lamln 
B probing was carried out on a separate, identical blot because these receptor mutants have 
approximately the same apparent molecular size as iamin B. 

For semi-quantification of the amount of receptor bound to nuclei and nuclear matrices, 
western blots were made for each receptor mutant of equivalent amounts of nuclei and nuclear 
matrices and a dilution series of a total cell protein sample from the same experiment (not 
shown). Receptor band intensities of nuclei and nuclear matrices were compared by eye with 
the dilution series of the total cell preparation to estimate the approximate percentage of cellular 
receptor that was retained in nuclei and nuclear matrices. This analysis was carried out in 
duplicate or triplicate for each receptor mutant. 
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SUMMARY 

To locate in detail the regions in the human androgen receptor (AR) involved in 
transcription activation, a series of N-terminal deletions was introduced in the wild type AR and 
in a constitutively active AR. The different constructs were tested for their capacity to activate 
transcription. Almost the entire N-terminal domain (residues 1-485) was necessary for full wild 
type AR activity when cotransfected with the (GRE),tkCAT reporter in HeLa cells. In contrast, 
a smaller part of the N-terminal domain (amino acids 360-528) was sufficient for the 
constitutively active AR to induce transcription of the same (GRE),tkCAT reporter in HeLa 
cells. This demonstrates the capacity of the AR to use different regions in the N-terminal 
domain as transcription activation units (TAUs), 

To obtain additional information of AR N-terminal TAUs, the GAlA DNA binding 
domain was linked to either the entire, or parts of the AR N-terminal domain and co-transfected 
with the (UAS),tkCAT reporter in HeLa cells. The results confirmed that the first 485 amino 
acid residues accommodate a transcription activation function. \Vhen the chimeric AR-GAIA 
constructs were tested on a different reporter ([UAS),ElbCAT), a small shift in position of the 
TAU, responsible for full transactivation, was observed. 

The data presented show that the size and location of the active TAU in the human AR 
is variable, being dependent on the promoter context and the presence Of absence of the ligand 
binding domain. 

INTRODUCTION 

Steroid hormone receptors constitute one of the best available model systems for studying 
regulation of gene transcription. Based upon phylogenetic studies, the family of nuclear 
receptors can be grouped into three subfamilies: 1) steroid receptors to which also the androgen 
receptor (AR) belongs, 2) thyroid hormone and retinoid receptors, and 3) orphan receptors 
which lack a well defined ligand (Laudet et aJ. 1992). Upon testosterone or dihydrotestosterone 
binding, the AR undergoes several sequential processes in order to interact with cognate DNA 
sequences. These DNA sequences (hormone response elements [HREs)) are commonly located 
in the regulating regions of the target genes. The binding of the AR to the HRE resnlts in the 
formation of a stable pre initiation complex near the transcription start site which allows efficient 
transcription initiation by RNA polymerase II. The mechanism by which steroid receptors 
stabilize or interact with the preinitiation complex is poorly understood. There is experimental 
evidence for a direct interaction of receptor with the general transcription factor liB (TF-lIB) 
(lng et aJ. 1992; Baniahmad et aJ. 1993). Furthennore, steroid receptors could indirectly 
associate with the preinitiation complex via so called bridging factors (co-activators), or could 
make promoters accessible for other transcription activators by nucleosome displacement 
(reviewed in Archer et aJ. 1992; Gill & Tjian 1992; Truss et aJ. 1992a; Adams & Workman 
1993; Wolffe 1994). 

All nuclear receptors are composed of at least four functional domains: the N-tenninal 
domain, DNA binding domain (DBD), hinge region, and the ligand binding domain (Evans 
1988; Green & Chambon 1988; Truss & Beato 1993). The DNA binding domain, composed of 
two "zinc-finger" structures, is, like the C-terminal ligand binding domain, highly conserved 
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among the steroid receptors (Laudet et a!. 1992). Interestingly, although the N-terminal domain 
of all steroid receptors harbours a transcription activation function, its length and amino acid 
residue constitution is unique for each receptor (Giguere et a!. 1986; Gronemeyer et a!. 1987; 
Kumar et a!. 1987; Dobson et a!. 1989; Jenster et a!. 1991; Simental et a!. 1991; Rupprecht et 
a!. 1993). The sizes of the N-tenninal domain of the androgen-, glucocorticoid- (GR) , 
progesterone- (PR) and mineralocorticoid receptors (MR) are approximately half of the total 
receptor size. Compared to other nuclear receptors, this is exceptionally large and it coincides 
with the observation that the AR, GR, PR, and MR are the only nuclear receptors recognizing 
HREs that fit consensus glucocorticoid response elements (GREs) (FOlman & Samuels 1990; 
Laudet et a!. 1992; Freedman & Luisi 1993). The specific GRE binding is reflected by the 
presence of a glycine, serine and valine residue in the so called P-box located in the first zinc
finger of the DNA binding domain (Danielsen et al. 1989; Mader et a!. 1989; Zilliacus et al. 
1991). Based on the P-box sequence, the AR, GR, PR, and MR are classified in the 'GSckV
group' (FOlman & Samuels 1990; Laudet et al. 1992). The residues in the P-box detennine 
which type of HRE half-site (consensus GRE half-site: TGTTCT or estrogen response element 
(ERE) half-site: TGACCT) the receptor recognizes (Danielsen et al. 1989; Mader et al. 1989; 
Umesono & Evans 1989; Zilliacus et al. 1991). Almost all members of the thyroid hmmone, 
retinoid- and orphan receptor subfamilies, bind HREs containing ERE-like half-sites and are 
classified in the 'EGckA/EGckG/EGckS' pobox groups (Forman & Samuels 1990; Laudet et al. 
1992). In these subfamilies, different mechanisms have been described that enlarge diversity and 
could explain, at least partially, cell-, and promoter discrimination: receptor hetcl'Odimerizatioll, 
variable spacing of the HRE half-sites, and direct repeat or inverted repeat orientation of the 
two HRE half sites (Zechel et al. 1994a,b) (reviewed in De Luca 1991; Glass et al. 1991; Green 
1993a; Giguere 1994). Since these variabilities have not been found for the "GSckV class" 
receptors, it seems reasonable to assume that the large and unique N-terminal domains of the 
AR, GR, PR and MR are important in cell- and receptor specific regulation of target genes, 
through multiple N-terminal transcription activation units (TAUs, also referred to as TAF, AF 
or TAD). For some promoters, experimental evidence has been provided, showing that promoter 
context as well as receptor N-terminal domain could determine receptor specificity (Adler et al. 
1992; Pearce & Yamamoto 1993). 

Several different sequence motifs that characterize transcription activation units have 
been identified thus far. Acidic regions (acidic activation domains [AAD]), proline-rich domains 
and glutamine-rich domains (reviewed in Ptashne 1988; Mitchell & Tjian 1989; Gill & Tjian 
1992; Tjian & Maniatis 1994). Although the AR N-terminal domain does not possess a 
significant sequence identity with other known transcription factors, it is glutamine- and prolinc
rich (including homopolymeric Gln-, Pro-stretches) and has a relatively high number of acidic 
amino acids (Faber ct al. 1989). 

To investigate the size and location of the TAU responsible for the transactivating 
capacity of the human AR in different situations, a series ofN-terminal deletions was introduced 
in the wild type AR and in a constitutively active AR. These AR mutants were tested for their 
ability to activate transcription of an androgen responsive reporter gene. In addition, chimeric 
AR-GAL4 DNA binding domain constmcts were generated to obtain additional evidence for the 
localization of TAU regions. 

139 



Appendix paper IV 

RESULTS 

Functional mapping of the TAU responsible for wild type AR transactivating capacity 

A series of AR N-terminal deletion mutants was tested for transcription activity in HeLa 
cells using the (GRE),tkCAT reporter (Figure I) (pG29GtkCAT [SchUle et a!. 1988]). 
Cotransfection of the wild type AR expression plasmid (pARO) together with the reporter 
construct in the presence of I nM RI881 (a non-metabolizable androgen), resulted in a 20 to 
40 fold induction of CAT expression as compared to the CAT activity of the unliganded AR 
(data not shown). N-terminal deletion of the first 100 or 141 amino acid residues (ARIlO, 
AR120 respectively) resulted in a reduction to approximately 60% activity as compared to wild 
type AR (Figure 1). Further deletion to amino acids 188 (ARI21), 360 (ARI23) or 528 
(ARI04) gradually reduced the transcription activation capacity of the respective AR mutants. 
These results suggest that almost the entire N-terminal domain is involved in transcription 
activation, because no sharp N-terminal border of a TAU could be marked. To locate the C
terminal boundalY of the TAU responsible for the wild type AR transactivating capacity, AR62 
(6485-528), ARIl3 (6370-528) and AR60 (6244-528) were generated and tested for activity. 
Deletion of the last 42 residues of the AR N-terminus (AR62) had no effect on transcription 
activity, whereas deletion of 157 residues (ARIl3) reduced transactivity to approximately 70%. 
AR60 which lacks the second half the N-terminal domain is hardly capable of activating 
transcription of the (GRE),tkCAT reporter. Importantly, the inability of AR60 to activate 
transcription could not be attributed to a smallei' deletion. AR22 (6244-360), AR61 (6360-494) 
and AR62 (6485-528) contain smaller deletions that together cover the large region deleted in 
AR60. All three AR mutants, however, were quite capable of inducing transcription. This 
indicates that the TAU function cannot be attributed to a single small structural element and 
suggests the presence of several different TAU-subunits. Deletion of the region between amino 
acids 46-244 in the first half of the N-terminal domain (AR55), also resulted in a major 
reduction of transactivating capacity. This mutant showed that although the deletion of amino 
acids 244-528 (AR60) strongly affected transcription activity, these sequences by themselves 
(AR55) are not sufficient for transactivation. 

To locate the minimal part of the N-tenninal domain that still retained most of the 
transactivation capacity, ARl30 and ARl31 were constructed. Although both mutants were quite 
capable of inducing transcription (approximately 65% compared to the wild type ARO), the only 
AR mutant retaining full transactivity was AR62, which again indicates that almost the entire 
AR N-terminus is necessary for wild type receptor activity (residues 1-485: designated TAU-I). 
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Figure 1 Functiollal analysis of N~terlJlillal deleliolllllutallfs of the wild type ARO. 
Transcriptional acti~lity was examilled by cotralls/eelioll of AR expressioJl plasmids alld a (GREJJkCAT 
reporter plasmid. CAT activity was determined/rom celt /ysates a/tralls/eeted HeLa cells cultured ill the 
absence or presence of 111M Ri8S1. Activities were correctedfor the (GRE)zlkCAT background and the 
mean (±SE) of the RI881 treated samples of 5 independent assays are presellted as a percelllage relative 
to that of the wild type ARO. 

Functional mapping of the TAU .. esponsible fo .. t .. ansactivating capacity of the 
constitutively active AR mutant 

To obtain information on the size and location of the TAU responsible for the 
transactivating capacity of a constitutively active AR, a construct was generated which lacks the 
ligand binding domain (AR5). Compared 10 the wild type AR, the transcription activation 
capacily of AR5 was approximately 75%. RI881 had no effect on the transcription induction 
of the constitutively active receptor. The same series of deletions as analyzed in ARO 
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derivatives, was introduced in the constitutively active ARS. The capacity of these constructs 
to activate transcription was, like the wild type AR deletion series, tested in HeLa cells using 
the same (GRE),tkCAT reporter. 

Surprisingly, in contrast to the results found in the ARO deletion analysis, truncation of 
the first 3S9 amino acids in the constitutively active AR (ARI06), did not result in a decrease 
in the trans activating capacity, indicating a TAU in the 360-S28 region (Figure 2). All other 
deletion mutants confirm the presence of a TAU in this area (designated TAU-5). Deletions of 
part of the 360-S28 domain resulted in completely loss of, or decreased transactivating capacity 
(AR99, AR126, AR98 and ARI17). In contrast, the mutants ARIOO, ARllS, AR124, ARI27 
and ARIOS in which the 360 to 528 region is present, complete, or almost complete 
transactivating capacity was observed. So, the smallest N-terminal region responsible for full 
ARS transactivity is located between residues 360 and S28. 
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Figure 2 Functional analysis of N-lermillal deletion mutants of the constitutively active AR5. 
Transcriptional activity was examined by cotrallsjectioll afAR expression plasmids and a (GRE);!kCAT 
reporter plasmid. CAT activity was determined from ce/l/ysates oj trallsfeeted HeLa cells cultured ill the 
absence Of Ri881. Activities were corrected for the (GRE);kCAT backgroulld alld the mean (±SE) of 
5 independent assays are presellfed as a percentage relative to that of AR5. AR106 is the ollly receptor 
mutant that could 1I0t be visualized by Westem immullobiotting with the amilable allti-AR allfibodies (see 
Materials alld methods). 
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Functional mapping of the TAU responsible for transactivating capacity of the chimeric 
AR-GAL4 constructs, 

To obtain additional evidence for the presence of a TAU in the AR N-terminal domain, 
a construct was generated containing the first 550 amino acids of the AR, linked to the GAIA 
DNA binding domain (AR4G), In addition, a series of constructs was generated encoding 
several different parts of the AR N-terminal domain, linked to the GAIA DBD, Chimeric 
proteins were tested for transactivating capacity in HeLa cells using the (UAS),tkCAT reporter 
(Figure 3, filled bars), The (UAS),tkCAT reporter is comparable to the (GRE),tkCAT reporter 
construct used for the wild type, and constitutively active AR mutants, except that the two GRE 
sequences have been replaced by upstream activating sequences (UASs) to which the GAIA 
DNA binding domain can bind (Baniahmad et al. 1991), It could be expected that the TAU, 
responsible for the transactivating capacity of the constitutively active AR4G, would be located 
in the same region (amino acids 360-528) as TAU-5, which is responsible for the constitutively 
AR5 transactivating capacity. However, enlargement of the N-terrninal truncation (AR94G, 
ARI07G, ARlO5G, ARI06G) resulted in a gradual decrease in transcription activity, when 
tested on the (UAS),tkCAT reporter (Figure 3, filled bars). The region between amino acids 370 
and 550 is still essential for trans activity of AR4G since the transactivating capacity of AR113G 
(which lacks amino acids 370-550) was strongly reduced. The TAU responsible for full AR4G 
activity, when tested on the (UAS),tkCAT reporter, is located between amino acids 188 and 485 
(AR9IG) (Figure 3). 

The same series of chimeric proteins was tested on the (UAS),ElbCAT construct (Figure 
3, empty bars). This reporter contains five UASs upstream of the ElbTATA-box and represents 
a different promoter environment (Lillie & Green 1989), The transcription activation capacities 
of the chimeric proteins were different when tested on the (UAS),ElbCAT reporter. A large 
reduction in transactivating capacity was observed between mutants AR94G (.Il.1-142) and 
ARlO7G (.Il.1-188) which shows that the region between amino acids 142-188 is essential for the 
chimeric proteins to be able to activate transcription of the (UAS),ElbCAT reporter. In contrast, 
the capacities of AR94G and ARI07G to activate transcription of the (UAS),tkCAT reporter 
were not significantly different. This promoter-specificity, determined by AR amino acids 142-
188 is also obvious for mutants ARIOOG and AR91G (Figure 3). On the other hand, the region 
between amino acids 360 and 550 is more important for the chimeric proteins to be able to 
activate transcription of the (UAS),tkCAT construct. ARlO6G, which only contains this last part 
of the AR N-terminal domain, was incapable of inducing transcription when cotransfected with 
the (UAS),ElbCAT constlUct, but retained approximately 35% activity when tested on the 
(UAS),tkCAT reporter. When tested on the (UAS),ElbCAT reporter, the minimal part of the 
AR N-terminal domain still capable of inducing full transactivity. is located between residues 
142 and 485 (AR96G). 
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Figure 3 FU11ctional analysis of N-terminal deletion mutants of the chimeric AR4G 
Transcriptional act/v;,y was examined by co/rans/eetiotl of AR-GAL4 expression plasmids alld a 
(UAS),ElbCAT (empty bars) or (UAS),tkCAT (filled bars) reporter plasmid. CAT activit)' was determilted 
from celllysates of tralls/eeted HeLa cells cultured ill tile absence of RIB81. Acti\lities were corrected 
for tlte reporter background and the mean (±SE) of 5 independent assays are presented as a percellfage 
relative to that of AR4G. 

DISCUSSION 

To dissect the transcription activation properties of the human AR, a series of AR 
deletion mutants was analyzed to characterize and locate N-telminal regions essential for 
lranscription activity. Deletion mapping of the wild type AR revealed lhat for full receptor 
activity, almost lhe entire N-lerminal domain is necessary (TAU-I, residues 1-485) (Figure 4). 
Any deletion, except for the deletion of lhe last 42 residues in lhe AR N-terminus, affected lhe 
capacity to induce transcription when analyzed in HeLa cells using the (GRE),tkCAT reporter. 
The minimal region (designated core region) that still retained over 50% transactivity compared 
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to ARO, was located between residues 101 and 370 (Figure 4). Interestingly, these results are 
clearly different from the data obtained in the deletion mapping studies of the constitutively 
active AR5. The same series of deletions was introduced in AR5, and the respective mutants 
were analyzed under identical experimental conditions (HeLa cells using the (GRE),tkCAT 
reporter). These studies revealed that a region between amino acids 360 and 528 (designated 
TAU-5) was sufficient for full constitutively transactivity (Figure 4). This demonstrates the 
capability of the AR to use different N-terminal regions for transcription activation. 
Furthermore, these observations suggest a determinant role for the ligand binding domain in 
TAU functioning. Deletion of the ligand binding domain resulted in loss of TAU-l activity and 
induced the use of TAU-5. These findings however, do not permit to draw conclusions with 
respect to the functional in vivo existence of separate TAUs that could explain cell- and 
receptor-specific gene expression, since so far, constitutively active ARs have not been 
identified in intact ill vivo systems. 
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Figure 4 Summary of the regions of the AR N-/ermina/ domain responsible for the lrallsactivatillg 
capacity of the wild type AR alld AR 11Iutants. 
Total bars represent the region neceSSa1Y for full receptor activity compared to the starting receptor 
(ARO, AR5 or AR4G). Thick bars, as pari of Ihe lolal bar, represenllhe regioll responsible for 50% or 
more of the transcription activity (core region). 

Although TAU-l and TAU-5 overlap, the core of the two TAUs (responsible for over 
50% of the activity), are separate N-terminal regions with individual characteristics. TAU-l 
contains a reJatively high number of acidic amino acids, three glutamine repeats of which one 
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is polymorphic, and potential phosphorylation sites (Faber et at. 1989; Kuiper et at. 1993). The 
TAU-5 core is not acidic and harbours three different amino acid stretches: 1) a proline stretch 
(residues 371-378), 2) an alanine stretch (residues 397-401), and 3) a glycine stretch (residues 
448-463) (Faber et at. 1989). The role of the different amino acid stretches in the TAU-5 region 
is not known. Lengthening of the GIn repeat to more than 40 residues is associated with 
Kennedy's disease, an X-linked neum-degenerative disorder, characterized by a slowly 
progressing muscle weakness (La Spada et at. 1991). Mhatre and co-workers (1993) have shown 
that the extension of the Gin-repeat to 40 or 50 residues, resulted in a decreased AR capacity 
to activate transcription. 

The capability of the AR to use different and unique regions of its N-terminal domain 
as TAUs, introduces the possibility that different TAUs are responsible for the regulation of 
different genes, resulting in cell-specific and AR-specific gene expression. Evidence for the use 
of different N-tenninal regions to activate different kind of promoters was provided by the 
analysis of a series of AR-GAIA chimeric constmcts. These proteins contained either the entire 
or part of the AR N-tenninal domain linked to the GAIA DNA binding domain. When the 
transactivating capacity was tested on two different promoters, a shift in position of the TAU 
responsible for full activity was observed. The location of the TAU was more C-tenninal when 
tested on the (UAS),tkCAT construct compared to the (UAS),ElbCAT reporler (Figure 4). It 
is unlikely that these two situations represent the use of two different and separate TAUs but 
rather indicate a small difference in the location of essential sequences. Since the AR4G and 
AR5 constmcts only differ in their DBD, it might be expected that the respective TAUs would 
be located in the same part of the N-tenninal domain. \Vhen AR4G derivatives were tested on 
the (UAS),tkCAT reporter and the AR5 derivatives on the comparable (GRE),tkCAT reporter, 
the region between amino acids 360-528 was essential for the transactivating capacity of both 
AR4G and AR5. However, for full transactivating capacity, the AR4G needs a larger region 
(amino acids 188-485) which might indicate that the replacement of the DBD influenced the size 
of the N-terminal region used as the TAU. 

In contrast to the DNA- and steroid binding domain, it is clear that the large and unique 
TAU-J responsible for wild type AR transactivating capacity, is not a sharply bordered 
functional domain. TAUs have been located and characterized in the N-tenninal domains of the 
GR and PRo The N-terminal TAU of the human GR has been delineated to the central part of 
the GR N-terminal domain (amino acids 77-262), In contrast to our observations, the core unit 
of this TAU consists of only 40 to 60 amino acids (Dahlman-Wright et at. 1994) and the same 
region is responsible for the wild type GR and the constitutively active GR functioning 
(Hollenberg & Evans 1988). The TAU, responsible for the transactivating capacity of the human 
PRb, is located in the last 90 amino acids of the N-terminal domain and its activity can be 
modulated by the first N-terminal 164 amino acids (Meyer et at. 1992). These studies 
established that the location of the TAU in the various steroid receptors differs, and that there 
is almost no evidence for sequence or structural homology. The sequences characterizing TAUs 
might represent interfaces that fUllction by direct or indirect binding to general- and/or specific 
transcription factors (Ptashne 1988; Mitchell & 'llian 1989; Ing et at. 1992; Gill & Tjian 1992; 
Tjian & Maniatis 1994). However, the mechanism by which TAUs can regulate gene 
transcription is still largely unknown. 
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MATERIALS AND METHODS 

Cell cuiture, transfection and CAT assay 

COS-l and HeLa cells were maintained in Eagle's Minimum Essential Medium 
supplemented with 5% fetal calf serum (PCS), nonessential amino acids and antibiotics. The 
cells were cultured in 6 cm 0 dishes (3 X 10' cells /dish) and transfected using the calcium
phosphate precipitation method (2.5 p.g AR plasmid, 2.5 p.g reporter plasmid and 5 p.g pTZ19 
carrier plasmid /dish) (Chen & Okayama 1987). The cells were plated and transfected in 
medium containing 5 % dextran/charcoal-treated fetal calf serum (ccPCS). Twenty four hours 
prior to cell-lysis, cells were incubated with I nM RI881 (l7a-methyl-trienolone, NEN, Boston, 
MA). The CAT assays were performed essentially as described previously (Seed & Sheen 
1988). 

Transfections of complete series of AR mutants were performed 5 times in dupIo, using 
at least two independent plasmid extracts. In each experiment, CAT activities were corrected 
for the reporter background and the percentage relative to that of the total number of counts in 
the assay was determined for each mutant. The means (±SEM) were calculated and the starting 
mutants (ARO, AR5 or AR4G) were set to 100%. 

AR expression vectors and reporter constructs 

A human AR cDNA expression vector (pARO) was constructed using the SV40 early 
promoter and the rabbit B-globin polyadenylation signal (Brinkmann et aJ. 1989). The ARcDNA 
encodes 910 amino acids of which the polymorphic glutamine stretch contains 20 Gin residues 
and the glycine stretch consists of 16 Gly residues. Construction of AR mutants pAR22 and 
pAR61 has been described (Jenster et aJ. 1991). The AR mutants pAR3, pAR9 (deletion codons 
46-101), pARIO (deletioncodons 100-142), pAR II (deletioncodons 139-188), pARI9 (deletion 
codons 186-244 and an additional mutation in codon 249 resulting in Glu to Val substitution), 
pAR34 (deletion codons 626-654), pAR53 (deletion codons 550-593), and pAR62 (deletion 
codons 485-528) were constructed by site directed mutagenesis, using PCR DNA amplification 
techniques (Higuchi et aJ. 1988). In the pAR3 plasmid the unique Xba I, CIa I and Mlu I 
restriction sites were inserted in between the second and third codon after the ATG J resulting 
in five additional codons coding for amino acids SRSIR. In the AR mutants pAR9, pARIO, 
pARII, pARI9, pAR34, pAR53 and pAR62, a unique CIa I site was introduced in the same 
matching frame in all constructs (identical to the CIa I site present in pAR22 and pAR3). In this 
way, parts of the AR cDNA can easily be swapped between these mutants resulting in all kinds 
of in frame deletions or duplications. Introduction of the CIa I site (in the format: **A-TCG
AT*) will always encode the Ser-Met or Ser-Ile amino acids. This motif was not always present 
on the borders of the deletion. Therefore, the mutants pAR9, pARlO, pAR34 and pAR53 
contain additional modifications on the borders of the deletion (for details see primers). In 
several AR mutant constructs (pAR3, pAR9, pARIO, pAR34 and pAR53) it was chosen to 
introduce a dam methylation site (GATC) to unable CIa I to digest when the plasmid was 
multiplied in the dam positive E. coli strain DH5a. This inability to digest was easily abolished 
when the plasmid was multiplied in the dam negative E. coli strain GM121. 

147 



Appendix paper IV 

The following primers, introducing the insertion or deletion were used: 
AR3: 5'CAAGCTCAAGGATGGAA TCTAGATCGATACGCGTGCAGTTAGGGCTG 3' 
AR9: 5' AGGCACCCAGAGGCCGCATCGATCACAGGCTACCTGGTC 3' 
ARlO: 5' CCAAGCCCATCGTAGATCGATGCCGCAGCAGCTGCCA 3' 
ARll: 5' GAGCCGCCGTGGCCGCATCGATGCAACTCCTTCAGC 3' 
AR19: 5' ACATCCTGAGCGAGGCATCGATGGGCCTGGGTGTGG 3' 
AR34: 5' GCTGAAGAAACTTGGATCGATTGAAGGCTATGAATG 3' 
AR53: 5' CTTTCCACCCCAGAGATCGATTGATAAATTCGGA 3' 
AR62: 5' GCTGGCGGGCCAGGAATCGATGCGTTTGGAGACTG 3' 

All these AR mutants were sequenced to verify the correct reading frame before they 
were used as starting constructs for the following AR mutants. pARlIO was constructed by 
removing the 2.8 kb Cia IIBamEi I fragment, containing most of the AR eDNA, from pAR3 and 
insertion of the 2.5 kb Cia IIBamEi I fragment from pAR9 into pAR3. In the same way pARI20 
(combination of pAR3 and pARIO) , pARI21 (combination of pAR3 and pARlI), pARI23 
(combination of pAR3 and pAR22), pARI04 (combination of pAR3 and pAR62), pAR60 
(combination of pAR22 and pAR62) and pAR55 (combination of pAR9 and pAR19) were 
constructed. pAR1I3 was constructed by removal of the internal fragment of pAR62 digested 
with Rsr II and Cia l. Ligation of the blunt-ended plasmid resulted in an in-frame deletion. 
pAR130 and pAR131 were constructed by combining the deletions of pARlIO and pAR62 , 
pARlIO and pAR1I3, respectively. 

pARS was constructed by ligation ofaXba I linker (Promega, Madison, WI) that 
contains an in-frame stop codon into the blunt-ended Cia I site of pAR34. pAR124, pAR127, 
pAR106, pAR99, pAR126, pAR98, pARIOO, pAR1I5, pAR1I7 and pAR132 were constructed 
by introduction of the deletion present in pAR120, pAR121, pAR123, pAR62, pARI 13 , pAR60, 
pAR55 , pAR22, pAR61 and pARI04, respectively, into pARS. pAR 105 was constructed by 
combining the pAR3 and pAR 100 mutants as described above. pARI28 was constructed by 
combining the deletions of pARlO6 and pAR99. 

pAROG was constructed by insertion of the Cia I digested PCR fragment encoding the 
GALA DNA binding domain (GDBD, amino acids 1-147) into the Cia I digested pAR53 vector. 
The orientation and sequence of the peR insert was checked. The following primers were used 
on the pSG424 plasmid (Sadowski & Ptaslme 1989) template to obtain the correct GALA DBD 
fragment: 
GDBD-A (5' PRIMER): 5' CAAGCCTCCTGATCGATGAAGCTACTG 3' 
GDBD-B (3' PRIMER): 5' CCCGGGAATTCCATCGATACAGTCAAC 3' 

pAR4G was constructed by ligation ofaXba I linker that contains an in-frame stop 
codon into the blunt-ended Cia I site of pAROG (multiplied in E.coli DRS,,). Please notice that 
pAROG contains two Cia I sites but that only the Cia I site 5' of the GDBD insert is dam 
methylated. pAR94G, pAR107G, pARI05G, pARI06G, pAR99G, pAR1I3G, pAR98G, 
pARIOOG, pAR1I5G and pAR1I7G were constructed by introduction of the deletion present 
in pAR124, pAR127, pARI05, pAR106, pAR99, pAR126, pAR98 , pARIOO, pAR1I5 or 
pAR1I7, respectively, into pAR4G. pAR96G, pAR9IG, pAR85G and pAR84G were 
constructed by combining the deletions of pAR94G and pAR99G, pARlO7G and pAR99G, 
pAR94G and pAR1I3G, pAR107G and pAR1I3G, respectively. 
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N-terminal TAUs in the AR 

All mutants were expressed in COS-l cells and the AR proteins were analyzed by 
Western blotting (Jenster et al. 1991). Using the antibodies SP197, SP061, SP066, F52.24.4, 
F39.4.1 (Kuiper et al. 1993; Zegers et al. 1991; van Laar et al. 1989; Veldscholte et al. 1992a) 
and 2GV3/3GV2 (White et al. 1992) all mutants except ARl06 could be visualized. The 
expression levels of the various mutants was comparable. AR106 could only be detected using 
the F52.24.4 antibody. This monoclonal antibody is not specific enough to use directly for 
development of Western blots loaded with whole cell Iysates, since it recognizes many zinc
finger containing proteins. We were unable to detect ARI06 after immunoprecipitation most 
likely because AR106 (calculated molecular weight is approximately 28 kDa) co-migrated with 
the light chain of the F52.24.4 antibody. 
Additionally, the key mutants pARO, pAR5, pAROG and pAR4G were checked for nuclear 
localization (Jenster et al. 1993). 

The pG29GtkCAT «GRE),tkCAT) reporter plasmid (Schule et al. 1988) contains two 
progesterone/glucocorticoid-responsive elements (PRE/GRE's) in front of the thymidine kinase 
(tk) promoter linked to the CAT gene. The (UAS),tkCAT reporter (kindly provided by Dr.R 
Renkawitz and Dr. M. Muller) is in principle the same except that the two PREIGRE's are 
exchanged by two upstream activating sequences (VAS) to which the GAlA DNA binding 
domain can bind (Baniahmad et al. 1991). The G5E1bCAT reporter contains 5 VAS's in front 
of the Elb TATA-box linked to the CAT gene (Lillie & Green 1989). 
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ABSTRACT 

The SDS-polyacrylamide gel electrophoresis (SDS-PAGE) migration pattern of wild type 
and mutated human androgen receptors (ARs) expressed in COS-1 cells was analyzed. In the 
absence of hormone, the wild type AR migrated as a closely spaced 110-112 kDa doublet. 
Alkaline phosphatase treatment resulted in a single 110 kDa band showing that the 112 kDa 
upshift reflects receptor phosphorylation. Deletion of the N-terminal amino acids 46-101 or 100-
142 resulted in mutant ARs migrating as single protein bands. Three consensus phosphorylation 
sites in this region were substituted and the resulting mutated proteins were analyzed. Two Sef
Pro directed kinase consensus sites at positions Ser-80 and Sec-93 were both necessary for the 
AR 112 kDa upshift. Substitution of the putative casein kinase II Ser-118 site had no effect on 
the AR migration pattern. Surprisingly, deletion of the glutamine repeat, located directly N
terminal of the Ser-Pro sites, resulted also in an AR single form. Lengthening of the glutamine 
repeat caused an increase in the spacing between the two isotypes of the doublet, showing that 
the number of glutamine residues determines the extent of the upshift. Hormone treatment 
induced an extra isotype with an apparent molecular mass of 114 kDa, resulting in a 110-112-
114 kDa AR triplet. The hormone-induced upshift was dependent on the Ser-80 consensus 
phosphorylation site. Mutations in the DNA binding domain caused a different distribution of 
receptor protein over the three AR isotypes. In the presence of ligand, the amount of the 
hormone-induced 114 kDa isotype was reduced as compared to the 110- and 112 kDa isotypes. 
Reduction of the amount of hOlIDone-induced isotype was also observed for an AR mutant with 
an intact DNA binding domain but incapable of activating transcription due to a deletion of a 
244-528 fragment in the N-tennillal domain. This sllggests that part of the hormone-induced 
phosphorylation occurs following DNA binding and during or following transcription regulation. 
These rmdings also apply to AR mutants which lack the steroid binding domain. The 
constitutively active mlltant AR13 migrated as three separable isotypes. Mutations in the DNA 
binding domain or reduction of the transactivating capacity due to a deletion in the N-terminal 
domain, resulted in a reduced amount of the slowest migrating isotype. Although loss of 
transactivating capacity seems to impair phosphorylation, substitution of the Ser-80, Ser-93 or 
Ser-118 by either alanine or glycine residues, had no significant effect on the capacity of the 
respective mutants to activate transcription of a (GRE),tkCAT reporter in HeLa cells. 

INTRODUCTION 

The androgen receptor (AR) is a member of the superfamily of ligand-dependent 
transcription factors, which interacts through a ligand-dependent mechanism with specific DNA 
sequences, thereby regulating transcription of target genes (Evans 1988; Green & Chambon 
1988; Truss & Beato 1993). These nuclear receptors show a high level of molecular identity and 
the arrangement of the different, separate functional/structural domains is essentially the same: 
an N-terminal modulating domain, a central DNA binding domain, a hinge region, and a C
terminal ligand binding domain. The N-tenninal region of the different members of the nuclear 
receptor family is highly variable in size and in amino acid composition, but their DNA and 
ligand binding domains have a high degree of sequence homology (Laudet et al. 1992). 

Many transcription factors, including steroid hormone receptors are phosphoproteins 
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(reviewed in Moudgil 1990; Hunter & Karin 1992; Meek & Street 1992; Ortt et al. 1992; 
Takimoto & Horwitz 1993; Kuiper & Brinkmalm 1994a). Mutational analysis, phospho-amino 
acid analysis, tryptic phospho-peptide mapping and microsequencing have identified 
phosphOIylation sites in the glucocorticoid- (GR) (Bodwell el al. 1991), progesterone- (PR) 
(Demel' et al. 1990b; Poletti & Weigel 1993), estrogen- (ER) (Ali el al. 1993; Le Goff el aJ. 
1994) and vitamin D, receptor (VDR) (Hsieh et al. 1991). Phosphorylalion mainly occurs in the 
N-terminal domain of these receptors, although sites in the hinge region (chicken PR [Denner 
et al. 1990b]), hinge region and ligand binding domain (VDR [Brown & DeLuca 1991; Hsieh 
et al. 1991]) and in the DNA binding domain (VDR [Hsieh et al. 1991]) have also been 
reported. Almost all characterized phosphorylation sites are on serine residues (Dalman el al. 
1988; Sheridan et al. 1988; Denner et al. 1990b; Bodwell et al. 1991; Hsieh el al. 1991; 
Washburn et al. 1991; Denton et al. 1992; Ali et al. 1993; Poletti & Weigel 1993; Le Goff et 
al. 1994). In some cases minor phosphorylation on threonine residues (Hoeck & Groner 1990; 
Bodwell et al. 1991) has been observed, but rarely on tyrosine residues (Migliaccio el al. 1986; 
Auricchio 1989). With respect to the human AR, no specific phosphorylation sites have been 
identified as yet. From limited proteolysis studies of "P-Iabeled AR, it is evident that 
phosphorylation occurs in the first 300 amino acid residues of the N-terminal domain (Kuiper 
et al. 1993). Phospho amino acid analysis revealed that AR phosphorylation takes place on 
serine residues (G.G.1.M. Kuiper personal communications), 

Several different protein kinases (protein kinase A, protein kinase C, casein kinase 11, 
Ser-Pro directed kinases) have been described to phosphorylate steroid receptors (reviewed in 
Moudgil 1990; Ortt et al. 1992). In the region in which the AR is shown to be phosphorylated, 
several consensus sites for these kinases can be found. 

Upon incubation of cells in culture with the respective ligands, steroid receptors become 
hyperphosphorylated (Ortl et al. 1989; Brown & DeLuca 1990; Moudgil 1990; Chauchereau el 
al. 1991; Orli et al. 1992; van Laar et al. 1991; Washburn et al. 1991; Beck et al. 1992; 
Denton et al. 1992; Kuiper et al. 1993). Since this rapid additional phosphorylation has been 
associated with hormone binding, nuclear import, DNA binding and transcription activation, the 
importance of receptor phosphorylation has often been emphasized (reviewed in Moudgil 1990; 
Orli et al. 1992; TakinlOto & Horwitz 1993). Mutational analysis of phosphorylation sites in the 
human ER and human VDR indeed showed that particular sites are important for the receptor's 
capacity to activate transcription (Hsieh et al. 1991; Ali et al. 1993; Le Goff et al. 1994). 
However, site-directed mutagenesis of the phosphorylation sites in the mouse GR had no, or 
only minor effect on transcription activity (Mason & Housley 1993). 

For several nuclear receptors (PR [Sheridan et al. 1988; Sheridan et al. 1989; Beck el 
al. 1992], ER [Washburn et al. 1991], AR [Krongrad et al. 1991; Kuiper et al. 1991] and VDR 
[Jurutka et al. 1993]) phosphorylation is accompanied by a characteristic decrease in 
electrophoretic mobility (upshift) during SDS-PAGE analysis, resulting in the separation of 
different isatypes. Immediately following synthesis, the nascent human AR has an apparent 
molecular mass of 110 kDa and matures into two bands (110-112 kDa) over the ensuing 30 
minutes. Alkaline phosphatase treatment restored the 110 kDa single protein band showing that 
the upshift to 112 kDa reflects phosphorylation (Kuiper et al. 1991). 

For the human PR it has been shown that hormone-stimulated hyperphosphorylation 
induced additional receptor isotypes. Both hyperphosphorylation and coincident PR upshifts 
during SDS-PAGE were partially inhibited in PR mutants unable to bind DNA or by 
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progesterone antagonists that prevented PR-DNA interaction (Bagchi et al. 1992; Takimoto et 
al. 1992). 

In our quest to locate and analyze functional domains of the human AR, many deletion 
mutants have been generated and tested for their correct length and expression level by SDS
PAGE (Jenster et al. 1991; Jenster et al. 1993). In these studies divergences from the wild type 
AR doublet migration pattern were observed. In order to elucidate the nature of the doublet 
migration pattern and use it as a marker for the identification of phosphorylation sites, deletion
and substitution mutants were constructed and analyzed by SDS-PAGE and immunoblotting. 

RESULTS 

AR migration pattern in the absence of hormone 

As shown previously, the wild type AR (length 910 amino acids) expressed in LNCaP 
cells (lymph node carcinoma of the prostate) or in transfected COS-l cells, migrated as two 
protein bands (110-112 kDa) when analyzed by Western blotting (van Laar et al. 1990; Jenster 
et al. 1991; Kuiper et al. 1991). 

kDa 

116 
97 

o 7 

51-
211 

AR 

9 

46-
101 

10 11 

100- 139-
142 188 

deletion 

Figure 1 Il1ImuIloblot of the wild type AR alld AR deletiolllJllltOlltS. 

19 

186-
244 

AR proteins expressed ill COS-J cells in the absence of hormone were iml1lflllOprecipitated with the 
monoc/ollal antibody F39.4.1, separated by 7% SDS-PAGE, blotted, Gild iml1lullosfained with the 
polycionaf antibody Sp061. Molecular weight markers (kDa) were rim Oil a parallel talle Gild their 
positions are indicated 011 tile left. I7le AR mutant number alld respective residues deleted are indicated. 
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Deletion of the N-terminal residues 51-211 (AR7) resulted in a protein which migrated 
as a single (84 kDa) band, suggesting the loss of phosphorylation sites (Figure 1) (lenster et a1. 
1991). To locate the putative phosphorylation sites, responsible for the partial protein upshift 
in the wild type AR (ARO), four AR mutants lacking smaller parts of the same region, were 
generated and analyzed by SDS-PAGE (AR9[L>46-101], ARlO[L>100-142], ARll[L>139-188], 
ARI9[L>186-244]) (Figures 1 and 2). Figure 1 shows that mutants AR9 and ARlO both migrated 
as a single protein band, whereas ARll and ARI9, like the wild type AR, were doublets. Tllis 
indicated that the region responsible for the AR upshift could be narrowed to region 46-139. 
This part of the N-terminal domain contains six serine residues three of which are consensus 
sites for known protein kinases: two Ser-Pro directed kinase sites (Ser-80 and Ser-93) and one 
casein kinase II site (Ser-118) (Kemp & Pearson 1990; Kennelly & Krebs 1991). 

TRANSACTIV A TION DNA STEROID 

46 244 548 612 662 910 

NH2-1 IIll I III I I ~~COOH 
/_130 

F39.4.1 

~AAPPGA~LLLqQW,QRQi:tQQQl~QQJjQQqqQ§~:I[5RQQQQQQGED~AHRRGPTGYLVLDEEQQP~QP~HPERGCVP 

46 80 93 118 130 

Figure 2 Loealioll of the AR functiollal domains alld putative p/tosplzOJylatioll sites ill part of the N~ 
ferminal domain, 
The wild type human AR consists of four major domaills: 1) a N-termillal domain il/vah'ed ill 
lraflsactivatioll (residues 1-548), 2) tile DNA binding domain (residues 548-612), 3) a hinge region 
(residues 612-662) and 4) the steroid Mndillg domain (residues 662-910). Part of the N-terminal domain 
is enlarged showing the region colltaining amino acid residues 46-130 including the polymorphic 
glutamine stretch (stippled box; residues 58-77) alld six serine residues (underlined) of which three are 
J..:illase consensus sites (boxed). Serine residues 80 and 93 are potential p/lOsphOl)'latioll sites for the Ser
Pro-directed kinase. Serine 118 is a potelltial p/lOsp/lOry/atiol/ site for caseill kinase 1/. 

To study in Illore detail the presumed role of the potential phosphorylation sites in AR 
migration, the serine residues at positions 80, 93, and 118 were substituted by a glycine or an 
alanine residue in the Illutants ARS80G, ARS93A and ARS118A respectively. The SDS-PAGE 
migration pattern of these three AR mutants showed that serine residues on positions 80 and 93 
were essential for the AR 110 kDa to 112 kDa upshift, whereas the serine-118 substitution had 
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no effect on the migration pattern of the two isotypes (Figure 3). To demonstrate that 
phosphorylation causes the AR mobility upshift, alkaline phosphatase (AP) treatment of cytosolic 
extracts was performed. As shown in Figure 3, the upper 112 kDa band of the wild type ARO 
reverted into the 110 kDa isotype upon alkaline phosphatase treatment, while the 110 kDa 
ARS80G and ARS93A single protein bands were practically unaffected. 

AP 
kDa 

116 

97 

ARO 

+ 
ARS93A ARS80G ARS118A 

+ + 

Figure 3 IwmuJloblof showing dephosphorylation a/wild type alld lllutated ARs expressed ill the absellce 
of hormolle. 
Cytosols were prepared from COS-J cells e.\pressillg AR proteins ill the absence of hormone alld 
incubated with (+) or without (-) alkaline phosphatase (AP). AR pro/eillS were imlllUllOprecipitafed with 
fhe monoclonal allfibody F39.4.1, separated by 7% SDS-PAGE, immulloblotted and visualized llsing the 
Sp06J amibody. Molecular mass markers (kDa) are indicated Oil the left. 

In addition to the serine mutations, the influence of the length of the flanking glutamine 
stretch (Figure 2; residues 58-77) on the SDS-PAGE migration pattern of the AR was 
investigated. Surprisingly, deletion of the glutamine repeat resulted in an AR, migrating as a 
single 105 kDa band (Figure 4). Lengthening the stretch to 7, 12, 16, 20, 29 or 48 glutamine 
residues revealed not only an expected increase in size of the proteins, but also a gradual 
appearance of two bands with increasing spacing between the two AR isotypes (Figure 4). 
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Figure 4 Immulloblot of AR protei1ls cOJltaining glutamine repeats witlz different lengtlls. 
AR proteins e.rpressed ill COS-J cells ill tile absence of hormone were imlllulloprecipitafed with the 
monoe/ollal antibody F39.4.1, separated by 7% SDS-PAGE, blotted, alld illllJlIUlostained with the 
pO/yclOllO/ amihody Sp06J, Molecular weight markers (kDa) were run Oil a parallel lalle and their 
positiolls are illdicated 011 the left. Mutant /lumber and length of the glutamine streIch (Gill) are 
indicated. 

Hormone-induced AR migration pattern 

Hormone (I nM R1881) added during 16 hours to the COS-I cells expressing the wild 
type AR, induced an additional protein form, resulting in three separable receptor isotypes 
(Figure 5), The same hormone-induced triplet was observed for the ARSI18A mutant, showing 
that Ser-118 is not essential for the different AR protein migration upshifts in the absence or 
presence of ligand (Figure 5), In contrast, the ARS80G migration pattern revealed no additional 
significant upshift upon hormone exposure, The single protein bands of ARS93A and AR70 
(.!>Gln stretch) both converted into a doublet upon RI881 treatment although the hormone
induced upshift of ARS93A was faint (Figure 5), 
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o 
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Figure 5 HormoJle-induced proteill upshifts of wild type AR alld AR 11Iutallfs. 
AR proteins expressed ill COS-J cells alld incubated ill the absence (-) or presence (+) of 1 11M Rl88] 
for approximately 16 hours, were separated by 7% SDS-PAGE, blotted, alld immwlOstailled with the 
polyciollal olltibody Sp061. Molecular weight markers (kDa) were rim Oll a parallel lalle alld their 
positions are indicated 01/ the left of each blot. 

AR isotypes and transcl'iptioll activity 

To pin-point the step in the AR activation cascade during which the hormone-stimulated 
phosphorylation takes place, a selected set of receptor mutants was analyzed in more detail. 
Figure 6 summarizes the subcellular localizations and the transactivation capacities of the wild 
type and mutant ARs studied. All of these AR mutants were exclusively or predominantly 
nuclear in the presence of honnone (see also Jenster et al. 1993). As has been described 
previously, part of the AR64 protein popUlation formed large clusters in the nucleus upon ligand 
treatment (Jenster et al. 1993). AR30.3 was partially cytoplasmic because of the substitution of 
the two basic arginine and lysine residues which are part of the nuclear localization signal 
(Jenster et al. 1993) (Figure 6). 
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AR isotypes 
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Figure 6 Subcellular localization alld transcription actimfioll of the wild type AR and AR mutants. 
Nuclear (N) alld cytoplasmic (C) localizatioll afAR proteins e.\pressed ill COS-J cells illlhe absence (-) 
or presence (+) of 111M Ri88]. Vie receptor mutants were visualized using the F39.4.1. al/tibody except 
for AR60, for which the SpJ97 antibody was used. III the presence of /lormolle, large AR64 clusters were 
formed ill the Jlucleus (indicated by N) (]ellster et al. 1993). CAT activity was determined ill celllysates 
of frans/eeted Hew cells cultured ill the absence (-) or presence (+) oj 1 11M RIBB1. Activities were 
corrected for the (GRE)fkCAT backgroulld alld the percelltage (±SEM) relatil'e to that of the wild type 
ARO oj jOllr independent assays are shown. 

AR64, which is unable to bind DNA due to substitutions of two essential cysteine 
residues in the first zinc finger, migrated as a doublet in the absence of R1881 (Figure 7). 
Honnone treatment of" AR64 generated less of the slowest migrating, 114 kDa fonn as 
compared to its 110- and 112 kDa isotypes, suggesting that DNA binding is necessary for part 
of the ligand-stimulated phosphorylation (Figure 7). In order to be able to investigate further 
whether DNA binding or transcription activation is needed for phosphorylation, an AR mutant 
was required which is still able to bind DNA, but incapable of activating transcription. Because 
a deletion should be far from the proposed phosphorylation sites, AR60 which lacks amino acids 
244-528, was used for these experiments (Figure 6). The AR60 migration pattern showed a 
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doublet appearance when expressed in the absence of ligand. Hormone exposure resulted in an 
additional faint third isotype (partial triplet), indicating that not DNA binding but transcription 
activation would be the step during which part of the hOlmone-stimulated phosphorylation takes 
place (Figure 7). 

R1881 
kDa 

ARO 
+ 

116 -~,pn 

97 

AR64 
+ -

80 -

AR60 
+ -

Jill 

AR13 AR30.3 AR126 

80 

80 -

Figure 7 Hormone-induced proteil111pshifts of the wild type AR alld AR mutants. 
AR proteills expressed ill COS-J cells and incubated ill the absence (-) or presence (+) of 1 tiM RiB81 
for approximately 16 hours, were separated by 7% SDS-PAGE, blotted, alld i11llllunostailled with the 
po/yclol/a/ antibody Sp061. Molecular weight markers (kDa) were fUll all a parallel lalle alld their 
positiollS are indicated Oil the left for each blot. 

Additional evidence was provided by experiments with the constitutively active mutant 
ARI3, which lacks the ligand binding domain. AR13 migrated as three separable isotypes 
(Figure 7). Substitution of the residues Arg-Lys by Gly-Ala at position 608-609 (AR30.3), 
inactivated the constitutive receptor, most likely due to the inability to bind DNA (Figure 6). 
Analogous to the ARO versus AR64 SDS-PAGE protein pattern, the distribution of receptor 
protein over the three isotypes was different for AR13 compared to AR30.3. An equal 
distribution over the isotypes is observed in the AR13 migration pattern. In contrast, there is 
considerably Il10re of the second upshift and less of the third, slowest migrating, isotype in the 
AR30.3 sample (Figure 7). A similar pattern is observed for AR126. This mutant contains an 
intact DNA binding domain, but is hardly able to activate transcription due to a deletion in the 
N-terminal region (Figure 6). This again suggests that part of the hOffilOIle-induced receptor 
phosphorylation occurs during or following transcription activation. 

To test whether substitution of the proposed phosphorylation sites would affect 

160 



AR isotypes 

transactivation, the capacity of ARS80G, ARS93A and ARSIl8A to induce transcription was 
investigated. Cotransfection experiments of these AR mutants with the (GRE),tkCAT reporter 
(pG29GtkCAT [Schtile et aJ. 1988]) in HeLa cells showed that their transcription activation 
capacity was comparable to the wild type AR activity (Figure 6). Since Gin-stretches and 
glutamine-rich domains have been implicated in transcription activation and since the length of 
the poly-glutamine stretch considerably influences the isotype pattern on SDS-PAGE, AR70 
(lacking the Gin-stretch) and AR75 (containing 48 glutamines) were tested for their capacity to 
activate transcription. The wild type AR (20 Gin), AR70 and AR75 were cotransfected with 
either the MMTV-CAT or the pPA2-CA T reporter construct in COS-l cells. Both reporters can 
be induced by androgens when cotransfected with ARO. The MMTV-CAT contains the MMTV
LTR promoter which harbours 4 glucocorticoid response elements, while the pPA2-CAT 
reporter accommodates 630 base pairs of the promoter region ofthe prostate specific antigen 
(PA) gene containing 1 androgen response element (Riegman et aJ. 1991). Deletion of the 
glutamine stretch resulted in an increased activity of AR70, but only when tested on the pPA2-
CAT reporter (Figure 8). Lengthening of the repeat to 48 residues decreased the trans activation 
capacity of AR75 on both promoters, showing that the (extended) Gin-stretch inhibits 
transcription. 

CAT activity % 

MMTV-CAT pPA2-CAT 

R1881 + + 
20 Gin 910 

ARO 1 I r :q IW##/$I <1 100 <1 100 
o Gin 

AR70 01 
" 

:",1 I?@##/{il <1 101 ±3 <1 136 ±11 

48 Gin 

AR75 1 • >H 1?W##41 <1 62 ±2 <1 44 ±8 

Figure 8 FUIIctiollal allalysis of AR mutants with different lengths of 'he glutamine stretch. 
Trallscriptiollal activity was examilled by cotralls/eclioll 0/ ARO (20 Gill), AR70 (0 Gill) alld AR75 (48 
GIll) expressionplasmids with the MMTV-CAT or pPA2-CAT reporter. CAT activity was determilledjrol1l 
celllysates a/tralls/eeted COS-J cells cultured ill the absence or presence of 1 11M R1B81. Activities were 
corrected for the reporter backgrollnd and the mean (±SEM) of the R1881 treated samples of 5 
independent assays are presented as a percentage relative to that of the wild type ARO. 

DISCUSSION 

Several reports have shown that there is a causal link between phosphorylation and the 
electrophoretic mobility during SDS-PAGE of the PR (Sheridan et aJ. 1988; Sheridan et aJ. 
1989; Beck et aJ. 1992), ER (Washburn et aJ. 1991), AR (Krongrad et aJ. 1991; Kuiper et aJ. 
1991) and VDR (JulUtka et aJ. 1993). Therefore, analysis of protein isotypes could indirectly 

161 



Appendix paper V 

provide information on receptor phosphorylation sites and function. In the present study the 
SDS-PAGE protein patterns of wild type and mutated human ARs and their ability to activate 
transcription were investigated. 

Narrowing down the region, responsible for AR doublet appearance, to residues 46-139, 
reduced the more than 10 possible N-terminal serine phosphorylation motifs to only three 
obvious consensus serine phosphorylation sites. Substitution analysis revealed that at least the 
two Ser-Pro directed kinase sites (Ser-80 and Ser-93) are essential for the 112 kDa AR upshift. 
The putative casein kinase II phosphorylation site at position 118 is not important for the AR 
migration pattern. Besides the potential Ser-80 and Ser-93 sites, it cannot be excluded that other 
phosphorylation sites are additionally essential for the 112 and 114 kDa upshifts. The 
observation that the unliganded ARlO (lacking amino acids 100-142) migrated as a single protein 
band, suggests that except for Ser-11S, other serine residues in this region contribute to an 
upshift when phosphorylated. 

Interestingly, deletion of the glutamine stretch (a repeat of 20 glutamine residues in the 
ARO protein), also resulted in a single receptor band. It is unlikely that deletion of the glutamine 
residues directly affected phosphorylation of the neighbouring phosphorylation sites and 
therefore resulted in a single band, since lengthening of the stretch to different sizes increased 
the spacing between the two AR isotypes. If phosphorylation of surrounding sites was reduced, 
one would rather expect the amount of the upshifted band to vary and the spacing to be 
constant. Two possible explanations for phosphorylation-induced AR doublet appearance in the 
absence of hornlDne are proposed. Firstly, phosphorylation on sites Ser-80 and Ser-93 results 
in a confOlmational change in the neighbouring glutamine repeat causing the migration upshift 
visible as a 112 kDa isotype. Deletion of the glutamine stretch or elimination of the 
phosphorylation sites would both result in a single AR protein band. Shortening of the glutamine 
stretch would reduce the extend of the confOimational change and consequently the spacing 
between the receptor isotypes. Secondly, Ser-80 and Ser-93 phosphorylation might retard the 
AR protein migration by decreasing SDS-binding to the AR. The negatively charged detergent 
SDS provides the negative charge to the SDS-protein complex and therefore largely determines 
the migration pattern of proteins in the SDS-PAGE system. Possibly, SDS molecules that bind 
to the glutamine stretch will be supplanted by the negative phosphate of the phosphorylated Ser-
80 and Ser-93. PhosphOl)'lation of Ser-80 and Ser-93 in AR mutants containing a reduced 
glutamine repeat length might supplant fewer SDS molecules resulting in a decreased difference 
in negative charge between the two isotypes which subsequently results in a decreased spacing 
between the AR isotypes. 

Deletion of the Gin-repeat (AR70) resulted in an increased activity when tested in COS-l 
cells on a reporter containing part of the prostate specific antigen (PA) promoter (pPA2-CAT). 
The same AR70 lllutant, however, had wild type activity when tested on the MMTV-LTR 
reporter (MMTV-CAT). Extension of the GIn-repeat from 20 to 48 residues resulted in a 
decreased AR activity on both promoters to approximately 50% as compared to the wild type 
AR, which confirms the obscrvations of Mhatre and co-workers (Mhatre et al. 1993). This 
indicates that the glutamine stretch inhibits AR transcription activation. Lengthening of the GIn 
repeat to more than 40 residues is associated with Kennedy's disease, an X-linked neuro
degenerative disorder, characterized by a slowly progressing muscle weakness (La Spada et al. 
1991). 
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The androgen RI881 induced a second upshift resulting in three AR isotypes (110-112-
114 kDa). These ligand-induced changes could be due to additional phosphorylation andlor a 
re-location of phosphorylated sites. The Rl881-induced upshift is dependent on the Ser-80 
consensus phosphorylation site. Substitution of the Ser-93 consensus phosphorylation site, 
resulted in a reduction of the amount of the ligand-induced isotype. 

Interestingly, the migration pattern of ARI3 consisted of three major isotypes, which 
might represent the triplet found for the wild type ARO when expressed in the presence of 
ligand. So besides being constitutively active with respect to transcription, ARI3 seems also to 
be constitutively phosphorylated. 

Analogous to the human PR (Bagchi et a1. 1992; Takimoto et a1. 1992) and mouse ER 
(Lahooti et a1. 1994), AR DNA binding is important for the hOlmone-induced 114 kDa upshift. 
The immunoblot pattern of AR64 (unable to bind DNA because of substitution of two essential 
cysteincs in the first zinc-finger) revealed a different distribution of receptor protein over the 
three isotypes as compared to the ARO triplet. There was less of the slowest, 114 kDa isotype 
present in the AR64 sample. A comparable observation was made when a mutation was 
introduced in the DNA binding domain of the constitutively active ARI3 (AR30.3). The slowest 
migrating isotype of AR30.3 became less intense as compared to the other isotypes. Both AR64 
and AR30.3 contain mutations in the DNA binding domain and subsequently are unable to 
activate transcription. It could still be possible that the hOlmone-induced upshift is not only 
DNA dependent but occurs predominantly during or after transcription activation. The R1881-
induced migration pattern of AR60 which contains an intact DNA binding domain, but is unable 
to transactivate due to the deletion of amino acids 244-528, was clearly aberrant. A comparable 
observation was made for ARI26 which was only weakly constitutively active due to a N
terminal deletion (.il.370-528). Like found for AR60, its slowest migrating isotype was less 
intense. These observations suggest that part of the hormone-induced phosphorylation is not 
solely dependent on DNA binding, but rather occurs during Of following transcription activation. 
However, it cannot be excluded that due to the large N-terminal deletion, confonnational 
changes were introduced or phosphorylation sites erased. 

Interestingly, although elimination of the transactivating capacity seemed to affect 
hormone-induced phosphorylation, substitution of the proposed phosphorylation sites did not 
affect the transactivating capacity of the AR. Similarly, Mason & Housley (Mason & Housley 
1993) have shown that substitution of phosphorylation sites in the mouse GR had little effect on 
its capacity to activate transcription. On the other hand, phosphorylation sites in the human ER 
and human VDR have been shown to be important for the transactivating capacity of these 
receptors (Hsieh et a1. 1991; Ali et a1. 1993; Le Goff et a1. 1994). 

As has been observed for several other steroid receptors, there exists a significant 
discrepancy between the predicted molecular mass based on the AR sequence (98.4 kDa) and 
the AR protein size determined by SDS-PAGE (-110 kDa) (Table I). The region responsible 
for this mobility retardation of approximately 12 kDa is largely deleted in AR7 (.il.51-211) 
(Table I). The calculated molecular mass (81.2 kDa) and its SDS-PAGE size determination 
( - 84 kDa) are comparable. Recently, it has been shown that the mobility retardation of the 
mouse GR can be attributed to an N-tenninal region of approximately 200 amino acids 
containing all identified phosphOl}'lation sites within the receptor (Hutchison et a1. 1993). With 
the SDS-PAGE analysis of many different AR deletion mutants (Jenster et al. 1991; Jenster et 
a1. 1993), it became clear that the first part of the AR N-terminal domain (amino acids 46-244) 

163 



Appendix paper V 

is responsible for the discrepancy between predicted and SDS-PAGE determined molecular 
mass. Comparable to the mouse GR, this region contains most, if not all AR phosphorylation 
sites (Kuiper et al. 1993). Deletion of this region in the human AR and the mouse GR resulted 
in the loss of the capacity to activate transcription (Danielsen et al. 1987; Jenster et al. 1991). 

Table 1 Smmnary of AR mutants showing the effect of the Illutation on SDS-PAGE size 
and migration pattern. 

AR mutant Mutation Calculated SDS-PAGE Migration 
M M pattern 

kDa kDa + R1881 

ARO (20Gln) wild type 98.4 110 D T 
AR7 ~ 51-211 81.2 84 S 
AR9 ~ 46-101 92.3 104 S S 
ARlO ~100-142 94.3 103 S D 
AR11 M39-188 93.6 103 D 
AR19 M86-244 92.6 104 D 
ARS80G S80G 98.4 110 S S 
ARS93A S93A 98.4 110 S pD 
ARS118A S118A 98.4 110 D T 
AR64 C567S;C570F 98.4 110 D pT 
AR60 ~244-528 70.2 76 D pT 
AR13 ~653-91O 68.5 84 T T 
AR30.3 ~653-91O 68.5 84 pT pT 

RK608GA 
AR126 ~370-528 50.4 60 pT pT 

~627-910 

AR70 (OGln) ~58-77 95.9 105 S T 
AR73 (7Gln) 96.8 107 "DIt 
AR76 (12G1n) 97.4 108 ffD" 
AR77 (16Gln) 98.0 109 ltD" 
AR74 (29Gln) 99.6 112 D 
AR75 (48G1n) 102.0 114 D 

Calculated llIolecular mass (M) is based all the amino acid residue constitution and SDS-PAGE M is all 

estimatioll of the size determined after gel electrophoresis. Migration patterns are indicated as S (single 
form), D (doublel), "D" (less spaced doublel), pD (parlial doublel), T (Iriplel) alld pT (parliallriplel) 
ill Ilze absellce (-) or presellce (+) of I 11M RISSI. 

The basis for the molecular mass discrepancy is unknown although it is unlikely that it 
is caused by phosphorylation, since alkaline phosphatase treatment had no effect on the apparent 
110 kDa molecular mass of the wild type AR determined by SDS-PAGE. Possibly, the region 
between amino acids 46 and 244 binds relatively few SDS molecules resulting in a less 
negatively charged protein and the observed mobility retardation during SDS-PAGE. So far, it 

164 



AR isotypes 

was not possible to attribute the mobility retardation to a smaller domain, since the SDS-PAGE 
molecular masses of AR9, ARlO, ARll and AR19 were all 10-12 kDa above the calculated 
sizes (Table 1). 

It becomes evident that the N-terminal region between residues 46-244 in the hAR is of 
high interest since it is 1) essential for transcription activation (Jenster et aJ. 1991), 2) contains 
a glutamine stretch which is involved in the capacity of the AR to activate transcription, 3) 
harbours most of the AR phosphorylation sites (Kuiper et aJ. 1993), and 4) is responsible for 
the mobility retardation. 

EXPERIMENTAL PROCEDURES 

Cell culture, transfecHon and 'Vestern blotting 

COS-l cells were maintained and transfected in Eagle's Minimum Essential Medium 
(MEM) supplemented with 5% fetal calf scnUll, nonessential amino acids and antibiotics 
(medium). The cells were cultured in T150 cm' flasks (3 X 10' cells/flask) and transfected 
using the DEAE-dextran method. The COS-l cells were incubated with 15 ml MEM containing 
20 I'g AR expression plasmid and 0.2 mg DEAE-dextran. After 6 hours, cells were treated with 
15 ml MEM, 25% (v/v) glycerol for 1 minute, washed twice with MEM and re-incubated with 
medium for 2 days. Sixteen hours prior to cell lysis, medium was replaced and 1 nM R1881 
(17,,-methyl-17B hydroxyestra-4,9,ll-trien-3-one, NEN, Boston, MA) was added. Cells 
transfected in T150 cm' flasks were lysed in 1 mllysisbuffer (40 mM Tris.HCl pH 7.0, 1 mM 
EDTA, 4% (v/v) glycerol, 10 mM dithiotreitol, 2% (w/v) SDS, 0.6 mM PMSF and 0.5 rnM 
bacitracin). In most cases, part of the cell-lysis mix (approximately 20 1'1) was mixed with 5 
times sample buffer (200 mM Tris.HCI pH 6.8, 25% (v/v) glycerol, 10% (w/v) SDS, 50 rnM 
dithiotreitol, 1 % (w/v) bromophenolblue), heated, and loaded on a 7% SDS-PAGE gel as 
described previously (Kuiper et aJ. 1991). Sometimes AR protein was first immunoprecipitated 
using monoclonal antibody F39.4.1 coupled to goat anti-mouse agarose beads (Zegers et aJ. 
1991). Western bloUing and inmlUnostaining were performed as described previously (Kuiper 
et al. 1991). The Sp061 (Zegers et al. 1991) and Sp197 (Kuiper et al. 1993) polyclonal anti-AR 
antibodies were used to visualize the different AR proteins. 

Alkaline phosphatase treatment 

Cells transfectcd in T150 cm' flasks were suspended in I ml TGD buffer (40 rnM 
Tris.HCI pH 8.5, 10% (v/v) glycerol, 1 rnM dithiotreitol, 0.6 mM PMSF, 0.5 mM bacitracin, 
0.2 mg/mlleupeptin). Cytosols (4001'1) were prepared and incubated for 60 minutes at 37 ·C 
with 200 units of calf alkaline phosphatase (Boehringer Mannheim) as described previously 
(Kuiper et al. 1991). 

Chloramphenicol acetyl transferase (CAT) assays and subcellular localization 

AR functional activity was assessed in HeLa or COS-l cells by transient transfection 
using the calcium-phosphate precipitation method (Chen & Okayama 1987). Transfections of 
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AR mutants were performed 4 or 5 times in duplo, using at least two independent plasmid 
extracts (Jenster et aJ. 1991). In each experiment, CAT activities were corrected for the reporter 
background and the percentage relative to that of the wild type AR (set to 100%) was 
determined. The means (± SEM) were calculated. CAT assays were perfonned as described 
previously (Jenster et aJ. 1991). For AR subcellular localization, COS-I cells were cultured 
directly on microscope glass slides and transfected using the calcium-phosphate precipitation 
method. Fixation, permeabilization and immunocytochemistry of the transfected cells were 
performed essentially as described previously (Jenster et aJ. 1991; Jenster et aJ. 1993). The anti
AR monoclonal F39.4.1 and polyclonal Sp197 antibodies were used to visualize the different 
AR proteins. 

AR expression vectors 

A human cDNA expression vector (pARO) was constmcted using the SV40 early 
promoter and the rabbit 6-globin polyadenylation signal (Brinkmann et aJ. 1989). The AR cDNA 
encodes 910 amino acids of which the polymorphic glutamine-stretch contains 20 Gin residues 
and the glycine-stretch consists of 16 Gly residues. Construction ofpAR7, pARI3, pAR22 and 
pAR64 has been described previously (Jenster et aJ. 1991; Jenster et aJ. 1993). pAR30.3 
contains the same residue substitutions as pAR28.3 and was constructed in the same way 
(Jenster et aJ. 1993). The mutants pAR9 (deletion codons 46-101), pARIO (deletion codons 100-
142), pARll (deletion codons 139-188), pAR19 (deletion codons 186-244 and an additional 
mutation in codon 249 resulting in Glu to Val substitution), pAR34 (deletion codons626-654), 
pAR62 (deletion codon 485-528), pARS80G (=pAR79), pARS93A (=pAR78), pARS118A 
(=pAR96) and pAR70 were constmcted by site-directed mutagenesis, using PCR DNA 
amplification techniques (Higuchi et aJ. 1988). The following primers, introducing the deletion 
or substitution, were used: 
AR9: 5' AGGCACCCAGAGGCCGCATCGATCACAGGCTACCTGGTC 3' 
ARlO: 5' CCAAGCCCATCGTAGATCGATGCCGCAGCAGCTGCCA 3' 
AR11: 5' GAGCCGCCGTGGCCGCATCGATGCAACTCCTTCAGC 3' 
AR19: 5' ACATCCTGAGCGAGGCATCGATGGGCCTGGGTGTGG 3' 
AR34: 5' GCTGAAGAAACTTGGATCGATTGAAGGCTATGAATG 3' 
AR62: 5' GCTGGCGGGCCAGGAATCGATGCGITfGGAGACTG 3' 
AR70: 5' GCCAGTTTGCTGCTGCTCGAGACTAGCCCCAGGCAG 3' 
AR78: 5' GAGGATGGTGCTCCCCAAGCC 3' 
AR79: 5' CAACAGACTGGCCCCAGGCAG 3' 
AR96:5'CACAGCCGCAGGGCGCCCTGGAGTG3' 

pARS118A (pAR96) lacked one CAG codon at position 83 resulting in the deletion of 
one glutamine residue in a short glutamine stretch of normally 6 residues (Figure 2) (Faber et 
aJ. 1989). 

In the AR mutants pAR9, pARI0, pARl1, pARI9, pAR34, and pAR62, a unique CIa 
I site was introduced in the same matching frame in all constructs (identical to the CIa I site 
present in pAR22 [Jenster et aJ. 1993]). In this way parts of the AR eDNA can easily be 
swapped between these mutants resulting in all kinds of in frame deletion Of duplications. 
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pAR60 was constructed by removing the 1.74 kb CIa lIBamR I fragment, containing most of 
the AR cDNA, from pAR22 (deletion of codons 244-360) and insertion of the 1.24 kb Cia 
IIBamR I fragment from pAR62 into pAR22. pARS (deletion codons 627-910) was constructed 
by ligation ofaXba I linker (promega, Madison, WI) that contains an in-frame stop codon into 
the blunt-ended CIa I site of pAR34. pAR1l3 (deletion codons 370-S28) was constructed by 
removal of the internal fragment of pAR62 digested with Rsr II and CIa I. Ligation of the blunt
ended plasmid resulted in an in-frame deletion. 
From pARI 13, pARI26 was constructed by introducing the 370-S28 deletion present in pAR1l3 
in the pARS plasmid. 

pAR7S was constructed by PCR amplification of part of the first exon containing the 
(CAG)"CAA stretch on genomic DNA isolated from a patient with Kennedy's disease and 
exchanged with the pARO sequences using the Sma I and Aft II restriction sites. pAR73 , 
pAR76, pAR77 and pAR74 were constructed in the same way using genomic DNA with the 
respective (CAG), repeat length from androgen insensitivity patients or cell line materials. All 
AR mutants were sequenced to verify the correct reading frame. 
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Summary 

SUMMARY 

The steroid honnones testosterone (T) and dihydrotestosterone (DHT) exert their 
functions concerning male sex differentiation and fertility, through the intracellular androgen 
receptor (AR). In the absence of ligand, the AR is phosphorylated and associated with heat 
shock proteins (hsps). Upon binding of T or DHT, the hormone-AR complex accumulates in 
the nucleus and associates with the nuclear matrix (NM). Subsequently, the AR interacts as a 
dimer with specific DNA sequences, located in the flanking regions of target genes, resulting 
in the up- or down-regulation of the expression of these genes. The AR belongs to the 
superfamily of ligand-dependent transcription regulators, of which all members typically contain 
at least four functional domains: I) an N-terminal modulating domain, 2) a DNA binding 
domain (DBD), 3) a hinge region, and 4) a C-tenninalligand binding domain (LBD) (Chapter 
1). Series of AR deletion- and substitution mutants were constructed, and transfected into 
cultured cells to express the various AR proteins. The ability of these receptor proteins to 
execute the different AR features was examined. 

Post-translationallllodijication (Chapter 2) 
The unliganded AR migrates as a doublet of 110 kDa and 112 kDa isotypes, when 

analyzed by SDS-PAGE. The upshift of the 110 kDa fonn into the 112 kDa isotype reflects 
phosphorylation, which is dependent on the Ser-80 and Ser-93 Ser-Pro directed kinase consensus 
sites. The (non-metabolizable) androgen RI881 induces a second migration upshift resulting in 
a 110-112-114 kDa AR triplet. This ligand-induced 114 kDa upshift is dependent on the Ser-80 
consensus site, and the amount of the 114 kDa isotype is decreased for AR mutants unable to 
bind DNA or unable to activate transcription. These observations suggest a multi-step process 
of AR phosphorylation: a basal phosphorylation of sites Ser-80 and Ser-93 and two hormone
dependent phosphorylation steps, of which one step occurs during or following transcription 
activation. Although the ligand-induced AR upshift implies a role for phosphorylation in AR 
transactivation, substitution of the proposed Ser-80 or Ser-93 phosphorylation sites had no effect 
on the AR's capacity to activate transcription. 

Heat shock protein association (Chapter 3) 
After translation, the AR binds different heat shock proteins (hsps) with apparent 

molecular masses of 90 (hsp90), 70 (hsp70), and 56 (hsp56) kDa. Hsp90 binds to the AR LBD 
and dissociates from the AR upon ligand binding. Although the detailed function of these 
associated hsps is at present unknown, it has been suggested that they are important for ligand 
binding, receptor trafficking and nuclear import. 

Subcellular localization alld Ill/clear illlpOJ1 (Chapter 4) 
The large AR protein needs specific nuclear localization signals (NLSs) to enter the 

nucleus. The NLS essential for proper AR nuclear import, is bipartite and consists of two 
(basic) Iysine- and arginine-rich motifs, spaced by 10 amino acids. The signal is located directly 
C-tenninal of the DBD, and is highly conserved among steroid receptors and similar to NLSs 
in many other nuclear proteins. 

Steroid billding (Chapter 5) 
Androgens bind with high affinity and specificity to the ligand binding domain (LBD) 

which is located in the C-terminal part of the AR. The LBD has a length of approximately 250 
amino acids and is conserved among the nuclear receptor family members. Binding of ligand 
transforms the AR to an active state. In general, the LBD is considered to be an inhibiting 
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domain because its deletion results in a constitutively active transcription factor. Almost any 
mutation in the LBD affects the ability to bind androgens, which is exemplified by the vast 
number of amino acid substitutions identified in patients with androgen insensitivity. 

Dimerization (Chapter 6) 
Specific and cooperative DNA binding is facilitated by receptor dimerization. Two 

different dimerization domains have been identified in steroid receptors: I) the D-box located 
in the second zinc-finger of the DBD, and 2) a hydrophobic heptad repeat in the LBD. 

Nuclear matrix association (Chapter 7) 
Upon ligand binding, the AR strongly associates with the nuclear matrix (NM), which 

is facilitated by the AR LBD. Deletion of the LBD revealed a second and weaker NM binding 
which involves the N-terminal domain andlor DBD. AR-NM association might position and 
anchor the heteromeric transcription machinery to specific sites and might ensure efficient gene 
transcription. 

DNA binding (Chapter 8) 
The DBD consists of two zinc-finger stmctures in which in each module a zinc ion is 

liganded by four cysteines. The N-terminal zinc-finger specifically interacts with the base pairs 
of the DNA element to which nuclear receptors bind (termed hormone response element 
[HRE]). The second zinc-finger is mainly involved in the protein-protein interactions of the two 
receptor molecules that bind to the palindromic HRE. 

Transcription regulation (Chapter 9) 
The N-terminal domain is essential for AR transcription activation and constitutes more 

than half of the entire receptor. This domain is absolutely not conserved among the nuclear 
receptor family members. Delimitation of the transcription activation unit (TAU), responsible 
for full trans activity of the wild type AR, revealed that almost the entire N-terminal domain was 
necessary (residues 1 to 485). In contrast, a small C-terminal part of the N-tcrminal domain 
(residues 360 to 528) was sufficient for the constitutively active AR (lacking its LBD) to induce 
full transcription. This demonstrates the capacity of the AR to use different N-terminal regions 
to induce transactivation. It is believed that TAUs represent interfaces that facilitate protein
protein interactions. Through association with other transcription factors, the AR can initiate the 
assembly of the basal transcription machinery and thereby regulate the expression of target 
genes. 

AR mutations and disease (Chapter 10) 
A large number of mutations have been identified in the AR, which result in impairment 

or loss of AR functioning in individuals with androgen insensitivity syndrome (AIS). The 
complete form of AIS is characterized by 46, XY, external female phenotype. Interestingly, 
mutations are restricted to the DBD and LBD, although few N-terminal mutations (all resulting 
in premature translational termination) have been identified. 

Kennedy's disease (a motor-neuron degenerative disorder) is correlated with an extension 
of the N-terminal polymorphic glutamine stretch from an average of 21 residues to more than 
40 glutamines. AR mutants containing an extended Gin-repeat were less capable of activating 
transcription, which corresponds to the clinical features of gynaecomastia and reduced fertility 
in some Kennedy's disease patients. 

Although some AR mutations have been identified in prostate cancer and male breast 
cancer, the total group of tumors screened is large and it can be concluded that AR mutations 
are not a conmlon inducer of these cancers. 
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SAMENVATTING 

De steroidhormonen testosteron (T) en dihydrotestosteron (DHT) zijn verantwoordeJijk 
voor de ontwikkeling en het functioneren van de mannelijke geslachtsorganen en kerunerken. 
Ten DHT oefenen hun werking uit door specifiek te binden aan de androgeenreceptor (AR), 
een eiwit dat in androgeen-doelwitcellen tot expressie komt. Na synthese wordt de AR 
gefosforyleerd en assoeieert zich tevens met "heat-shock" eiwitten (hsp's). Binding van T of 
DHT aan de AR resulteert in een ophoping van het AR-hormoon complex in de celkern en in 
de assoeiatie van het complex met de kernmatrix (NM). Het AR-hormoon complex is in staat 
aan specifieke DNA-elementen te binden die gelokaJiseerd zijn in de promotorgebieden van 
doelwitgenen. Deze DNA-binding resulteert in de modulatie van de expressie van deze genen. 
De AR is een lid van de grote familie van ligand-afhankelijke transcriptie-regulatoren. De leden 
van deze kernreceptorfamilie zijn opgebouwd uit temninste vier functionele domeinen: 1) het 
N-terminale transactivatie domein, 2) het DNA-bindend domein, 3) het "hinge"-gebied en 4) het 
ligand-bindend domein (Hoofdstuk 1). Verschillende constructen werden gemaakt die coderen 
voor AR mutanten waarin een deel van het receptoreiwit ontbreekt of waarvin een of meerdere 
aminozuren vervangen zijn. Deze AR mutanten zijo vervolgens tot expressie gebracht in cellen 
en zijn getest op hun capaciteit om de bovengenoemde AR functies uit te vaereD. 

Met behulp van eiwitelectroforese- en "blotting" -technieken kan de wild-type AR 
(geisoleerd uit cellen die gekweekt zijn in de afwezigheid van ligand) zichtbaar gemaakt worden 
als een doublet van 110-112 kDa (Hoofdstuk 2). Het 112 kDa AR isotype ontstaat uit het 110 
kDa isotype door fosforylering. Deze overgang is afhankeJijk van de Ser-80 en Ser-93 
aminozuren die mogeJijk gefosfOlyleerd worden door het Ser-Pro-speeifiek kinase. Het 
(synthetische) ligand RI881 induceert een tweede overgang hetgeen resulteert in een 110-112-
114 kDa AR triplet. De vorming van het ligand-geinduceerde 114 kDa isoytpe vindt niet plaats 
in een AR mutant waarin Ser-80 vervangen is. De hoeveelheid van het honnooll"gei'nduceerde 
isotype is minder in AR mutanten die niet in staat zijn DNA te binden of niet in staat zijn 
transcriptie van een reportergen te activeren. Deze bevindingen suggereren dat AR fosforytering 
in meerdere stappen verloopt: een basale fosforylering op aminozuren Ser-80 en Ser-93 en twee 
Jigand-gestimuleerde fosfOlyleringsstappen waarvan een stap pas tijdens of na transactivatie 
optreedt. Of schoon deze theorie een roi voor fosforylering in AR transactivatie impliceert, zijn 
de AR mutanten waarin de aminozuren Ser-80 of Ser-93 zijn vervangen, normaal in staat 
transcriptie te activeren (Hoofdstuk 2). 

Na synthese bindt de AR aan heat-shock eiwitten (hsp's). Het hsp met een molecuulmas
sa van 90 kDa associeert met de AR via het ligand bindend domein. Na hormoonbinding 
dissocieert het AR-hsp complex. De rol van de geassoeieerde hsp's in het functioneren van de 
AR is tot op heden onbekend. Mogelijk spelen heat-shock eiwitten een rol bij het transport van 
de AR naar de ce!kern en bij import in de celkern (Hoofdstuk 3). 

De AR heeft een specifiek kernlokalisatiesignaal nodig om de celkern binnen te kunnen. 
Dit signaai is opgebouwd uit twee motieven (bestaande uit voorai basische aminozuren) die tien 
aminozuren van eikaar af liggen. Het kerniokalisatiesignaai is sterk geconserveerd tussen de 
verschillende stero'idreceptoren en vergelijkbare kernlokalisatiesignalen komen voor in veel 
andere kerneiwitten. Het AR-kernlokaJisatiesignaal ligt op de grens van het DNA-bindend 
domein en het "hinge"-gebied (Hoofdstuk 4). 

Ten DHT binden met hoge affiniteit en specificiteit aan het ligand-bindend domein. Dit 
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domein betref! ongeveer de laatste 250 aminozuren van de AR, waarvan de aminozuurvolgorde 
redelijk geconserveerd is tussen de verschillende leden van de kernreceptorfamilie. Het ligand
bindend domein wordt beschouwd als een remmend domein, omdat deletie van het ligand
bindend domein resulteert in een constant actieve transcriptiefactor. In de intacte AR wordt deze 
remming van het ligand-bindend domein opgeheven door hormoonbinding. Bijna elke 
aminoZllurverandering in dit domein resulteert in verlies of een afname van het vennogen om 
ligand te binden. Dit komt goed tot uitdrukking in het grote aantal mutaties in het AR ligand
bindend domein die zijn geldentificeerd in patienten met het androgeen-ongevoeligheids
syndroom (Hoofdstukken 5, 10). 

Specifieke en cooperatieve DNA-binding wordt mede bepaald door AR dimerisatie. Twee 
verschillende dimerisatiedomeinen zijn beschreven in steroldreceptoren: 1) De zogenaamde D
box, gesitueerd in de tweede zink-vinger van het DNA-bindend domein, en 2) een domein in 
het ligand-bindend domein dat bestaat uit een herhaling van hydrofobe aminozuren (Hoofdstuk 
6). Het is niet bekend of deze gebieden ook als dimerisatiedomeinen fungeren in de AR. 

Na ligand-binding assoeieert de AR sterk met de kernmatrix via het ligand-bindend 
domein. Ben tweede, veel zwakkere kernmatrix-binding, wordt duidelijk na de analyse van een 
mutant waarvan het ligand-bindend domein is gedeleteerd. De assoeiatie van de AR met de 
kernmatrix kan een rol spelen in het plaatsen en verankeren van het transcriptie-initiatiecomplex 
en kan bijdragen aan de efficientie van genexpressie (Hoofdstuk 7). 

Het DNA-bindend domein bestaat uit twee zogenaamde zink-vingers. Elke zink-vinger 
is opgebouwd uit ongeveer 30 aminozuren waarvan vier cyste'ineresiduen een zink ion 
complexeren. De N-terminale zink-vinger bindt speeifiek aan de baseparen van het DNA 
element (hormoon responsief element). De tweede zink-vinger is betrokken bij eiwit-eiwit 
interacties van de AR homodimeer op het palindromische hormoon responsief element 
(Hoofdstuk 8). 

Het N-tenninale domein van de AR is essentieel voor het vennogen om transcriptie te 
activeren. Dit domein is opgebouwd uit meer dan 500 aminozuren waarbij de aminozuurvolgor
de niet geconserveerd is tussen de leden van de kernreceptorfamilie. Vrijwel het gehele N
terminale domein (aminozuren 1-485) is betrokken bij de transactivatie van de wild-type AR. 
Dit in tegenstelling tot de "transcriptie-activatie-unit" (TAU) die verantwoordelijk is voor de 
transactiviteit van de constitutief actieve AR mutant (die het ligand-bindend domein mist). In 
deze situatie is het gebied tussen de aminozuren 360 en 528 voldoende voor de volledige 
activiteit van de AR mutant. Deze bevindingen tonen aan dat de AR in staat is verschillende 
gebieden van het N-terminale domein te gebruiken als TAU. Het wordt aangenomen dat TAU's 
gebieden zijn waar eiwit-eiwit interacties plaatsvinden. Door associatie met andere transcriptic
factoren initieert de AR de opbouw van het pre-initiatiecomplex en reguleert daarmee de 
expressie van doelwitgenen (Hoofdstuk 9). 

Vrijwel aile mutaties geldentificeerd in individuen met het androgeen-ongevoeligheids
syndroom betreffen veranderingen in het ligand-bindend domein en in het DNA-bindend dome in. 
De enkele geldentificeerde AR mutaties in het N-terminale domein leiden allemaal tot een 
vroegtijdige translatie-stop (Hoofdstuk 10). "Kennedy's disease" (een stoornis die gepaard gaat 
met cen degeneratie van motor-neuronen) is gecorreleerd met cen verienging van een poly
glutamine-keten in het N-terminale domein van de AR. De normale lengte van deze keten is 
gemiddeld 21 glutamines. Behter, in patienten met "Kennedy's disease" is de lengte van de 
glutamine-keten toegenomen tot meer dan 40 residuen. AR mutanten met deze verlengde 
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glutamine-keten zijn minder goed in staat transcriptie te activeren. Deze venninderde AR 
activiteit komt overeen met de mogetijke klinische syrnptomen gynecomastie en venninderde 
fertiIiteit (Hoofdstuk 10). Enkele AR mutaties zijn ge'identificeerd in prostaatkanker en in 
mannelijke borstkanker. Behter, de totale groep van tumoren getest op AR mutaties is groot, 
en aangenomen mag worden dat mutaties van de AR niet het algemene mechanisme is dat leidt 
tot het ontstaan, het uitzaaien, of het hormoon-onafhankelijk worden van dit soort tumoren. 

193 



Lis! of publications 

LIST OF PUBLICATIONS 

Veldscholte J, Ris-Stalpers C, Kuiper GGJM, Jenster G, Berrevoets C, Claassen E, van 
Rooij HCJ, Trapman J, Brinkmann AO, Mulder E 1990 A mutation in the ligand 
binding domain of the androgen receptor of human LNCaP cells affects steroid 
binding characteristics and response to anti-androgens. Biochem Biophys Res 
Commun 173:534-540 

Ris-Stalpers C, Trifiro MA, Kuiper GGJM, Jenster G, Romalo G, Sai T, van Rooij HCJ, 
Kaufman M, Rosenfield RL, Liao S, Schweikert H-U, Trapman J, Pinsky L, 
Brinkmann AO 1991 Substitution of aspartic acid-686 by histidine or asparagine in 
the human androgen receptor leads to a functionally inactive protein with altered 
hormone binding characteristics. Mol Endocrinol 5: 1562-1569 

Jenster G, van del' Korput JAGM, van Vroonhoven C, van del' Kwast ThH, Trapman J, 
Brinkmann AO 1991 Domains of the human androgen receptor involved in steroid 
binding, transcriptional activation, and subcellular localization. Mol Endocrinol 
5:1396-1404 

Jenster G, van del' Korput JAGM, Trapman J, Brinkmann AO 1992 Functional domains of 
the human androgen receptor. J Steroid Biochem Mol Bioi 41:671-675 

Brinkmann AO, Jenster G, Kuiper GGJM, Ris C, van Laar m, van del' Korput JAGM, 
Degenhart HJ, Trifiro MA, Pinsky L, Romalo G, Schweikert H-U, Veldscholte J, 
Mulder E, Trapman J 1992 The human androgen receptor: structure/function 
relationship in normal and pathological situations. J Steroid Biochem Mol BioI 
41:361-368 

Veldscholte J, Berrevoets CA, Ris-Stalpers C, Kuiper GGlM, Jenster G, Trapman J, 
Brinkmann AO, Mulder E 1992 The androgen receptor in LNCaP cells contains a 
mutation in the steroid binding domain which affects steroid binding characteristics 
and response to antiandrogens. J Steroid Biochem Mol Bioi 41:665-669 

van del' Kwast ThH, Zegers ND, Jenster G, Boersma W, Brinkmann AO, Trapman J 1992 
Multi-assay performance of a monoclonal antibody directed against the human 
androgen receptor. Prog Histo- Cytochemistry 26:61-67 

Jenster G, Trapman J, Brinkmann AO 1993 Nuclear import of the human androgen receptor. 
Biochem J 293:761-768 

Kuiper GGJM, de Ruiter PE, Trapman J, Jenster G, Brinkmann AO 1993 In vitro translation 
of androgen receptor cRNA results in an activated receptor protein. Biochem J 
296:161-167 

Jenster G, van del' Korput JAGM, Trapman J, Brinkmann AO 1994 Identification of two 
transcription activation units in the N-tenninal domain of the human androgen 
receptor. submitted 

Jenster G, de Ruiter PE, van der Korput JAGM, Kuiper GGlM, Trapman J, Brinkmann AO 
1994 Changes in abundance of androgen receptor isotypes: effects of ligand treatment, 
glutamine-stretch variation, and mutation of putative phosphorylation sites. submitted 

van Steensel B, Jenster G, Damm K, Brinkmann AO, van Driel R 1994 Domains of the 
human androgen receptor and glucocorticoid receptor involved in binding to the 
nuclear matrix. J Cell Biochem. in press 

194 



Curriculum vitae 

CURRICULUM VITAE 

Guido Jenster was born on the 5ili of May 1965 in the town of Boxmeer in The Netherlands. His 
secondary education (VWO-B) was taken at the Elshof College in Nijmegen. In 1983 he started 
the Biology study at the Agricultural University in Wageningen. His three doctoral stages 
included: - Expression of oncogenes. growth factors and growth factor receptors in prostate 

carcinoma cell lines. Project leader: Dr. J. Trapman, Department of Pathology, 
Erasmus University Rotterdam, Rotterdam, The Netherlands 
- Characterization of monoclonal antibodies against the putative growth factor 
receptor lIell. Project leaders: Dr. M. van der Vijver and Dr. R. Nusse, The 
Netherlands Cancer Institute, Amsterdam, The Netherlands 
- Expression of be/', abl and the chimeric berlabl genes in transgenic mice. 
Project leaders: Dr. J. Groffen and Dr. N. Heisterkamp, Department of 
Pathology Research, Childrens Hospital of Los Angeles, Los Angeles, USA 

After graduation in Cell-Biology in August 1989, a start was made with the PhD research in 
February 1990 at the Department of Endocrinology & Reproduction at the Erasmus University 
Rotterdam under supervision of Dr. A.O. Brinkmann, Prof. Dr. J.A. Grootegoed (Department 
of Endocrinology & Reproduction), and Dr.lr. J. Trapman (Department of Pathology). 
The writer of this thesis has been awarded a TALENT-fellowship by the Netherlands 
Organisation for Scientific Research to perform research over an one year period with Prof. 
B.W. O'Malley at the Department of Cell Biology, Baylor College of Medicine, Houston, 
Texas, USA, starting August 1994. 

195 



DANKWOORD 

Het mag duidelijk zijn dat dit proefschrift niet tot stand zou zijn gekomen zander de hulp 
van anderen. Een woord van dank: is daarom op zijn plaats. 

Allereerst wil ik Hetty bedanken voor het uitstekend uitvoeren van vele (vaak dezelfde, 
saaie) experimenten en voor de zeer prettige samenwerking die de leuke publikaties en dit 
proefschrift tot resultaat hebben gehad. 

Mijn twee begeleiders en co·promotoren Albert en Jan hebben me gezamenlijk het 
tweezijdige karakter van de wetenschap laten zien: het subjectieve en het objectieve, het 
pipeteren en het schrijven, het bedenken en het uitvoeren, het opkomen en het afgaan, Mol 
Endo en de niet reproduceerbaarheid (verzwakte versie van "Cell or hell"). De combinatie van 
een IIvaderlijkef! begeleiding en een realistische, nuchtere kijk op wetenschap hebben mijn wat 
jeugdige overenthousiasme tot een (hopelijk) acceptabel niveau ingetoomd. 

Mijn dank gaat zeker ook uit naar het gezellige lab "Androdroom". De echte 
experimentatoren Cor B., Marja, Thea en Petra bedank ik voor het opzetten en in stand houden 
van de vele basisfaciliteiten op het lab. Petra neemt hier een speciale plaats in omdat ik het 
genoegen heb gehad om samen met haar de misschien wei 5 of 6 (en nag meer) androgeenrecep
tor isotypen te ontdekken. Eppo, Coos, Ema, Carrie, Jos, George, Cor K., Hennie en Annemie 
wil ik bedanken voar de spontane en geplande, interessante discussies en werkreflecties. George 
met zijn oninterrupteerbare eigen uit-frame gedachtengangen en Jos z'o onnavolgbare. niet te 
volgen, maar hard genoeg gesproken redeneringen hebben mij op heel wat nieuwe hypothesen 
gebracht. Jammer dat ze nooi! waar bleken te zijn. Dankzij jullie allemaal heb ik ontdekt dat 
er naast tlCell Of heW' ook nog zoiets is als MCE en Mol Eodo. 

Naast "Androdroom" ben ik aile medewerkers van de afdeling Endocrinologie & 
Voortplanting dank verschuldigd. De gezellige sfeer en verschillende facilitei!en op de afdeling 
VOlmen cen goede basis voar al de lopende onderzoeken. Facko wiI ik bedanken voar de 
voorspelbare, vaakgestelde, maar essentii~le vragen na de colloquia en tijdens de barrels over 
waar je nou eigenlijk mee bezig bent en hoe reproduceerbaar die artefacten zijn. Hopelijk zijn 
mijn linea recta antwoarden wat dimensionaler overgekomen. 

Anton, bedankt voar het kritisch meedenken met het onderzoek, het lezen en corrigeren 
van de publikaties en het becommentarieren van dit proefschrift. 

Marc, Bonnie, Anna, Guido en Metin bedank ik voor hun inzet, gezelligheid en voor het 
inzicht dat ik vroeger als onervaren student (in tegenstelling totjullie) behoorlijk lastig moet z'ijn 
geweest. 

De diverse samenwerkingen met de afdelingenPathologie, Urologie, Kindergeneeskunde, 
Genetica (Erasmus Universiteit Rotterdam) en Biochemie (EC Slater Instituut Universiteit van 
Amsterdam) hebben duidelijk hun vruchten afgeworpen. Met name wil ik Theo van der Kwast, 
Bas van Steensel en Roel van Driel bedanken voor de succesvolle en prettige samenwerking. 
Tenslotte verdient de hele groep van Jan Trapman een vermelding voor de intensieve, positieve 
en leuke samenwerking. 

Het werk is gefinancierd door de Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek (NWO; Gebied Medische Wetenschappen); hiervoor mijn dank. 

De drukkosten van dit proefschrift zijn medegefinancierd door Amersham B.Y. 
Nederland en de Ernst Schering Research Foundation. 

196 






	FUNCTIONAL DOMAINS OF THE HUMAN ANDROGEN RECEPTOR = Functione1e domeinen van de humane androgeen receptor
	CONTENTS
	ABBREVIATIONS
	Chapter 1 - INTRODUCTION AND SCOPE OF THIS THESIS
	Chapter 2 - POST-TRANSLATIONAL MODIFICATION
	Chapler 3 - ASSOCIATION WITH HEAT SHOCK PROTEINS
	Chapter 4 - SUBCELLULAR LOCALIZATION AND NUCLEAR IMPORT
	Chapter 5 - STEROID BINDING
	Chapter 6 - DIMERIZATION
	Chapter 7 - ASSOCIATION WITH THE NUCLEAR MATRIX
	Chapter 8 - DNA BINDING
	Chapter 9 - TRANSCRIPTION REGULATION
	Chapter 10 - ANDROGEN RECEPTOR MUTATIONS IN HUMAN DISEASE
	Chapter 11 - CONCLUSIONS
	Appendix paper I - Domains of the human androgen receptor involved in steroid binding, transcriptional activation, and subcellular localization.Jenster G, van der Korput HA, van Vroonhoven C, van der Kwast TH, Trapman J, Brinkmann AO.Mol Endocrinol. 1991 Oct;5(10):1396-404.PMID: 1775129 [PubMed - indexed for MEDLINE]
	Appendix paper II - Nuclear import of the human androgen receptor.Jenster G, Trapman J, Brinkmann AO.Biochem J. 1993 Aug 1;293 ( Pt 3):761-8.PMID: 8352744 [PubMed - indexed for MEDLINE]Free PMC ArticleFree text
	Appendix paper III - Domains of the human androgen receptor and glucocorticoid receptor involved in binding to the nuclear matrix.van Steensel B, Jenster G, Damm K, Brinkmann AO, van Driel R.J Cell Biochem. 1995 Mar;57(3):465-78.PMID: 7768981 [PubMed - indexed for MEDLINE]
	Appendix paper IV - Identification of two transcription activation units in the N-terminal domain of the human androgen receptor.Jenster G, van der Korput HA, Trapman J, Brinkmann AO.J Biol Chem. 1995 Mar 31;270(13):7341-6.PMID: 7706276 [PubMed - indexed for MEDLINE]Free Article
	Appendix paper V - Changes in the abundance of androgen receptor isotypes: effects of ligand treatment, glutamine-stretch variation, and mutation of putative phosphorylation sites.Jenster G, de Ruiter PE, van der Korput HA, Kuiper GG, Trapman J, Brinkmann AO.Biochemistry. 1994 Nov 29;33(47):14064-72.PMID: 7947816 [PubMed - indexed for MEDLINE]
	SUMMARY
	SAMENVATTING
	LIST OF PUBLICATIONS
	CURRICULUM VITAE
	DANKWOORD

