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SCOPE O THIS THESIS

Steroid hormone receptors are frans-acting gene regulatory proteins, involved in
the accomplishment of steroid hormone-induced celiular responses. Upon
binding of hormone, the receptor-hormone complex undergoes a conformational
change, which is thought to precede binding of the complex to hormone
responsive elements in the target cell genome. This results in the up- or down-
regulation of the expression of target genes. Hence stercid hormoene receptors
can be viewed as ligand-activated transcription factors. The activities of
transcription factors are often regulated through protein phosphorylation.
Evidence has been provided that progesterone, glucocorticoid, estrogen, 1,25-
dihydroxyvitamin D,, and androgen receptors also exist as phosphoproteins in
the cell.

The aim of the work presented in this thesis was to gain more insight in the
possible functional role of androgen receptor phosphorylation.

To achieve this goal, studies were carried out to determine in detail the effect
of ligand binding on androgen receptor phosphorylation, and attempts were
made to identify individual receptor phosphorylation sites.

After an introduction on the role of the androgen receptor in the mechanism of
action of androgens, and a detailed overview of steroid receptor phosphotylation
(Chapters 1 and 2), investigations are described on androgen receptor protein
heterogeneity, on the location of phosphorylation sites in the androgen receptor,
and on the effect of ligand on androgen receptor phosphorylation (Chapters 3
to 6).

Finally, various possible functional roles of androgen receptor phosphorylation

are considered (Chapter 7).






SUMMARY

Many physioclogical processes in organisms are regulated by a relatively small
number of steroid hormones. Androgens are the so-called male sex steroid
hormones which control growth, differentiation and functions of male
reproductive and accessory sex tissues. Androgens are mainly produced in the
testis and circulate in the blood. They diffuse in and out of all cells, but are
retained with high affinity and specificity in target cells by an intranuclear
binding protein, termed the androgen receptor. Once bound by androgens, the
androgen receptor undergoes a conformational change allowing the receptor to
bind with high affinity to DNA and to modulate transcription of certain genes.
The androgen receptor appears to be a transcription factor, regulated by
androgenic steroids. Phosphorylation is the predominant cellular mechanism for
reversible modification of proteins, and the fact that many transcription factors
are phosphoproteins suggests a regulatory role of phosphorylation, In this thesis,
studies on phosphorylation of the androgen receptor in human prostate tumor
cells (LNCaP) are described, In LNCaP cells, the androgen receptor protein is
present as two isoforms with apparent molecular masses of 110 and 112 kDa
during SDS-PAGE, The 112 kDa isoform reflects the phosphorylated receptor,
whereas the 110 kDa isoform is the non-phosphorylated receptor. Both isoforms
are able to bind androgens with high affinity and can subsequently be
transformed to the DNA binding form. It appears to be unlikely that
phosphorylation is involved in the regulation of stercid- or DNA binding
affinity. Upon incubation of the prostate tumor cells with androgens, the
phosphorylation degree of the androgen receptor was rapidly increased. Multiple
phosphorylation sites on serine residues are located in the N-terminal trans-
activation domain and not in the DNA- and ligand binding domains. Tryptic

phosphopeptide maps of the androgen receptor show induction of
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phosphorylation at a novel site(s) by hormone treatment. It is proposed that this
extra phosphorylation in the N-terminal domain causes a conformational change,
enabling protein-protein contacts of the frans-activation domain with other

transcription factors or co-activators on a target gene promoter.
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SAMENVATTING

De steroidhormonen testosteron en So-dihydrotestosteron (androgenen) zijn
betrokken bij de ontwikkeling en het behoud van de mannelijke geslachts-
kenmerken, inclusief de vorming van zaadcellen. Androgenen oefenen hun
werking uit door binding aan een eiwit, de androgeenreceptor, dat aanwezig is
in de kern van androgeen doelwitcellen. Binding van androgenen aan de receptor
geeft aanleiding tof een aantal structurele veranderingen in het receptor eiwit,
waardoor dit in staat is een interactie aan te gaan met bepaalde DNA sequenties
in het promotor gebied van androgeen doelwitgenen. Dit resulteert uviteindelijk
in stimulatie of remming van de transcriptiec van gereguleerde genen. De
androgeenreceptor kan dan ook opgevat worden als een hormoon-gereguleerde
transcriptiefactor.

Fosforylering is een van de belangrijkste modificaties die eiwitten in de cel
kunnen ondergaan, en het feit dat vele transcriptiefactoren fosfo-eiwitten zijn
doet vermoeden dat fosforylering betrokken is bij de regulatie van de funktie
van deze eiwitten. Ook de androgeenreceptor is een fosfo-eiwit. In dit
proefschrift is de fosforylering van de androgeenreceptor in prostaat tumorcellen
onderzocht. De androgeenreceptor is in deze cellen aanwezig als twee isovormen
met molecuulmassa’s van 110 en 112 kDa, zoals blijkt na SDS-PAGE. De 112
kDa isovorm ontstaat uwit de 110 kDa isovorm door fosforylering. Beide
isovormen zijn in staat om specifiek androgenen te binden, en ondergaan in de
cel vervolgens cen transformatic tot de DNA bindende vorm. Incubatie van
prostaat tumorcellen met androgenen heeft een snelle toename van de
fosforyleringsgraad van de androgeenreceptor tot gevolg. Bij nadere analyse
blijkt dat de androgeen- receptor vitsluitend fosforylering ondergaat op serine
residuen, en wel in het aminoterminale frans-activatie domein, Tevens blijkt dat

hormoonbinding de fosforylering op één of meer nog niet gefosforyleerde serine
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residue(n) tot gevolg heeft, terwijl de fosforyleringsgraad van andere plaatsen
niet of mnauwelijks verandert. Het is zeer goed mogelijk dat de hormoon-
gestimuleerde  fosforylering de  trams-activatie  capaciteit van de

androgeenreceptor {(mede)-bepaalt.
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CHAPTER 1

THE ANDROGEN RECEPTOR
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1.1 Introduction

Many physiological processes in organisis are regulated by a relatively small
number of steroid hormones, all synthesized from cholesterol. Being small
hydrophobic mwolecules, they are thought to be able to cross the plasma
membrane of the cell by simple diffusion. In the cell, steroid hormones bind to
specific intracellular receptor proteins, converting these proteins to functional
transcription factors, which are then able to regulate in the nucleus the
expression of specific genes (Jensen and DeSombre, 1973). The steroid
hormones include gonadal hormones (estrogens, progestins and androgens) and
adrenal cortical hormones (glucocorticoids and mineralocorticoids). This chapter
is devoted to the mechanism of action of androgens and to the androgen
receptor. Androgens (testosterone and S5o-dihydrotestosterone) control the
growth, differentiation and function of reproductive and accessory sex tissues in
the male, such as the prostate, epididymis, seminal vesicle, vas deferens, and
penis. They also influence many other tissues such as skin, bone marrow, hair
follicles, pituitary gland, hypothalamus, and behavioural centers in the brain.
Testosterone {T) is, in combination with follicle-stimufating hormone (FSH),
required for the initiation and maintenance of normal spermatogenesis (Marshall
and Nieschlag, 1987; Roberts and Zirkin, 1991). Most prostate tumors are
initially androgen dependent, and tumor growth can be arrested by removal of
circulating androgens. However, at a later stage these prostate tumors usually

become androgen independent and start growing again (Menon and Walsh,

1979).
1.2 Demonstration of the androgen receptor

Early attempts to demonstrate selective uptake and retention of androgens in
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vivo, using '“C-labeled steroids with low specific activity, did reveal some
accumulation of androgens in target organs of the rat, such as the prostate and
seminal vesicles, in comparison with other tissues (Harding and Samuels, 1962).
Only when T labeled with tritium of high specific activity became available, a
significant affinity of androgens for their target tissues could be demonstrated
in vivo. In the period 1967-1969, the selective accumulation of *H-testosterone
or metabolites thereof in the prostate and seminal vesicles of the guinea pig and
rat, was described (Resko et al., 1967, Anderson and Liao, 1968, Bruchovsky
and Wilson, 1968; Mainwaring, 1969). The *H-labeled steroid was found mainly
in the nucleus, as was shown by subceliular fractionation and by dry-mount
autoradiography (Anderson and Liao, 1968; Sar et al,, 1970). An important
advance in the understanding of the interaction of androgenic steroids with target
tissues came with the discovery that the radioactivity which bound specifically
in the prostate and in the seminal vesicles was not T but DHT (Anderson and
Liao, 1968; Bruchovsky and Wiison, 1968). Reduction of T to DHT takes place
in many target tissues but also in non-target tissues. However, some androgen
responsive tissues in the human, such as muscle and the wolffian duct, show
little capacity to reduce T to DHT, and in these organs T itself appears to
interact directly with the receptor (Bardin and Catterall, 1981). The discovery
that several sexual behavioural responses in the rat are stimulated by T but not
by DHT, suggested that T acts directly on the androgen receptor in the brain.
However, this situation is complicated by the fact that T, unlike DHT, is
converted in the brain to estrogen which may produce the response (Sheridan,
1991, and references theren). DHT is responsible for virilization of the
urogenital sinus and genital folds during embryogenesis, and for the
development of most male secondaty sex characteristics during puberty (Griffin
and Wilson, 1992). DHT binds more tightly to the androgen receptor than T, and

formation of DHT might therefore serve as an amplifying mechanism for
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androgen action (Griffin and Wiison, 1992),

The DHT bound in nuclei of rat prostate exposed to T either in vivo or during
tissue incubations, could be extracted with salt containing buffers as part of a
complex sedimenting at 3S in sucrose density gradients (Liao and Fang, 1969).
Cytosolic fractions of prostate contained a complex of 8-98 which dissociated
to 3.5S by salt treatment (Liao and Fang, 1969, and references therein). These
studies provided the first evidence for the existence of androgen receptor
protein. The uptake of androgenic steroids into nuclei of minced prostatic tissue
was found to be strongly temperature dependent, with essentially no uptake
taking place at 0-2°C (Liao and Fang, 1969). Isolated nuclei from rat prostate
or epididymis incubated at 37°C did not bind androgenic steroids. However,
after the addition of cytosol to the incubation mixture the formation of an
extractable 3S complex containing DHT was reported (Liao and Fang, 1969, and
references therein). Further studies showed that cytosols from a variety of
androgen target tissues promote the binding of *H-DHT to isolated chromatin
(Mainwaring and Peterken, 1971). From these and many other studies it was
concladed that androgen receptor complexes bound in target cell nuclei to
chromatin, are derived from an initial complex formed in the cytoplasm, and that
hormone binding is essential for the conversion of the receptor to a form that
has high affinity for chromatin. This process, which was also described for the

other steroid hormone receptors, was termed transformation (Gorski et al. 1968).
1.3 Characterization and purification of the androgen receptor

Upon homogenization in hypotonic buffers, the cytoplasmic androgen receptor
from rat prostate has sedimentation coefficients between 7S and 128 (Liao et al.,
1975). These large forms can be converted to the slower sedimenting 3-58 forms

by incubation at 20-30°C or by raising the salt concentration to 0.4 M KCl
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(Mulder et al., 1983; Tindall et al., 1984). Also from human prostate tissue,
human genital skin fibroblasts, human hyperplastic prostate tissue, sheep seminal
vesicle, and calf uterine tissue, androgen receptors with similar properties could
be isolated (Fockens et al., 1981; Kovacs et al,, 1983; Wilbert et al,, 1983;
Murthy et al., 1984; de Boer et al., 1986A). Steroid binding was specific for
androgens, and the affinity decreased in the sequence R1881 (methyltrienolone,
a synthetic steroid) > DHT > T >> progesterone > estradiol > cortisol (Bonne
and Raynaud, 1975; Murthy et al,, 1984). Androgen receptors have a high
affinity for DHT and T (Kd ~0.5 nM), and a finite binding capacity. A protein
fraction designated "8S androgen receptor promoting factor”, that promoted the
conversion of the 3-5S androgen receptor to the 8S androgen receptor form, was
purified and found to inhibit the binding of the 3-3S androgen receptor to
isolated nuclei and DNA cellulose in a concentration dependent manner (Colvard
and Wilson, 1981; Colvard and Wilson, 1984), This study and others supported
the hypothesis that the 8S androgen receptor is a compiex of the 3-38 androgen
receptor monomer with a non-steroid binding protein that renders the receptor
incapable of binding to nuclei and DNA. Molybdate was found to stabilize the
8-10S androgen receptor forms in vitre (Rowley et al., 1984; de Boer et al,,
1986B). The transition of the molybdate-stabilized 8-10S non-transformed
receptor form into the transformed receptor (DNA binding form) is accompanied
by a decrease in sedimentation value to 4S5 (Kovacs et al., 1983; de Boer et al,,
1986A; Wilson et al., 1986; Colvard and Wilson, 1987). Transformation can be
accomplished in vitro by treatment with salt, ammonium sulphate precipitation
of cytosols, or incubation of cytosols at 20-30°C, and is associated with a strong
increase in DNA cellulose binding capacity (Kovacs et al., 1983; de Boer et al,,
1986B; Wilson et al,, 1986). In-cell free binding experiments, transformed
androgen receptors of rat ventral prostate cytosol bound with high affinity (Kd

~ (.1 nM) to a saturable nomber of binding sites assoctated with the nuclear
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matrix of the prostate. This binding was relatively high in prostate, but liver
nuclear matrix, in contrast, contained only 15% of the sites found in the prostate

nuclear matrix (Barrack, 1983; Buttyan et al., 1983; Colvard and Wilson, 1984),

Purification to homogeneity of the androgen receptor appeared to be a very
difficult task, largely due to the relatively low expression level of androgen
receptor protein in target tissues. In addition, the androgen receptor appeared to
be very sensitive to proteolytic degradation. Two approaches have been used for
the purification of the androgen receptor: differential chromatography with
polyanion resins, and steroid affinity chromatography. In the first approach
selective adsorption of the transformed androgen receptor by polyanions as DNA
cellulose, phosphoceliulose, heparin agarose, and ADP-sepharose is used after
elimination of contaminating proteins, using the low affinity of non-transformed
receptor for polyanions. Using chromatography on polyanion matrices a
considerable purification of the androgen receptor from sheep seminal vesicle,
calf uterus and rat prostate could be obtained (Mulder et al., 1979; Foekens et
al., 1982; Mulder et al., 1985; van Loon et al., 1988). A complete purification
of androgen receptor of rat ventral prostate was obtained by the introduction of
a steroid affinity chromatography step after the polyanion chromatography steps
(Chang et al., 1983; Davies and Thomas, 1984). The androgen receptor was
purified approximately 120,000 fold and silver nitrate staining of a SDS-PAGE
gel revealed a major polypeptide band migrating at 86,000 daiton (Chang et al.
1983).

Affinity labeling of the androgen receptor was used during various purification
protocols to determine the molecular mass of the androgen receptor under
denaturing (SDS-PAGE) conditions. Affinity labeling of steroid binding proteins

can be performed either through electrophilic steroid atfinity labels or through
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photoactivation of highly conjugated synthetic steroid ligands (Katzenellenbogen
et al., 1984, Gronemeyer and Govindan, 1986). Affinity labeling with the low
affinity ligand [’H]-dihydrotestosterone 17f-bromoacetate revealed a molecular
mass of 86,000 dalton under denaturing conditions for the androgen receptor of
rat prostate and of 118,000 dalton for the receptor in the R3327 Dunning
prostate tumor (Chang et al., 1984; Rowley et al., 1984). Photoaffinity labeling
of the androgen receptor with PH]-methyltrienolone (R1881) from calf uterine
tissue, human genital skin fibroblasts and prostatic tumor cells (LNCaP cells),
revealed molecular masses of 85,000- 110,000 dalton under denaturing conditions
(Brinkmann et al, 1985; Gyorki et al., 1986; Stamatiadis et al., 1987,
Brinkmann et al., 1988; Gyorki et al.,, 1988). Limited proteolysis of androgen
receptors by various proteases in vitro, and characterization of the resuiting
receptor fragments with regard to ligand- and DNA binding properties, revealed
three different receptor domains, which are involved in steroid binding, DNA

binding, and modulation of DNA binding (de Boer et al., 1987).

Because of the great difficulties in purifying the androgen receptor in sufficient
amounts to serve as an immunogen, antibodies became only available with
delay, in comparison with other steroid receptors. A surprise was the discovery
of autoantibodies in the blood of patients with prostatic disease (Liao and Witte,
1985). The antibodies from serum samples were associated with a purified 1gG
fraction, and interacted with the 3.8S cytosolic androgen receptor complexes of
rat ventral prostate to form 9 to 128 units. The antibodies interacted with the
nuclear and cytosolic androgen receptor, either the DNA binding or the non-
DNA binding form, but not with receptors for estrogen, progesterone or cortisol
from several sources. By immortalizing blood lymphocytes of similar patients,
cell lines were developed that produced monoclonal antibodies that reacted with

human and rat androgen receptors, These antibodies identified the human
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androgen receptor as an 118 kDa protein on Western blots (Young et al., 1988).

1.4 Structure of the androgen receptor

With the availability of purified progesterone-, estrogen-, and glucocorticoid
receptors, and of specific antibodies that reacted with these proteins, it became
possible to clone and express the cDNAs encoding these receptoss. The amino
acid sequence of these receptors was deduced from the nucleotide sequences of
the respective cDNA clones. Expression cloning was carried out for the
glucocorticoid receptor from human (Hollenberg et al., 1985; Govindan et al.,
1985), rat (Miesfeld et al., 1986) and mouse {Danielsen et al., 1986), and for the
human estrogen receptor (Green et al., 1986). In the same way the cDNAs for
the progesterone receptor from rabbit (Loosfelt et al., 1986), chicken (Conneely
et al., 1986; Gronemeyer et al., 1987) and human (Misrahi et al,, 1987) were
cloned. On the basis of the highly homologous sequences encoding the DNA
binding domain of related receptors, it was assumed that the androgen receptor
DNA binding domain would fall in the group that also contains the
glucocorticoid, estrogen, and progesterone receptor, Using oligonucleotides
corresponding to the most conserved region of the DNA binding domain, several
investigators independently cloned the androgen receptor. First the human
androgen receptor was cloned (Chang et al,, [988A; Chang et al., 1988B;
Lubahn et al., 1988A; Lubahn et al., 1988B; Trapman et al., 1988; Faber et al,,
1989; Tilley et al., 1989) and the rat androgen receptor (Chang et al., 1988B;
Tan et al., 1988). Later the mouse androgen receptor was cloned (Gaspar et al,,

1990; He et al., 199G, Faber et al., 1991A).

The open reading frame of the human androgen receptor cDNA encodes a
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protein of 910-919 amino acid residues, with a calculated molecular mass of 99
kDa (Chang et al.,, 1988B; Lubahn et al 1988B; Brinkmann et al., 1989; Tilley
et al., 1989). The N-terminal domain of the androgen receptor contains a variety
of homopelymeric amino acid stretches, most notably glutamine and glycine
stretches, For the human androgen receptor there is an intraspecies variation in
the length of these stretches, resulting in variation in the length of the androgen
receptor protein (910-919 amino acid residues) (Sleddens et al,, 1992). The
human androgen receptor gene has been localized on the X chromosome
(Lubahn et al., 1988A; Trapman et al., 1988; Brown et al., 1989}, The coding
part of the gene is distributed over 8 exons. Based on the homology with other
steroid receptors, it was concluded that the first exon encodes the whole N-
terminal domain, exons 2 and 3 the DNA binding domain, while the information
for the ligand binding domain is split over exons 4 to 8 (Kuiper et al., 1989;
Lubahn et al., 1989). The promoters of the human (Tilley et al., 1990; Faber et
al., [991B; Mizokami et al., 1994), rat (Baarends et al., 1990) and mouse (Faber
et al., 1991A) androgen receptors were characterized, and were found to be
located approximately ! kb upstream from the translation initiation codon in
exon 1. Theie has only one androgen receptor gene been found, despite the fact

that there are two ligands.

Using ¢cDNA constructs encoding deletion mutants and their transient expression
in COS cells, it was possible to identify individual domains in the androgen
receptor molecule (Figure 1.1}, Similar to all members of the steroid receptor
superfamily, the human androgen receptor consists of a central DNA binding
domain, a C-terminal ligand binding domain, and an N-terminal domain which
is important for transcriptional activity (Jenster et al., 1991, Simental et al,,

1991).
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608-625

NLS
.
1 548 612 662 910
transactivation DNA hormone

binding binding

Figure 1.1, Structure of the human androgen receptor.

Indicated are the N-terminal trans-activation domain, the DNA binding domain,
the nuclear localization signal (NLS), and the hormone binding domain. The
DNA binding domain (amino acid residues 548 to 612) contains two zinc fingers
and is 100% homologous to the DNA binding domain of the rat and mouse
androgen receptors. The same accounts for the hormone binding domain (amino
acid residues 662 to 910).

Apart from the glutamine and glycine amino acid repeats, another important
characteristic of the androgen receptor N-terminal domain is the relatively high
content of acidic amino acid residues (Faber et al., 1989; Faber et al., 1991A).
Acidic regions in transcription factors are directly involved in activation of
transcription (Ptashne, 1988; Mitchell and Tjian, 1989; Latchman, 1990). The
N-terminal domain of the androgen receptor was indeed found to be essential
for transcriptional activation by the androgen receptor, during transient
expression experiments in COS and Hela cells, with cotransfection of an
androgen regulated reporter gene (Rundlett et al., 1990; Jenster et al., 1991;

Simental et al., 1991; Palvimo et al., 1993). Deletion of a large part of this
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domain (A51-211) inactivated the androgen receptor frans-activation capacity
{(Jenster et al., 1991). The importance of the N-terminal domain of the androgen
receptor deduced from these transfection experiments, was confirmed in vivo in
an individual with complete androgen insensitivity, who showed a large
truncation of the N-terminal domain but no structural changes in the DNA- and
hormone binding domains (Zoppi et al., 1993),

The ligand binding domain of the androgen receptor consists of approximately
250 amino acid residues, and binds the ligand in a hydrophobic pocket (Jenster
et al.,, 1991). The integrity of the complete ligand binding domain is important
for receptor activity. Deletions in the steroid binding domain as well as
truncation of the last 12 C-terminal amino acid residues abolished hormone
binding (Jenster et al., 1991). Point mutations in the androgen receptor ligand
binding domain are a frequent cause of X-linked androgen insensitivity
(Brinkmann and Trapman, 1992; Ris-Stalpers et al., 1994).

One of the motifs which have evolved for protein-DNA interactions are
autonomously folding zinc binding domains, which require zinc for folding and
for DNA binding activity (Kiug and Rhodes, 1987). A certain type of so-called
zinc fingers has been described in the steroid nuclear receptor family, This motif
binds two zinc atoms to form a single folded domain of 66 amino acids, with
four cysteine residues acting as ligands for each zinc atom (Schwabe and
Rhodes, 1991). The crystal structures of the glucocorticoid- and estrogen
receptors zinc fingers bound to their specific DNA target sequences have been
determined (Luisi et al,, 1991; Schwabe et al., 1993). The structures are very
similar to those of the estrogen receptor and glucocorticoid receptor zine finger
domains as determined by NMR-spectroscopy, and show that the receptor binds
to DNA as a dimer {Schwabe et al., 1990, Hird et al., 1990). Sequence specific
DNA interactions occur through an o-helix, which lies in the major groove of

the DNA, The most important amino acid residues in this regard are identical
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for the glucocorticoid and androgen receptors, and the androgen receptor
therefore can be expected to interact in a similar way with target DNA (Hiird
and Gustafsson 1993, and references therein).

The androgen receptor undergoes homodimer formation in association with DNA
binding (Wong et al., 1993; De Vos et al,, 1994; Kallio et al., 1994), The
dimerization domain is located within the DNA binding domain and the hinge
region of the receptor (Wong et al.,, 1993), Mutational analysis of the mouse
estrogen receptor ligand binding domain has identified a subregion near the C-
terminal end, involved in receptor dimerization (Fawell et al,, 1990). Although
this region is conserved in other receptors, the general importance of this region

in steroid receptor dimerization remains to be confirmed for other receptors.

The cloning of the human androgen receptor ¢cDNA, and the elucidation of the
androgen receptor primary structure, have provided information to generate
androgen receptor specific antibodies, using synthetic peptides as antigens in
rabbits or mice (van Laar et al,, 1989; Husmann et al., 1990; Shan et al., 1990;
Zegers et al.,, 1991), In this way polyclonal and monoclonal antibodies were
obtained against epitopes in the N-terminal domain, the DNA binding domain,
and the ligand binding domain of the androgen receptor (van Laar et al,, 1989;
Zegers et al., 1991; Veldscholte et al., 1992B). The androgen receptor antibodies
appeared to be a powerful research tool. For example, they were used to
investigate nuclear import of the androgen receptor after transient expression of
deletion and substitution mutants in various cell lines (Jenster et al,, 1991;
Simental et al., 1991; Kemppainen et al., 1992; Jenster et al.,, 1993; Zhou et al,,
1994B). Expression of the wild type androgen receptor in different cell lines
revealed a cell line-specific subcellular distribution of the unliganded receptor
between the nuclear and cytoplasmic compartments (Jenster et al, 1993).

However, upon addition of hormone the androgen receptor was located
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exclusively in the nucleus, independent of the cell line used (Jenster et al.,
1993). Mutagenesis studies revealed a bipartite nuclear targeting signal at amino
acid residues 608-625 of the human androgen receptor (Figure 1.1), consisting
of two clusters of basic amino acid residues (Jenster et al., 1993; Zhou et al.,
1994B). Such a nuclear localization signal is present in many other nuclear
proteins, including all steroid receptors (Dingwall and Laskey, 1991; Robbins
et al., 1991). The human androgen receptor was also visualized immunochisto-
chemically, using a mouse monoclonal antibody directed against a fragment of
the N-terminal domain, in various human tissues and in prostate cancer tissue
(Ruizeveld de Winter et al., 1991; van der Kwast et al., 1991). In all tissues
investigated, nuclear localization of the androgen receptor was predominant if

not exclusive, irrespective of the presence or absence of hormone,
1.5 Interaction of the androgen receptor with target genes

When it was recognized that hormone-induced (ransformation of steroid
receptors caused them to interact with chromatin, many attempts were made to
identify the acceptor sites to which the transformed receptors become attached
(Jensen, 1979; Spelsberg et al., 1987; Rejman et al,, 1991),

With regard to the chemical composition of the androgen receptor acceptor sites,
non-histone proteins and DNA have been implicated as the major components
(Mulder and Brinkmann, 1985, and references therein). On the basis of the
relative binding affinities for androgen receptors, evidence was obtained for at
least two classes of acceptor sites in rat ventral prostate chromatin (Davies and
Thomas, [984; Davies et al.,, 1985). One class has a high affinity and low
capacity for the androgen receptor and is functionally associated with
transcriptionally active chromatin, whereas the other class has a lower affinity

but higher capacity for the androgen receptor (Davies et al., 1985). Studies
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involving covalent cross-linking with formaldehyde of rat prostate androgen
receptors bound to chromatin acceptor sites in situ, have supported the existence
of two distinct classes of acceptor sites (Foekens et al., 1985; Rennie et al.,
1987). These cross-linking experiments showed that only about 20% of the
androgen receptor molecules are in a configuration allowing direct contact with
acceptor DNA, whereas the remaining 80% is associated with acceptor proteins
(Foekens et al., 1985), However, it is not certain whether these two fractions are
indicative of acceptor sites associated with transcriptionally active and inactive

regions of prostatic chromatin, respectively.

Studies with reconstituted systems vsing genomic DNA fragments have indicated
preferential binding of purified androgen receptors to specific regions and
nucleotide sequences of genes regulated by androgens. One such an androgen-
regulated gene encodes prostatein, also known as prostatic binding protein (PBP)
or prostatic secretion protein, which is the major secretory protein of rat ventral
prostate (Forsgren et al., 1979; Pecters et al., 1982, Viskochil et al., 1983). This
protein consists of three different subunits; Cl1, C2 and C3, arranged as two
heterodimers (CIC3 and C2C3). The C3 subunit of rat prostatein can be
encoded by two genes, but only one of these genes appears to be transcribed
(Parker et al., 1983). It has been demonstrated that C3 mRNA is regulated
acutely by androgens, and regulation appears to be at the levels of transcription
and mRNA turnover (Peeters et al., [980; Page and Parker, 1982). This
regulation was thought to involve the interaction of the transformed androgen
receptor with specific binding sites at or near the C3 gene transcription start site.
Partially purified androgen receptor from rat prostate or prostatic adeno-
carcinoma bound to two DNA fragments from within the C3 subunit gene as
shown in DNA cellulose competition assays (Perry et al., 1985; Rushmere et al.,

1987; van Dijck et al., 1989)'. The specific sequences bound by the androgen
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receptor were not identified in these studies, However, both fragments, i.e. the
0.3 kb fragment 5’-upstream of the transcription initiation site and the 0.5 kb
fragment of the first intron, contained 15 bp imperfect palindromic sequences
resembling a GRE (glucocorticoid responsive element).

DNA sequences responsible for regulation by steroid hormones have been found
in inducible genes by gene transfer experiments (Yamamoto, 1985, and
references therein), In these experiments, a chimaeric gene is constructed
consisting of a putative regulatory DNA fragment cloned in front of a reporter
gene and subsequently introduced into a heterologous steroid hormone
responsive cell line. In this way, a I[5-mer consensus sequence for the
glucocorticoid responsive element (GRE) and a 13-mer consensus sequence for
the estrogen responsive element (ERE) were identified (Beato, 1989, and
references therein). Subsequently, it was shown that the GRE is also able to
mediate induction of a reporter gene by progesterone and testosterone (Striihle
et al., 1987; Ham et al,, 1988). Mutations within the GRE-like sequence in the
0.5 kb intron fragment of the C3 gene eliminated the response to androgens
during transfer experiments in T47D cells, thus confirming that this sequence
could function as an androgen responsive element (Claessens et al,, 1989). The
androgen responsive element in the first intron of the C3 gene was further
investigated in transfection experiments, using CV1 and COS cells after co-
transfection of an androgen receptor expression vector {Tan et al,, 1992).
Additional examples of androgen regulated genes are the genes encoding human
prostate specific antigen {Riegman et al., 1991A; Wolf et al., 1992), mouse sex
limited protein (Adler et al., 1992), rat ornithine decarboxylase (Crozat et al,,
1992), rat S-adenosylmethionine (Maric et al., 1992}, rat probasin protein
(Rennie et al., 1993), rat cystatin-related glycoproteins (De Vos et al., 1993},
mouse vas deferens aldo-keto reductase (Fabre et al., 1994), human and rat

prostate specific acid phosphatase (Virkkunen et al.,, 1994), and the human
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glandular kallikrein-1 (hKLK?2) protein (Riegman et al., 1991B; Murtha et al.,
1993). Sequences, similar to the GRE were found in the promoter regions of all
these genes, and from functional analysis a consensus ARE was defined as
S’GGA/TACANnTGTTCT, which is very similar to the consensus GRE
5’GGTACAnmnnTGTTCT (Roche et al., 1992; Kallio et al., 1994). The recogni-
tion of a GRE-like sequence by the androgen receptor probably reflects the
highly conserved P and D boxes in the DNA binding domains of the androgen-
and glucocorticoid receptors. The P box recognizes a specific half site DNA
sequence, while the D box facilitates binding of two receptors to the GRE by
protein-protein interactions leading to receptor dimerization (Umesono and
Evans, 1989; Freedman, 1992). Intact human and rat androgen receptors, or
fragments thereof containing the DNA binding domain, have been produced in
E.Coli, insect cells, COS cells or by in vitro translation, and were used for
analysis of the androgen receptor DNA binding properties in vitro (Young et al.,
1990; De Vos et al., 1991; Tan et al., 1992; Yan-Bo Xie et al., 1992; Kuiper et
al., 1993; Palvimo et al,, 1993; De Vos et al., 1994; Kallio et al., 1994;
Krempelhuber et al., 1994). In all studies, sequence specific binding of androgen
receptor to GRE/ARE containing oligonucleotides was shown, and evidence was
provided that the receptor binds as a homodimer to DNA (Kallio et al., 1994).
Segments flanking the DNA binding domain were reported fo influence the
stability of receptor-DNA complexes (Palvimo et al.,, 1993; Kallio et al., 1994),
indicating that protein-protein contacts involving the N-terminal domain are

stabilizing the dimeric receptors bound to DNA.

Although the presence of hormone was not needed for specific androgen
receptor-DNA complex formation in vitro, the presence of androgens altered the
mobility of receptor-DNA complexes during electrophoretic mobility shift

analysis (Kaspar et al., 1993; Palvimo et al., 1993), This implies that binding of

28



ligand induces a conformational change in the androgen receptor, at least when
bound to DNA. Nevertheless, there seems to be a discrepancy between the in
vitro situation where hormone is not essential for receptor-DNA complex
formation, and the in vivo sitnation where hormone is essential. The general
model for steroid hormone action involves binding of the hormone to the
receptor followed by a conformational change, called transformation, which
leads to binding to chromatin (Jensen et al., 1968). This model was confirmed
by genomic footprinting studies in which the hormone responsive element of the
hepatic tyrosine aminotransferase gene was shown to be occupied only after
hormone administration {Becker et al., 1986). One possible explanation for this
apparent discrepancy is that in vivo the steroid free receptor is associated with
hsp90, which prevents the receptor from binding to chromatin (Groyer et al.,
1987; Denis et al., 1988; Pratt, 1990; Smith and Toft, 1993). Upon binding of
the hormone, hsp90 dissociates, leaving the DNA binding domain of the receptor
free to bind to chromatin. Also the androgen receptor is associated with hsp90,
bOﬂ'l in intact cells and after recovery of the unliganded receptor in hypotonic
cell lysates, Furthermore, androgens promote the temperature dependent
dissociation of androgen receptors from hsp90 (Veldscholte et al.,, 1992A;
Veldscholte et al., 1992B).

The DNA binding domain of the androgen receptor has a high degree of amino
acid sequence similarity with progesterone and glucocorticoid receptors, and as
a consequence the receptors recoghize very similar hormone responsive
elements. However, the ligands of these different receptors elicit biological
responses that are ligand specific, suggesting that accessory factors interacting
with regions outside the DNA binding domain are important determinants for
steroid- and receptor-specific actions. The mouse sex limited protein gene (Sip)

is a duplicated complement C4 gene, whose expression in several tissues is
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androgen dependent due to the influence of an inserted provirus (Stavenhagen
and Robins, 1988; Adler et al,, 1992), Within the 5 proviral long terminal
repeat, which functions as a hormone-dependent enhancer, a GRE is present.
However, the enhancer is activated by androgens and not by glucocorticoids or
progestins (Adler et al., 1992). Potent androgen induction requires both the
glucocorticoid responsive element and auxiliary elements also present within a
120 bp DNA fragment (Adler et al., 1992; Adler et al., 1993). Co-transfection
assays with the glucocorticoid receptor revealed that the glucocorticoid receptor
can bind to the responsive element, but is unable to trans-activate. The positive
effect of the androgen receptor appears to require the N-terminal domain of the
androgen receptor. Thus, the exclusive transcriptional response to androgens
derives from interactions between cell specific non-receptor factors and the
androgen receptor. These interactions are determined by the context of the

receptor binding site, rather than by the sequence of the binding site itself,

It is generally accepted that steroid receptors are trans-acting regulatory factors
with an enhancer function on steroid target genes (Beato, 1989). As outlined
above, also for the androgen receptor clear evidence is available for the
interaction with nucleotide sequences upstream of steroid regulated genes, and
subsequent receptor-mediated stimulation of transcription initiation. This does
not exclude, however, a possible participation of chromatin structure and
alterations of chromatin structure in the mechanism of action of androgens.
Upon castration of rats, ventral prostate chromatin regions containing acceptor
sites and androgen responsive genes, are withdrawn into a more compact
structure, inaccessible to micrococcal nuclease (Davies and Rushmere, 1988).
This trend is reversed in vivo by administration of androgens (Davies et al,,
1985). The androgen receptor is obviously able to alter chromatin structures into

a transcriptionally more favourable form, and could act as a competence factor,
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enabling separate factors to act as enhancers on certain genes. Detailed evidence
has been presented for a role of the glucocorticoid receptor in removal of
promoter repression due to nucleosome positioning on the MMTYV promoter, In
this mechanism of action, there is no direct interaction between the receptor and

other transcription factors (Truss et al., 1992; Eriksson and Wringe, 1993).

1.6 Conclusions

Androgenic steroids circulate in the blood and diffuse in and out of cells, but are
retained in target cells by binding with an intranuclear binding protein, termed
androgen receptor. The androgen receptor binds its specific steroid with high
affinity, having an equilibrium dissociation constant (Kd) in the range of 10°-
10"'°M. The androgen receptor can be isolated from the cytosol of target cell
extracts as a large non-transformed (i.e. non-DNA binding) 8§ oligomeric
complex, which contains hsp90. Once bound by androgens, the androgen
receptor undergoes a conformational change termed "transformétion", which
involves dissociation of heat-shock proteins from the 8S complex. This
transformation allows the androgen receptor to bind with high affinity to specific
sites (acceptor sites) on the chromatin. The result of the binding to naclear
acceptor sites by the androgen receptor is the alteration of gene transcription
(Figure 1.2). In which way the androgen receptor, once positioned on a hormone
responsive element in the promoter of a target gene, precisely modulates
transcriptional efficiency, is poorly understood. This probably requires functional
interactions between receptor molecules as well as interactions with other

essential transcription factors (Figore 1.2),
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Figure 1.2, Schematic representation of the mechanism by which androgens
regulate gene expression,

Testosterone (T) enters the cell and can be metabolized to So-dihydro-
testosterone (DHT). T or DHT (=S) can bind to the androgen receptor (AR)
which subsequently undergoes transformation. The transformed androgen

receptor (AR*) binds to androgen responsive elements (AREs) in froat of
androgen regulated genes and interacts with other transcription factors (TF), and

RNA polymerase.

References : see end of Chapter 2,
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CHAPTER 2

STEROID HORMONE RECEPTOR PHOSPHORYLATION
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2.1 Infroduction

Protein phosphorylation is generally acknowledged as an important way of acute
regulation of protein function in eukaryotic cells. Thousands of proteins are
expressed in a typical enkaryotic cell, of which about a third is thought to be a
phosphoprotein. Two hundred protein kinases and some hundred protein
phosphatases have been identified, and it is estimated that 3% of all eukaryotic
genes may code for protein kinases and phosphatases (Hubbard and Cohen,
1993). Protein phosphorylation is often concerned with switching of a cellular
activity from one state to another. It is the major mechanism by which cells
respond to extracellular signals, and it is responsible for the timing of events
which must occur at defined stages during the cell cycle, such as DNA synthesis
and mitosis.

Among the phosphoproteins, the nuclear proteins are a special group (Meek and
Street, 1992). These include transcription factors as CREB, Jun, Fos, NFxb, Myc
and Myb; tumor suppressor proteins as p53, and the retinoblastoma susceptibility
gene protein product (pRB), and viral proteins as the SV40 large tumor antigen.
Each of these proteins can be phosphorylated at multiple sites, most often by
different kinases. In some cases phosphorylation at a certain site occurs in
response to different signals. For transcription factors three main mechanisms
of regulation by phosphorylation can be identified (Hunter and Karin, 1992).
First, the DNA binding affinity of transcription factors can be modulated
negatively or positively by phosphorylation. Second, phosphorylation can affect
the interaction of ftrans-activation domains of transcription factors with
components of the transcription initiation complex. Third, phosphorylation can
influence the shuttling of tanscription factors between the nuclear and
cytoplasmic compartments, thereby regulating indirectly the activity of

transcription factors in the nucleus. These mechanisms are by no means
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mutually exclusive, and (de)phosphorylation at different sites by different
kinases or phosphatases can result in differential regulation of a single
transcription factor by several mechanisms (Jackson, 1992), Most members of
the nuclear receptor superfamily, including the glucocorticoid, estrogen,
progesterone, androgen, 1,25-dihydroxyvitamin D, and mineralocorticoid
receptors are phosphoproteins. These receptors become rapidly extra
phosphorylated upon binding of their respective ligands, suggesting that
phosphorylation has an important role in the regulation of steroid receptor
activity, The goal of this chapter is to describe the state of art of the rapidly
advancing field of steroid receptor phosphorylation, and to indicate in which

way phosphorylation might regulate steroid receptor activity.

2.2  Indirect evidence for a role of steroid hormone receptor

phosphorylation

The first indications that steroid hormone receptor function might be regulated
through phosphorylation processes came from studies, showing that cortisol
binding by the glucocorticoid receptor in thymus cells varied with intracellular
ATP levels (Munck and Brinck-Johnsen, 1968; Bell and Munck, 1[973).
Similarly, decrease of DHT binding in prostatic tissue homogenates after
incubation of tissue slices with compounds causing loss of ATP (2 4-dinitro-
phenol, cyanide, or azide) and subsequent increase of DHT binding by
incubation of the homogenates with ATP, suggested that an ATP requiring
process was involved in androgen receptor function (Liao and Fang, 1969; Liao
et al,, 1975; Rossini and Liao, 1982). These, and several other studies, led to a
model of receptor cycling, in which an inert (non-ligand binding) form of the
receptor is produced from the transformed receptor in the nucleus. Subsequently,

an ATP-dependent process restores the ability to bind steroid and the receptor
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is recycled to the nucleus after steroid binding (Rossini, 1984). Further
indications for a possible role of phosphorylation in steroid hormone action
came from studies involving phosphatases and phosphatase inhibitors. The loss
in hormone binding capacity of glucocorticoid-, estrogen- and progesterone
receptors that occurs on incubation of cytosolic extracts of target cells at 15-
25°C, was prevented by phosphatase inhibitors such as molybdate and fluoride
(Nielsen et al., 1977A; Auricchio and Migliaccio, 1980; Grody et al., 1980).
Loss of hormone binding capacity also occurred on treatmént of the
glucocorticoid receptor with purified alkaline phosphatase, and on treatment of
mouse uterus estrogen receptor with a purified nuclear phosphatase (Nielsen et
al.,, 1977B; Auricchio et al., 1985). The binding ability of the mouse uterus
estrogen receptor after phosphatase treatment could be restored by incubation
with ATP and a kinase preparation purified from uterus (Auricchio et al., 1985).
Collectively, these studies indicated that the steroid binding capacity of receptors
was lost either by dephosphorylation of receptors or of associated proteins and

could be restored by rephosphorylation.

More evidence that steroid hormone receptors are phosphoproteins came from
studies in which partially purified receptor preparations were incubated with
purified kinases. In experiments with cAMP-dependent protein kinase, it was
shown that the progesterone receptor from chicken oviduct can undergo
phosphorylation in vitro (Weigel et al., 1981; Singh et al,, 1986). Also, the
purified glucocorticoid receptor from rat liver could be phosphorylated in vitro
by incubation with cAMP-dependent protein kinase (Singh and Moudgil, 1985).
Purified estrogen receptor from calf uterus was shown to be phosphorylated in
vitro by an purified calcium/calmodulin dependent protein kinase on tyrosine
residues (Auwricchio ef al., 1985). Androgen receptor from rat prostate was

suggested to be phosphorylated by a cAMP-independent protein kinase, although
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in this study no direct evidence was provided that the phosphoprotein
represented the androgen receptor (Goueli et al., 1984). Clearly, these studies,
using partially purified receptor preparations, were limited by the difficulty of
separating receptors from other proteins, including endogenous kinase and

phosphatase activities.

In another series of experiments, target cells or target tissue slices were
incubated with [**P}-orthophosphate, and thereafter attempts were made to purify
the respective steroid receptors. This purification involved "classical” methods
as chromatography on DNA cellulose or phosphocellulose columns, and steroid
affinity chromatography. In this way it was demonstrated that the glucocorticoid
receptor (90-94 kDa) becomes phosphorylated in rat liver slices and in intact
mouse L cells (Housley and Pratt, 1983; Grandics et al., 1984; Singh and
Moudgil, 1985). Also the progesterone receptor was shown to be phosphorylated
after incubation of chicken oviduct minces with [°Pj-orthophosphate and
purification via affinity chromatography (Dougherty et al.,1982). In most of
these studies molybdate-stabilized receptor forms have been used. Subsequent
studies have shown that this form of receptor is associated with a non-hormone
binding 90 kDa heat-shock protein (Joab et al., 1984). This protein was found
to be phosphorylated in mouse fibroblasts (Housley et al., 1985). Therefore, a
portion of the 90-94 kDa ¥P-labelled proteins observed in these reports could
in fact belong to the 90 kDa non-hormone binding protein co-purifying with the
glucocorticoid and progesterone receptors. Phosphorylation of the estrogen
receptor (65 kDa) on tyrosine residues was observed after incubation of rat
uterine tissue with [**P]-orthophosphate and purification of the estrogen receptor
with steroid affinity chromatography (Migliaccio et al., 1986). Considerable
progress in the studies on steroid receptor phosphorylation occurred at the time

when specific polyclonal and monoclonal antibodies suitable to purify receptors
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from target cells or tissues became available.
2.3 Basal and hormone dependent phosphorylation of steroid receptors

When steroid target cells in culture or target tissue slices are incubated with
[**P}-orthophosphate, steroid hormone receptors can be shown to be phospho-
rylated after immunopurification and SDS-PAGE. The use of antibodies for the
purification of receptors has the great advantage that rigorous washing steps
(high salt and detergents) can be used, so that co-purification of contaminating
phosphoproteins can be excluded. Furthermore, by immunopurification it is
possible to compare the phosphorylation degree of steroid receptors in the
absence or presence of ligand, which is impossible when "classical" purification
strategies based on binding of tritiated ligands are employed. Steroid hormone
receptors are already phosphoproteins in the absence of ligands, which will be
designated basal phosphorylation. The progesterone receptor was shown to be
phosphorylated in cytosolic extracts as well as in high salt nuclear extracts
(transformed receptor} in rabbit uterine slices (Logeat et al., 1985). In later
studies progesterone receptor phosphorylation was also described in human
breast tumor cells (T47D cells), chicken oviduct slices, and in primary cultures
of chicken oviduct cells (Garcia et al., 1986A; Denner et al., 1987; Wei et al,,
1987, Sheridan et al.,, 1988; Sullivan et al., 1988A). Phosphorylation of the
glucocorticoid receptor was described in WEHI-7 thymoma cells and mouse L-
cells (Mendel et al., 1987; Tienrungroj et al,, 1987). Estrogen receptor
phosphorylation has been described in mouse uterus, calf uterus, and in the
MCF7 human breast cancer cell line (Lahooti et al., 1990; Washburn et al,,
1991; Denton et al., 1992), and human androgen receptor phosphorylation was
found in human lymph node carcinoma of the prostate (LNCaP) cells {Van Laar

et al., 1990), The effects of vitamin D are mediated by the receptor that binds
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the active metabolite 1,25-dihydroxyvitamin D,. Phosphorylation of this receptor
was observed in organ culture studies of embryonic chicken duodenum (Brown
and DeLuca, 1990), In contrast, no basal phosphorylation of the 1,25-dihydroxy-
vitamin D, receptor was observed in mouse fibroblasts {Pike and Sleator, 1985).
No data are available on phosphoryiation of the mineralocorticoid receptor in
target cells or tissue, only the mineralocorticoid receptor overexpressed in Sf9

insect cells was reported to be phosphorylated (Alnemri et al., 1991).

Steroid receptors become extra phosphorylated on incubation of target cells or
tissues in culture with their respective ligands. This extra phosphorylation is a
rapid process (within 30 min) and is associated with receptor transformation (o
the tight nuciear binding form in several systems. The rapid increase in receptor
phosphorylation upon ligand binding is often used as an argument to stress the
importance of steroid receptor phosphorylation (see Figure 2.1). Hormone
stimulated extra phosphorylation has been reported for the glucocorticoid
receptor in WEHI-7 thymoma cells, 3T3 fibroblasts and in hepatoma cells
(Hoeck et al., 1989; Orti et al,, 1989; Hoeck and Groner, 1990). The unliganded
glucocorticoid receptor was found to exist as a heteromeric complex containing
one steroid binding unit and two hsp90 monomers, and probably also other heat-
shock proteins, Upon hormone binding at 37°C these heteromeric complexes
dissociate, followed by receptor transformation to the DNA binding form.
Kinetic studies in WEHI-7 cells revealed that the primary substrate for hormone
stimulated extra phosphorylation was the transformed receptor (Orti et al., 1993).
Also the non-transformed receptor became extra phosphorylated, albeit at a
lower rate (Orti et al,, 1989). This extra phosphorylation was induced by
glucocorticoid agonists, but not by the antagonist RU486 (Hoeck et al., 1989),

which suggested a functional role for glucocorticoid receptor phosphorylation.
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Figure 2.1, Basal and hormone dependent steroid hormone receptor
phosphorylation.

The unliganded receptor (R) is already phosphorylated. Upon ligand binding the
receptor (IR) undergoes a conformational change, and the heat-shock proteins
dissociate, The transformed (DNA bound} steroid receptor (HR") and the non-
transformed steroid receptor (HR’) are extra phosphorylated.

Addition of progesterone to T47D celis or to chicken oviduct slices caused a
rapid extra phosphorylation of the progesterone receptor (Wei et al., 1987,
Sheridan et al., 1988; Sullivan et al., 1988B; Nakao et al., 1989). In contrast to
the glucocorticoid receptor, RU486 did promote human progesterone receptor

transformation and phosphorylation in T47D cells (Sheridan et al., 1989A), but
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had no effect on the phosphorylation degree of the chicken oviduct progesterone
receptor (Nakao et al., 1989). RU486 does not bind to chicken and hamster
progesterone receptors, but does bind to the human progesterone receptor, A
single amino acid species variation in the ligand binding domain was shown to
be responsible for this differential antagonistic effect of RU486 (Groyer et al.,
1985; Eliezer et al.,, 1987; Gronemeyer et al.,, 1992). A two-fold increase in
androgen receptor phosphorylation in LNCaP cells was measured after
incubation with R1881 (Van Laar et al., 1991). In transiently transfected COS-7
cells, it was found that the androgen receptor protein degraded rapidly

(t;,= 1 h), except in the presence of androgen (t,,= 6 h), which accounted for
an apparent 2-4 fold androgen-induced increase in androgen receptor
phosphorylation (Kemppainen et al,, 1992), Estrogen treatment of mouse uterine
slices duting metabolic labelling with [**P]-orthophosphate caused extra
phosphorylation of estrogen receptors (Washburn et al., 1991). In MCF-7 cells
extra phosphorylation of the estrogen receptor after estradiol treatment was also
found (Denton et al., 1992). Phosphorylation of the 1,25-dihydroxyvitamin D,
receptor was strongly induced after incubation of mouse fibroblast and
embryonal chicken duodenum organ cultures with 1,25-dihydroxyvitamin D,
(Pike and Sleator, 1985; Brown and DeLuca, 1990). The stimulation factors
reported ranged from 2 to 7, often for one type of steroid hormone receptor in
comparable systems. This variation might be due to differences in experimental

conditions.

Post-translational modifications, including phosphorylation, of proteins can be
detected by resolving isoforms of different apparent molecular masses during
SDS-PAGE. This is an alternative method to study steroid receptor phospho-
rylation, which has been used extensively. The photoaffinity-labelled

progesterone receptor (using the synthetic progestin *H-R5020) gave a doublet
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of the untransformed protein with molecular masses of 117 and 120 kDa
(Horwitz et al,, 1985), During the first 30 min of incubation with R5020, the
progesterone receptor protein shifted entirely to the heavier form (120 kDa),
most likely caused by a hormone-dependent covalent modification. In later
studies it was shown that these isoforms of the progesterone receptor were
caused by differential phosphorylation (Sheridan et al., 1989B). The mouse
uterus estrogen receptor also appears as a doublet after SDS-PAGE, of which
the higher molecular mass form is being induced by estrogens {(Golding and
Korach, 1988). Microheterogeneity after SDS-PAGE was detected also for the
human glucocorticoid- and androgen receptors (Northrop et al,, 1985; Van Laar
et al.,, 1990). In rat osteosarcoma cells and mouse fibroblasts, treatment with
1,25-dihydroxyvitamin D; elicited a decrease in mobility of the 1,25-dihydroxy-
vitamin D, receptor on SDS-PAGE (Pike and Sleator, 1985; Jurutka, 1993A).

2.4 Location of phosphorylation sites in steroid hormone receptor proteins

The majority of the glucocorticoid receptor phosphorylation sites could be
located in the N-terminal frans-activation domain using chemical cleavage with
hydroxylamine and cyanogenbromide or proteolytic digestion with trypsin and
chymotrypsin (Dalman et al., [988; Smith et al., 1989; Hoeck and Groner, 1990,
Hutchison et al., 1993). There is some debate on additional phosphorylation of
the DNA- or steroid binding domains of the glucocorticoid receptor (Hutchison
et al., 1993). In rat hepatoma cells, in mouse L cells, and in Chinese hamster
ovary cells, the glucocorticoid receptor becomes also phosphorylated in the
DNA binding domain, but not in the steroid binding domain (Dalman et al.,
1988; Hoeck and Groner, 1950; Hutchison et al., 1993). In contrast, in AtT-20
mouse pituitary tumor cells the glucocorticoid receptor was found to be non-

phosphorylated in the DNA binding domain (Van der Weyden Benjamin et al,,
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1990). Only in WEHI-7 mouse thymoma cells the glucocorticoid receptor was,
apart from the N-terminal domain, also phosphorylated in the steroid binding
domain, but not in the DNA binding domain (Smith et al,, 1989), In a later
study by the same laboratory it was found that a highly purified tryptic fragment
containing the steroid binding domain is not phosphorylated, indicating that the
earlier result might have been due to a contaminant (Bodwell et al., 1991).
Progesterone receptors from chicken oviduct and from T47D cells are phospho-
rylated in the N-terminal domain (Sullivan et al., 1988B; Sheridan et al.,
1989A). Also the rabbit progesterone receptor was shown to be predominantly
phosphorylated in the N-terminal domain after transfection in COS cells
(Chauchereau et al,, 1991). The 1,25-dihydroxyvitamin D, receptor was found
to be phosphorylated in a fragment spanning the hinge region and a large part
of the ligand binding domain (Brown and Deluca, 1991). In another study onty
phosphorylation in the hormone binding domain was reported (Jones et al,,
1991). In conclusion, most steroid receptors that have been investigated are

phosphorylated at least in the N-terminal frans-activation domain,
2.5 Identification of phosphorylation sites

Phosphoamino acid analysis has revealed that the glucocorticoid, progesterone-,
and 1,25-dihydroxyvitamin D, receptors are phosphorylated on serine residues
(Dalman et al.,, 1988; Sheridan et al., 1988; Smith et al., 1989, Hoeck and
Groner, 1990; Brown and DelLuca, 1991). For the glucocorticeid receplior, minor
phosphorylation on threonine residues was also reported (Hoeck and Groner,
1990). Results on phosphoamino acid analysis of estrogen receptors were
confusing, While Auricchio and co-workers showed that the estrogen receptor
was only phosphorylated on tyrosine residues, other investigators reported

specific phosphorylation on serine residues (Auricchio, 1989; Washburn et al.,

43



1991, Denton et al., 1992; Lahooti et al., 1994; LeGoff et al., 1994). The reason

for this discrepancy is at present unknown.

By phosphopeptide mapping and sequencing of tryptic peptides, seven phospho-
rylated sites have been identified in the mouse glucocorticoid receptor (Bodwell
et al., 1991). These sites are identical in CHO cells in which the glucocorticoid
receptor was overexpressed, and in mouse thymoma cells (WEHI-7). All sites
are on serine residues, except one site on a threonine residue, and are located
in the N-terminal domain {Ser 122, 150, 212, 220, 234, 315 and Thr 159). Three
serine residues (212, 220 and 234) are in a region which is essential for
transcriptional activity of the mouse glucocorticoid receptor, and are present in
the core trans-activation domain of the human glucocorticoid receptor
(Danielsen et al.,, 1987; Dahlman-Wright et al., 1994), Data on the influence of
glucocorticoids on the phosphorylation state of these sites are not yet available,
Four phosphorylated sites in the chicken progesterone receptor have been
identified (Denner et al,, 1990A; Poletti and Weigel, 1993), There are four Ser-
Pro motifs in the chicken progesterone receptor, which are all phosphorylated.
Two sites (Ser 211 and Ser 260) are substantially phosphorylated in the absence
of ligand, with a small increase in the presence of ligand, while phosphorylation
of two other sites (Ser 367 and Ser 530) was essentially ligand-inducible. Upon
expression of chicken progesterone receptor in the yeast Saccharomyces
cerevisiae the receptor was correctly phosphorylated on all four Ser-Pro motifs
(Poletti et al., 1993). The effects of ligand on the phosphorylation degree of the
four sites were consistent with the authentic chicken progesterone receptor,
showing that the yeast system is applicable to the study of the role of
phosphorylation in progesterone receptor function. The human 1,25-dihydroxy-
vitamin D, receptor transiently expressed in COS-1 cells was phosphorylated on

serine residues (Hilliard et al., 1994). In order to obtain sufficient quantities for
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microsequencing of phosphopeptides, **P-labelled 1,25-dihydroxyvitamin D,
receptor from COS cells was mixed with purified 1,25-dihydroxyvitamin D,
receptor expressed in Saccharomyces cerevisiae, Séquencing of phosphopeptides
obtained by digestion of receptor with various proteases, revealed
phosphorylation at serine residue 208, within a consensus site for casein kinase
IT (Hilliard et al., 1994). Phosphorylation at this site was clearly stimulated
(approx. 8 fold) by treatment of COS celis with 1,25-dihydroxyvitamin D,

Another approach for the identification of phosphorylation sites, is site-directed
mutagenesis of consensus phosphorylation sites for various kinases, and
subsequent transient expression of mutant proteins in COS cells or comparable
systems. This strategy however is time-consuming and creates an additional
problem, in that the abolition of a phosphorylation site by a point mutation
might cause a conformational change. Furthermore, mutagenesis of a consensus
phosphorylation site might promote phosphorylation at an alternative site, as has
been shown for the human 1,25-dihydroxyvitamin D, receptor (Hilliard et al.,
1994). Comparison of tryptic phosphopeptide maps of wild type and mutant
human estrogen receptors expressed in COS cells, revealed phosphorylation at
serine residues 104 and/or 106, and residue 118 (Ali ef al., 1993, Le Goff et al.,
1994). All three serine residues are part of a serine-proline motif, the preferred
substrate of proline-directed protein kinases (Vulliet et al,, 1989). By similar
strategies the human 1,25-dihydroxyvitamin D, receptor has been shown fto be
phosphorylated at serine residue 51 (protein kinase C site) within the DNA
binding domain and at serine residue 208 (casein kinase 1I site) within the ligand

binding domain (Hsieh et al,, 1991; Jurutka et al.,, 1993B).
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2.6 Protein kinases involved in steroid hormone receptor phosphorylation

Several protein kinases have been reported to co-purify with the progesterone
receptor. Co-purification of casein kinase-like protein kinases and magnesium
dependent kinases with the rabbit and chicken progesterone receptors has been
described, None of these kinases, however, showed hormone-stimulated
phosphorylation of the progesterone receptor in vitro. The physiological signifi-
cance of these findings is uncertain (Garcia et al., 1986B; Logeat et al., 1987).
The chicken progesterone receptor is phosphorylated at all four Ser-Pro motifs
in vivo (Denner et al., 1990A, Poletti and Weigel, 1993). The Ser/Thr-Pro motif
is a portion of the consensus sequence for the cde2 (cell division cycle) protein
kinases and the mitogen-activated protein kinases, and these are therefore
candidate kinases to phosphorylate the receptor (Vulliet et al., 1989;
Mukhopadhyay et al., 1992). Chicken progesterone receptor is also
phosphorylated by a DNA dependent protein kinase, during in vitre progesterone
dependent transcription assays using HeLa cell nuclear extracts. This
phosphorylation was strictly dependent on the presence of double-stranded DNA
(Bagcht et al,, 1992; Weigel et al., 1992). Further analysis of receptors isolated
from chicken oviduct nuclear extracts will be necessary to determine whether
this phosphorylation also occurs in vive. The DNA dependent kinase that is
involved also phosphorylates the transcription factor Spl, and is a heterodimer
composed of a catalytic subunit and a DNA binding subunit (Jackson et al.,
1993). The latter probably directs the kinase to DNA and can be regarded as a
“targeting subumit", making possible efficient phosphorylation of DNA-bound
substrates (Hubbard and Cohen, 1993). The DNA dependency of progesterone
receptor phosphorylation /# vitro was confirmed during in vive experiments
(Takimoto et al., 1992). Analysis of mutant and wild type progesterone receptors

expressed in COS-1 cells suggested that hormone-induced phosphorylation can
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be subdivided into two stages. The first stage is DNA independent, for which
a receptor mutant lacking DNA binding activity is a substrate; the second stage
is DNA dependent, for which the same receptor mutant is not a substrate. The
synthetic antiprogestin ZK98299 binds progesterone receptors but prevents their
interaction with DNA. Compared with progestin agonists, this antagonist reduced
phosphorylation of progesterone receptors in T47D cells to 60% (Takimoto et
al,, 1992). These results indicate that the hormone-induced phosphorylation of
the progesterone receptor involves DNA binding independent as well as DNA

binding dependent steps (Takimoto et al., 1992; Takimoto and Horwitz, 1993),

Cell-free phosphorylation of the calf uterine estrogen receptor has been found
to occur on tyrosine residues (Auricchio, 1989). A nuclear phosphatase from calf
uterus inactivated hormone binding, and the resulting dephosphorylated receptor
form could be converted back to an estrogen binding form by a cytosolic
calcium/calmodulin dependent protein tyrosine kinase activity (Aurrichio, 1989).
This kinase activity has been purified to homogeneity (Castoria et al., 1993).
The uterus protein tyrosine kinase is a 67 kDa protein on SDS-PAGE and binds
calmodulin in a Ca®* dependent manner, The kinase phosphorylates in vitro the
phosphatase-treated calf uterus estrogen receptor on tyrosine, and thereby
activates hormone binding. By site-directed mutagenesis of tyrosine residues,
tyrosine residue 537 was identified as the phosphorylated residue, The mutant
(Tyr 537 --> Phe) is neither phosphorylated nor activated with regard to estrogen
binding by the kinase (Castoria et al.,, 1993). Remarkably, the kinase is
dependent for its activity on the presence of purified calf uterus estrogen
receptor. Whether the kinase becomes activated either by estrogen or by the
estrogen receptor complex, or by an unknown compound in the purified receptor
preparation, is presently unknown. Furthermore, it has not yet been shown that

the estrogen receptor in calf uterus in vivo is also phosphorylated on tyrosine
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residue 537, and that this phosphorylation is essential for hormone binding
capacity. The purified porcine uterus estrogen receptor was shown to be non-
phosphorylated in the ligand binding domain (Bokenkamp et al., 1994), In
chicken oviduct cytosol, the estrogen receptor exists in three forms: two forms
which bind estrogen with low and high affinity respectively, and one form which
does not bind estrogens at all (Raymoure et al., 1986). Conversion of the non-
binding form to the low affinity binding form in vitre requires Mg®* and ATP
(Raymoure et al.,, 1986). This conversion is mediated by a 40 kDa activation
factor that is associated with protein kinase as well as protein phosphatase
activity {Dayani et al., 1990; McNaught et al., 1990). The amino acid(s) that are
phosphorylated or dephosphorylated by this activation factor are presently
unknown. The human estrogen receptor is phosphorylated on three Ser-Pro
motifs, which is the preferred motif in substrates of the proline directed protein
kinases including cdc2 kinase and the mitogen activated kinases (Le Goff et al.,
1994). For the glucocorticoid receptor, proline directed protein kinases are also
predominant, since four out of seven identified phosphorylation sites are in
proline directed protein kinases consensus sequences (Bodwell et al., 1991).
Since the proline directed protein kinases also phosphorylate the progesterone
receptor (Denner et al., 1990}, it might be concluded that this protein kinase is

the principal protein kinase involved in steroid hormone receptor

phosphorylation.
2.7 Steroid hormone receptor phosphorylation and receptor function

There is increasing evidence that gene expression is regulated by
phosphorylation of transcription factors (Hunter and Karin, 1992; Jackson,
[992). Since steroid receptors are ligand-dependent transcription factors and also

exist as phosphoproteins, several studies have been performed to uncover the

48



physiologicai role(s} for receptor phosphorylation in steroid hormone action. The
following receptor functions or activities linked to phosphorylation have been
suggested: receptor association with heat shock proteins, activation of hormone
binding capacity, nuclear import, subnuclear location, nucleocytoplasmic
shuttling, modulation of binding to hormone responsive elements, receptor
dimerization, and interactions with general transcription factors (Kuiper and
Brinkmann, 1994},

The goal of this section is to describe the evidence available for the involvement

of phosphorylation in some of these receptor functions.

2.7.1 Role of phosphorylation in esfrogen receptor mediated frans-

activation

In contrast to the results of Auricchio et al., there have been several reports
showing estrogen receptor phosphorylation on serine residues (Auricchio, 1989,
paragraph 2.5 and references therein). The liganded and unliganded estrogen
receptor in MCF-7 breast carcinoma cells and calf uterus is phosphorylated on
serine residues, and it was shown that treatment with acid phosphatase caused
loss of affinity of the estrogen receptor for specific DNA sequences in vifro
(Denton et al,, 1992). Exposure of rat uterine cells in primary culture to
estrogen, insulin-like growth factor I (IGF-I), or agents which alter intracellular
cAMP levels, such as cholera toxin plus isobutylmethylxanthine (IBMX) and
8Br-cAMP, resulted in the upregulation of cellufar levels of the progesterone
receptor (Aronica and Katzenellenbogen, 1991). The progesterone receptor gene
is a well known estrogen target gene. These effects were believed to be
mediated through the estrogen receptor and phosphorylation pathways. It was
indeed shown that in rat uterine cells transcription from a plasmid DNA

containing two tandem estrogen responsive elements linked to a reporter gene,
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could be stimulated by estrogen and also by 8Br-cAMP, cholera toxin plus
IBMX, or IGF-I (Aronica and Katzenellenbogen, 1993). The level of estrogen
receptor phosphorylation in uterine cells could be increased 3 to 5 fold upon
exposure to one of the following: estrogen, cholera toxin plus IBMX, 8Br-cAMP
or IGF-I (Aronica and Katzenellenbogen, 1993). However, the fact that an anti-
estrogen (ICI 164384) evoked a similar increase in estrogen receptor
phosphorylation, without a concomitant increase in estrogen receptor mediated
transcription activation, indicated that an increase in overall phosphorylation
does not necessarily result in increased transcriptional activity {Aronica and
Katzenellenbogen, 1993). Trans-activation by the estrogen receptor, therefore,
might depend upon phosphorylation or dephosphorylation of a ‘Speciﬂc site or
sites, the modulation of which might not be detected in overall phosphorylation.
The location of the estrogen receptor phosphorylation sites in the N-terminal
transcription activation domain also suggested that phosphorylation might play
arole in receptor trans-activation (Ali et al., 1993; Le Goff et al., 1994). Indeed,
mutation of the three phosphorylated serine residues (residue 104, 106 and 118)
caused a significant reduction (by 40%) in trans-activation activity in response
to estrogens (Ali et al., 1993; Le Goff et al., 1994), but did not affect the DNA
binding properties and nuclear import of the receptor. The sites phosphorylated
in response to incubation with cholera toxin plus IBMX or 8Br-cAMP, remain
to be identified (Le Goff et al., 1994). In the neuroblastoma cell line SK-ER3
it was also shown that IGF-1, in the absence of estrogen, could increase the
activity of an estrogen responsive promoter (Ma et al., 1994). Phosphorylation
of the estrogen receptor was not investigated in these cells. It is clear from these
studies on estrogen receptors that site-specific phosphorylation affects
transcriptional activation, although overall phosphorylation is not a parameter by
which the differential transcriptional activity of estrogens versus anti-estrogens

can be distinguished.
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2.7.2 Role of phosphorylation in progesterone receptor mediated frans-

activation

Studies on the phosphorylation of the progesterone receptor in T47D cells
suggested that phosphorylation influences the ability of receptors to regulate
gene transcription (Sheridan et al,, 1988; Sheridan et al,, 1989A). In the chicken
progesterone receptor two hormone-induced phosphorylation sites (Ser 367 and
Ser 530) have been identified (Denner et al., 1990A; Poletti and Weigel, 1993).
Interestingly, each hormone dependent site is located in a separate area of the
receptor, flanking the DNA binding domain and involved in trans-activation
(Dobson et al., 1989). Substitution of serine residue 530 by an alanine residue
in the chicken progesterone receptor resulted in a strong reduction in
transcriptional activity, but only at low hormone concentrations (Bai et al.,
1964), Effects of substitution of serine 367 alone or in combination with serine
530 were not studied. Mutation of serine residue 677 in the human progesterone
receptor (homologous to serine residue 530 in the chicken receptor) reduced the
trans-activation function by 30 to 50%, on a simple but not on a complex
promoter in COS cells and in HeLa cells (Takimoto et al., 1991). It is important
to note that extra phosphorylation of the progesterone receptor is not always
correlated with increased transcriptional activity, because the antagonist RU486
provoked extra phosphorylation of the human progesterone receptor, while
blocking trans-activation (Chaucherau et al,, 1991). The site(s) phosphorylated
in response to RU486 treatment have not been identified yet.

Analysis of human progesterone receptor phosphorylation in Hel.a cell nuclear
extracts during in vitro transcription assays, showed that phosphorylation
increased in paralfel with progesterone-induced enhancement of RNA synthesis
from a promoter containing a progesterone responsive element (Bagchi et al.,

1992), These data are correlative, because the presence of kinases in the
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transcription extract made it impossible to study the trans-activating properties
of the progesterone receptor when it had not undergone phosphorylation.
However, it is interesting to note that progesterone receptor phosphorylation was
at least in part dependent on the presence of progesterone (Bagchi et al,, 1992).
Treatment of CV-1 cells transiently expressing chicken progesterone receptor,
with 8Br-cAMP or an inhibitor (okadaic acid) of protein phosphatases 1 and 2A,
stimulated chicken progesterone receptor-mediated induction of transcription
from a cotransfected reporter gene construct in the absence of progesterone
(Denner et al., 1990B; Zhang et al., 1994). The ability to bypass hormonal
activation of receptors with agents that modify cellular kinase or phosphatase
activities, provided evidence that phosphorylation processes are involved in
regulation of the transcriptional activity of progesterone receptors. In contrast,
8Br-cAMP or okadaic acid did not stimulate target gene expression in the
absence of progesterone in a T47D-derived cloned cell line, containing a stable
transfected MMTYV reporter gene construct (Beck et al., 1992). Either compound
augmented human progesterone receptor-mediated target gene transcription by
3 to 4 fold when added together with progesterone (Beck et al., 1992). The
reason for the differential effects of treatment of cells with 8Br-cAMP and
okadaic acid on progesterone receptor-mediated transcription of human- and
chicken progesterone receptors, are unknown. Both modulators had no effect on
the extent of human progesterone receptor phosphorylation in T47D cells (Beck
et al,, 1992), while possible effects of modulators on chicken progesterone
receptor phosphorylation in CV-1 cells were not investigated (Denner et al,,
1990B). The chicken and calf progesterone receptors are substrates in vitro for
cAMP-dependent protein kinase (Hurd et al,, 1989; Denner et al., 1990A; Nakao
et al., 1992).
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2.7.3 Role of phosphorylation in glucocorticoid receptor mediated trarns-

acfivation

The mouse glucocorticoid receptor is phosphorylated in the N-terminal domain
at seven sites (serine residue 122, 150, 212, 220, 234, 315, and threonine residue
159), in WEHI-7 mouse thymoma cells and in CHO cells (Bodwell et al,, 1991).
Three serines (212, 220 and 234) are in a region which is essential for
transcriptional activation, and are also present at homologous positions in the
core trans-activation domain of the human glacocorticoid receptor (Danielsen
et al,, 1987; Dahlman-Wright et al., 1994). Substitution of serine residues by
either alanine or aspartic acid residues did not influence receptor trans-
activation. Only glucocotticoid receptors with five different serine
phosphorylation sites substituted by alanine residues exhibited an approximately
20% decrease in trans-activation capacity (Mason and Housley, :1993). From
these studies, it was concluded that phosphorylation of the glacocorticoid
receptor at the identified sites is not a major determinant in glucocorticoid
receptor transcriptional activity from the MMTYV promotor in COS cells. The
possibility that the large overexpression of the glucocorticoid receptor in COS
cells compensates for reduced frans-activation capacity of the mutant could be
excluded, since expression in E 8.2 cells (a GR negative variant of L fibroblasts)
to a much lower level gave similar results (Mason and Housley, 1993).

In another study, the effects of okadaic acid, a protein phosphatase inhibitor, on
trans-activation by the rat glucocorticoid receptor after transient expression in
COS and CV-1 cells was investigated. In the absence of hormone, the
glucocorticoid receptor was capable of enhancing transcription from the co-
transfected MMTV-CAT reporter plasmid in response to okadaic acid treatment’
(Somers and DeFranco, 1992). Synergistic enhancement resulted from combined

dexamethasone and okadaic acid treatinent, By analysis of chromatin structure
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it was shown previously that unliganded glucocorticoid receptors do not bind to
glacocorticoid responsive elements in vivo (Becker et al,, 1986). It is not known
it frans-activation from glucocorticoid responsive elements by unliganded
glucocorticoid receptors in okadaic acid treated COS and CV-1 cells is
associated with the same alterations in chromatin structure as in vivo. The
effects of okadaic acid on transcriptional enhancement did not correlate with
major changes in glucocorticoid receptor phosphorylation, as was shown by two
dimensional tryptic peptide mapping of *P-labelled receptors (Somers and
DeFranco, 1992). Thus, changes in phosphorylation of unknown component(s)
- of the glucocorticoid receptor signal transduction pathway, and not the receptor
itself, may influence its transcriptional enhancement activity. Expression vectors
for the glucocorticoid receptor and a hormone-responsive reporter (MMTYVY) were
stably introduced in T47D breast tumor cells (Moyer et al., 1993). In these cells
the dexamethasone response could be enhanced 2 to 10 fold by activators of
protein kinase A, protein kinase C, and inhibitors of phosphatases {okadaic
acid), Okadaic acid alone had no effect in these cells, in contrast o the previous
study employing transient transfection in COS or CV-1 cells (Somers and De
Franco, 1992). Treatment of the T47D cells with protein kinase activators or
phosphatase inhibitors had no effect on either cellular receptor content or
dexamethasone binding. Also, treatment of cells with protein kinase activators
or phosphatase inhibitors alone or in combination with dexamethasone did not
change the phosphorylation pattern of the glucocorticoid receptor compared to
the pattern before or after dexamethasone treatment, respectively (Moyer et al.,
1993). So, again no link could be made between stimulation of glucocorticoid
receptor-mediated transcription and phosphorylation of the glucocorticoid

receptor,
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274 Role of phosphorylation in subcellular location of the

glucocorticoid receptor

In most studies it is shown that unoccupied glucocorticoid receptor proteins
reside predominantly within the cytoplasmic compartment, and after ligand
binding a rapid and efficient translocation of receptors to-the nucleus occurs
(Wikstrom et al,, 1987). For rat hepatoma cells it was shown, however, that the
ghicocorticoid receptor is always in the nucleus (Brink et al., 1992). The noclear
glucocorticoid receptor is not indefinitely confined to the nuclear compartment
after hormone treatment, but undergoes a recycling process involving the
cytoplasm (Raaka and Samuels, 1983). When rat fibroblasts are treated with
dexamethasone in the presence or absence of okadaic acid, the glucocorticoid
receptor becomes extra phosphorylated and is translocated to the nucleus. When
hormone is withdrawn the glucocorticoid receptor becomes cytoplasimic again.
In cells continuously exposed to okadaic acid, however, the glucocorticoid
receptor cannot re-enter the nucleus in the presence of dexamethasone and is
trapped in the cytoplasmic compartment (DeFranco et al., 1991). It was
postulated that okadaic acid blocks a dephosphorylation event that occurs either
when the glucocorticoid receptor is exported from the nucleus or during the
reassembly of a heteromeric complex with heat-shock proteins in the cytoplasm.
These receptors, therefore, retain the extra phosphorylated state and are now
trapped in the cytoplasmic compartment. Upon comparison of tryptic phospho-
peptide maps of the glucocorticoid receptor, two unique phosphopeptides were
detected after okadaic acid-treatment (DeFranco et al., 1991). Apparently, these
phosphopeptides represent the site(s) which need to be dephosphorylated before
the glucocorticoid receptor can recycle to the nuclear compartment, The
effectiveness of glucocorticoid action can vary through the cell cycle.

Glucocorticoids regulate epidermal growth factor (EGF) receptors in HeLa S3
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cells in a reversible and cell cycle dependent manner. To be effective with
regard to EGF receptor upregulation, glucocorticoids must be present during the
late G1 and S phases, while they are ineffective during the G2/M and early G1
phases of the cell cycle (Fanger et al., 1986), Cells in the late G1 and S phases
had consistently more nuclear glucocorticoid receptor compared to cells in the
G2/M and early G1 phases. Site-specific alterations in glucocorticoid receptor
phosphorylation were observed in mouse L cell fibroblasts during
synchronization in the G2 phase, as compared to unsynchronized cells (Hsu et
al., 1992). Together, these studies suggest that the subcellular distribution of the

ghicocorticoid receptor is influenced by its phosphorylation state.

2.7.5 Role of phosphorylation in DNA binding and trans-activation by the
1,25-dihydroxyvitamin D, receptor

Treatment of CV-1 cells expressing the 1,25-dihydroxyvitamin D, receptor with
either 8Br-cAMP or okadaic acid and/or 1,25-dihydroxyvitamin D; resulted in
trans-activation from a reporter gene in a receptor dependent fashion (Darwish
et al., 1993). Under these conditions there was increased phosphorylation of the
1,25-dihydroxyvitamin D, receptor (Darwish et al., 1993). These results suggest
that phosphorylation plays a central role in the trans-activation function of the
1,25-dihydroxyvitamin D, receptor. Also in COS-7 cells the 1,25-dihydroxy-
vitamin D, receptor could be phosphorylated by protein kinase A (Jurutka et al.,
1993C). The actual site(s) of 1,25-dihydroxyvitamin D, receptor phosphorylation
by protein kinase A have not been identified. The human 1,25-dihydroxy-
vitamin Dj; receptor is selectively phosphorylated by protein kinase C on serine
at position 51 in CV-1 cells (Hsieh et al., 1991). This serine residue is located
in a position between the two zinc fingers that constitute the DNA binding

domain of the receptor. Substitution of this serine residue by a negatively
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charged aspartic acid residue markedly reduced the binding of the receptor to
a vitamin D-responsive element in vitro, and also reduced the 1,25-dihydroxy-
vitamin D, receptor-mediated transcription from a reporter gene in COS-7 cells
(Hsieh et al., 1993). Substitution of serine 51 by alanine in the human 1,25-
dihydroxyvitamin D, receptor reduced receptor phosphorylation in COS-7 cells,
but preserved completely the DNA binding activity in vifro and also the trans-
activation capacity. So, phosphorylation at serine residue 51 is not required for
either DNA binding or trans-activation of the I,25-dihydroxyvitamin D,
receptor, It has been suggested that phosphorylation at serine residue 51 could
silence the 1,25-dihydroxyvitamin D, receptor via a negative regulation of DNA
binding when target cells are subject to protein kinase C activation events (Hsieh
et al., 1993). In osteoblast-like cells the 1,25-dihydroxyvitamin D, stimulated
synthesis of osteocalcin could be inhibited by several protein kinase C inhibitors
{van Leeuwen et al., 1992), demonstrating a possible functional involvement of
protein kinase C in the action of vitamin D on bone, although phosphorylation

of the 1,25-dihydroxyvitamin D, receptor was not investigated,

2.8 Conclusions

Steroid hormone receptors are present in target cells as parts of oligomeric
complexes with heat-shock proteins. The receptors are already phosphorylated
in the unliganded form, After binding of their respective ligands, receptors
become rapidly extra phosphorylated. Kinetic studies have revealed that this
extra phosphorylation is preceded by dissociation of heat-shock proteins (notably
hsp90) from the complex. Most of the phosphorylation sites identified so far, are
focated in the N-terminal domain. In the progesterone receptor protein one site

is located in the hinge region, and in the },25-dihydroxyvitamin D, receptor one
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site was reported to reside in the DNA binding domain. Serine is the main
phosphorylated amino acid residue in steroid hormone receptors. Only the
estrogen receptor is reported to be phosphorylated on tyrosine residues, although
also phosphorylation on serine residues has been reported by various groups.
Most of the sites that have been identified so far are only partially
phosphorylated. This is in agreement with findings on steroid hormone receptor
heterogeneity, showing that within a cell several subpopulations of receptors
exist, each with different numbers or patterns of phosphorylated amino acids.
Possibly differential phosphorylation of the same steroid hormone receptor
molecule is involved in the regulation of different receptor functions. Most of
the sites in progesterone-, glucocorticoid-, and estrogen receptors are
homologous with consensus sequences for the proline-directed protein kinases,
These kinases are involved in regulation of the cell cycle, suggesting a possible
link between steroid hormone receptor phosphorylation and the cell cycle. The
sensitivity of cells to steroid hormones could vary through the cell cycle,
depending on receptor phosphorylation degree and pattern. Functions of
receptors that are regulated by phosphorylation are only beginning to be
investigated, Steroid hormone receptor phosphorylation might have a role in
transcriptional  regulation, regulation of steroid binding capacity,

nucleocytoplasmic shuttling and DNA binding capacity.

Analysis of transcriptional promoters for RNA polymerase II has revealed that
the precise selection of a start site and the efficiency of transcription are
imparted by a variety of cis-acting elements that flank the transcription initiation
site. The TATA box binds the general transcription factor TFIID-complex and
directs the assembly of the general transcriptional apparatus on the promoter
DNA. The efficiency of transcription initiation is affected by a group of

sequence-specific DNA binding regulatory transcription factors, such as Spl and
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CCAAT box binding proteins. Steroid hormone receptors can stimulate
transcription by binding to enhancer elements at a relatively large distance from
the transcriptional start site. By regulation of the activity of upstream regulatory
factors, transcription is modulated in response to physiological stimuli such as
hormones, growth factors, and vitamins. At present, it is not known in detail
how phosphorylation influences transcriptional activation potential. Domains rich
in acidic amino acid residues are often important for the activity of transcription
factors, and phosphorylation might exert its effects by simply contributing exira
negative charge (Ptashne, 1988). In Figure 2.2, a model for steroid hormone
receptor- mediated transcription activation is depicted. The steroid hormone
receptor molecule becomes extra phosphorylated in or close to a transcription
activation domain after hormone binding, thereby activating transcription from
a target gene promoter. Evidence for such a model is provided for the

progesterone-, estrogen-, and 1,25-dihydroxyvitamin D, receptors (section 2.7).

Regulation of steroid hormone receptor activity via regulation of steroid
hormone binding capacity would be an attractive model. However, only for the
estrogen receptor some evidence for such a model has been found (see
paragraph 2.6). The non- or under-phosphorylated estrogen receptor is unable
to bind steroid. Only upon phosphorylation by a tyrosine protein kinase the
receptor is able to bind hormone with high affinity. Phosphorylation may cause
a conformational change in the ligand binding domain, enabling steroid binding,
Alternatively, phosphorylation of the receptor may lead to dissociation or
inactivation of a factor inhibiting steroid binding. The effect of ATP on the
steroid binding capacity of the glucocorticoid receptor (paragraph 2.2) is
probably due to an ATP dependent association of hsp90 to the receptor (Hu et
al.,, 1994), and is not associated with phosphorylation of the receptor itself.

Binding of hsp90 to the glucocorticoid receptor was shown to be essential for
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the formation of a high affinity ligand binding receptor (Bresnick et al. 1989).

RNA polymerase |l
and assoclated
transcription factors

inltiatlon site

HRE upstream  GC box TATA hox
regulators

Figure 2.2. Schematic representation of steroid hormone receptor (SR)
phosphorylation and transcription activation,

Depending on the cell type, steroid hormone receptors are located to a
considerable extent in the cell nucleus already in the absence of hormone. Upon
addition of hormone, receptors become extra phosphorylated and translocate
rapidly to the cell nucleus. Steroid receptors probably can return to the
cytoplasmic compartment, Only for the glucocorticoid receptor some evidence

for a role of receptor phosphorylation in the regulation of receptor subcellular
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location was provided (paragraph 2.7.4).

Phosphorylation of steroid hormone receptors in the DNA binding domain might
influence their ability to bind to DNA. Evidence for such a model, however, is
limited. Only for the 1,25-dihydroxyvitamin D, receptor some evidence is
available for a negative effect of phosphorylation in the DNA binding domain

on specific DNA binding (paragraph 2.7.5).

Future advances will depend on the identification, and elocidation of the
regulation, of all kinases and phosphatases involved in steroid hormone receptor
phosphorylation. Additional mutagenesis studies of phosphorylation sites might
help to further elucidate and understand the consequences of the introduction of
a negatively charged phosphate group for the activity of steroid hormone

receptors,
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Summary

Aundrogen receptor synthesis and maodification were studied in the human LNCaP cell line. Im-
muncblotting with a specific polyclonal antibody showed that the androgen receptor migrated as a closely
spaced 110-112 kDa doublet on sodium dodecyl sutfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels. Most of the receptor protein is present in the higher molecular mass form. Pulse labelling
experiments with [**S]methionine showed that the androgen receptor is synthesized as a single 110 kDa
protein which is rapidly converted to a 112 kDa protein. Alkaline phosphatase treatment of cytosols from
[**S)methionine pulse labelled cells caused a gradual elimination of the 112 kDa isoform with a
concomitant increase of the 110 kDa isoform. This indicates that the observed 110 to 112 kDa upshift of
the newly synthesized andropen receptor reflects receptor phosphorylation. Both isoforms can bind
hormone and can undergo a hormone dependent transformation to a tight nuclear binding form,
indicating that the 110 to 112 kDa conversion is not an obligatory step [or hormone binding or receptor
transformation.

Address for correspandence: G. Kuiper, Department of Introduction
Endocrinology and Repraduction, Medical Faculty, Erasmus .
Universily Roterdam, P.Q. Box 1738, 3000 DR Rotterdam, Steroid hiormone receptors are t:ansacling gene

The Netheelands. Tel. BI{-4DR7IE; Fax 010-4366812. ) P . .
ctherlands. Te 1087338; Fax 01 iR32 regulating proteins, involved in the effectuation

) i of steroid hormone induced cellular responses.
It shauld be neted hat the term “transformation’ will be Upcm binding of hormone to its speci[ic receptor,

wsed to describe the process whereby (he steroid-bound re- i h 1 is k
ceplor is converted from a non-BNA-hinding state te a tight le receplor-hormone complex 1s &nown (o un-

nuclear binding form. The term *seceplor aclivation® describes dergo a confoermational change called transfor-
the acquisition of the sleraid binding slate. mation, which is thought to precede binding of
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the complex to hormene responsive elements in
the target cell genome (Evans, [988; Beato, 1989).
Sicroid hormone receptors are part of a dynantic
syslem, The receptars are synthesized and de-

graded to maintais a steady state level in hor-

moene untrealed cells, and are up- or downregu-
lated in hormone (reated cells (Horwitz et al,
1982, McDonnpell et al,, 1987; Blok et al., 1989;
Filley ¢t at,, (990). In general cellular hormone
sensitivity miglht not only depend on changes in
profein lurnaver rales, but also on covalent modi-
fications that activate receptors to hormone bind-
ing states. The exact maolecutar details of the
processes of hormone binding and receptor traps-
formation are still unclear.

Ample evidence has been provided that steroid
hormone receptors can exist as phosphoproteins
in intact cells (Dougherty ¢t al,, F984; Migliaccio
el al,, 1986, Sheridan cf al,, 1988; van Laar el al.,
[99(). Phosphorylation appears {o be required flor
activation of estragen receplors 1o a hormone
hinding state (Migliaccio et al., [986). The recep-
tors for progesierone, glucocorticoids and andro-
gens are also phosphoproteins, but the function
of this madification is presently unknown,

With the recent production of specific antibod-
ies apainst the androgen receptor, tvols were
provided for more detailed analysis of the andro-
gen receptor prolein fvan Laar et al, 1989,
Quarmby ct al,, 1990}, Using photoaffinity la-
belling and immunoblotting, it has been observed
that the androgen receptor from LNCalP cells
migrates as a closely spuced doublet of 110112
kDa on sodium dodecyl suffate-polyacrylamide
pel efectrophoresis {SDS-PAGE). Furthermore,
cvidence has been obtained that the LNCaP cell
androgen receptor is a phosphoprotein and that
phosphorylation is stimulated by hormone {van
Laar et al., 1990, 1991} The 11{-112 kDa pro-
teins might represent androgen receptor iso-
{farms, possibly produced through various types of
maodifieation mechanisms, including phosphoryla-
tion. Phospharylation and/or other covalent
modifications of the androgen receptor profein
might occur co-translationally, but it is also possi-
ble that a significant time fag cowdd exist between
synthesis and modification. In fact, apart from a
ca/post-transfational ligand independent phos-
phorylation the androgen receptor does undergo
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ligand stimulated hyperphosphorylation (van Laar
el al,, 1991),

‘The present results obtained by [*S)methio-
nine incorporation and immunoprecipitation,
show that the LNCaP cell androgen receptor is
synthesized as a single 110 kDa protein which is
rapidly converted into a form wilth a molecular
mass of 112 kDa. 1t was also found that the
conversion of the newly synthesized recepior re-
flects phtosphorylation and is not of necessity for
the acquisition of the hormone binding statc and
receptor transfaormation to the tight nuclear bind-
ing form.

Materials and meihods

Materials

Radioactive methionine {{¥*Slmethionine, spec.
act. > 800 Ci/mmol) was obtained from Amer-
sham (Litte Chalfont, U.K.), Culiure media were
obtained from Seromed (Berlin, F.R.G.). Fetal
calf serum was obtained from Seralab (U.K). The
synthetic androgen [78-hydroxy-i7a-methyl-
4,9,11-estratrien-3-one (R1881} was obtained from
NEN (Boston, MA, US5.A.). All other chemicals
and teagents were purchased from either Sigma
Chemical Co. (St. Louis, MO, U.S.A.) or Merck
{Darmstadt, F.R.G.). Phosphorylase & and g-
galactosidase were abtained from Boehringer-
Mannheim (Penzburg, F.R.G.), and labelled with
[MCYformaldehyde as described (lentoft et al.,
1979).

Cell cultrire

The LNCaP cell line {derived fram a fast grow-
ing colony of a Lymph Node Carcinoma of the
Prostate) was a gift from Dr. Horoszewicz
(Horoszewicz et al,, 1983). The cells were cul-
tured in plastic lissue culture flasks in RPMI
[640 culture medium, with added alutaniine,
streptomycin, penicillin and 7.5% (v/v) heat-in-
aclivated (56°C) fetal calf serum, at 37°C in a
humidified atmosphere of 5% CO, in air. Two to
four days before an experimenti, medium was
replaced by the same medium, but containing 5%
{v/v) Lieat inactivated charcoal treated fetal call
serum. LNCaP cells between the 65th and 72th
passage in vitro were used.



Metabaolic tabelling with [ S{methionine

For labeliing studies, 107 LNCaP cells were
pre-incubated for 1 h at 37°C with methionine
free RPME 16400 medium. Subsequently, [*S]-
methionine was added (o a concentration of ap-
proximately 20 pCi/ml and the incubations were
conlinued for different time periods at 37°C. For
pulse-chase experiments, medinm was removed
after 30 min, the cells were washed once with
phosphate buffcred saline (PBS), and the incuba-
tions were continued in RPMI 1640 with 0.5 mM
methionine. Incubations were stopped by removal
of the medium immediately followed by a wash
with PBS at 20°C,

Subscquently, the cells were Iysed in buffer A
40 mM Tris-HCl pH 7.4, | mM EDTA, 10%
(v/v) glycerol, 10 mM dithiothreitol, 10 mM
Na,MoQ,, 530 mM Nal?), supplemented with 1%
(v/v) Triton X-100, 4.5% (w/v) sodium deoxy-
cholate, (L.08% (w/v} SDS, 0.6 mM phenylmeth-
ylsulfonyl fluaride (PMSF) and 0.5 mM bacitracin
at 4°C. The lysate was centrifuged {10 min, 2000
X ) and androgen receptor was immunoprccipi-
tated from the superpatant,

Preparation of cytosol and nuclear extract

Approximately 6 % 107 cells were collected in 5
wml of buffer A supplemented with 0.6 mM PMSF,
(1.5 mM bacitracine and 0.2 mg/mf leupeptin.
Cells were homaogenized and the homogenate was
cendrifuged for 10 min at 830 X g. The cylosol
was prepared by centrifugation of the super-
natant at 105,000 % g for 30 min at 4°C. The
nuclear pellet was washed with buffer A contain-
ing 0.2% (v/v) Triton X-100, and then with buffer
A without additions. Subsequently, the nuclear
pellet was extracted with buffer A (pH 8.5) con-
taining 0,4 M NaCl for t h at 4°C. The sample
was centrifuged at H5,000 X g for 30 min.

Immunaoprecipitation

Immunoprecipitation was  performed  using
mouse mencelonal antibody, raised against a syn-
thetic peplide corresponding to the amino acid
residues 301-320 of the human androgen recep-
tor (van Laar ct al,, 1989). 1 ul of ascites, con-
taining either monoclonal androgen receptor an-
tibody or a nan-specific mouse 1gG, was mised
with 25 pl antimouse 1gG aparose {packed gel}
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{Sigma} and 200 p| PBS containing 1% bovine
serum albumin {BSA), The mixture was incu-
bated for 2 h at 4°C using end-over-end rotation,
Foltowing centrifugation (20 s, 8000 X g), the su-
pernatant was removed and the agarose beads
were washed 3 times with buffer A.

The cell lysate, cytosol or nuclear extract was
added to the agarose beads, and the mixture was
incubated for 2 h at 4°C. Aflter centrifugation for
20t s at 8000 X g the pellets were washed 3 times
with buffer A, containing 1% (v/v) Triton X-100,
0.5% (w/v) sodium deoxycholate and 0.08%
{w /v) SDS, 3 times with buffer A in the presence
of 0.2% (v/v) Triton X-160 and 0.4 M NaCl and
3 times with buffer A only.

Electrophoresis, blotiing and autoradiography
After washing of the immunoprecipitates, pro-
teins were extracted with 50 pl sample buffer €40
mM Tris-HCI pll 6.8, 5% (v/v) glyceral, 2%
{w/v) SDS, 1t mM dithiothreitol (DTT), 0.2%
{w/v) bromophenol blue), beiled for 2 min and
centrifuged (5000 X g, 2 min). The supcrnatants
were separated on 7% SDS-PAGE pels in the
mini Protcan H cell (Bio-Rad) according to the
manufaciurer’s instructions. As marker proleins
{1C)p-galactosidase (116 kDa} and [MClphos-
phorylase & (97 kDa) were used. Alter elec-
trophoresis the gels were positioned on nitrocel-
lulose paper (Schleicher & Schill (Dassel,
F.R.G.), 0.45 pm) and placed in a Bio-Rad mini
Trans-Blot cell filled with buffer (16.5 mM Tris,
pH 8.3, [50 mM glycine and 20% v /v methanol).
The transfer was performed for 60 min at 100 V.
After blotting the paper was incubated with an
androgen receptor specific palyclonal rabbit anti-
serum (SpO61)} (van Laar et al, 1989), diluted
1:1008 in PBS/0.05% (v/v) Tween 20 (PBS-
Tween} for 1 h al room temperature, washed 2
times for 10 min each with PBS-Tween, and
incubated subsequently with alkaline phos-
phatase-conjugated goat antirabbit 1gG (Sigma)
diluted 1:1000 in PBS-Twecn. After washing (2
times), the antibody complexes were visualized
with a solution of 0.39% (w/v) d-aminodiphenyl-
amine diazonium sulphate (Sigma) and 0.1%
(w /v) naphthol AS-MX phosphate (Sigma) in 0.2
M Tris-HCI, pH 9.1, 10 mM MgCl,. Subse-
quently, the filter was air-dricd and exposed to



Hyperfilm gmax {Amersham) at room tempera-
ture,

Receptor dephosphorylation

After labelling for 30 min with [¥S]methionine
cells were suspended in TGD buffer (40 mM
Tris-HCl, pH = 8.5, 10% v/v glycerol and | mM
DTT) plus a mixture of profease inhibitors (sce
under Preparation of cytosol). Cells were homog-
enized and centrifuged (30 min, 30,000 X g) to
obtain a cytosol. Cylosols (200 ul, protein conc. =
10 mg/ml} were incubated for 60 min at 37°C
with no additions, with 160 or 200 units of calf
alkaline phosphatase (Boehringer-Mannheim) or
with alkaline phosphatase plus the phosphatase
intiibitors 10 mM EDTA and 10 mM NaH,PO,.
The samples were then placed on ice, diluted
with buffer A {10 mM EDTA) and immunopre-
cipitated as described.

Resulis

Andragen receptor immunablotting and pulse la-
belling

Immunoprecipitation with a monoclonal an-
drogen receptor antibody and subsequent SDS-
PAGE showed that (he androgen receplor in
ENCaP cells migrates as a closely spaced 110-112
kDa doublct (Fig. 1A4), Most of the receptor
protein was present i the higher molecular mass
form according to the difference in intensity be-
tween the two bands, The androgen receptor
isaforms were observed in the presence as well as
in te absence of ligand, their relative amounts
were constant and both proteins bound hermone
as shown by photeaffinity labelling (sce also van
Laar et al,, 1990).

In order to investigale the de novo synthesis of
the two bands, LNCaP cells were incobated for
various time periods with [**Smethionine. In Fig.
1B, it is shown that, after incubation of hermone
depleted LNCaP cells with radiolabelled methio-
nine for 30 min, the amount of methionine incor-
porated into both isoforms was virtually the same.
Upon prolonged incubation, however, a marked
increase of the relative labelling intensity of the
slower migrating isoform (112 kDa) was observed.
The incorporation of [**$)methionine in trichlo-
roacetic acid (TCA) precipitable protein as well
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Fig. §. A: Immunchlot of androgen teceptor immunopurified
from cell lysates of LNCsP cells, Androgen recepior was
immunoprecipilated using a specific antibody (kane 2) or non-
specific moase 1¢G (Jane 1) and subjected to SDS-PAGE and
Hiotting. B **S-Labelling of androgen receptor in LNCaP
cells. LNCaP cells, pre-incubated {or 60 min in methionine-
free medinm, were incubated for different time perieds with
[¥Shnethionine. Subsequently, androgen receptor was im.
muanaprecipitated Trom total cefl lysates and analyzed by
SDS-PAGE and blotting. Encubation with [*S]methionine
was for: 0 min (Jane 1), &0 min {lane 2}, 9% min (Jane 3) and
120 min (fane 4).

as in androgen receptor protein increased linearly
with lime, reaching an opltimum between 60 and
90 min after the start of the pulse labelling with
[¥8]methionine (results not shown).

To investigate the apparent upshift in more
detail, we performed a time study in which
[**SImethionine incorporation into the androgen
receptor of hormone depleted LNCal® cells was
investigated after 5, 10, 15, 20, 25 and 30 min of
labelling. The result of this experiment is shown
in Fig. 2. After 5 min, only the 110 kDa radioac-
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Fig. 2. Origin of the androgen receptor doublet. LNCal cells,
pre-incubated for 0 min in methionine-free medium, weze
incubated for different time periods with [**S)methionine.
Androgen receptar was immunoprecipitated using a specific
antibody (fanes 1-6), or noa-specific meuse 1gG {fane 7) and
analyzed by SDS-PAGE and blotling. Incubation with
I8 Imethionine was for: 5 min (ane 1), 10 min (lane 23, 15
min (fane 3), 20 min {lane 43, 2% min (lane 5} and 30 min
(fanes 6 and 7).

tively labelled androgen receptor protein could
be detected; after longer incubation periods a
gradual increase in the slower migrating andro-
gen receptor protein (112 ¥Da) and no further
increase in the 160 kDa protein was observed,
The different kinctics of the de nove synthesis of
the §10 kDa and 112 kDa androgen receptor
proteins strongly suggest a time dependent con-

116 kDa -

97 kba -

116 kpDa ~

97 kba -

1 2 3 4 5 6

Fig. 3. Pulse labelling of androgen receplor in the presence of
hormone, LNCal cells, pre-incubaled for 60 min in methio-
nine-free medium, were incubated for dilferent ime periods
with [YS]methionine in the presence of 10 nM R1881. Andro-
gen receptor was immunoprecipitated using a specific anti-
hody and analyzed by SDS-PAGE and blotting. Incubafion
was for: 15 min (Jane 13, 30 min {Jane 2), 45 min (lanz 3), 60
min {lane 4), 100 min {lane 5} and 139 min (ane 6),

version of the 110 kDa pretein into the 112 kDa
androgen receplor protein.

Transformation of newly synthesized androgen re-
ceplor protein

In the next set ol experiments, the possible
influence of R1881 (methyltricnolone, a synthetic
androgenic steroid) on the de novo syathesis and
the conversion of the 110 kDa androgen receptor
protein was investigated, To this end LNCaP cells
were incubated with {*S}methionine together
with 10 nM Ri881 for 15, 30, 45, 60, 100 and 130
min at 37°C. At each time point more radioactiv-
ity was found to be incorparated into the 110 kDa
than in the 112 kDa androgen receptor protein
(Fig. 3). From a comparisan of the dala presented
in Figs. 18, 2 and 3, it can be concluded that in

o

Fig. 4. Andregen receploer transfarmnlion, ENCaD cells, pre-incubated for 60 min in melhionine-free medium, were incubated for

different 1ime periods with {*$methionine in the presence of 10 nM R188%1, Therealler cytosols and nuclear extracts were

prepared and receplor was immunepurified as described. 40 Autaradiogram, Lanes 1-3 cytosol, incubation was for: 10 min {lane

1), 20 min {lane 2), 30 min {lane 3). Lanes 4-6 nuclear extracts, incubation was for: 0 min (Jane 43, 20 min {lane 5}, 30 min (lane 6).
H: Tmmunoblal, Lanes 1-3 ¢ytosol and lanes 4-6 nuclear extracts. Incubatlinn lime periods as for A.
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the prescuce of hormoenc the conversion may
occur at a much slower rale thai in the absence
of hormone.

To address this point further, receptor trans-
formation, as characterized by the acquisition of
tight nuclear binding activity, was investigated as
a function of time after addition of R188L. Cells
were incubated with [*Slmethionine together
with [0 nM RI1881 for 10, 20 or 30 min at 37°C,
and thereafter cytosols and nuclear extracts weie
prepared. In Fig, 4.4, il is shawn that at all time
points the 110 kDa isoform was the dominant
species. Upon prolonged incubation, a gradual
increase of the £19) kDa protein in the nuclear
ex{ract was found, while in (he cytosolic fraction
the amounts are virtually constant, This indicates
that the newly synthesized #10 kDa androgen
receplor protein is able (o bind hormone and that
it can be transformed to a tight nuclear binding
form immediately after synthesis, The (rans-
formed (10 kDa isoform is not further converted
to the 112 kDa androgen receptor prolein, From
the immunoblot of Fig. 48 it is clear thai the
cytosol fraction cannat be fully depleted of recep-
ter protein by the hormone.

s the 112 kDa isoform also capable of under-
going translormation and is there a difference in
transformation kinetics of bath isoforms? In or-
der to tiy to amswer this question, hormonc de-
pleted LNCaP cells were incubated with {*5)-
methionine for 3 min. After this incubation, a
chase with cold methionine was donc either in
the presence or absence of 10 nM RI881, for 10
and 20 min at 37°C. In Fig. 54 and B it is shown
that only an extremely small amount of androgen
receptor protein fractionaled inlo the nuclear
fraction obtained from cells which were incu-

A 1 2 3 4 5 G

bated in the absence of hormone, During the
tncubation with RI1881 for 0 or 20 min, both
andragen receptor isoforms were able to undergo
transformation to a tight nuclear binding form,
showing similar transformation kinetics. A con-
siderable amount of androgen receplor protein
remained in the cytosolic fraction. This holds for
the sewly synthesized receptor as welf as for the
pre-cxisting receplor protein (see Figs. 48 and
5B). 1t is unlikely that the ircomplete transfor-
malion is only caused by the short incubation
time with R1881 because also after 1 h of incuba-
tion the cytosolic fraction was still nol depleted
(results pol shown). Furthermore, it is well-known
that the amsount of receptor protein in nuclear
extracts of LNCaP cells reaches a near optimum
IS miin affer addition of hormone and remains
constant on longer incubations (van Laar et al.,
19913,

In vitro androgen receptor dephosphorylation

It has been shown that the LNCaP ceil andro-
gen teceplor is already phosphorylated in the
absence of harmone and can undergo a rapid
extra phosphorylation upon the addition of hor-
mone {van Laar et al., 1991). The hecterogeneity
of the androgen receptor might therefore be
linked to phosphorylation. To study this, LNCaP
cells were incubated for 30 min with [*$]meth-
ionine and subsequently a cytosolic fraction was
prepared. Portions of the cylosolic fraction were
incubated for 60 min al 37°C with calf alkaline
phosphatase in the prescnce or absence of phos-
phatasc inhibitars. Phosphatasce treatment led to
an almost complete climinatian of the newly syn-
thesized 112 kDa protein (Fig. 6 A). Also pre-ex-
isting t12 kDa androgen receptlor was gradually

B 1 2 3 4 5 &

Fig. 5. Hormone responsiveness of andragen receplor, ENCaP celfs, pre-incubated for 60 min in methionine-free medium, weze
incubaled for ¥ min with [**SImethionine. Therealter a chase with cold methionine was done either in the presence or absence of
RI1881, for 10 or 20 min at 37°C. Cytosols and nuclcar extracts were prepared as described. A: Autoradiogram. Lanes 1-3 cytosel
and [anes 4-6 nuclear exiracl. Incubation was for: 0 min (Janes L and 4), 10 min {lanes 2 and 5) or 20 min {lanes 3 and 6) in the
presence of RI881, #: Immunahlot, Lanes 1-3 cytosol and Janes 4-6 nuclear exiract, Incubation time periods as for A.
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Tig. 6. Receptor dephosphorylation. Cytosols were prepared and incubated with alkaling phosphatase as described in Materials and

Methods, A: Autoradiogram, Incubation in 1he abseace of alkaline phosphatase {lane 13 ang incubation with 100 units of alkaline

phosphatase plus phosphatase inhihitors (Jane 2) for 60 min at 37°C. Lane 3 incubation wilh 280 unils phosphatase, lane 4

incebalion with 00 units phosphatase and Jane 5 incubation in the absence of phosphatase at 37°C for 60 min. I Immunoblot.
Immumoblot cotrespambing to A (anes A-3%).

eliminated upon phosphatase treatment, with a
concamitant increase of the tH) kI isoform, as
seen in the immunoblot of Fig, 68, Since the
effect of alkaline phosphatase was blocked by the
simultancous addition of EDTA and Nali,PO,
{Fig. 6.4), we conclude that the upshift in molec-
ular weigit from 110 kDa to 112 kDa is caused by
receptor phosphorylation.

Discussion

The intracellular localization of steroid hor-
mone receptors has been studied extensively (for
review see Carson-furica et al., 19%0), Steroid
receptors are readily isolated from cellular cy-
tosols in 1he absence of hormone, whercas after
hormone trealment receptors are extractable only
with salt from nuclei. With the production of
specific  antireceptor antibodies, the proges-
lerone, cstrogen and androgen recepiors were
found to be primarily nuclear in the absence of
their respective ligands (King et al.,, 1984; Perrot-
Applanat et al.,, 1985; Ruizeveld de Winter ¢t al,,
1990).

In the present report, it is shown that the
androgen receptor is synthesized as a single pro-
tein of 110 kDa, and that a 112 kDa isoform is
generated through a rapid post-translational
modification. From dephosphorylation experi-
ments with aikaline phosphatase it was concluded
that the post-translational modification is in fact
receptar phosphorylation. This phosphorylation
accurred independent of hormone, and therefore

a8

the upshift in molecular weight reflects the kor-
mone independent (= basal) phosphorylation of
[LNCaP cell androgen receptlor. Recenlly, it was
shown that administration of RI881 to LNCaP
cells resulted in an increase of the amount of
nucicar extractable androgen receptor and that
the phosphate-to-protein ratio of androgen re-
ceptar extracted from nuclet 5, 15 and 30 min
alter RI881 administration to LNCAP cells was
constant, This indicates that a hormone depen-
dent phosphorylation step occurs belore or dur-
ing transformation to the tight nuclear binding
form, but not aflter transformation (van Laar et
al., 1991). The present results show that the 110
kDa androgen receptor protein can be trans.
formed immediately after synthesis, upon the ad-
dition of hormone, and that the hormone depen-
dent phosphorylation step is not reffecled in a
further increase in molecular mass, The 112 kDa
isoform can undergo transformation upon addi-
tion of hormonc as well.

The protein kinases which are involved in
phosphorylation of the androgen receplor have
nol yet been identified. On the basis of our
resulls, il can be suggested that the hormone
independent phosphorylation occurs in the cylo-
plasm before translecation to the nucleus. It has
been postulated for steroid receplors that the
basal phosphorylation is necessary for the acqui-
sition of hermene binding capacity (Migliaccio et
al., 1986). It was shown that both isoforms of the
androgen receptor can be photoaffinity labelled
with [HIR 1881 (van Laar et al., 1990). This would



imply that all the newly synthesized 110 kDa
androgen receptor protein is phosphorylated on
several sites. The phosphorylation at these sites
may occur in a random fashion, whereby only one
of the phosphorylations causes an apparent up-
shift in molecular mass. Recently it has been
shown that the chicken oviduct progesterone re-
ceplor is differentially phosphorylated on three
sites in the absence of hormone (Denner et al.,
1990},

Another possible function for the harmone
independent phosphorylation of androgen recep-
tars might be that it serves to target the untrans-
formed androgen recepior protein to the nucleus,
In the absence of hormone androgen, receptors
are only leosely bound to chromatin, and are
easily extracted in the cyiosolic fraction (Fig. 58).
Addition of ligand might resubt in the plhosphory-
lation of a certain subset of androgen receptor
proteins, and in the transformation to the tight
nuclear binding form, Another subset of andro-
gen receptor proteins is possibly not hyperphos-
phorylated upon addition of hormone, and is lost
from the nucleus upon homogenization of cells.
Surprisingly a rather large amount of androgen
receptor preiein scems to belong to this subset.
In this respect, it would be interesting to compare
the extent of phosphorylation of the transformed
nuclear androgen receptor and the untranms-
formed cytosolic androgen receptor after hor-
mone stimulation of LNCaP cells.

After pulse labelling with [¥S]methionine of
hormone depleted T47D human breast tumor
cefls, Sheridan et al. (1989} showed that the B
form of the progesterone receptor is synthesized
as a single B protein of 114 kDa, The malure B
triplet is formed 6-10 h later by phosphorylation.
Interestingly, phosphorylation of the newly syn-
thesized androgen receptar in LNCaP cells was a
fast process (10-30 min). The explanation for the
difference in phosphorylation kinetics of the pro-
gesterone and androgen receptors in the two cell
systems is not knowrt.

Recently, the LNCaP cell androgen receptor
cDNA was cloned and sequenced. One point
mutation {G — A)was found near the C-terminus,
which resulls in Thr-868 being converted to Ala
in the LNCaP androgen receptor, The mutation
was confirmed in several independent ¢DNA
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clones and by polyimerase chain reaction of an-
drogen receptor exon 8 in genomic LNCaP cell
DNA (Harris et al,, 1990; Veldscholle et al,
1990}, Androgen receplor heterogeneity observed
in LNCaP cells, however, is not associated with
the described point mutation because the 110112
kI3a doublet is also observed after expression of
wild type androgen receptor protein in COS cells
(Jenster et al., manuscript in preparation).

The present investigation illustrates that an-
drogen receptor heterogeneily in LNCaP cells is
linked to receplor phosphorylation but not to the
acquisition of hormone binding capacity or the
hormone dependent transformation to a tight nu-
clear binding form.
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Thosphorylation of the androgen receptor in v prostate
temour cells (LNCal) is incrensed by addition of andragens to
intict cells, Pouble-fabel studies, using [“Slmethionine incor-
peralion into receplor protein, and {*PJT, te Inhef meiabolically
receptor phosphorylation siles, have ciabled ws A0 determing the
phoasphale content, relative to receplar proteing of both non-
transformed and fzansformed androgen receptors gencrated in
intact LMCaP cells. Mo net change in the phiosphorylation of the
intact 110 kBa steroid-binding component of the andregen-
receptor complex was found vpon transfermation to the tight

nuclear binding Torm in the intuet cell. Partial proteolysis of
androgen receplor protein melabaolically labelled with [P0, and
photelabelled with [FHIRIRST (methyltrienolone) revealod that
phosphorylatien occurs mainly in the N-termival frans-activation
domain, whereas no phosphorylation was detected in the sieeoid-
and DNA-binding domains. The location of most (> 90°,) af
the hormonally regutated phospliorylation sites in the N-terminal
frans-activalion sdowain suggests a rele of phnsphorylation ol
the androgen recentor in transeription regulation,

INTRODUCTION

Steraid-hormaene  receptors are freme-acling  gene-regutating
proteins, invalved in the accomplishisent of steraid-hermonc-
induced cellilir responses. Upon binding of honmone, the
reccpter hormong complex dergoes aconformationit change
called transfermation, which is heught to precede hinding of e
comples 1o hormone-respensive elements in the target-cell
genome {].

A putative role of receplor pliosphorglation in sieroid-
hormane actiap has long been recognized. O the hasis of clfects
of ATP an heormone hinding and transformation of slesoid
receplors, it his been sugpested that these twe processes are
influcneed by phosphorylitionfdephosphorylation events {24,
and reflerences therein). Ample evidence lins now been provided
thirt the propesterone, glucocortivoid, nestrapen, androgen and
vitumin 1 receplovs exist as phosphoproteins even in the ahsence
of ligand [3-7). Additional phesphorylation has been abserved
wpon hormone binding [2[. 11 has heen shown that basal
phosphorylation is indispensable for the acquisition of ligand-
binding activity of the nestsadiol receptor [5], Tndirect evidence
has been provided lor asimilar vole of phospherylatien in ligand
hinding of several other sterofd receplars [2). Various funclional
roles for hormone-induced receplor phospherylation fave been
proposed, o.p. dissociation of associaled proteins {(such as hsp
90). interaction with other transcription fucters antd specilte
binding 10 harmaone-responsive clements [2]. All steroid receptors
thus far described have mulliple phosphorylation sites {8 14].

We lrave studied andregen-receptor Teterngeneily and syn-
thesis in the hnman LNCaP cell'line {Lymph-Mede Carcinoma
ol the rostate cells) [7.15). 15t these ¢ells, (he androgen recepfor
is u hetcrogeneous protein which is syathesized ss a single
Hirki2a protein. which becomes rapidly phosphorylated to o
112 kI pratein [15]. Metholic libelling experiments using
[P1P, indicued that the androgen seceptor is o phosphoprotein
in hormone-depleted cells (7. bmnuneprecipitation of aclropgen

receptors fram total celi Iysates showed an almest 2-fold fnerease
in receplor phosphorylation within 30 min alter hormone
adntinisiration s compiared with control cells [16].

11 lzas also been shown it the amount ol andiogen-secepior
protein i nuciear estracts of LNCaTt cells reaches a near-
oplitnnm within 30 min ofller addition of iormene, whereas the
cytosalic fruction s nol completely depleted [15,H0]. The fact that
transformation (o the fight nuclear binding form and hormene-
induced hyperphosphorylation both reach an aptimum within
A0 min after additien of hormone to LNCaP cells sugpests 1hai
there might he a link between hoth processes.

In the present study we have used monoclonal antibadics
against  the wdrogen  receplor 1o purify  cytosolic non-
transformed and nuckear transfermed complexes from 1P
lahelled ansd ¥S-labelled LNCal cells exposed te androgens at
37 °C. Data oblained indicated that there is a similar degree of
phosphorylaticn of the androgen receptor, belore il alter
transformation Lo the tight nuclear binding farm in Ihe intact
cell.

Using limited proteolysis it was established thad most of the
phasphorylation sites are locatized in o fram-activation domain
in the N-terminal part of the androgen-receplor protein.

MAFERIALS AND METHODS
Materlals

[*SIMethiening (sp. radioactivity > &0 Cifmmel) and [MP)P,
(carrier {ree} was ehiaincd from Amersham (Little Challond.
Bucks., U.K.). Culiure medin were oblned from Scrome:d
{Berdin, Gernwny)., Telal-cadf serum was  ehtained  Trom
Serolub {U.K.). The symthetic andiogen $75-hydroxy- 12"t
methyl-4%.0 [-oestrdrien-d-ene ('THRIKRT; sp. radisaelivity
~ 87 Cifmmol) and wnlabelled RISRIE were purcliased from
NEN-Pupont (Dreicich, Gemnny).

The muoneclonal antihedy against the pndiogen receptor
(F39.40 1, epitope amine acid sesidues 2001240 Dias been ¢le-

& Towhom eotespanidanes shoold he atdressad
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seribed previcusly [16-18]. The polyclonal antisera againsd the
undrogen receplor sp6 (epitape amine acid residues 101-320),
spllGf (cpitnpe amine acid residues §99-217) and spl27 (epitope
wmino acid residues 1-20) were prepared by previously published
procedures {§9]. The polyclonitl antiserum {sp66) recognizes the
L10- 112 k3 androgen receptor on Western immunahlots, butis
unable to inleract with the nalive androgen receptor in salution
complexed wilh radioaciive ligand [19], The polyclonal antisera
spl97 (designed as described in [20]) and spd6d hoth contain
high-titre antibodies against the andregen teceptor, as was
shown by imsmunoprecipitation and Western hlaning [I3].

Al other chemicals ind reagents were piirchased Jeam cither
Sigma Chemical Co. (St. Louis, MQ, US.A) or Merck
(Narmstadt, Germany}.

Cell cuthura
The LNCaP cell line was cultured as described previously [16).

Helabalic tabelling with ["*$]methlosine and/or [?P)P,

For phosphorylation studies, LNCaP cells were incubated for
dhoat 12°C in a phosphate-free Krehs-Ringer bufler at
pH 2301 E8 mM NaCl, 4.75 mM KL 25 neM Nal#CO,, £.2 mM
MgSO,, 2.5mM CaCly) containing 1.2, {w/v) glucose and
wminn acids {minus methionine) accarding to the formulation of
Fagle's Mintmum Essential Medium, and 0,35 mCifml [ZP]P,
angd 16 4Cifmd [Slmethionine when appropriae.

Incubations were siopped by removal of the medium, im-
mediately followed by a wash with PBS at 20 °C. Suhsequently,
the ¢ells were lysed dn bulTer A [40 midd Tris/HCH piT L, 1 mM
EDTA. 0% (v/v) glycerol, 10mM dithiathreitol, 10 mM
Na,Ma0Q,, 56 mM NaF], supplemented with 1%, {v/+) Triten
X-100, 0.5 (w/v) sedivm deoxycholate, 0.08%, (w/v) SDS,
0.6 mihd phenylmethanesutphanyt Quaride and ©.5 mM bacitzacin
at 4°C. The Yysate was centrifuged (30 min, 100600 g} and
androgen receptor was immunoprecipitaled from the super-
natant.

Prepasalion of cylosol and nuelear extract

Approx. Gx 107 cells were collected in Sl of huffer A
supplemented with 6 mM phenylmethanesolphonyl Nueride,
0.5 mM  bacitracin and 0.2 mg/ml leupeptin. Cells  were
homogenized, the homoegenate was centrifuged Tor 10 min at
800 g, and 1he cytosol was prepared by centrifugafien of the
supernatanl at 105208 g for 30 min at 4 "C. The nuclear pellel
wits wished with buffer A cantaining 0.27% Triton X-100, and
then with kuller A without additions. Subsequently, the nuclear
pellet was extracted with buffer A (pH 8.5) containfng 0.4 M
NaCl far 11 at 4°C, The nuclear estracl was centiiluged at
105000 g Jor 30 min.

tmmuroprecipitation, elegirophoresls, biolting and autoradlography

These were done by previonsly pubtished procedures [15,16].

Deubls labelling of LNCaP-cell androgen receptor with ["H}A1881
and “P and cleavage with -chymeleypsin

ENCaP cells were incobated with [2PIP, us described for 4 h.

Then PHIR 881 was added ta a Fnal concentration of 10 nM
and the incubation was continued for X min at 37 °C. After
svashing with ice-cold PIS, the cells were irridizled for 2 min at
the surface of an wy. trans-ifluminator {wavelengih 300 nm,
Chromato-Vue-transilluminator ; UV Products hie., San Gabriel,
CA, U.S. A A cell lysate was prepared, and [ ml portions of it
(corresponding to approx. 3 x [07 cells) were precipitated with
the F39.4.F monoclonal antibody apainst the androgen receptor,
bound 10 goat anti-fmouse 1gG)-agarose [15,16). The pellets
ware transferred to a clean Eppendar tube, and 100 4l of TEG
buffer (40 mM Tris/HCl, pIE2.5, ImM EDTA and 109,
glycerai) wirs added. Digestions were carried eut with 0.5-1.0 ug
of a-cliymotrypsin {Merck: trace amounis of trypsin aclivity
present) for M min at 4 °C, with consiant mixing. At the end of
the digestion, 25 ¢ of 5-feld-conceatrated SDS/PAGE sample
buffer was added, and the tubes were heated at 95 °C for 3 min.
Samples were then centrifuged at 10000 g for 2 min and subjected
to SDS/PAGE {11 Yy-acrylamide gel). Lanes were cut into 2 mm
slices, and Ihe slices were incubated overnight in 1 ml of 0.1,
SBDS/TEG buller. The radioactivity of 750 41 samples was
determined with a Packard Tri-Curb 2560 TR Houid-scintillation
ceunter, with a dowble-label setting for *H and *p.

Kieasuremen! of recepior-bound phosphate of transformed and
naon-transformed complexes aller whote-cell [ncuballion with
R1881

Melaholic labelling of LNCal cells with [“P}P, and
[**SImethionine was performed as described herein. Hetween 5
and 10 min before the end of the labelling period, RI881 was
added to a final concentration of 10 nM and incubmtion was
continued at 37 °C. Subsequently the cells were homogenized,
and cylosolic fractiens and nuctear extracts were made, After
immunoprecipitation with the F32.4.1 monaclonal antibedy,
SDS/PAGE and blatting to nitrocellelose, rthe blols were
incubated with the polyclonal antibody spiat {16]. Afler colour
developmenl, each fane was cud into 2 mm slices wnd the slices
were dissolved in 10 ml of Fillercount cocktail (Packard). Radio-
activity was determined with a Packard Tod-Carb 2500 TR
liquid-scintiltation counter, with a double-lahel selting lor I
and 5.

Labeding of LHCaP-cell androgen receplor with P and partial
profeolylic tleavage with a-chymolrypsin

LNCaP cells were incubated with [*P[P, as described herein,
After labeliing fer 4 h, R1881 was added to a final concentration
of 10 nM and the incubhation was continued for 30 min at 37 °C.
A total cell lysate was prepared and the androgen receptor was
immunoprecipitated from | ml partions of the cell lysate (cor-
responding to about 3 07 cells) with the F}.4.[ monnclonal
antibody against the androgen receptor bound to goad anti-
(mouse IgG)-ngarose [15,16]. Digestions were carried out with -
chymotrypsin (Merek) in the range 12.5-156 ngin 100 4l of TEG
bufTer (pH 7.4), for 30 min at 4 °C with constant mixing. At the
oid of digestion, SDS/PAGE sample buller was added, and the
tuhes were healed at 95°C for Amin. Samples were then
centrifuged at 1100 g For 2 min and subjected 4o SDS/PAGE
(11 %-acrylamide gel) and hlotted en to nitracellilose as de-
scribed previously [15). The filter was aic-dricd and exposed to
Ty perflm-MP {Amersham} with intensilying screensfor 16-72 h
at —§0 "C. Therealter blots were incubated with receptor-specific
palyclonal antisern as described previously [15).
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Phospherylalion of androgen receptors

{kDa}
116 -

a7 -

66 -

flgure 1 Heimone-dependeat androgen-receplor phospherylation and
tight nuclear binding
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Figure 2 Hormone-dependent androgen-zeceplor phosphorylation
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RESULTS
Receplor phospharylation and light nuglsar binding

In the absence of hormene, undrogen Feceptors are only foosely
bound to ciromatin, and nre easily extreted in the cyloselic
fractian. Upon addition ol hormone, andropen receplars are
teanstarmed toa forme which is tightly hounsd in the cell nucfeus,
and cius anly be recovered after extraction of nuclei with high salt
(.4 M NaCh. From the fack thal transformatien of the andropen
receptor to the tight nuclear hinding farm and hormone-induced
hyperphaspherylition heth reach an oplimum within 30 min
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Tadle ¥ Phosphorylallen of sndropen receplors [n cylosalie {C) and
nuctear (M) gxtiacts

Ths experiment was pafarmed as desarti inthe legs et eodont develnpmend,
H10¥B receplor bands weie gxoized and g erenling {so8 Fgure
2) The amaurls of each radioisotapa (VP and ¥'5) associzted wilh Ihe andvogen poopinr wese
caloutated 2% sublieaclion of 1hg baskground under the peak The "P/US oy of ey
irdepandart experimenty arg presented {* ol delarmingd)

Ve nalip
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afler addition of hormone lo LNCal® cells, it could he supgested
that there is a link between both processes.

1n order to address this question, receptors wese iseluled by
immunoprecipilation from hoth cytosol and nuclear salt extracts
of "P-fabelled LNCaP cells that were incubated at 37 °C for
30 min, in either the presence or the absence of harmone (LIRR1).
Androgen receptor was subjecled to SDS/PAGE, and blotted on
{o nitrocellnlose. ln Figure 1, an autoradiogram af such an
experiment is shown, In the absence of hormone, almost ali of
the phosphorylated receptor is recovered in the cytesolic fraction
{compare lanes F and 3 with lanes 2 and 4} and is therefore
regarded as non-translormed. Upon addition of hormone,
hyperphosphorylated androgen receplor is present in the nuclear
exteact (lane 4). However, not all androgen receptor hecomes
transformzd to the Llight nuclear dinding ferm, becanse in the
cytoselic fraction (fane 2) alse byperphesphiorylaled receplor is
present,

The extent of receptor phospharylation was determined in
douhle-labet experiments, using [*“SJmethianine (o measitre re-
ceptor protein and [P]P, to measure gecepior phasphate. This
approach enables the determinttion of the phosphiate content,
relative to the amount of receptor pretein, of bath the non-
transformed  androgen receptor and  the androgen-receptor
motlecules that are transfarmed to the tight nuclear hinding form
inintact ENCaD cells exposed to RI8R1 a1 37 °C. In Fipures 2(n)
and 2(b) the profiles of S and P radioaclivity associated with
the 110 kDa androgen-receptor protein are shown. In the pres-
ence as well as by the absence of hormone an equal mmount of
receplor protein was immunoprecipitated (8 label}. Incuhation
of the cells with hormoene, however, increased the amount of
radioactive phosphate associated with the receptor (Figure 2b),
Data from {wo independent experiments in which cells were
incubated for various time periods with RIRRT are summarized
in Table 1, The androgen receptor is already phosphorylaled in
the absence of hornene, and upen addition of hormone a 1.8-
fold stimulaticn ef phospharylation for the cytosolic extract was
observed, However, the ratio of [ to ™S radioaclivity specifically
associsled with the 110 kDa androgen-receptor protein did not
<hange upen translormation to the tight nuclear hinding form.

Locallzation of phosphorylation sites with regard 1o tha funetlonat
domalns of the andiogen receplor

The androgen receptor from LNCaP cells after phatolubelling in
st with PHIRAER] is o protein of HO kDa [18,21]. Upon timited
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Figure 3 Chymaotrypsin cleavage of *'P. and *H-R1881-phololabelied androgen receptor
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Table 2 Ratlo of P and "H-R1881 of the Inlact receplor and the generated
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praleolysis, a Iryptic fragment of ~ W kDa containing the
steroid-himling domitin amd a ~ 45 kb cliymatryptic fragment
containing the IXNA- aml steroid-binding domain are generated
[22]. We have pow wsed phatoailinily labelling with {"IICIRRE
amd metabolic fabelling with P10, of the LNCal-ccll amlrogen
receptor to deteet possible phosphorylation sites within The
PINA- and /i ligand-hinding domain. Double-Tahelled receptors
were punified with the F39.4. moneclonal antihody against the
wddropen teceplor, befare praleolysis with a-chiymotrypsin,
Fragments were subsequently analysed by SDS/TAGE, fellowed
by liguid-scintillation counting ol gel slices. Figure 3(n) shows
the resull for {he intaet androgen seceptor, and Figure 3(h)
shows the resudt alter partiul digestion with a-chymotrypsin,
Thice "H-duhelled fragments were identified: o ~ 33 kD Nag-
ment conlaining the ligand-hinding domin, o~ 45kDa
fragment encempassing the TINA- and ligand-binding domain,
and o fragment of ~ 7 KDa which, inadditicn e the ~ 45 ki
frapment, alsa contains pard of the N-acrminad dowain of the
receplan (see adso Figore 51 All thice Tragments reacted on
immnpeblats with the spft6 antiserim, which is directed (o the
C-terminus of the androgen-receptor piotein (epitope gmino
awid B9 G177, indicating it the Trngments contained af least
the whale ligand-hinding domain {resull not shown), Flie degrees

iPy a8 HURIES L. Fortinns ol lntat et lysate ware i
recepine was inrytated for 30 me al 4 °C. M the ahsence (a) of e presence (b) of 1.0 pg of a-chymntrgpsia. The digastion peoducts
an) B ratnaelaly i 08 54005 was cogrtd b YR (@) &d TH Q) [he

mpnnpdsnted [ ant fmoute 136)-203r058 wih 2atiandrgentenaptar 2r1:bndy,

aten of metecytar mags markers (09) iy indiealed 2t it2 lop

of phosphorylation of the varieus frugments generated by a-
chymotrypsin and the intact receplor were determined and
expuessed as the “P'H rtio (Table 23, The 1P H ratio for the
imact receplor profein was merc than 10 times that for the
vatious fragments generaled containing the DNA- and sieroid-
hinding damains.

It can be cancluded that 80", or more of the phospherylation
sites are oulsile the DNA- and ligand-binding domain. In Figure
by a large amount of P js associaled with fragments of
< 29 kP, probably proeteolytic fragments of the N-tenminal
domain of the androgen receptor.

To angze in mare detail the proposed N-termizal damain
phaspherylation  of the LNCaP-cell androgen receplor,
immunaprecipitaied  receplor wos  incubaled  with  Bmiled
amounts {125 -100 ng) of a-chymatrypsin, The pargial digests of
EPabelled androgen receptor were analysed by SDS/PAGE,
immunnohlotting and autoradiography. The resulls of Ihese
experiments are shown in Figoe 4. In this Figose, lane I,
containing the intact androgen receptor, displayed the presence
of a single phosphorylated specics of 11 kixa. Lanes 1-3 reflect
thie receptor preparmions inckbated with decreasing amounts of
a-chymotrypsin. Strongly phosphorylated bands of 180 %a,
B5-90 %[, ~ SO kDa, ~d0kDa, ~25kDa and a weakly
phosphorylated band of ~ 5 kDa were abserved.

In tanes 4 6 the corresponding immuneblot is shown after
staining with the spiat anticerim (epitope aminoe acid residues
AN1-320). All the phospherylated baads from the autoradiogram
(Janes | -3} react with this antibedy, except foy the ~ 25kl
hand. Pasticularly intesesting is the ~ 50 kDa fragment, which
reacts wilh the sp0ai antibody and is strengly phespheryhated,
showing that indecd the N-tcrminal domain is  hieavily
phosphorylated. This ~ S0 kDa Tragment slse reacts on blats
with the sp197 antiseram, which is directed against an epitope ad
the N-terminus (nmina acid residues 1-20), showing that this
frugment encompasses the whole Neferminal demain of the
receptor (sce lanes 8 aned 9), The ~ $0 kDa fragment docs not
react wilth the spl66 antiscrom (cpitope amino acid residues
BG%-917; wesult nat shown), On the immunoablot an additional
fragment of ~ 700 kDais not phospharyhated (cf, lanes 3 and 6).
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This is most likely idemtical with the ~ 70 £Da fragment shawn
in Figure 1(b), which is cssentially non-phespharytated, In
addition, a sirongly phosphorylated lragment of 85-90 kDa was

observed (¢l kanes 3und ). 'Fhis Fagment reacts onimmunohlots
with the spPH1 antibedy (lane 6) and also with 1he sphio
wntiscrum direeted against an epitope at the C-lepminus {amino
ucid residues 849-917; resull net shown).

Frean  these resulls, it ds wery likely that the main
phivsphorylatien sites of the LNCuP-cell anchiogen receplor are
lecaled in the M-terminaf domain. probably in the region of
aminoe acid residues 1-300 (Figure 5).

Tarlial protealysis of phosphorylited androgen receptor from
canlral eells nat incubated in the presence of hormone) revealed
a similar phosphapeptide pattern to that shown jn Figure 4 for
receplor in the presence ol ormone, The only difference was the
Tess streng labelling intensity af the intact receptor and the
profeolytic (ragments,

DISCUSSION

In the pmesent study we have compired the degree ol
phiospharylation, in hormene-treated cells, of ¢ylosalic receptors
and DA M NaClextracted  receptons (tom nueclei. Bowas
concluded thnt tlieze is no nel change in degice of phinsphoryl-
wion  hetween non-transformed — receptor and  receptor
hansfarmed to the tight neclear binding ferm. This is analogous
1o resulis obtained for Lhe glicocorticoid receptor in mouse L
cells {23 andd WEIE-T cells [24],

Since ovr mettinds anly measare the tatalamownt of phosphale
assockted with the receptar, il is still possible that these
phosphates wre reacranged upon sumsformation, For the pro-
gesterone receptor in TA70 cells, il has been shewn that there ure
atleast twondillerent phospliopeptides in (he transformed nuclear
recegtor, compared with the eytosolic non-timsfonmed reeeplor
{25]. Swidies en phosphorylation of progesterone. glucocozlicoid,
1, 25-dihydtoxyvitamin B}, and vestrogen receplors in vatious
syslems  provided  evidence  Tor  hormone-dependent  exira
phosphorylalion |6,12.14.26. 294,

Also in the present shirly, using donble fabeHing with [**P|P,
wnd Slmethionine, we show that there is an ajmost 2-okl
increase in dlegree of receptor phosphorylilion an additien of
hormone. This aecannars Tor the cyloselic as well us for the
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muclear-extraciable androgen receptor. This hermone-induced
exira phosphoeryltion is a rapid process, reaching an aptimnm
within 30 min, The half-fife of the androgen receptar in LNCaP
cells is 2-3 h. in 1he presence as well as in the ahsence of ligand
[16.30). Only after longer incubnlinns of LNCaDP cells with
androgens {24 h or longer) could s significant increase of
wndrogen receplor praiein he detected [3H. A possible siahilizing
effect of widrogens on receplor prolein, mimicking receptos
hyperphosphorylation, as recently shown for the nndrogen
receplor in COS cells [32), can theiefore be excluded,

Figure § presents a model for the lecation of phosphozylstion
siles with respect te the Tunclional domains of the andropen
receptor. His possible trat, when the receplor is cleaved by a
prolease, cerfpin fragmenis  become  more  senpsitive (o
dephosphorylation, thereby piving the fadse impression Hhat a
certain fragmeni is not phosphorylated. However, digestions
were carried ant with immunoadsarbed receptor, which had been
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tharoughly washed free of cellular constifuents, and we regard
this possibility as highly unlikely, The chymotryptic Itagments of
~ 45k (Figine 3D and ~ S0 kDua (Figure 4) roact with
palyelonal antibodies directed against the C- and N-lerminuos
respectively. The possibility of missing phosphorylated sites in
bath termini can therefore be excluded. The predeminant
localizatien of phosplorylation sites in the N-tepainal domain
al the androgen receplor is consislent with reperls on pro-
pesterane and plucocarticoid receplors [R-12]. Recontly seven
phosphorylated  sites were  ideatificd  in the  N-lerininus
(hetween imminw acids 120 and 32M af the mouse plicocorticoid
receplor [13] Also, after transfection of progesterone {33} and
glucocorticoid [12] seceptors into COS or CV-1 cells, il was
shown that all phosphorylated sites were located in the N-
terminal demain.

1t is noteworthy that the repion shawn to be heavily
phesphorylated (nmino acid residues |-30M has also been shown
lo be cssential for transcriptional activation [17]. A deletion
mutant dacking amino acids 5E-211 (pART} shawed u sirongly
decreased transeriptienal activalion capacity, which was only
57, of that of the wild-type andregen receptor, The wild-lype
androgen receplar expressed in COS-1 cells migrated as a
LTO-112kDa doublet when analysed by SDS/PAGE. This
daublet represents androgen-receptor isoforms produced by
phospharytation {15,17,30). The defction mutant pAR7, however,
migrated as a single band with an apparent malecular mass of
~ & kDa alter expression in COS cells [17]. 1 is lempting Lo
speculate that in the deleted region one or more serine or
threonine residies heceme phosphorylated in the wifd-type
androgen receptor, giving rise to the described daublet.

A possible mechanism by which phosphorylation might
modulate transeription i< by allering the transcriptional ac-
livition potentinl of a transeription facior. Bvidence for this lype
of regulation has heen provided by studies in which a correlation
was Tound between the phosphorylation state of ceilain tran-
scriptinn factors and theirability to activate irnscription, despite
phosphorylation having ne effect nn 1he ahility of these fuctors
to bind to DNA [34). Such o madel could also he applicd to
members of the steroid-receplor superfamily. No definitive
evidence has heen provided so Tar that phesphorylation of
sleroid receptars directly influences [INA binding capacity {2].
Adsn, in the preseat stisly we huve shown that there is ne net
chunge in the degree of receptor phospharyiatien upon trans-
formadion in the intact ccll.

The most definitive indication for a role of phosphoryletion in
regulating members of The receplor superfamily of tanscription
factars has heen provided for 1he progesterone receptor and the
v-orh A protein {35, 26] It was shown by site-directed mutagenesis
that phosphorylation of a parlicular serine residue in the N-
terminal parl of v-crh A regulates biological aclivity, without
allecting nuclear localization or DNA-binding capacity |35]. The
propesierone receptar in the chicken oviducl is a phospho-
prafein. and trealment with piogesterone i rice slimulales
phosphorylation of the receptar [14]. In CV-1 vells iransfecied
wilh the chicken propesterone receplor, il was shown that
treatmentof cells with kinase activatozs or phospharasz inhibitors
mimicked progesicrene-dependent receptor-mediied transcrip-
tion in the absence of progesicrone §36) This suggected that
phosphorylation af the progesterone receptor or ollier praleins
in the transcription complex medulale progeslerone-receptor-
mediated transeription.

The N-lermimsd receptor  region defined  here 1o be
predominantly phosphorylated i the LNCaP-cell sndrogen
1eceping contains a total of 12 polentifd phasphorylation siles for
Ser-Pro-directed kinase, vaschit kinases and donble-stvianled-
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DMNA-dependent kinase, on the basis of published consensus
sequences |37). 1dentification of the actual sites of phosphoryl-
ation shoukl allow celinitive delermination of the role of
phesphorylation in the mode of aclion of the androgen recepior.

This work was suppotled by The Netherlands Organizatinn o1 Sclentitic Tiesearch
{NW0) through GB MW (Medtical Seiznees), and by a granl liom Tha Netherlands
Cancer Sociely,
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CHAPTER 5

PHOSPHOTRYPTIC PEPTIDE ANALYSIS OF THE HUMAN
ANDROGEN RECEPTOR: DETECTION OF A
HORMONE-INDUCED PHOSPHOPEPTIDE

George G.J.M. Kuiper and Albert O. Brinkmann
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Phosphotryptic Peptide Analysis of the Human Androgen Receptor: Detection of a
Hormone-Induced Phosphopeptide!
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ABSTRACT: Phosphorylation of the androgen receptor (AR) in human prostate tumor cells (LNCaP) is
increased by androgens. The AR is expressed as two isoforms with apparent molecular masses of 110
and 112 kDa. Metaholic fabeling experiments with [*PJorthophosphate revealed that only the 112 kDa
isoform is radioactively labeled, Phospheamine acid analysis revealed only phosphorylation on serine
residues. Phosphotryptic peptide analysis of human AR protein by two-dimensional peptide mapping
and by reverse-phase HPLC showed phosphorylation at multiple sites. Comparison of phosphopeptide
maps of AR protein from cells incubated in the absence or presence of the synthetic androgen R15881
indicated that the ligand-stimulated phosphorylation is probably due to induction of phosphorylation at a
new site rather than increased phosphorylation at an existing site, This result suggests that hormone-
dependent AR phosphorylation might play a role in the signal transduction pathway of androgens,

Steroid hormone receptors are transacting gene-regulatory
prateins, involved in the accomplishment of sterotd hormone-
induced celiular responses. Upon binding of hermone, the
receptor henmone complex undergoes a confermational
change catled transformation, which is thought to precede
binding of the receptor to hormone-responsive elements in
the farget cell genome (Bagchi et al,, 1992; Jensen, 19%1),

Ample evidence has been provided that the progesterone,
glucocorticoid, estrogen, androgen, and 1,25-dihydroxyvi-
tamin [ receplors are phosphoprotelns (Meudgil, 1999; Orti
et al, 1992; Kviper & Brinkmann, 1994), Additional
phosphorylation has been observed upon hormone binding.
All steroid receptors investigated thus far have muliple
phosphorylation siles (Moudgil, [990; Orti et al, 1992},
Stereid hormaene receptor phosphorylation has been directiy
implicated in activation of hormone binding capacity,
niclear—cytoplasmic shultling of steroid receptors, modula.
tion of binding to hormene response elements, and regulation
of receptor transactivation function (Takimoto & Horwilz,
1993; Kuiper & Brinkmann, 1994),

Previously we have studied androgen receptor (AR)
synthesis and heterogeneity in the human LNCaP cell line
(Van Laar et al,, 1990; Kuiper et al., 1991). In these cells,
the AR is synthesized as a protein with an apparent molecular
mass of 110 kDa, which becomes rapidly phosphorylated,

' This study was supporied by The Netherlands Organization ler
Scienlific Research (NWQ) through Gil-MAV (Medical Sclences), and
by The Nethertands Cancer Socicly.

FPresent address: Center for Digtechnolopy, CBT, Novum, §-14157
Nuddinge, Sweden. Fax: 46-8-7745538,

& Absuracl published in Advance ACS Abstracts, December 1, 1994,

V1Abbrevintions: TFA, trifllucioacetic acid; SDS, sodiom dodecyl
sullate; PAGE, polyacrylamide gel electrophoresis; DTT, dithiothreile!;
HPLC, high-performance liquid chromatography; AR, androgen recep-
tor; ENCaP, lymph nede carcinoma of Lhe prostale; MEM, minimum
essential medivum; TPCK, M-tosyl-L-phenylatanine chioromethyl ketone;
TLCK, N-losyl-1.-lysine chloromethyl ketone; R1881, 178-hydroxy-
17m-methyl-4,9,1 L-estratrien-3-one; DOC, sadium deoxycholate, PMSF,
phenylimethanesulfony] fuaride; BSA, bovine servm albuming TCA,
trichloroacetic acid.
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resulting in an upshift to 112 kDa on SDS—PAGE (Kuiper
et al, 1991), In addition, metabolic labeling expertments
using [?P)P; indicated that the AR is a phosphoprotein in
hormone-depleted LNCaP cells, and also in COS cells after
transfection with an AR expression vector (Van Laar et al,,
1990; Kemppainen et al., 1992). Upen additicn of hormane
to ENCaP cells, a rapid 2-fold increase in AR phosphory-
lation degree was observed (Van Laar et al., 1991; Kuiper
etal, 1993). Partiaf protealysis of AR protein labeled with
[*P]D, revealed that phosphorylation occurs mainly in the
N-terminal transactivation domain (Kuiper et al.,, 1993). Also
progesterone, glucocericoid, and estrogen receptors are
predominantly phosphorylated in the N-lerminal transcription
activation domain, suggesting that phospkorylation might
play a role in regulation of receptor transactivation function
(Orti et al.,, 1992; Kuiper & Brinkmann, 1994),

'The N-tezminal region of 1he AR, found to be predomi-
nantly phosphorylated, contains §2 potential phosphorylation
sites for Ser/Thr-Pro-directed kinases, casein kinases, and
double-siranded DNA-dependent kinase, on the basis of
published consensus sequences (Kennelly & Krebs, §991;
Finnie et al., 1993; Kuiper et al., 1993). These kinases have
been shown fo phosphorylate various transcription faclors
and are supposed lo be invelved in the regulation of
transcription factor activity {Hunter & Karin, 1992). No data
are available on the number of AR phespherylatien sites,
their regulation by hormone, and the kinases involved. In
the present study, we have used monoclonal antibedies
against the AR to purily receptor protein from total cell
lysates of LNCaP cells, after metabolic labeling with [*2P]-
P. The purified AR protein was digested with trypsin, to
estimute the number of phosphorylation sites and the effect
of hormone incubation en the various sites. The resulting
phosphopeptides were resolved by 2D phosphopeptide map-
ping and by reverse-phase HPLC. It is described herein that
the AR contains multiple phosphorylation sites and that a
new phosphopeptide is detectable upon hormone treatment,
indicating the induction of phosphorylation at a site which
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is not phosphorylated in AR from cells incubated in the
absence of hormone,

MATERIALS AND METHODS

Materials, [¥5]Methionine (> 1000 Cifmmol) and (*P]-
orihophosphate (carrier free) were obtained from Amersham
{Liitle Chalfont, Bucks, U.K.). Culture media were ohlained
from Gibco (Life Technologies, Breda, The Netherlands).
The synthetic androgen P78-hydroxy-t7a-methyi-4,9,11-
estratrien-3-one (R1881) was purchased from NEN—Dupont
(’s Hertopenbosch, The Nethetlands). The monoclonal
antibody against the AR (F39.4.1, epitlope amino acid
residues 301 —320) and the polyclonal antiserum sp051 have
heen described previously (Wan Laar el al, 1989, 1990),
Trypsin (TPCK-teeated) was from Sigma (St Louis, MO),
and bovine o-chymotrypsin was from Merck (Darmstadt,
Germany). Secquencing-grade endoproteinase Glu-C (V8
protease) and TLCK (trypsin inhibitor} were oblained froim
Boehringer Mannheim (Germany), Thin-layer celtulose
plates and all solveals for 2D phosphopepiide mapping were
obtained from Merck. HPLC reagents were from Merck,
and from I, T, Baker Chemical Co. (Phillipsburg, NY), All
ather chemicals and reagents were from commercial sources
and high purity.

Cell Culture. The LNCaP cell line wns cultured as
described previously (Van Laar et al., 1991). LnCaP cells
between the 66th and 74ih passage in vitro were used for
the present studies.

Metabolic Labeting. For phosphorylation studies, LNCaP
cells were incobated for 12—16 h at 37 °C in phosphate-
free MEM (Sigma) with 0.25 mCi/mL [**Plerthophosphate,
in the presence or absence of 18 aM R1881. Each 175 cm?
flask contained about 7 x 107 cefls in 10 mL of medium,
and was kept in a humidified atmosphere of 5% CG; in air,
For fabeling with [Y$]methionine, 7 x 10" LNCaP cells were
incubated for 60 min at 37 °C with 20 ;#CifmL [¥§]-
methienine in 5 mL of methienine-free RPMI 1640 medium,
Incubations were stopped by removal of the medium,
immediately followed by a wash with PBS ar 20 °C.

Preparation of Cellnlar Lysates, Cells were lysed at 6—8
°C with 1.5 mL per ffask of lysis buffer [40 mM Tris-HCI
(pH 7.4), 5 mM EDTA, 10 mM sodium phosphate, 10 mM
DTT, 10% v/v glycerof, 10 mM sodlum molybdate, 30 mM
NaF, 3.5 mM sodivm onthovanadate, 196 Triton X-E00, 0.5%
wiv DOC, 0.08% S$DS, 0.6 mM PMSF, and 0.5 mM
bacitracin}, The lysate was cleared by centrifugation (30
min, 100000g) at 6 °C,

Tmmunoprecipitation and Gel Electrophoresis, Cell ly-
sales were immunoprecipitated with anti-AR F39.4.1 mono-
clona! antibody linked to agarose beads (Van Laar et al,,
[9%41). Typicaliy, 1.5 mL portions of lysate were incubated
with 25 nL (packed gel) of F39—agaroge (~1 al of F39
ascites) for 2 h at 4 °C willy gentle shaking. As a control,
Iysates were immunoprecipitated with anli-PSA (prostate-
specific antigen) morocional antibody linked to agarose
beads. ‘The agarose beads were lien washed extensively with
detergent and salt-containing buffers, as described previously
(Kuiper ¢ al., 1991). Proteins were extracted with sample
buffer {40 mM Tris-HCI (pH 6.8), 5% (v/v) glycerol, 2%
{wfv) SDS, and 10 mM DTT], bailed for 3 min, and
centrifuged. The supernatants were separated on 796 SDS—
PAGE gels in a iini Protean [ cell (Bio-Rad) and
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subsequently blotted to nitrocellulose as described previously
{Kuiper et al., 1991). The nitrocellufose membrane was dried
for 30 min or longer, and incubations with polyclonal AR
antisenm sp0&] and secondary afkaline phosphatase-
conjugated antibodies were done as described (Kuiper et al.,
1990). The blot was air-dried and avioradiographed vsing
Amersham Hyperfilm MP,

Generation of Phosphopepiides and Two-Dimensional
Separation. Immunopurified receptors were separated on
SDS—PAGE gels as described. The gels were washed with
water and dried during 12 h. Dried gels were autoradio-
graphed, and the autoradiogram was used as n guide to excise
AR protein. Dried gel slices containing 7P-labeled AR
(equivalent 10 one flask: see Metabolic Labeling) were
rehydrated in 0,75 mL of 50 mM NHHCO, (pH 8.0) and
incubated for 16 h at 37 °C with 50 seg of TPCK-treated
trypsin. Three more additions of 25 pg of trypsin each were
made with 6—12 h intervals, The fractions were combined
and fyophilized. For two-dimensional separation, tryptic
phosphopeplides were separated first on thin-layer cellulpse
plates, by electrophoresis at 500 V for 45 min at room
temperature in 1% w/v ammonium carbonate bulfer (pH 9.1)
in a chamber as described by Gracy et al. (1977). After
drying, chromatography in the second dimeasion was done
for 6—8 h at room temperature in butanol/iscbutyric acid/
pyridine/glacial acetic acid/water (2:65:5:3:29) (Scheidtmann
et al, 1982). Plates were dried and subjected to autorad-
ingraphy for 3—5 weeks at —70 °C,

HPLC Analysis. Immunopurified AR proteins from five
lo seven Masks of LNCaP cells (lotal 10—15 mCi of ['2P]-
orthaphosphate) were separated on SDS—PAGE gels and
treated with trypsin as described. After [yophilization, the
phosphopeptides were taken wp in 30 gL of 0.19% TFA.
Peptides were separated by reverse-phase HPLC using a 2
% 150 mm Waters Della Pak CI8 cofumn (Waters Chra-
mategraphy Division, Millipore Corp., Milford, MA). The
HPLC equipment consisted of a Waters 6251.C system with
a 600E system controller and a Waters 486 UV delcctor,
The sample (25 4L) was applied on the column in 0.1% TFA,
and a linear gradient of 0—60% acelonitrile in 0.1% TFA
was generated in 240 min. The fow rate was (.18 mL/f
min, and fraclions were collected every 1.5 min with an ISCO
Retriever Il fraclion collecter. Radioactivity of the fractions
was determined by Cerenkov counting in a Packard 2500
TR counter (approximately 30% efficiency).

Phosphoamine Acid Analysis, Immunopurified AR protein
was eluled from the F39 mAb—agarcse beads with 0.75 mL
of buffer [50 mM NH;HCO; (pH 8.0)/0.1% SDS/[0 mM
DTT] for 3 min at 90 °C. After addition of 100 jeg of BSA
as carrier pretein, precipitation occurred with 20% wiv TCA
on ice. The precipitate was dissolved in 100 pL of 6 N
ultrapure HCi (Pierce Chemical Co,, Rockford, 1L} and
hydrelyzed for L hat 110 °C. After repeated Iyophilization
steps, the sample was resuspended in 10 pl of bidest
containing 2 mgfimL. phosphoamino acid standards each
(Sigma) and spolted on a cellnlose thin-layer plate, Two-
dimensional electrophoretic separation of the partial hydroly-
sis products was done at pH 1.9 in formic acid/acetic acid/
bidest (50:156:1794), and at pH 3.5 in acetic acid/pyridine/
bidest (100:10:1850), for 90 mip at 500 V in each dimension
(van der Geer et al,, 1993). Plates were autoradiographed
for 1—2 weeks at ~70 °C.
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Staichiometry of Phosphorylation. These experiments
were performed as described for ppo0*** and phospholipase
C-y {Meisenhelder et al., 1989; Sefton et al., 1982; Sefion,
1994). In brief, {2—3) » 107 LNCaP cells were incubated
for 24 h in 11 mL of a mixture of methienine-free and
phosphate-free MEM/phosphate-free MEM (80:20), supple-
mented with NaH;POH;0 to a final concentration of 0.95
mM. To this medium was added either approximately 100
pCiof [M*8]methionine or 4 mCi of [F*Plorthophosphate. The
specific activity of the phosphate in the medium was
calculated from the measured amount of 2P in the medium
al the end of the incubation and the known amount of
phosphate. Cells were lysed al 6—8 °C, and the AR protein
was immunoprecipitated as described and separated on a 7%
SDS—PAGE gel. Following autoradiography, either the 8-
o7 the P-fabeled AR bands were cut out from the dried gel
am solubilized with Soluene (Packard) at 60 °C for 4 h
before being counted in scintiflation fiuid. Total cellular
profein was measured in a sample of the lysate by the
Bradford dye method, using BSA as standard {Rubin &
Warren, 1977). The radioactivity (*'S) of the cellular pratein
was measured in a fraction of the lysate, by TCA precipita-
tion of protein onto a glass fiber filler which was counted in
parailel with the ¥¥S-labeled gel bands.

RESULTS

Androgen Receptor Proteln Heterogenelty and Phospho-
ryfation. Pulse-labeling studies with {¥*S]methionine showed
that the AR is synthesized as a 100 kDa prolein which is
rapidly converted to a £12 kDa protein,  Alkaling phos-
phatase treatment of cytosols either from LNCaP cells or
from COS cells transiently expressing AR protein caused
an elimination of the 112 kDa isoform with a concomitant
increase of. the 110 kDa isoform (Kuiper et al,, 1991; G,
Jenster et al., submitted for publication). These experiments
indicated that the 112 kDa AR isoform is phosphorylated,
but did not provide information on the phosphorylation status
of the 110 kDa AR isoform. Therefore, LNCaP cells were
metabolically labeled with {*S)methionine foz 1 b, and the
AR protein was immunoextracted and separated on SDS—
PAGE gels. The antoradiogram as well as the iminunoblot
showed an AR doublet of 110~112 kDa molecular mass,
indicating that de novo synthesized as well as preexisting
AR proteins exist as two isoforms in LNCaP cells (Figure
I, Tanes 2 and 4). In a similar experiment, LNCaP cells were
metabolicaliy labeled with [*2P}esihophosphate for 16 h, The
half-life of the AR protein in LNCaP cells is between 2 and
3 h, allowing the turaover of essentially ali AR molecules
during [6 h incubation (Yan Laar et al, 1991}, The
autoradiagram (Figure 1, lane 6) showed only one radioac-
tively labeled band, comigrating with the 112 kDa AR
isoform.  Also after incubation of celfs with (0 sM of the
synthetic androgen R8BI, only the 112 kDa band was
radinactively labeled (Figure |, lane 7). ¥From this experi-
ment, we concluded that the 112 kDa AR iseform represents
phosphorylated AR and that the 110 kDa AR iseform
represents nonphosphorylated AR protein. Frem the immu-
noblots (Figure 1, lanes 1 and 2), it is not possible to calculate
the ratio between both AR isoforms.

In an attempt to determine the extent to which AR protein
is phosphorylated in LNCaP cells, we labeled ceils for 24 h
with either [*$imethionine or ['2Plorthaphosphate, and
isclated AR protein by immunoprecipitation and §DS—
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FIGurE 1: AR prolein heterogeneily and phosphorytalion. ENCaP
cells were incubated for 16 h with [*PJorthophosphate (lanes 5, 6,
and T}, i 1he presence (lane 7} or absence {lanes § and §) of 10
nM RI8B1. Another set of cells was incubated with {*3§]methlonine
for i h{lanes 1—4), Receplors immunoprecipitated from total cell
Iysates with the F39 monoclonal antibody {lanes 2, 4, 6, and 7) ot
noenspectlic meuse [gG (lanes 1, 3, and 5}, Afler SDS—PAGE on
4 7% gel, the proteins were transferred to 4 nitroceliulose membmne
and incubated wilh polyclonal AR antiserzm sp041 and secondary
alkaline phosphatase-conjugated antibodies (AB), as described
{lanes 1 and 2). The gels prepared from the LNCaP cells incubated
with 8] methionine (lanes 3 and 4) or P?Plorthephosphate (lanes
3=} were anloradiographed.  Molecular niass markers (kDa) are
Indicated on the left.

Table 11 Stoichiometry? of AR Phosphorylation in LNCaP Cells

flask
1 2 k| 4 X +sDr

Bp {epm) 1180 1058 824

p SAC (cpmipmol) 660 659 614

Pin AR {pmol) 178 161 146 1.62 £ 0.16(n=3)
83 (dpm} 323 481 666

BSSAP (dpmiug) 2790 3022 2982 3216

ARS {pmol) 118 1,62 238 137 161k£047(n=4)

# Specific activity per picomole of phosphate. ® Specific activity per
microgram of protein. © For the convezston of micregrams of AR protein
to picomoles of AR protein, it was assumed that [0 pmol of AR protein
enquals 0,98 p1g of AR protein. ¢ Sloichiomelry = (P in ARY(AR) =
1.62 prol)(1.61 pmol) = 1.0 mo! of P/moi of AR protein, * Mecan +
standard deviation.

PAGE. The number of moles of phosphate incorporated per
mole of AR protein was calculated, with the assumptions
that (1) afier 24 h the specific aclivity of the phosphoamine
acids in AR protein is the same as that of the phosphate in
the labeling medium and that (2) the specific activity of the
methionine in AR protein is the same as that in bulk cellular
protein {see Materials and Methods). Tt was calculaled that
the AR protein contains 1.0 mol of phosphate per mole of
protein (1 = 3) when the LNCaP cells were not incubated
with R1881[ (see Table 1). Since only an aggregate value
was measured, we cannot calculate exactly which fraction
of the totai population of AR molecules is phosphorylated.
Since also after REB8E incubation of LNCaPF cells the AR
protein is detecled as a 110—112 kDa doublet on immung-
blots (Kuiper et at,, 1991), we conclude that a significant
fraction of AR molecules remairs nonphosphorylated (110
kDa isoform) in the presence of hormone.

Phosphoamina Acid Analysis of AR Protein. In order to
obtain some information on the type of kinases which
phosphorylate human AR protein, we analyzed the phos-
phoamine acids of AR protein isolated from LNCaP cells
incubated in the presence or absence of R1881. Cenditions
of acid hydrolysis (1 b} were optimal for the preservation of
phosphoamine acids, especially phosphetyrosine {Duclos et
al,, 1991). After two-dimensional electropheresis of the acid
hydralysate of immunopurified AR protein from cells
incubated with [0 nM R 1881, only phosphorytaticn on serine
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Ficure 2: Phosphoamino acid analysis of AR protcin. LNCaP
cells were incubated for 16 b with [*Plerthophosphate, and
subsequently AR protein was immunopucified as described under
Materials and Metheds, The ¥ P-fabeled AR prolein was subjected
{o partial acid hydrolysis (6 N HCE, 1 h at HD “C). Partial
hydrolysis producls were mixed with untabeled phosphoamino acid
standards and resolved on thin-layer celfulose plates by electso-
phoresis at pE 1.9 (first dimension, 1) prior 1o electrophoresis at
pH 2.5 (second dimension, 2), Unlabeled phosphoamino acids were
visualized by ninhydrin staining and ?P-lzbeled phosphoamino
acids by auteradiography. The position of the phosphoserine (8),
phosphothreorine (T), and phospholyrosine (Y) standards is
indicated. The origin is indicated by a small arrow,

residues was observed (see Figure 2). During one-
dimensional eleclrophoresis, there was, apart from 1P aclivity
comigrating with the phosphoserine standard, also *P activity
wholly or partially overlapping with the phosphotyrosine and
phosphothreonine standards (result not shown). However,
during 2D electraphoresis, this ®P activity separated from
the phosphotyrosine and phosphothreonine standards (see
Figure 2), and probably results from nucleoside monophos-
phates, arising from RNA degradation during acid hydrolysis
{Puclos et al,, 1991). Also when AR prolein was isolated
from cells incubaled withoul R1881, or after elution of intact
AR protein from SDS—PAGE gels, only phosphorylation
on serine residues was detected (not shown).

Pepiide Analysis of the '*P-Labeled Androgen Receptor,
In previous studies, it was shown hat the phosphoryfation
depree of he AR protein in LNCaP cells increases 2-fold
upon incubation of cells with R1881 ard that predominantly
the N-terminal domain is phosphorylated (Van Laar et al,,
1991 Kuiper et al,, 1993). In order Lo obtain information
on the number of AR phosphorylation sites and the effeet
of hermone treatment on individual sites, two-dimensional
phosphopeptide maps were prepared. Emmunopurified and
SDS-—PAGE gel-purified *P-labeled AR was digested with
TPCK-treated trypsin (sce Materials and Mellods), and the
phosphopeptides were separated on thin-layer cellulose plates
by electrophoresis in the first dimension and by chromatog-
raphy in ibe second dimension, In initial studies, various
buffers for electrophoresis and chromatography were used,
and the maps obiained were analyzed. When electrophoresis
was performed at pH 3.5 or pH 1.9, all the phosphopeptides
remained at or near the application site (results not shown),
A possible explanation for this lack of mobility could be
the fact that e N-terminal domain of the human AR is very
hydrophitic and contains a large number of acidic amino acid
residues, especially between amino acid residues 10X} and
325 (Faber ctal, [989). When the pH of the electrophoresis
buffer was raised to 9.1, most phosphopeptides moved toward

P E—
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Figure 31 Two-dimensional phosphopeptide maps of trypsin-
dilgcsled AR prolein. AR protein was fabeled in LNCaP cells with
[*Plorthophosphate during an incubation for 12 h, In the presence
or gbsence of 10 aM R18BE, and subsequently immunoprecipitated
from tolal cell lysates. The proteins were resolved on a 7% SDS—
PAGE gel (see Figure I, lanes 6 and 7), and phosphoproteins were
detected by autoradiography of the dried geb. The labeled AR
prolein was excised from (he gel and digested wilh trypsin. Two-
dimenslonat maps of the phosphepeptides were prepared on thia-
layer cellulose plales Ihrough clectrophotesls (E, anode on the left)
and cheomatography (C), and described under Materiats and
Methods. Shown are the autoradiograms {3 weeks exposure at —70
°C} of AR protein from cells incubated In the presence of 10 nM
Ri881 (+R) or without RI88] (—R). The origins are indicaled
by arrows.

the anode, indicating the refative ervichment of acidic amino
acid residues in these peptides (see Figure 3). During
chromatography in “isobutyric acid buffer’, designed fo
resolve hydrophilic phosphopeptides (Scheidtmann et al,,
1982), only one phosphopeptide moved in the second
dimension, showing that most AR phosphopeptides are
extremely hydrophilic (see Figure 3). In total, four phos-
phopeplides were identified, although it should be empha-
sized that the resolution of the hydrophific peptides which
do not move in the secend dimension during chromatography
is not optimal. In Figure 3, a comparison is shown belween
tryptic phosphopeptide maps of *P-labeled AR proteln
isolated from cells incubated either in the presence or in the
abscnce of 10 nM R1881 (see also Figure 1, lanes 6 and 7).
The location and number of phosphopeptides were the same
in each case. A significant increase in the phosphorylation
degree of the peplides which are moving in the second
dimension during chromategraphy, however, was observed
after hormone treatment of the cells. No significant changes
in the phosphorylaticn degree of the other peptides were
detected. The hormene-induced phosphopeptide spot is very
broad, possitly due to phosphorylation of the same peptide
at different positions, which aflects its hydrophobicity ta
different degrees due to the context of the phosphorylation
site (Boyle et al,, 1991),

Although the two-dimensional thin-layer separation melhod
was sensilive to quantitative changes in the phosphorylation
degree of AR phesphopeptides, the resofution of most of
the hydrophilic peptides was not optimal. Therelore, separa-
tion of tryptic phosphopeptides by reverse-phase HPLC was
performed. The peptides were generated by tryptic digestion
of AR prolein as described {Materials and Metheds) and
applied to a C18 column in 0.1% triflucroacetic acid. A
total of 15 separate YP-fabeled peaks above background (20
+ 2 cpm) were detected (see Figure 4), This was clearly
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Fioure 41 HPLC <lution profiles of tryplic phosphopeplides of
AR protein from LNCaP cells. AR protein was labeled in LNCaP
cells with ["*}orthophesphale during incubation for 12 h in the
presence (A; lower graph) or absence (@, upper graph) of 10 oM
1881, and immunoprecipitated from tatal cell lysates. Following
electrophoresis, the labeled AR protein was excised and digested
with trypsin. The peptides were acidified and applied to a CL8
column.  The column was developed with a linear 0-60%
acelonitrile gradient in 0,1% TFA, jn 240 min, The flow rale was
0.18 mL/min, and fractions were cellected every 1.5 min. Fractions
weie analyzed by Cerenkov counting,

merte than the number of phosphopeptides detected by thin-
layer separation (see Figure 3). Incubation of LNCaP celis
with RIR81 induced pliosphorylation of a site in a peptide
eluting in fractions 27—28 (retention time 40 min), Only
mintmat differences in the phosphorylation degree and
elution positions of the other peptides were observed (Figure
4), indicating that the hormone-stimulated AR protein
hyperphosphorylation is to a large extent due to phospho-
rylation of a new site.

DISCUSSION

Steroid hormone receptors, including the AR, are hetero-
geneous proteins that exist as multiple isoforms, migrating
as doublets or tiplets en SDS—PAGHE gels. Upon ligand
binding, the isoforms of progesterene, androgen, estradiol,
and vilamin D receptors undergo an increase in apparant
molecular mass, concomitantly with additional phosphory-
lation (Jurutka et al,, 1993; Brown & DeLuca, 1990; Le Goff
et al,, 1994; Washburn et al., 1991; Beck el al., 1992; G.
Jenster, personal communaication). The reason for these
mobility shifts is not clear, since the aclual increase in
molecultar mass of the protein by phosphorylation is very
small. A discrepancy exists between the theoretical calcu-
lated molecular mass of the AR protein (98 kTxa) and the
apparent molecular mass on SDS—PAGE gels (110—-112
kDa}. In the present study, it was shown that the nonphos-
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phorylated AR protein has an appasant molecular mass of
[10 kDa, indicating ikat this discrepancy is not due to
phosphorylation. Ia another study, this discrepancy has been
ascribed to some unknown features of the region belween
antino acid residues 51 and 211 of the human AR protein
{Jenster et al,, 1991). For the mouse glucocorticoid receptor,
a similar discrepancy in molecular mass has been ascribed
10 the region between amino acid residues 108324 (Hutchi-
son el al, 1993). The two regicns have in common a
relatively high content of acidic amino acid residues, which
might influence in both cases the association of SDS and
thereby the mobility during SDS—PAGE, An alternative
posttranslational modification, such as glycosylation, causing
anomalous behavier on SDS—PAGE gels, cannot be ex-
cluded,

In the preseat study, it was calculated that the AR protein
contains 1 mol of phosphate/mol of protein, The staichi-
emelry measuremenis may be an underestimation, if the
specific activity of the phospheamino acids in the AR protein
is not equal to that of the phosphate in the labeling medium
of if cellular phosphatases are active during cell lysis. Tt
was altempted to minimize these lactors by labeling the cells
for 24 h and by adding phosphatase inhibitors to the lysis
buffer. Phesphorylation after cefl lysis was blocked by the
addition of EDTA and nonradivactive phosphate to the lysis
buffer. Given the rapid turnover of phosphate groups on
prateins, this renders the labeling of the phosphoryl moietics
in phosphoproteins o equilibrium much easier than the
fabeling of the polypeptide backbone. The average half-
life of cellubar proteins (40 h) is long relative to the lenglh
of time that many kinds of cells can tolerate radiolytic
damage (Weber, 1972; Sefton, 1991). On the other hand,
the specific activity ([**S]methionine Iabeling) of a protein
with a short half-life would be greater than that of bulk
cellular protein if the labeling period was too short. The
AR half-life is between 2 and 3 h {van Laar et al,, 1991
Syms et al,, 19835), so that after a labeling pericd of 24 h all
AR protein molecules have been renewed.

In the present investigation, it is shown that the AR protein
is exclusively phosphorytated on serine residues. Nuclear,
but net cytosolic, AR protein from rat ventral prostate was
shown previously to react with anti-phosphetyrosine antibod-
fes, indicating that these receptors or associated protein(s)
are possibly phosphorylated on tysosine residues (Golsteyn
et al., [989; 1590). However, it should be noted that no
intact 110 kDa AR protein was identified in these studies.
Phosphoamino acid analysis has revealed that the glucocgr-
ticoid, progesterone, and 1,25-dihydroxyvitamin Dj receptors
are phosphorylated on serine tesidues (Dalman et al., 1988,
Sheridan et al., 1988; Brown & Del.uca, 1991}, Results on
phosphoamine acid analysis of estrogen receptors are not
conclusive. While Auricchio {1989) showed that estrogen
receptors are only phosphesylated on tyresine residues, other
investigators reported phosphorytation only on serine residues
{Washburn et al., 1991; Denton et al,, 1992; LeGoff et al.,
1994; Lahcoti et al,, 1994). Separation of tryptic phospho-
peptides from human AR protein revealed that the AR is
phosphorylated at multiple sites. When a comparisen was
made between cells incubated with R [881 and cells incubated
without Ri1881, it was found that one additicnal phospho-
peptide appeared after hormone treatment. No further
sipnificant changes (quantitatively and/or qualitatively) were
detected in the {wo separation systems which were used.
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Tt is difficult to give an accurale estimation on the number
of AR protein phosphorylation sites. The N-terminal region
shown to be heavily phospherylated in the AR protein
contains 33 serine residues and 12 consensus phosphorylation
sites for casein kinases, Ser-Pro-directed kinases, and DNA-
dependent kinase. Partial trypsin digestion praducts can be
generated at adjacent arginine and/or Iysine residucs and also
at arginine/lysine—aspantic acid/glutamic acid bonds {(Boyle
et al,, 1991). Belween amino acid residuves [ and 300 of
the AR protein, six of these combinations known to cause
partial digests are present, so that it is possible that a single
phosphorylation site gives rise to several different phospho-
peptides. Nevertheless, from the present results, it can be
inferred that the number of AR phosphorylation sites is in
the same order as those reported for the glucocorticoid and
progesterone receptors. 1n the mouse glucocerticoid receptor,
seven phosphorylation sites were identified, and in the
chicken progesterone receptor, four sites were found (Poletti
& Weigel, 1993; Bodwell et al,, 1991; Poletti et al., 1993).
Digestion of AR protein with a-chymotrypsin produced
seven phosphopeptides after HPLC (resuit net shown).
Digestions with V§ protease were not concfusive, The
appearance of new phosphopeptides after hormone treatment
was also shown by phosphopeptide mapping for the buman
and chicken progesterone receptor, the call ulerus estrogen
receptor, and the rat glucocorticeld recepter (Denner el al,,
1990; Sheridan et al,, 1989; Nakao et al,, 1992; Denton et
al., 1992; Defranco et al,, 1991). In contrast, for the human
estrogen receptor and the avian progesterone receplor, it was
found that hormone-induced phosphorylation was not due
to phaspherylation at a new site, but rather increased
phosphorylation of existing sites (Sullivan et al., 1988;
LeGoff el al., 1994).

Efforts wilf now be focused oa the identificatien of the
hormone-stimulated AR phospharylation site(s), in order to
be able Lo identify their significance in nuclear cytoplasmic
AR shuttling, DNA birding of the AR protein, and tran-
scriptioral activation by the AR, Since the amount of AR
protein which can be purified from LNCaP cells ts rather
limited, this will involve the use of an AR prolein overex-
pression system in yeast cells or insect cels.
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Tha Netheilands

Teanstation of andregen receptor (AR)Y eRNA in a reticulocyte
lysute and subsequent analysis of the translation products by
SDS/PAGE showed a pretein with an apparent molecular mass
of 108 kDa. Secatchard-ptot analysis revealed a single binding
component with high affinity for R188T (K, = 0.3 nM). All AR
molccules synthesized specifically bound sieroid. No evidence for
AR phosphorylation during in vitro synthesis was found. When
AR was labelled with PHIR1R81 and analysed on sucrose-
density gradients, a complex of approx. 6 5 was observed, The
complex was shifted to a higher sedimentation coeflicient alter
incubation with a monoclonat AR antibody directed against an
epitape in the DNA-binding domain, In the presence as well as

the absence of harmone, AR molecules were ahle 1o hind te
DNA-cellulose wilhout an activation siep. Gel retardation assays
revealed that the AR forms complexes with a DNA elemenl
containing glucocorticoid-responsive element/androgen-respon-
sive element sequences. Receptor—DNA jnteractions were stabi-
lized by dilferent pelyclanal antikodies directed againgt either the
N- or C-terminal patl of the AR and were abolished by an
antibody directed against the DNA-binding domain of the
receptor. In conclusion, translation of AR cRNA in vifrg yields
an activated AR protein which binds steroid with high aflinity. Tt
is proposed that AR antibodies enhance AR-DNA binding by
stabilfzing AR dimers when bound 1o DNA.

IHTRODUETION

The androgen receptor {AR) can be isolated in the cytosol of
target cell extracts as a large aop-activated (ie. non-DNA-
binding) § § complex. Recently, it was shown that this complex
contains the 90 %kDa heat-sheck protein {hsp90), the 70 kDa
heat-shock protein thsp70) and a 56-59 kDa protein [1]. This
large mulliprofein non-activated complex dissociates on hormone
binding, thereby revealing the DNA-binding domain of the
receptor [2]. The AR thea binds to specific enhancer sequences
referred to as harmone-responsive elements present in the 5
Nanking region of targel penes and is supposed to regulate
transcriplion via protein-1XNA interactions ad by interactions
with ather transcription facters [3).

The primary struciuge of the AR has beei elucidaled, and the
domains sesponsible for ligand binding, DNA hinding, nuclear
tocalization and transcriptional moedulation have been identilied
[4,51. AR belongs to a superfamily of nuclear proteins including
the reeepters for the othier classes of steroid hormenes, thyroid
hormone, vitamin 1 and relinoids [6-8).

[L is imipartant to undesstand the intracellular dynamics of
stereid receptor proleins and the factors that centrol their
stereid-hinding capacity and DNA-binding aciivity. Expression
of AR in a suilable host systein could facilitate cur ability to
study the physical prapertics ef the AR protein and the molecular
basis of androgen action. A variely of systems has heep used for
the (over)expression of sierold receptors, The full-fength pro-
pesterong and glucocorticoid receptors have been expressed in
yeast, using Swccharomyees cerevisine as a host system [9,10].
Segments of the plucocorliceid, pragesterong and androgen
receptor ¢DNAs were expressed in Escherichia colf and were
found to exhibit similar biologlcal activilics when compared with

the native receptors [1E-14], Attempts to produce full-length AR
protein by expressing human AR in £. cofl, yeast ot insect cells
have heen problematical, resulling, in general, in the synthesis of
inseluble proteins [13-16].

fabhit reticulocyte lysates contain quite large amounts of
severat hsps such as hsp90 and hsp70 and are useful for the sludy
of steroid-receptor complex formation with hsps as well as for
the sludy of requirements for stereid binding and interaction
with DNA [[7-19).

[n the present paper, the f virro synthesis of the full-length
human AR is described as well as the analysis of the steroid-
binding properties, hydiodynamic characteristics and specific
binding to an androgen-responsive element (ARE).

MATERIALS AND METHODS
Materlals

["*SIMethienine (specific radieactivity > 1000 Ci/mmol) and
[y-""PJATP were obtained frem Amersham (Little Chalfont,
Bucks., U.K.). The synthelic androgen F7-hydroxy-17a-
["H]lmethyl-4,9,11-0estratrien-3-ong (PR IS8 specific radio-
activity appros. 87 Cifmmol} and unlabelled REI88I were
purchased from NEN-Pupent de Nemaurs ("s-Hertogenbosch,
The MNetherlands),

Recombinant RNasin and rabbit reticulocyle lysate were
obtained from Promega Bictech (Madison, W1, U.S.A). RNA
transcription kit containing T7 and T3} RNA peolymerase
{EC 2.7.7.68) and pBluescript clening vector were obtained frem
Stratagene (La JTalta, CA, U.S.A).

The antisera spO&0 {epitope amino acid cesiducs 200-222),
spl66 (epitope amino acid residues 899-917), spl197 (epitope
anino acid residues [-20) and sp06l (epitope amino acid residues

Abbreviations used: AR, androgen receptor; hsp, heal-shock prolein; GRE, plucocoriicold-responsive elemenl; ARE, andtogen-responsiva element;
ERE. aestiogen-responsive element; RIBSY, 17/-hydraxy-17a-methyl-4,9.1 I-cesiralden-3-one; DTT, diblothreilol.

1 To whom conespondence should be addressed.
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593-612) were preparcd by previously published pracedures
[2,20.21]. The antisera spt97, sp060 and sp063 contain high-titre
AR antibadies, as shown by immunoprecipitation and Western
blolting [20-22]. The antiserum spdA6 recognizes the 10—
1E2%Da AR on Western blots [20].

Mouse monoctonat antibody I73%.4.1 (designated F39) was
prepared against the N-terminal demain of the androgen receptor
[20]. Mouse moneclonal antibody F 52.24.4 (designated F52)
was prepared againsl the C-terminal part of the DNA-binding
domain of the androgen receptor [21,

Calf-thymus DNA—cellulose ($mg of DNA/g of cellulose)
was ebtained from Sigma Chemical Co. (St. Louis, MO, U.S.AL).
All other chemicals and reagents were purchased from Merck
{(Darmstadt, Germany).

In vitro lranscription and Lransfation

Tle coding sequences of human AR ¢DNA were excised from
the expression vector pSVARN [23] at the Fafl (EC 31,2337
sites and inserted into the dual pramotoer (77/T3) veclor pBlue-
seript J-KS (Stratagene} and was designated pARG. For
transeription the vector (Fpg) was lincarized with Yhol
(EC 3.1.23.42) (sense cRNA) or Bamf1 (EC 3.£.23,6) (antisense
cRMNAY and traascribed i eftro with cither T7 RNA polymerase
(sense ¢RMNA) or TY RNA polymerase according to manu-
facturers’ instructions.

Translation reactions ($0 #1) in rabbit reticulocyte lysates were
carried out as recommended by the supplier. Ench reaction
mixture included 35 pl of rabbit reficulocyte Iysate, 40 units of
RMasin, 10 47 ZaCly, | gl of | mbf amino acid mixture without
methionine, 45 pCi of {"SImethioning and 1-2 pg of human AR
RINA transcript. The samples were incubated for 1 b at 30°C
and thereafter stored at —20°C or used directly. In order to
measure the amount of [“Shinethionine incorporated, samples
were suhjected to SDS/PAGE (7%, gels), sample lanes were cut
in 2 mm slices and counted in liuid-scintillation cocktail for »3
radicactivity.

Eleclrophozesls, elecirobiotling and zutoradiography

These were carried cul according to previously described pro-
cedures [24].

Metabolie Tabelliag of lymph nede carcinoma of the proslale
{ENBaP) cells with [ S]mathlonine

For tabelling studies, 6 % 107 LNCal cells {24} were incubated for
&0 min ad 37 °C with 20 pCifanl [*S)methicnine (tetal 160 4Ci)
in methionine-free RPMI 1640 medium, Cell lysis and AR
immunopurification were by published pracedures [24].

Sterold biading

Translation reaclion mixtures prepazed with non-radioactive
methionine were diluted Tour times with bulfer A [10 mM
Tris/HCY pH 7.4, | mM EDTA, 10%, (w/v} glycerel, ) mM
dithiothreitol (DTT), [¢mM Na,MoO,, 50 mM NaF} and
incubated for 3 h at 4°C with 0,1-10 nM [PH]R 1882 in the
presence or absences of a 100-fold excess of unlabelled R1S8E.
Therealter, bound and unhound sleroid were separated with
dextran-ceated charcoal.

Suezose-densHy-gradient centeifugalfon

Sucrose density geadients [10-30%, {w/v) sucrose] were prepared
in bulfer A with or without 0.4 M NaCl, Reticulocyic |ysate
conlaining translion products (50 g1} was mixed with 30 41 of
buffer A and incubated with 19 nhi [*H]R [881 in the presence or
ahsence of a 100-lold excess of unlabelled R 188t for 2 h at 4 °C.
When apprapriate, ascitic luid (} ) with monoclonal anfibody
F39 or F52 or a non-specific antibody was added. Samples of
40 1 were loaded on to the gradients, The gradicnts were run for
20 [y at 30000 rev. fmin in a SW-60 reter (Beckman)at 4 °Cin a
Beckman L70 centrifuge. '"Crlabelled BSA (4.6 S) and [C)-
aldolase (7.9 §) were used as internal markers. Fractions of the
gradients were collected from the bollom and assayed for
radioactivity.

When [*Slmethionine was used to label AR protein during in
eitro synthesis, samples of the fractions wese incubaled for 1 hat
37°C with Uml of 1 M NaOH/2% (v/v) H,0,. Proteins were
then precipitated hy the addition of 3 mlof 16%, (w/v) trichloro-
acetic acid/27 {w/v) casamtino acids, at 4 °C. Alter centri-
fugation (E5 min at 3000 g), peliets were washed with 0.5 ml of
5%, trichloreacetic acid and thereafter selubitized in | M NaQH,
After neutralization with conc. HCJ, samples were analysed for
8 radipactivity by tiquid-scintillation counting.

DNA—celluiose chromalography

Reticulocyte lysate containing [*S)methionine-lzbelled trans-
lation products or non-radioactive receptor was diluted five
times with TEDG buffer (40 mM Tris/HC), pH 7.4, | mM
EDTA, 10 mM DTT and 107 (w/v) glycerol] and incubated for
2 b at 4 °C with buller only or 10 nM ["H]RIS&T respectively.

A DNA-cellulese suspension (F2.5%. w/v) of 730 1 was
ad<ded to 300 pl of diluted Iysate and incubated for 60-120 min at
4 °C with constant mixing. The mixture was poured into a small
column and washed with TEDG buffer until no free radiolabelled
steroid could be monitored. Bound 'H-labelled stereid was
eluted with TEDG bufler containing | M NaCl; lmactions of
100 4l were collected. Alternatively, beund *H-labelled steroid
was ¢luted with a gradient ranging from 59 to 300 mM NaCl in
TEDG huffer. Conductivily was measvred with a Philips PW-
950S conductivity meter equipped with a PW-9513 measuring
cell (constant 1,62}, Conduclivity was compared with a standard
curve of known NaCi concentration in the appropriate buofler,
When [**S]melhionine-labelled lysates were used, fractions of the
cluate were run on an SDS/7%, polyacrylamide gel and blotted
Lo nilrocellulose, After autoradiography, the blot was sliced and
the slices were counted after solubilization in Filtercount cocklail
(Packard Company}.

Gel rotardatien assay

A glucocorticoid-responsive element (GRE) consensus oligo-
rucleotide sequence 5 -TCGACTGTACAGGATGTICTAGC-
TACT-3" was obtained [rom Promega. Double-stranded oligo-
nucleotide was fabelled using T4 polynucleotide kinase with
[¥-""PJATE 1o a specific radioactivity of 5x 10° d.p.m. fpeg,

The binding reaction mixture (15 4) conlained typically 2 yl
of reticulocyte Jysate (1.5-2 fmol of AR protein} with 2 pg of
poly(dl-dC) poly{d]l-dC) in builer [FOmM Hepes, pH 7.9,
60 mM KCi, i mM DTT, | mM EDTA, 4% Picell] and 1.2 ng
{12 fmo)) of labelled GRE. After incubation for 30 min on jee,
the protein-bound DNA complexes were separated from [free
prabe on a 4%, polyacrylnmide gel (45:1) run in 0.25x THE
(L % TBE = 50 mM Tris base, 50 mM boric acid, 1 mM EDTA,
pil 8.6) for 1.5-2 1 at room temperature, Gels were fixed for
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[5min in 10% acelic acid/10%, methanol, dried and auto-
radiographed.

In experiments with AR antihadics, 0.1 ¢l portions of antisera
were preincubated far | 5 at 4 °C with reticulocyte Lysates before
addition of reaction mixture,

Besides untabelted GRRE, two other oligenucleotides were used
for competition experiments: one containing an ARE from the
prostate-specific antigen promotor {position — (70 o —156)
sequence S-GATCCAGCTAGCACTTGUTGTTCTGCAAG-
3 aecording to Riegman et al, {25] and one containing an
oestrogen-responsive element (ERE) [26) from the apa-very-fow-
density lipoprotein tH prometer region {position —165te —~i77),
sequence 5“GATCCTCAGGTCAGACTGACCTTCG-3,
kindly provided by Dr. G. AB, Department of Biochemistry,
Universily of Greningen, The Nelhezlands.

Site-dlrected mutagenesis

The AR mutant in which Cys-602 and Cys-605 were mutated to
Ser residues was constructed by site-directed mutagenesis using
PCR DNA-zmplification techniques on pSVARO [23). The
primier used to introduce the mutation was 5-CCGAAGGA-
AGAATTCTCCATCTTCTCGTC-Y. From the sesulting
mutant plasmid pSYARSS, a 700 bp BstBH- Aspl [ragment was
extised and exchanged with pARO. The mulant transcription
vector was designated pARGS.

RESULTS
Charatlerhzallon of AR syntheslzed In rabblt relicufocyle lysale

The rabhit reticulogyte lysate was progeammed for protein
synthesis with in pitro transcribed human AR ¢RNA in the
presence of [**S]methionine, Analysis of the translatien producis
by SDS/PAGE showed a predeminant band with an apparent
molecilar mass of 108 kDa (Figure ). For comparison, the
resull of a labelling experiment with LNCaP cells is shown. The
AR from LNCaP cells migrates as a closely spaced doublet of
110-112 kDa on S3DS/PAGE as described previously [24]. This
heterogeneily reflects diflerentinl AR phosphorylation [22,24].
From the results shown in Figare 1, it is clear that the AR in
reticufocyté Iysate is synihesized as a single 108 kDa protein,
indicating that it is not phospherytated during in eitrn synthesis
in the same way as during synthesis in LNCal® cells. Also, afler
incubation of reticolecyte lysates with [y-"*PJATP during AR
synthesis, it was nol pessible to delect phosphorylated AR
after immunopurification, whereas several other unkoown
phosphorylated proteins could he detected in the lysatle (result
not shown}.

In order to analyse the steroid-binding properties of AR
synthesized fir vitro, the reticulocyte lysate was incubated at 4 °C
for 3 h with increasing concentrations (0.1-10 nM) of ["H[R 1881
inthe presence o2 absence of a 100-lo!d mofar excess of unlabetled
RI881, Tinear transformation of saturation data revealsd a
uniform non-interacting population of hinding sites for R1881
with a maximum hinding capacity of 480 fmol/m! and a dis-
sociation constant of 0.3 nM (Figure 2}

In parallel experiments, the amount of syrthesized AR protein
was determined hy éncorporation of [BS}methionine. The amount
was cslimated from methionine pool size (5 #M according to the
manufacturer}, the amount of [""8)methionine incarporated and
the number of methioning residues in the receptor molecule, Ttis
caleulated that each of the intact (108 kDa) AR proteins binds
10201 {n =2) molecules of RI88] at a saturating ligand
concertration,

When the AR was labelled with ["HJR 1881 and annlysed on
sucrose density pradients, a single peak of specifically bound
radioactivily (Figure 3a) was obseeved, The sedimenintion ceefli-
cient of this complex was spprox. 6 S. In the presence of high salt
(6.4 M NaCl), the sedimentation coeflicient of AR shifted ta 4 S.
When 1ie AR was synthesized in the presence of [*S{methionine,
the sedimenlation coeflicient was also approx. 6 8, and shifted to
4 5 in the presence of high salt (resulls not shown),

The monoclonal antibody F39 is directed against an epitope in
the N-terminus of AR (amino acid residues 30§-320) and was
able o shilt the 6 § AR complex to a sedimentation coclficient of
about 10 S. Also, the monoclonal antibody F52 which is directed
against an epitope in the DNA-binding domain (amino acid
residues $93-612) was able to shift the 6 8§ complex ta a higher
sedimentation coeflicient (8 5} (Figure 3b). This indicates that
the DNA-binding domain is exposed in the 6 5 AR complex. A

k02 v ¥

Flgute 1 Synthesls of AR In rakbit rellculocyle Tysals and In LHCaP cells

fitica ol pARD wag cawled qul 43 daserhod dn dhe Matedas and melhods sestion
It in Ihe presenca ol [“5 and {olal fysales were anatysed
by SDS/PAGE &nd autvad 5 preincebated bor 60 i in
Tt madium werg bifub ‘nd It 50 e 2ikfoning. Stbsequently, AR was
2 with F39 moapcionil aehbody a‘!d amalysed by SOS/PAGE Lane 4,
of LHESP cefis; lane 2, relisdngyte Bpsata (1 pd) wih sense eRMA; lne 3,
ientonyle lpsale (1 ) wizh antisense CRMA Malecelarmass markers (kB2) are indicalod on
the lell

0
BipM}

Flgete 2 Scalchard plot of [*HIRT88T binding to AR symheslzed /n vifro

sate was Incubaled wah sic carcertations of PHJRTES! rarging fiem O 1o

mtaned an gdditionl 100404 excess of noaradinactive R168Y. Baund
and fres tigand v.ﬂra separaled usiog a dextrancoaled charcoat assay The X (03 nhl) was
caieulsted from e glope of Iha Eng, and the number of binding sftes was ealrapolzled fom
ticepl on 1he abscissa (B, = 453 Imal/md eftransiation mivlorg) The aspacific bine
w35 lags 1 5% of b3l bieding
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Flgure 3 Sucrose-densily-gradies) profifes el human AR syntheglzed
in vitra

AR was sjrihesized ad Iagotated with [THIRTRSY as deterdied f 1he Miaterials and matheds
L {8 The Iysale {50 pf} was incubated for 2 hwith [THIR1651 alose (O of {HIRI83)
3 3 W0 eresss of polahaiind RIBS) (A 25 2malysed by suiroe dansily gradien)
k ¥ 35 desenbad Arslher sample (20 1 ol ysaiz) was haded en 3
W04 MR BSA {46 5) a0 aidalase (7.9 §) were
o 3 paratiel gradient () The lysate (S0 i) was Ircubated for
ing tha andregan e plar astiady FI3 (@) o F52
9 3 (oA specite artitndy () Samples (20 gl of bt e)
e dg'\( Ty grachent Ada] 421 a3 deseribed In the Materials

yszd as sed:
2hwihether 1 atela
Taor 1l of azetis 1
were fua o 10=30%
and methiads seetion

canirol sample of mouse ascites containing monoclonal anti-
bodics sgainst the Fos oncoprotein was net able 1o change the
sedimentation coclMicient of the 6 S AR complex (Figure ).

L T T S S
sp197 - F 4+ o+ o+ 4 ¢ ¢ %
GRE ¢ 0 2 B 1020 50100 0 0

Figure 5  Binding of AR syntheslzed /a vfiro to a GRE

5 (2 0 with AR peotein fanes 1-8) or withaut AR preteia (lanes §-10) were Incshated
2 ¥ tateied A—DNA complexes ware sepanted from free BHA by none
ted 1 (he Materis's and mathods seckon. Laces 1 ad
| serum; fares 2§ and 10, prefncubation with ¢p197
lasies tha same amourd of ¥P-GRE was eddad In the ahsence (anes
1,2.9.10 m presenca {lares 3-B) of ynlabetied GRE Tha eacess unlztelied GRE was 2-40l3
(fane 3), 5100 (lzng 4}, 10-10'd (are §). 20400 Fane §), 509 (lane 7) and 10010’ {ars
§) The AB-GRE camplew Is Indicatzd by an arow.

DHA-binding properiies of human AR synthestzed /o vilro

Literaction of receptors with DNA—cetlulose is generally used as
a measure of aclivation to the DNA-binding state of steroid
seceptors. Human AR synthesized in vitro was tested for binding
ahitity to DNA —cellulose after being fabelled with PHIR1881 for
2 h at 4 °C. Figure 4(a) estoblished that AR synthesized in vitra
is retoined on n DMNA—cellulose column. The AR was alsa eluted
from 1he DNA-cellulose with a linear salt gradient and was
oblaincd in the fractions containing [20 mA NaCl (it =2)
(Figure db), Experimen(s with “S-labelled AR incubated with
DMA-cellulose in the absence of RI831 gave simitar resulls, So
it appears that the presence of hormone is not essential for AR
1o be able to bind to DNA—cellulose,

lu lurther experiments, we have {ested the ability of the AR

1090
1) 200

= 810
E
3 3
2 500
2 0o Z
H =
£ L g
g 00 g
3
o 200 B\

]

Peagigagiaen W,

— } A H BlA AN B —t 4
0 20 30 40 0 Q 20 30 40 50
Fractlon number

Figure 4  Ehnlon from DNA-cellutase of AR synthesized /a vilro

iring tamsialony! pradusts of sease
T4 <0y A DN,

Reticulor e fyzates gon
wits PRIRIERL 110 M tor 2
wih TEDS hu'fet yd ess:
1 300 M NCH{A) in TEDG buter (b)

1

(@) or antisenze {A) AR cHNA (a). or &
nsied was 2448 350 MCutaton was corling
%y 10 Iree {HIRIES ms detented Boond AR was elutad with e2her TEDG Batier eor

eise (.) AR CRMA (b) were Gluted bve Fries wilh TEDG be
It 6 rin 24 4 °C withmiving The suspension w3s powredin 2 ¢
irg 1 W N2l slarkeg of frastion 30 (2) or a gra

tar, o 7.4, 300 Ingyhaled
fuma and washed
ranging from 50
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Figure §  Binding of AR synthesized [t viiro to *PIabelled GAE; Inlluenca
ol prelncubalion with ligand or s2it

{a) Petirytocyla lysate was preincutaled with 10 #B RIS31 tares 2 and 4) ¢ wilkosl A1831
flares 1 and 3) fer 60 min al 4 °C. 11 le tysatas were dncihated with $pl 97 anliserym
{lanes 3 22 d) of with rarmal rabbit sersm Canes § 2+ 2) Incuhy h VP tateniad GRE
204 Tutiter anatys's was as in Figuse 5 (b) Reficulonyle hsates oo !
invuhated with Hall (200 mM} foc 60 min 2l 4 °C {lares 2 anF 3) o with biy!ler oo
1) Therealier fysales wete inguhated wilh sp197 anfisoium {lane 3) or normal rahbit senm
(2285 1 293 2) boltowed by ion with P abelied GRE and hulher avalysls as doseribad.
The AR-GRE gomplee ks Indizaled by 2n angs,

sp197 + a

+ +
ARE - 1 60 100 - - - - - -
ERE - - -~ - 10 58 100 - - -
GRE - - - - - - - 10 50 100

Figasa 7 DHA-binding spectielty of AR synlhesired Ja vifro

Lysale containing AR (2 prl) was used i an inchation with ¥P lgbailed ORE afane (s 1)
of In 2 presence of various compatifies (1anos 2-10) I all langs (1—10) the <pl 57 antiserum
01 01 was a'sn added Prolein-ONA compleres were separated liom free DHA by o
donaluring efecimphoresis as tesenbed in the Materials and meitands section Campaliors
used were® 1040 ARE {ane 2), 5010 ARE (1372 3), 100 fofd ARE (ave 4). 1040 ERE Gare
51, 5090 ERE (fare 6). 100 f=2M ERE flave 7). 104613 GRE ('are 8), S0-00'¢ GRE (ane 9) and
1000td GRE (lanz 10} 1hz AR-GRE complox is nd.cated by 20 grrw, Sea Ihe Meterials and
mathnds seikion lor sequanas of eompeliang

synthesized &1 pitra (o interact with specific DNA sequences, For
these experiments, a consensus GRE was used, which has
previously been shown to confer androgen-responsiveness to a
reporter gene {d]. Reticuloeyle lysates containing AR pratein,
bt not lysates programmed with antisense AR ¢cRMNA, were able
to interact with a 27-mer oligonucleotide containing the above-
mentioned GRE, us shown by gel mobility-shift assays. However,
the complexes observed were very faint. Incubation with an
antiserum against AR, recognizing the first 20 amina acids
{sp197}, resulied in an appacent stubilization of the GRE-AR
complexes (Figure 5). Addition of normal rabbit serum to
reliculocyte lysates or antiscrum against AR to a lysate not
containing AR failed to show simitar complexes. Competition
with unlahclled GRE of the GRE-AR complex in the presence
of antiscrum spl97 was almost complete at a 20-50-fold cxcess
of unlabelled GRE, canfirming the specificity of the ehserved
camplexes (Figure 5).

Artibody 197 050 063 068 - - 197 197 197 -
| I

[ I—
ARD ARD ARGS

Figura 8 (a) Binding of AR synhestzed /n vitro to »P-labelled GRE in the
prosence of varkous AR antlsera aad {b) GRE binding of wid-lype and 2
mitant AR

{a) tyss'e containing AR (2 pul} was incutiated with 01 b of warious AR anlisera lor 2 b at
4°C and trareatier 3ddad W Ihe Incubation misteg eolaining YP-tabelied GAT a5 destiited
in the Materials and methods sectiny Anlisera added wore: spl@7 (272 1), 50080 Jans 2).
w063 (fane 3) andt $p0S5 Gane 4) ang rd antserum Garg 51 The artisera spia7 ang 4p0E0
e dregled agalnst ke Notermingl domain, spl0] against the DRA ng daman and sposh
apainsl I heroid-binding gomatn of the AR {b) The AR mufanl pARES (L9235, CB05 = 5)
w35 conslnutled 35 descrded and subsequenty transented and lrangfalsd jo in It same
masnz a4 PARD Lysalzs conlalning ARD prefein {fases 1 and 2) and ARSS peolsid (iaies 3,
4 an) 5 oware preiscehated with p197 {lanes 24) antierym of used dirgelly wihout
‘vn with 2 um {fanes 1 and ) Lysaes were added la e fncubalion mirdure
condzining P laboiled GRE, 2nd profein- DA complexes were separalad e free DHA by
i deraturing glectrepheresis a3 desenbied in the Matprialy and melhods saclion, Lanes § a0g
24 added;lane 3, 2 pt ol lysalz added; lanes 4 and §, 4 gl of lysale added The
ANGRE complza i fase 2 Is Indicaled wilhn an amow

After preincubation of the reticulacyte lysate with RI88i,
specific GRE-AR cempleses could also only be observed in the
presence of AR antiserum splY7 (Figure 6a), The seticulocyte
lysates were pretrealed with salt in order to converl the 6 § AR
into the 4 8 AR species (see Fipure 4), In this case also, GRE-AR
complexes were observed only in the presence of the spl97
anliserum {Figuze 6b). The GRE-AR complex cast conpele with
an ARE from the prostate-specific anligen prometar [25], which
his been shown to confer androgen-responsiveness on a feporier
geae (Figure 7). In contrast, the GRE-AR cemplex could nat
compete with an ERE from the apo-very-low-density lipoprotein
11 premoter region §26], confirming the specilicity of the GRE-
AR interaction.

In addition te the sp197 antiserum, several other AR antisera
were able Lo stabilize the GRE-AR complex, although to u lesser
extent {Figure 8a). Inicrestingly, after preincubation of the
reliculocyte lysate with an antiserum directed against the sccond
zine finger of the DNA-binding domain (SPNA3 antiserum}, no
labelled GRE-AR complexes were observed, This confirmed
that the DNA-binding domain of AR inleracts with the labelled
GRE.

The DNA-binding domain of steroid seceplors contains two
zine fons which are tetrahedrally co-ordinated by cysteine resi-
dues, Mulagenesis experiments have shown that these cysteine
residues are essential for DNA-binding capacity [27).

The eysleine residues at positions 602 and 605 in the DNA-
binding domain of the AR protein were mutated to serine
residues, an amino acld that s structurally closely related to
cysteine but which has net been found to co-ordinate zine ions in
any zinc-containing protein {28]. The mutant ebtained {desig-
nated pARGS) was transcribed and translaled in eitre, Similar
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amounts of ARD and ARG5S protein weze tested in a gel mobility-
shift assay with labelled GRE (Figure 8h). No ARAS-GRE
complexes were observed, showing that AR does indeed interact
vin the DNA-binding donrin with the GIUE, an inleraction that
is apparenily stahilized by the presence of anti-AR antisenin.

DISGUSSION

The rabbit teticulocyte lysate appears to be a convenient system
for the synthesis of AR protein, The AR protein produced has a
bigh hinding aMinily for androgenic steroids (K, 0.3 nh{) which
is in sgreement with previously reported dissociation constanls
for human androgen rece ptors in varfous cellufar systeins [29-31],
The difference in apparent molecular mass belween the AR
synthesized in eftro (108 kDa) and the AR (rom LNCaP cells
(110 kDa}is due (o a difTerence in tha length of the polygluinmine
streteh dn the N-terminus, Various lengths of the human AR
polypeplide, deduced from cDINAs iselated in dilferent labora-
tories, have heen reported [13]. The veclor pSVARD [23], which
has heen used for the construction of the pARD vector, contains
20 glutamine codous, whereas {he AR ¢DNA isolated from the
LNCaP ¢ells contains 27 glutamine codens (). Trapman and
H. Steddens, unpublished work). The doublet appearance of the
AR Trom LNCaP cells ([10-112 k[Da} is caused by differential
phospheryfation{24]. Alkaline phosphatase treatment of cytosals
frotn LNCaP cells caused a gradual ¢limination of the 112 kDa
isoform, with a concemitant increase in the 110 kDa iseform
[241.

ANl AR molccules synthesized were akle to bind steroid, and
there was no evidence available for AR phospherylation during
in vitro synthesis, ‘1 his suggests that AR phosphorylation is net
esseatial for kormione binding, at Jeast in vitre. This conclusion
is corroborated by the finding that, in LNCa¥ cells, AR is not
phosphorylated in the PXNA- and steroid-binding domains 22,
1t contrast, the i vitre synthesized oestrogea receptor binds
ocstradiol with high affinity, but low efliciency. Only a kinase
purified from call uterus was ahle lo convert most of the non-
haormone-bindingnestrogen receptor inlo a steroid-binding state
[18,32}.

Other than AR, i vitre synthesized 1,25-dihydroxyvitamin D,
receptar and glucecorticnid receplar were also ahle to bind
steroid wille high aflinily withowt previous phosphorylation by
an exagenons kinase [17.331, For the i virre syathesized human
progesterone receplor alse, it has been shown that phesphoryl-
ation is not essentiat for sternid hinding [34].

Sterold hormone receptars can be isofated from the cylosel of
target cell extracts as large nan-activated 8 § complexes, con-
taining hsp9), hap7® and p56 [1-2).

I o recent study [2), the hormone-induced transformation of
AR in human prostale carcinvma cells {LNCaP cell line) was
described. On incubation of the cells with RESSI for 30 min at
37 °C, the sedimenlation value of the cytosolic AR decreased
from 8 § (non-DNA-binding form of AR} to an intermediate
form of 6 S. The monoclonal antibody F52 (directed against the
DMNA-Binding domain} specifically recognized the 65 form of
the AR from ENCaP cells, but not the non-DNA-binding 8 8
AR complex [2]. Bt appears thal the 65 AR detecied in
reticulocyte lysate is similar to the 6 8 AR detected in the cytosol
of LMNCaP cells alter incubation with R1882 a1 37 °C. The AR
synthesized in reticuiocyte lysate (6 8) can therelore be regaded
as an activated protein. In previous studies, we have shown that
the DNA-binding form of AR in calf uterus cytosal also has a
sedimentation cocfficient of 6§ [35). whereas the non-DMNA-
binding AR has a sedimenfation coefficicnt of 8 8. In this respect
it is interesting to note that AR from calf uterus cylosol and

LMNCaP cell nuclear extracts and AR synthesized # vitro (Figure
4b) are all eluted from DMNA-—cellulose at an NaCl conceniration
of F20-140mhd {35] (G.G. ). M. Kuiper, P.E de Ruiter,
I. Trapman, G, Jenster and A, O. Brinkmann, unpublished
work}.

The composition of the 6 § AR complex in reticulocyte lysate
is at present unknown. It could represent a receptor dimer or a
complex wilh other proteins such as hsp¥0. Afler immunoprecipi-
tation of AR from reticuloeyle fysate with F39 antibody and
subsequent immunoblatting with anti-hsp?t and anti-hsp70
antibodies, no signal above background was detected, We
concluded that 1he amount of AR protein present in reliculocyte
Iysale is not sullicient to preduce a signal with anti-hsp antibodies
on Western blots. In similar experiments, the 6 § AR complex
from LNCaP cell cytosel was shown to contain hsp70 and
essentinlly no hsp%0 and pS6 [2]. The anti-hsp?0 anlibody we
used (N27 moneddonal antibody from Dr. W.J. Welch, Uni-
versity of California, San Francisco, €A, US.A) does not
recognize the native forms ol the protein very well. Consequently,
it was not possible to shift the 6 8 complex on sucrose density
gradients with N27 antibody, as we did with anti-AR anlibadies.

Under similar conditions to those in the present paper, the
glucocorticoid receptor was detected as a 9 5 non-DNA-Binding
protein [19]. Only after incubation of the fn virro synthesized
glucocorticoid receplor with the agonist dexamethasone and
heat-treatment were receplors able to bind 1o DiNA-—cellulose. In
the present investigation it is shown that AR is able to bind to
DNA-cellulose, even in the absence of hormene and heat-
treatment, indicating that it is present as an activaled protein,

Bt is not known at present why the AR in reticulocyte lysate
does nol form a stahfe 8 5 complex, despite the presence of
maolybdate. Molybdate lias been shown to stabilize the 8 § AR
complex in calf uterus cytosaf, although its presence is not
essential Tor the detection of this camplex [33]. Fer the gluco-
corticoid receplor it reticulocyte lysates, it has been shown that
Lisp90 is necessary but not in itself sufficieat for the formation of
the nen-activated (non-DNA-binding) receptor complex {36].
Other components anight be needed for the formation of the 8§
AR complex which are either not present at alfin the reticulocyte
Iysate or not in suflicient amounts.

The human AR synthesized in vitra displays specific binding 1o
target DNA sequences as shown using the gel mobility-shift
assny, The complexes formed are DMA-sequence-specific, as
they Torm in liie presence ol high concentrations of paly(dl-
dC) poly(d-dC) and can compete with low melar ratios of
GRE/ARE sequences bul not an uarelated ERE sequernce.
Etowever, the afTinity for these responsive elements is rather {ow.
Only in the presence of specific AR aatisera can stable complexes
be detected. This is the case for the 4 S AR pratein as well as for
¢ 6 8 AR complex (Figure 6). Such a stabilization has also been
described in mobility-shift assays with antibodies dirccted against
the progesterone receplor [A7), and more recently alse for
complexes formed between a lrngment of AR expressed in E. eoli
and ARE/GRE oligonucleotides [38], Steroid iormone recepters
can birrd as symmetrical dimers to palind romic sterofd responsive
clements {27} The stabilization of the AR-GRE complex in the
presence of AR antisera could be explained by antibody-induced
AR dimerization with the result that high-aflinity DNA binding
is achieved. For the it vitra syathesized mouse oestrogen receplor,
it has been shown that there is a direct correlation belween
specific DNA binding and dimerization [39].

Anather explanation, other than the absence of AR dimeri-
zation, {or the Tow-aflinity DNA binding might be that AR-
associated proteins enhancing the interaction of AR protein and
IDNA are missing from the present syslem. There is slrong

f13



In vitre synthesis of androgen receptor

evidence available suggesting that receptors interact with other
factors invelved in transcriptional regulation and that such
protein-protein conlacts might increase the aflinity of receptors
for responsive cloments [40-43]. The present systen. involving
AR synthesized in reticulocyle lysate, could serve as a vajuable
probe in measuring and isolating such putative factor{s) from
nuclear extracts of targel cells.

This wark was suppoited by The Nethardands Grganlzation for Seieablic Research
(HWD) hough 6B MY {Medical Selences), and by & grant from The Rethestands
Caneer Soilely.
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7.1 Androgen receptor pretein in LNCaP cells

In many experiments described in this thesis, the LNCaP cell line, derived from
a fast growing colony of a Lymph Node Carcinoma of the Prostate, was used
as a model system to study androgen receptor phosphorylation. This cell line
containg a high amount of androgen receptor molecules, and shows androgen-
stimulated growth in culture (Horoszewicz et al., 1983; Schuurmans et al., 1988;
van Steenbrugge et al,, 1991). The growth of LINCaP cells was not only
stimulated by androgens, but also by estrogens and progestins (Schuurmans et
al., 1988), This was surprising, since the LNCaP cells do not contain estrogen
and progesterone receptors (Berns et al., 1986; Schuurmans et al,, 1988).
Examination of the binding characteristics of the androgen receptor in LNCaP
cells, in comparison with the binding characteristics of the wild type androgen
receptor in COS cells, in normal human skin fibroblasts, and in PC-3 (prostate
tumor) cells, revealed an abnormal high binding affinity for progesterone and
estrogen of the LNCaP cell androgen receptor (Veldscholte et al.,,1990A). A
point mutation in the LNCaP cell androgen receptor gene was detected, which
resulted in the substitution of Thr 868 by Ala (Veldscholte et al.,1990B). After
transient expression of this mutated androgen receptor in COS or Hela cells, it
was shown that not only androgens, but also progestagens and estrogens, albeit
it at high concentrations, could stimulate the expression of an androgen receptor
responsive reporter gene (Veldscholte et al., [990B; Ris-Stalpers et al.,1993).

Nevertheless, the androgen receptor in LNCaP cells has a normal binding
affinity for androgens (Kd 0.4 nM) (Veldscholte et al., [990A). After
transfection of GRE/ARE containing reporter constructs in LNCaP cells, the
endogenous androgen receptor was able to mediate enhancement of transcription,
upon incubation of cells with T or DHT (Denison et al.,1989; Warrian et

al.,1994). Prostate specific antigen (PSA) mRNA expression could be
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upregulated by androgens, as is the case in prostatic tissue (Riegman et al.,1991;
Swinnen et al., 1994). No other properties of the androgen receptor in LNCaP
cells, apart from the changed ligand binding specificity, are affected compared
to the wild type androgen receptor, as far as is known. The high expression of
androgen receptor protein and the androgen responsiveness make LNCaP cells
a suitable model to study androgen receptor phosphorylation. Finally, the codon
868 mutation in the androgen receptor gene is not an unique property of LNCaP
cells, nor an artefact of cel culfure, since the same mutation was found in 6 out
of 24 prostatic tissue specimens of patients with metastatic prostate cancer
(Gaddipati et al.,1994). In another study, the codon 868 mutation was found in
metastatic tissue from | out of 8 cases of endocrine therapy resistant prostate
cancer (Suzuki et al., 1993). Possibly, the codon 868 mutant androgen receptor
provides a selective growth advantage in the genesis of a subset of prostate

cancers,

7.2 Heterogeneity of the androgen receptor

The androgen receptor isolated from LNCaP cells migrates as a closely spaced
doublet of 110-112 kDa apparent molecular mass during SDS-PAGE (Chapter
3). The 112 kDa isoform reflects the phosphorylated androgen receptor, and the
110 kDa isoform the non-phosphorylated receptor (Chapters 5 and 6). Also other
proteins, like for example the retinoblastoma protein (Buchkovich et al.,[989),
pp60 c-sre (Gould et al.,1985), and the Dictyostelium cAMP receptor (Hereld
et al.,[994), show a decrease in their mobility on SDS-PAGE gels upon
phosphorylation. These shifts are probably caused by variable binding of SDS,
affecting the net charge of the protein-SDS complex (Blackshear,1984). The

observed androgen receptor heterogeneity is not a characteristic of LNCaP cells
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only, since the same androgen receptor doublet was also observed in genital skin
fibroblasts, and in CHO cells stably transfected with human androgen receptor
c¢DNA (Ris-Stalpers et al.,1994; unpublished results). The androgen receptor
doublet is already present in LNCaP ceils which have not been incubated with
hormone, indicating that the doublet is caused by a hormone independent
phosphorylation step (Chapters 3 and 5; Kuiper et al., 1992). This is confirmed
by the fact that in genital skin fibroblasts from individuals with androgen
insensitivity, expressing androgen receptors which are unable to bind hormone,
the androgen receptor is also a doublet on SDS-PAGE (Ris-Stalpers et al.,1994).
The wild type human androgen receptor and six different androgen receptor
proteins specifically mutated to obtain different amino acid residues at position
868, were transiently expressed in COS cells, Again, in all cases the androgen
receptor migrated as a doublet on SDS-PAGE, irrespective whether or not the
mutants were able to bind hormone (Ris-Stalpers et al.,1993). In labeling
experiments with [**Pl-orthophosphate of CHO cells expressing the human
androgen receptor protein, only the 112 kDa isoform was labeled, as was shown
for the androgen receptor from LNCaP cells (Chapter 5, and unpublished
results).

In conclusion, these studies in different cell systems provide evidence for the
existence of a hormone independent (basal) phosphorylation step and show that
androgen receptor heterogeneity is caused by phosphorylation (Chapters 3 and
5). Furthermore, the fact that androgen receptor heterogeneity is observed in
various cell types, even in cells not normally expressing androgen receptor

protein, indicates that ubiguitous kinase(s) are involved.
7.2.1 Heteregeneity of the androgen receptor and ligand binding

Both isoforms of the androgen receptor are able to bind ligand, since both
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isoforms are able to undergo hormone dependent transformation to the tight
nuclear binding form in LNCaP cells (Chapter 3). Also, both isoforms can be
labeled specifically with [PH]-R1881 upon photolabeling of androgen receptors
in LNCaP cells (van Laar et al.,1990). Since the 110 kDa isoform is not
phosphorylated, this indicates that androgen receptor phosphorylation is not
essential for the acquisition of ligand binding capacity in target cells. Previous
studies showed that in rat prostate celis the androgen receptor protein is rapidly
inactivated to a form that is unable to bind ligand upon treatment of cells with
dinitrophenol (which results in uncoupling of mitochondrial respiration and ATP
synthesis), and that this inactive form could be reactivated by an ATP dependent
process (Rossini and Liao, 1982), However, there was no direct evidence
provided that the ligand binding capacity is related to phosphorylation of the
androgen receptor protein itself, although models were proposed in which
androgen receptor phosphorylation was assumed to be essential for ligand
binding (Rossini, 1984).

All the non-phosphorylated androgen receptor molecules synthesized in a cell-
free system (reticulocyte lysate) were able to bind R1881 with similar affinity
as receptors in target cells (Chapter 6). The fact that androgen receptors
synthesized in reticulocyte lysate bind ligand, makes it also unlikely that
phosphorylation of a putative target cell co-factor is essential for acquisition of

ligand binding capacity.
7.2,2 Heterogeneity of the androgen receptor and DNA binding

Since both isoforms of the androgen receptor protein in LNCaP cells undergo
transformation to the tight nuclear binding form, it is unlikely that
phosphorylation is essential for DNA/chromatin binding by the receptor (Chapter

3). However, the possibility that both isoforms bind to different acceptor sites
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in the nucleus cannot be excluded. The human androgen receptor synthesized in
vitro displayed specific binding to ARE/GRE containing oligonucleotides in an
electrophoretic mobility shift assay (Chapter 6). The affinity of the androgen
receptor for these oligonucleotides was rather low. Only in the presence of
specific androgen receptor antisera stable complexes could be detected (Chapter
6). The androgen receptor antibodies probably stimulate. dimerization of the
androgen receptor protein, thus enabling high affinity DNA binding. The low
DNA binding affinity of the in vifro synthesized androgen receptor could in
principle be due to the absence of phosphorylation or the presence in
reticulocyte lysate of an inhibitor. In experiments using nuclear extracts of
LNCaP cells in electrophoretic mobility shift assays, it was also impossible to
detect specific complexes with GRE/ARE oligonucleotides. Only after the
addition of specific androgen receptor antisera, stable complexes were detected
(unpublished resuits). The androgen receptor in nuclear extracts is
phosphorylated (Chapters 3 and 4), and lack of phosphorylation, is therefore,
probably not the cause of the low DNA binding affinity, Moreover, Palvimo et
al. (1993) showed specific binding of in vitro synthesized rat androgen receptor
protein to the GRE/ARE from the tyrosine aminotransferase gene promoter in
mobility shift agsays. Complexes with DNA were already observed in the
absence of androgen receptor antibodies, This is in contrast with the results

described in Chapter 6. The reason for this discrepancy is at present unknown.
7.2.3 Role of basal androgen receptor phosphorylation

The role of the basal androgen receptor phosphorylation has not been elucidated.
It is also not clear why only‘a part of the receptor population undergoes basal
phosphorylation (Chapter 5), The basal phosphorylation is a rapid process

(Chapter 3), and most likely occurs in the cytoplasm, before receptor
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transiocation to the nucleus. It is possible that the unliganded androgen receptor
is only a substrate for kinase(s) during synthesis or during a short period after
synthesis, when the receptor is probably not yet associated with heat-shock
proteins, The detection of both isoforms could reflect the existence of
phosphorylation and dephosphorylation events, causing constant interconversion
of both isoforms. The possible existence of such a cycle, however, was not
confirmed in chase experiments after labeling of androgen receptors in LNCaP
celis with [*°S]-methionine, The rate of disappearance of the 112 kDa isoform
was 2-3 h, while the rate of disappearance of the 110 kDa isoform was < 15
min. (Kuiper et al.,1992). This indicates only phosphorylation of andiogen
receptor protein (110 kDa to 112 kDa conversion), and no dephosphorylation.
Or, alternatively, the protein half-life of the 110 kDa isoform is very short in
comparison with that of the phosphorylated 112 kDa isoform. It should be noted
that many proteins contain phosphorylated serine or threonine residues whose
function does not appear to require reversible regulation. These phosphate
groups turn over with the same half-life as the protein itself, and probably have
a structaral role. One could hypothesize that phosphorylation increases the half-
life of androgen receptor protein in LNCaP cells. There is evidence that
modulation of substrate proteing by covalent modifications, changes in
hydrophobicity, and interactions with proteins or allosteric factors, may change
the susceptibility of proteins to proteolysis and thereby functions to regulate
protein degradation in the cell (Beynon, 1980; Holzer, 1980). It has been
demonstrated that phosphorylation of serine residues reduces the sensitivity of
polypeptides to proteolytic digestion (Holzer,1980). A possible influence of
phosphorylation on androgen receptor stability can only be proven beyond
doubt, after identification of all phosphorylation sites followed by measurement

of the protein half-life of specific phosphorylation site mutants.
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7.3 Hormone-stimulated androgen receptor phosphorylation

The androgen receptor in LNCaP cells is already phosphorylated in the absence
of hormone, and undergoes a hormone-stimulated additional phosphorylation.
After incubation with R1881, an almost 2-fold increase in the phosphorylation
degree over non-stimuiated- control celis was reached (van Laar et al,,1991),
Similar results, that is a basal level of phosphorylation which was increased by
incubation with mibolerone, were obtained after overexpression of the androgen
receptor in Spodoptera frugiperda (Sf9) cells, using the baculovirus system
(Alarifi et al.,1994). In Chapters 4 and 5, the hormone-stimulated phosphory-
Iation was investigated in more detail. The hormone-stimulated phosphorylation
is a rapid process, indicating that it does not require de novo protein synthesis
(Chapter 4). A 1.8 fold stimulation was observed for the non-transformed
androgen receptor (Chapter 4). For the transformed androgen receptor the
stimulation factor is not known, since there are no androgen receptors present
in the high salt nuclear extract of non-hormone incubated cells. The mean
phosphorylation degree of transtormed and untransformed receptors is the same
after incubation with hormone (Chapter 4). This indicates that there is no direct
causal link between hormone-stimulated phosphorylation and transformation to
the tight nuclear binding form,

Part of the androgen receptor transformation process consists of the dissociation
of receptor associated heat-shock proteins, Upon incubation of LNCaP cells with
RI881 at 37°C, most hsp90 is dissociated from the receptor within 3 min
{Veldscholte et al., 1992). Thus the dissociation of heat-shock proteins is much
faster than the increase in phosphorylation (Chapter 4), so that the substrate for
the kinase(s) involved is the receptor free from heat-shock proteins. In fact,
transformation as a whole is for most receptors a much faster process than the

hormone-stimulated extra phosphorylation. Ultimately, about 40% of the total

122



amount of the androgen receptor in LNCaP cells becomes transformed, and
within 10 min of incubation with R1881 about 70% of that maximum is already
reached (Veldscholte et al.,1992). Phosphorylation of transformed receptors
continues to increase after 10 min incubation with R1881, indicating that at least
a part of the extra phosphorylation-of the transformed receptors occurs after
chromatin binding (Chapter 4). Consequently, there could exist a difference in
the phosphorylation pattern between transformed and untransformed receptors,
despite the fact that both receptor types are phosphorylated to the same degree.
In COS cells, hormone treatment induces an extra receptor isoform with an
apparent molecular mass of 114 kDa, resulting in a 110-112-114 kDa triplet on
SDS-PAGE (Jenster et al., 1994). Mutations in the DNA binding domain caused
a reduction in the amount of the 114 kDa isoform upon treatment of COS cells
with RI881, indicating that part of the extra phosphorylation is influenced by
the ability of the receptor to bind to DNA (Jenster et al., 1994). After incubation
with R1881, a substantial amount of the 110 kDa non-phosphorylated isoform
is still present (Chapter 5). This accounts for the transformed as well as for the
untransformed receptors (Chapter 3). Whether there is a functional difference
between both isoforms (phosphorylated versus non-phosphorylated) of the
transformed receptor is at present unknown. Also, after prolonged incubation of
LNCaP cells with R1881 (12-16 h), still both isoforms were detected (Chapter
5). In another study, involving incubation of LNCaP cells with mibolerone for
up to 49 h, both isoforins were detected on immunoblots {Krongrad et al.,1991).
For some proteins, multisite and hierarchal protein phosphorylation has been
described (Roach, 1991). Whether such a hierarchy also exists for the androgen
receptor, in a sense that only the basal phosphorylated receptor protein is a
substrate for the hormone-stimulated extra phosphorylation, is presently

unknown.
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7.4 Identification and functional role of androgen receptor

phosphorylation sites

By using limited proteolysis of purified **P-labeled androgen receptors it was
established that most, if not all, phosphorylation sites are located in the N-
terminal domain, This accounts for the basal and the hormone-stimulated
phosphorylation sites (Chapter 4). Only phosphorylation on serine residues was
detected (Chapter 5). Many, but not all consensus phosphorylation sites for
various kinases, known to phosphorylate nuclear proteins on serine residues, are
located in the N-terminal domain of the androgen receptor protein (see Table
7.1). From a comparison of many phosphoproteins it is known that multiple
phosphorylation sites tend not to be randomly distributed, but are usually
concentrated in relatively short segments of protein molecules. Often, these
phosphorylated regions are located at the extreme amino- or carboxyl termini of
proteins (Roach, 1991). The N-terminal domain phosphorylation of the androgen
receptor in LNCaP cells was confirmed in experiments involving the expression
of androgen receptor mutants in COS cells (Jenster et al,, 1994; Zhou et al.,
1994). These studies provided evidence for phosphorylation at serine residues
80 and 93, besides phosphorylation at other unknown sites in COS cells. Serine
residues 80 and 93 are part of a Ser-Pro-X-X motif, which is recognized by the
Ser-Pro directed kinase { Vulliet et al.,1989). The Ser-Pro-X-X and Thr-Pro-X-X
motifs are found much more frequently in gene regulatory proteins (such as
homeotic gene proteins, segientation gene proteins, steroid hormone receptor
proteins, and certain oncogene proteins) than in DNA binding proteins that are
not directly involved in gene regulation (such as the core histones) and also
more frequently than in general proteins (Suzuki et al,1989), Within the
steroid/thyroid hormone receptor superfamily these motifs are not located in the

zinc fingers and only seldom in the ligand binding region, but preferably in the
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Table 7.1 POTENTIAL SERINE PHOSPHORYLATION SITES IN
THE HUMAN ANDROGEN RECEPTOR

Protein kinase Consensus recognition motif Potential sites in AR

Casein kinase II Ser-X-X-Glu/Asp 29
118
217
255%
290
299
641%
653
694

cAMP-dependent Arg-X-X-Ser 16*
protein kinase 212%

DNA-dependent Ser-Gln in a 114
protein kinase non-basic region

Ser-Pro directed Ser-Pro-X 80

kinase 93
255%
307
506
641%

Protein kinase C Lys/Arg-X-X-Ser 16%
212%

241

* denotes serine residues which are part of the recognition motif of more than one kinase.

There are 17 potential phosphorylation sites for these kinases, of which 14 are located in the
N-terminal domain (exon 1, amino acid residues 1-528),

Protein kinase consensus specificity motifs were obtained from Pearson and Kemp (1991) and
Finnie et al., (1993).

The amino acid residue numbering is based on an AR ¢DNA coding for 910 amino acid
residues, with 20 glutamine residues and [6 glycine residues in exon [ (Faber et al., 1989),
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hypervariable N-terminal domain or in the hinge region connecting the zinc
fingers and the ligand binding domain. The strong evolutionary conservation in
the otherwise variable N-terminus emphasizes the importance of these Ses-Pro
motifs. Serine residue 114 of the human androgen receptor is within a consensus
sequence for DNA dependent protein kinase (Table 7.1). DNA dependent protein
kinase is a DNA-binding protein, and is active in vitro only when bound to the
same DNA molecule as the substrate (Jackson et al.,, 1993). 1t has been
suggested that restricting phosphorylation to DNA-bound substrates might be a
mechanism to activate transcription factors only when they are ready to engage
in transcription activation (Jackson et al,, 1993). Whether the DNA bound
androgen receptor protein is phosphorylated by DNA dependent protein kinase
is unknown. Nine potential phosphorylation sites for casein kinase II can be
found in the androgen receptor protein (Table 7.1). Casein kinase II is a
ubiquitous cyclic nucleotide-independent protein kinase, and it has been reported
to be activated by insulin, insulin-like growth factor, and epidermal growth
factor (Pinna, 1990). Of the steroid hormone receptors only the estrogen receptor

is known to be phosphorylated in vivo by casein kinase II (Arnold et al., 1994),

The N-terminal region of the androgen receptor, shown to be the predominant
phosphorylated part of the androgen receptor, is essential for transcription
activation (Jenster et al,1991). There are some examples in which
phosphorylation has been implicated in regulating the activity of transcription
factors. One of the best examples of this type of regulation is provided by the
transcription factor CREB {(cAMP responsive element binding protein), which
mediates transcription in response to activation of the cAMP-dependent protein
kinase (PK-A) signal transduction pathway. PK-A appears to stimulate the frans-
activation capacity of CREB by phosphorylating CREB in a domain required for

transcriptional  activity {(Gonzalez and Montminy, 1989). In addition,
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phosphorylation in or around the trans-activation domains of the human serum
response factor protein, the CREM7T protein (cAMP responsive element
modulator), and human c-mye, directly influence the trans-activation potential
of these transcription factors (de Groot et al,, 1993; Henriksson et al.,1993; Liu
et al., 1993). The observation that negatively charged amino acid residues are
important for the activity of many transcriptional activation domains, suggests
that phosphorylation simply operates by adding extra negative charge (Ptashne,
1988). Indeed, the N-terminal frans-activation domain of the human androgen
receptor is very hydrophilic and rich in acidic amino acid residues, especially
between residues 100 and 325 (Faber et al.,[989), and phosphorylation in this
area could add extra negative charge.

By tryptic phosphopeptide analysis it was shown that the androgen receptor
contains multiple phosphorylation sites, and that R1881 treatment strongly
stimulates the phosphorylation of one peptide, with only minor effects on other
phosphopeptides (Chapter 5). Perhaps, this extra hormone-induced phospho-
rylation causes a major conformational change in the N-terminal domain, thus
enabling protein-protein contacts between the N-terminal frans-activation domain
and other transcription factors or coactivators on a target gene promoter, causing
transcription induction. Evidence for such a model has been provided for the
CREB protein, which after phosphorylation at serine residue 133 by protein
kinase A undergoes a major conforimational change, enabling interaction with
CBP (CREB binding protein) which itself interacts with TFIIB and the RNA
polymerase H holoenzyme (Arias et al.,, 1994; Kwok et al., 1994; Nordheim,
1994). Identification of all androgen receptor. phosphorylation sites and
subsequent site-directed mutagenesis is obviously essential. Unfortunately,
microsequencing of several phosphopeptide peaks from the elution profile of the
reverse phase separation analysis (Chapter 5, Figure 4), revealed. that the

samples were heterogenous, and therefore, sequences could not be determined
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(not shown). Since the amount of androgen receptor protein which can be
purified from LINCaP cells is rather limited, a more rigorous purification of
androgen receptor phosphopeptides is only possible after overexpression of
androgen receptor protein in yeast or insect cells. Androgen receptor protein
from these cells, purified to near homogeneity, couid then be mixed with a small
amount of {**P}-labeled androgen receptor protein from LNCaP cells, followed
by digestion with trypsin. Sequential cleavage of purified phosphopeptides with
other protease(s), and re-purification by reverse phase HPLC could then provide
material suitable for microsequencing and identification of phosphorylation sites.
Functional studies on the role of phosphorylation of specific sites in androgen

receptor action on the regulation of target genes, could then be undertaken.
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