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Preface

It is just over 20 years since the first steroid receptor cDNAs were cloned, a development
that led to the concept of a superfamily of ligand-activated transcription factors: The
nuclear receptors. Nuclear receptors share a common architecture at the protein level, but
a remarkable diversity is observed in terms of natural ligands and xenobiotics that bind
to and regulate receptor function. Natural ligands for nuclear receptors are generally
lipophilic in nature and include steroid hormones, bile acids, fatty acids, thyroid hor-
mones, certain vitamins, and prostaglandins. A significant proportion of the family
members have been described as orphans, as the natural ligand, if it exists, remains
to be identified. Nuclear receptors act principally to directly control patterns of gene
expression and play vital roles during development and in the regulation of metabolic
and reproductive functions in the adult organism. Since the original cloning experi-
ments, considerable progress has been made in our understanding of the structure, mech-
anisms of action, and biology of this important family of proteins. The aims of this volume
of Methods in Molecular Biology are to describe a range of molecular, structural, and cell
biological protocols currently used to investigate the structure—function of nuclear recep-
tors, together with experimental approaches that may lead to new therapeutic strategies
for treating nuclear receptor-associated diseases.

This volume will be of great benefit and use to those starting out in the nuclear recep-
tor research field (life sciences graduate students and postdoctoral fellows) as well as to
more established researchers who wish to apply different methods to a particular receptor/
research problem. The volume will also be of use to medical students and clinicians under-
taking research in this ever-growing field of study.

Aberdeen, UK I1.J]. McEwan
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Chapter 1

Nuclear Receptors: One Big Family

lain J. McEwan

Abstract

It is just over 20 years since the first steroid receptor cDNAs were cloned, a development that led to the
birth of a superfamily of ligand activated transcription factors: the nuclear receptors. Natural ligands for
nuclear receptors are generally lipophilic in nature and include steroid hormones, bile acids, fatty acids,
thyroid hormones, certain vitamins and prostaglandins. These molecules act as sensors of the extracellular
and intracellular environment and play crucial roles controlling development, differentiation, metabolic
homeostasis, and reproduction. Since the original cloning experiments considerable progress has been
made in our understanding of the structure, mechanisms of action and biology of this important family
of proteins.

Key words: Steroid hormones, Glucocorticoid receptors, Estrogen receptors, Retinoic acid recep-
tors, Orphan receptors, Gene regulation, Phosphorylation, Acetylation, Sumoylation, Hormone
resistance.

1. Introduction

A human adult has been estimated to comprise 10 cells that go
into making of the different organs and cell layers in the body.
The ability of humans and other multicellular animals to develop,
grow, and reproduce is dependent on the ability of different
specialized cells in the body to communicate and function
together. It is perhaps not surprising then that a large number of
biomolecules can act as signals. Some such as growth hormones
and cytokines act at the cell surface, while a diverse group of small
lipophilic molecules can enter cells and bind to intracellular recep-
tor proteins to effect a response, typically, directly at the level of
gene regulation. Figure 1 illustrates a selection of such signals
and the nuclear receptors to which they bind (se¢ Note 1).

lain. J. McEwan (ed.), Methods in Molecular Biology: The Nuclear Receptor Superfamily, Vol. 505
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Fig. 1. Ligands for nuclear receptors. A diverse range of natural chemicals, as well as pharmaceutical agents, can act as
ligands for members of the nuclear receptor superfamily. These include metabolites of cholesterol (steroid hormones, bile
acids), amino acids (thyroid hormone), and fatty acid and lipid metabolites (prostaglandins, phosphatidly choline). FXR
farnesyl X receptor, GR glucocorticoid receptor, LXR liver X receptor, PPAR peroxisome proliferators-activated receptor,
RAR retinoic acid receptor, SF-7 steroidogenic factor-1, THR throid hormone receptor, VDR vitamin D, receptor.

This group of molecules includes cholesterol and cholesterol
derivatives such as steroid hormones and bile acids, amino acid
derivatives such as thyroid hormones and melatonin, vitamins such
as retinoic acid and vitamin D,, and lipid and fatty acid metabo-
lites such as eicosapentaenoic acid and leukatrienes. Although
different biosynthetic pathways are involved in the production of
this diverse group of signaling molecules and they show distinct
chemical properties, they act by common mechanisms involving
members of the nuclear receptor superfamily (1).

2. Nuclear Receptor
Domain Organiza-

tion and Evolution
In humans, 48 members of the family have been identified, with

a significant proportion now having a recognized or putative lig-
and and the others collectively referred to as orphan receptors.
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Members of the nuclear receptor superfamily share a common
protein structure, consisting of a o-helical globular domain at
the C-terminus responsible for ligand-binding and dimerization,
and this is linked via a hinge region to a second helical globular
domain, responsible for specific DNA-binding and dimeriza-
tion, and a structurally variable and plastic N-terminal domain
responsible in some cases for transcriptional regulation (Fig. 2).
Members of the nuclear receptor superfamily have been identified
in all metazoans, but are absent in plants and yeast. Analysis of
the amino acid sequence of the ligand (LBD) or DNA-binding
domains (DBD) has led to the classification of six subfamilies (2).
Isolation of steroid receptor-like sequences from the sea lamprey
(3) and a mollusc (4) has revealed that this subfamily of receptors
are ancient and evolved from an ancestral protein with estrogen-
like activity. It appears that the superfamily arose from two sepa-
rate gene duplication and diversification events and that ligand

o +
- c=0 NHy
e HO |
I o]
o
Cortisol 3, 5, 3°-L-triodothyronine

LBD Ligand Binding
Dimerisation
Transactivation (AF2)

- protein-protein interactions

Transactivation (AF1)
- protein-protein interactions

DNA Recognition & Binding
Dimerisation

Fig. 2. Domain organisation of nuclear receptors. The receptor proteins consist of a ligand-binding domain (LBD) in the
C-terminus, linked by a hinge domain to the DNA-biding domain (DBD). The DBD is then followed by the N-terminal
domain. The LBD mediates specific ligand binding, dimerization, and transactivation through the activation function (AF)
2 region. The DBD is necessary and sufficient for sequence specific DNA binding. The NTD is structurally flexible and
varies in length and sequence; regions within the NTD, termed AF1 are important for transactivation. Nuclear receptors
are subject to decoration with various posttranslational modifications, including phosphorylation (P), acetylation (Ac), and
sumoylation (SUMO-1). The structure depicted for a nuclear receptor is a model only: the 3-D structures are available
for the isolated LBD and DBD regions (see Fig. 3), but no high-resolution structures are available for the isolated NTD, a
two-domain protein or whole receptor.
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binding is an acquired property occurring more than once during
evolution (2). It is quite likely that the ancestral protein was an
orphan receptor, and it has been speculated that the family arose
from the fusion of two genes coding for proteins related to the
“DBD” and “LBD” of nuclear receptors (5).

3. Nuclear
Receptor
Structures

3.1. Ligand-Binding
Domain

X-ray crystallography structures are available for the LBD from
at least one member of nearly every subfamily of nuclear receptors
and have revealed some interesting properties regarding hor-
mone binding, identification of natural ligands, and activation
of orphan receptors that are thought to function independent
of ligand-binding. The canonical fold of the LBD consists of 12
o-helices and 2-3 B-strands forming a short sheet structure
(Fig. 3A) (6-8). Structures are available with no ligand bound or
with agonist or antagonists occupying the ligand-binding pocket,
and numerous cocomplexes have now been studied with peptides
derived from coregulatory proteins (see later) bound to the sur-
face of the LBD (Fig. 3B) (6-8).

Activation of nuclear receptors is thought to involve the rear-
rangement of helix 12 and the formation of hydrophobic groove
on the surface of the LBD made up of residues from helices
3-5: this surface together with charged residues in helix 12 and
the top of helix 3 defines the AF-2 transactivation domain. The
amino acid motif, LxxLL, found in coactivator proteins (9) has
been shown to sit into this groove with the leucine residues mak-
ing hydrophobic contacts with residues in the bottom of the LBD
groove and the coactivator peptide held in place by a charge clamp
mechanism involving a glutamic acid in helix 12 and a lysine resi-
due in helix 3 (10, 11). Agonists permit the correct orientation of
helix 12 and are buried within the ligand-binding pocket, where
a combination of hydrophobic interactions and specific hydro-
gen bonding networks, involving residues in helices 3, 5, and
11, ensure ligand-binding selectivity. Interestingly, but again per-
haps not so surprising given the range of molecules that have
been found to act as ligands for members of the nuclear receptor
superfamily, the ligand pocket can vary dramatically in volume
from 450 to 700 A3 to greater than 1,600 A3 for the xenobi-
otic-binding receptor, pregnane X receptor (PXR, NR112) (8).
Variations in the canonical fold of the LBD have been observed
for the SF-1 (steroidogenic factor 1, NR5A1)/LRH-1 (NR5A2)
tamily of receptors, where a fourth layer of o-helices was found
(Fig. 3B). Interestingly, the ligand-binding pocket of these
receptors was found bound with phosphatidlyethanolamine,
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B C
LxxLL € )
p:;ﬁdeg H12
H12
SF1-LBD Nurri-LBD
E F

B

THR-DBD LHR-DBD
“n, AGGTCA (AIT) AGGTCA

ER-DBD RXR-DBD
AGGTCA n; ACTGGA AGGTCA

Fig. 3. Structural analysis of the isolated LBD and DBD. A-C crystal structures for the LBD of the ERo. (pdb 1ERE (46)),
SF-1 (pdb 1YOW (47)), and Nurr1 (pdb 10VL (48)). Helix 12 which undergoes conformational changes upon binding of
agonists or anatogonists is indicated as is a bound coregulatory peptide (containing a LxxLL motif, where L is leucine)
to the surface of SF1. The presence of ligand in the structures for ER and SF1 is shown as a ball-and-stick molecule.
D-F Structures of the DBD of a member of subfamily 3 (ER: pdb 1THCQ (49)), which bind DNA as homodimers; subfamily
1 (THR: pdb 2NLL (79)), which form heterodimers with RXR; and subfamily 5 (LRH: pdb 2A66 (50)), which binds as a
monomer. The architecture of consensus DNA half-sites (inverted repeats, direct repeats, and single sites) bound by the
different receptors is shown: n, represents any nucleotide (see Color Plates).

leading to the suggestion that phosopho-lipids maybe the natural
ligand for these receptors (8 and references therein).

In addition to binding ligand and coregulatory proteins, the
LBD also has a surface involved in dimerization. This region maps
generally to helix 9 and helix 10, but can also include residues in
helices 7 and 8 and the loops between helices 8 and 9 and 9 and
10, and involves clusters of hydrophobic amino acids surrounded
by charged or polar residues. Although a similar dimerization
interface has been characterized for members of subfamily 3, the
steroid receptors that form homo-dimers and members of sub-
family 1 that form heterodimers with retinoid X receptor (RXR,
NR2B1), differences have also been observed (12-14). For example,
the crystal structure of a dimer of the progesterone receptor (PR,
NR3C3) LBD appears to involve helices 11 and 12 (13).

The structure of the orphan receptor Nur-related protein
1 (Nurrl, NR4A2) has been particularly informative. Nurrl
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3.2. DNA-Binding
Domain

is involved in neuronal development and dopaminergic neu-
rone activity, and the crystal structure revealed the absence of a
“ligand-binding pocket”; the space is occupied by bulky amino
acid side chains, which leave no space for an exogenous ligand
(reviewed in ref. 8). This raises the question of how this receptor
is activated. Interestingly, the structure revealed that the AF2
transactivation surface is disrupted, with helix 12 in an inac-
tive conformation (Fig. 3C), the charge clamp reversed and
the presence of charged residues in the normally hydrophobic
groove on the LBD surface. It has been speculated that other
surfaces on the LBD may act as binding sites for coregulatory
proteins. The presence of a second peptide bound to LBDs of SE-1
and the farnesoid receptor (FXR, NR1H4) (8), and the estrogen
receptor (ERo, NR3A1) (15) would support this argument.

Nuclear receptors typically regulate gene expression through
binding to DNA response elements associated with target genes
(see later). The response elements comprise six nucleotide
(5’AGAACA3’ or 5’AGGTCA3’) half-sites that are arranged as
monomeric, inverted or direct repeats (Fig. 3D-F). The DBD
contains eight conserved residues that coordinately bind to Zn
ions. The binding of Zn is important for protein folding and spe-
cific DNA binding. Structural information from NMR spectros-
copy and X-ray crystallography studies is available for members of
subfamilies I, 11, II1, and V. Strikingly, the DBD of different fam-
ily members are structurally very similar, made up of two o-helices
that fold perpendicular to each other and form a compact globular
conformation (Fig. 3D-F). The first Zn-module forms a “rec-
ognition helix” that sits in the major groove of the DNA double
helix; three residues, termed the P-box, make specific amino acid-
nucleotide contacts. For the steroid receptor subfamily that bind
inverted repeats as homo-dimers, five amino acids in the second
Zn-module, termed the D-box, are involved in protein—protein
interactions (Fig. 3D) (reviewed in ref. 16).

Members of subfamily I, which includes the thyroid hormone
(TRo, NRIAL), retinoic acid (RARa, NR1B1), and liver X (LXRa,
NR1H3) receptors, bind to direct repeats as heterodimers with
another nuclear receptor, RXR. Biochemical, mutational, and
structural studies have shown that RXR usually occupies the 5
half site and makes specific protein—protein interactions with
distinct regions of the partner receptor determined by the spacing of
the half-sites (17-19). For example, RXR-TR binds preferentially
to sequences with a spacer of four nucleotides (Fig. 3E), while
RXR-RAR binds half-sites separated by one or five nucleotides.
Therefore, specific DNA binding and response element selec-
tion depends in part on both receptor-DNA and RXR-receptor
interactions. In addition, the structure for RXR-TR revealed a
C-terminal extension (CTE) that also contributes to DNA-binding,
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by making minor groove contacts and also protein—protein inter-
actions with RXR (Fig. 3E) (19).

Members of subfamily IV and V, for example liver receptor
homologue (LRH-1, NR5A2), again have the same overall glob-
ular fold for the core DBD, but bind to single half-sites with the
CTE making contacts with adjacent 5 major groove (Fig. 3F).
Another variation on the DNA binding and dimerization theme
is exemplified by members of subfamily II (e.g., HNF4), which
bind to direct repeats as homodimers. Therefore, although the
DBD is highly conserved at the level of both primary amino acid
sequence and tertiary structure, DNA response element is selec-
tively achieved by a combination of protein-DNA and specific
protein—protein interactions between the receptor monomers.
Significantly, recent studies have suggested that DNA binding
may have a more active role in receptor function, than simply
tethering the receptor to DNA. DNA binding may, therefore, act
as an allosteric regulator of receptor function by modulating the
structure of the NTD and receptor-protein interactions (reviewed
in refs. 20, 21).

The NTD of nuclear receptor varies dramatically in terms of
both length and amino acid sequence and in contrast to both the
DBD and LBD shows little if any sequence homology between
different nuclear receptors. Members of the steroid receptor
subfamily tend to have long NTD of several hundred amino
acids and have sequences termed AF1 that are important for
transactivation and protein—protein interactions (21 and refer-
ences therein). Work from Wilson and coworkers correlated the
NTD length with the importance of AF1 vs. AF2 for receptor-
dependent transactivation (22).

The other striking feature of the NTD, in comparison to
the DBD and LBD, is the apparent lack of a stable structure.
Analysis by circular dichroism or NMR spectroscopy of secondary
structure content of the NTD and/or AF1 of the androgen (AR,
NR3C4), ER, glucocorticoid (GR, NR3Cl), peroxisome pro-
liferator activated (PPARo, NR1C1) and PR receptors revealed
these domains lack stable secondary structure, but have the
propensity to form o-helix in hydrophobic environment or in the
presence of a natural osmolyte trimethyl amine N-oxide (TMAO)
(21, 23, 24). TMAO and related chemical chaperones are thought
to stabilize proteins in a native folded conformation. Strikingly, a
o-helical conformation of the AR, ERa, GR, and PR NTD /AF1
was stabilized by specific protein—protein interactions (reviewed
in refs. 21, 24).

Interestingly, the presence of the DBD and/or binding to a
DNA response element was found to modulate the structure of
the AR, GR, and PR NTDs (21 and references therein). In the
case of the PR, the binding of a coregulatory protein to the DBD
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resulted in structural folding of the NTD (25). These studies
further emphasize the potential allosteric role DNA-binding may
play in nuclear receptor function and also highlight the possibility
of intradomain communication (20). Current models for the
folding of the NTD couple function (i.e., protein—protein inter-
actions) with induced protein-folding (21, 24).

4. Nuclear
Receptor
Mechanisms
of Action

4.1. Regulation
of Target Genes

The availability of gene microarray technology has dramatically
increased the information available on potential hormone-
regulated genes or gene networks in target cells. And when
combined with chromatin immunoprecipitation (ChIP) assays,
it can lead directly to the identification of nuclear receptor-
regulated genes and a global identification of natural DNA hor-
mone response elements (HRE). ChIP-chip analysis for the AR
(26-28), ER (29-31), and GR (32) has revealed some interesting
findings. The two main features to emerge from these studies are
(1) the significant divergence of receptor-binding sites from the
15 bp canonical HRE sequence, characterized by in vitro studies,
and (2) the presence of composite receptor-binding sites and the
binding sites for other transcription factors, including AP-1, ETS
proteins, Foxol (forkhead), GATA-2, HNEF-4, and Sp1. Significantly,
comparison of GRE across four mammalian species demonstrated
significant conservation for individual binding sites, which other-
wise showed considerable variation (32).

Studies with AR (26, 28), ER (29, 30), and GR (32) high-
lighted the presence of binding sites for these receptors at consid-
erable distances (>10kb), either upstream or downstream, from
the transcription start sites. However, other studies analyzing
AR (27) and ER (31)-binding emphasized the interaction of the
receptor with sequences within the promoter adjacent (within
1.5kb upstream) to the hormone regulated gene. The differences
reported in the studies to-date may simply reflect individual exper-
imental protocols or more interestingly may highlight cell-type
and /or receptor specificity for a given hormone response.

Once bound to promoter or enhancer elements, nuclear
receptors activate transcription via AF1 and /or AF2 by recruitment
of: (1) proteins or protein complexes with enzymatic activities
that permit the opening up of the chromatin structure; and (2)
components of the general transcription machinery resulting in
the formation of the preinitiation complex (reviewed in refs. 33, 34).
Nuclear receptor coactivators with enzymatic activity include the
CREB-binding protein (CBP), P/CAF (p300,/CBP associated
factor) and Tip60 (all histone acetyl transferases), E6-AP and ubc9
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(E2 and E3 ubiquitin/SUMO-1 conjugating enzymes), CDK7
(TFIIH) (kinase) and CARM1, JMJD2C and LSD1 (demethyl-
ases). Different members of the nuclear receptor superfamily have
also been reported to bind directly to several general transcrip-
tion factors, including TATA-binding protein (TBP), TFIIB and
TFIIF and to RNA polymerase II (21 and references therein).
Elegant studies from Gannon and coworkers illustrated that the
assembly and disassembly of protein complexes in response to a
hormone signal follows a cyclical pattern on a target gene
promoter for the ER (35). A limited number of other studies
would support this view and suggest that this may be a common
theme in nuclear receptor-dependent transcriptional activation.

In addition to activating transcription, nuclear receptors can
also repress specific gene expression. Different mechanisms may
be employed, but again the recruitment of protein complexes,
this time composed of corepressors with distinct enzymatic
activities that can modity chromatin structure to switch off genes
have been described (34).

Nuclear receptors are subject to a number of post-translational
modifications that decorate the protein and modulate receptor
action in the absence and presence of ligand (Fig. 2), The modi-
fications include phosphorylation, acetylation, sumoylation,
ubiquitination and possibly glycosylation and may act in concert
or be mutually exclusive (36-39). The functional and structural
consequences of these different modifications for different
receptors are just beginning to be revealed. Probably most is
known about receptor phosphorylation, which is typically on ser-
ine and threonine residues, but can also occur on tyrosine. The
recent availability of phosphor-specific antibodies together with
improvements in identifying phosphorylated residues through
mass-spectrometry peptide finger-printing have greatly enhanced
our understanding of the role phosphorylation can play in recep-
tor function. Phosphorylation of members of the steroid receptor
subfamily occurs predominantly, but not exclusively, in the NTD
and has been found to regulate nuclear localisation, protein-
protein interactions and receptor turnover (for reviews see refs.
37, 39). For example, ERa is phosphorylated on serine 118 in
response to epidermal growth factor, which enhances receptor-
coactivator interactions. Phosphorylation of the GR by MAP
kinases or cyclin-dependent kinase on serines 203 and 211 has
been shown to regulate the nuclear localization of the recep-
tor (37, 39 and references therein). Interestingly, serine 16 in
the ERB-NTD has been found to be either phosphorylated or
modified by O-linked-B-N-acetylglucosamine (O-GlcNAc): the
phosphorylated receptor is thought to be more active (36). Of
particular significance was the observation that this modification
may alter the structure of the ERB-NTD: a phosphorylated
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peptide was found to be more extended, while O-GlcNAc¢ modi-
fication resulted in the adoption of a type II B-turn (36). This
is an area of active investigation and it is likely to reveal further
functional consequences of phosphorylation and the kinases and
signaling pathways that lead to receptor-specific modification.

Acetylation occurs on lysine residues and alters the charge
on the receptor protein. Acetylation of a conserved KLKK
motif in the AR, by the HAT enzymes Tip60, p300, and P/
CAF, is associated with augmentation of the hormone response
(reviewed in refs. 37, 38). Further, acetylation of the AR was
associated with reduced cell-death (apoptosis) in prostate cells
and recruitment of coactivator complexes. Significantly, a functional
link has also been established between receptor phosphoryla-
tion and acetylation (37, 38). This opens up possibilities for
coordinately regulating receptor activity in response to different
environmental cues.

Steroid receptors have also been shown to be sumoylated,
which may act in a receptor and target gene-specific manner
to regulate the hormone response. The AR is sumoylated on
lysines 386 and 520, in the NTD, by Ubc9 and the E3 ligases
PIAS1 and PIASxa, which represses AR-dependent transacti-
vation at certain promoters (37, 38). In contrast, sumoylation
of ERa on lysines 266 and 268 in the hinge region, which
are also subject to acetylation, has been found to enhance the
activity of the receptor (37, 38). Thus posttranslational modi-
fication of nuclear receptors can provide fine tuning of the
receptor-response by modulating function or possibly receptor
folding and stability. A further level of control of the receptor
response that is only now beginning to be fully appreciated
and studied is the posttranslational modification of coregulatory
proteins (39, 40).

Thus the cellular response to a particular hormone is going
to depend on the integration of various levels of control. These
will include the expression and levels of receptor protein, the
binding of ligand, the binding to DNA target sequences by
the receptor, posttranslation modification of the receptor, and
the expression and posttranslation modification status of coreg-
ulatory proteins.

5. Nuclear
Receptors
and Disease

The ability to manipulate the expression of nuclear receptors
either globally or in a cell-specific manner in transgenic mice
has dramatically increased our understanding of the critical roles
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nuclear receptors play during development and in a wide range of
physiological processes. Such studies have also helped researchers
gain a better knowledge of how defects in receptor signaling can
have profound effects on health and lead to a number of chronic
diseases. Nuclear receptors have also proved valuable drug
targets for the pharmacology industry in the search for therapies
for conditions as diverse as hormone sensitive cancers, inflamma-
tion, cardiovascular disease, and metabolic syndrome. Currently,
a major goal of this research is to develop small molecules that
will exhibit tissue-specific responses in regulating members of the
nuclear receptor superfamily.

Point mutations in the receptors for androgens, vitamin
D, and thyroid hormones are the underlying pathology in syn-
dromes with variable phenotypes that result from end organ
resistance to the hormone. In the case of the AR mutations
impairing hormone or DNA binding or downstream signaling
by the receptor have been associated with disruption of male
development and/or fertility (41, 42). Mutations in the TR
(NR1A2), which is expressed in the hypothalamus and pituitary,
map to hot spots in the LBD and result in general resistance
to thyroid hormone through a dominant-negative mechanism
(43). The symptoms of general resistance to thyroid hormone
include growth and cognitive defects.

More recently, considerable attention has been paid to the
PPARs, which are involved in a range of activities associated with
adipocyte differentiation, glucose and lipid homeostasis, and
metabolic disease. PPARo (NR1C1) is activated by fibrate drugs
and has antiinflammatory and antiproliferative effects in macro-
phages, which is thought to explain the antiatherogenic actions
of these drugs (44). The other class of drugs, the thiazolidinedi-
ones, which are insulin-sensitizing agents used in the treatment of
type 2 diabetes, are potent agonists for PPARy (NR1C3). Point
mutations in the PPARy LBD have been identified that lead to
insulin resistance and lipodystrophy, emphasising the role of
the receptor in insulin sensitization and the reduction of blood
glucose levels (43, 45).

In addition to causing defects in reproductive development
and metabolic processes changes in nuclear receptor levels have
been associated with neurological disorders. Polymorphisms in a
noncoding exon of the Nurrl receptor gene, which we saw above
acts in the absence of a bound ligand, have been correlated with
a familial form of Parkinson’s disease, schizophrenia, and manic
depression (43). Therefore, the combined use of animal models
and clinical studies is yielding valuable data that are leading to
a better understanding of the diverse physiological functions of
members of the nuclear receptor superfamily during development
and later in adult life.
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6. Conclusions
and Future
Perspectives

The first steroid receptors were cloned over 20 years ago and
the intervening period has seen the birth of the nuclear receptor
superfamily and tremendous progress in our understanding of
the structure—function relationships of these vital ligand-
regulated transcription factors and their biological actions. This
has included the functional analysis of the isolated receptor
domains (NTD, DBD, and LBD), the solving at atomic resolu-
tion of the structure of the DBD and LBD, the identification of
binding partners, and a clearer appreciation of the role of mutations
in nuclear receptors resulting in a wide range of pathological
states. However, despite the progress made, a number of questions
remain unanswered:
(1) What is structure of an intact member of the nuclear receptor
superfamily, or a two-domain polypeptide, possible bound
to DNA or peptides derived from coregulatory proteins?

(2) What are the gene networks that underlie the tissue/cell-
specific nuclear receptor response?

(3) How are different signaling pathways integrated in a cell-
specific manner?

In conclusion, it is assured there will be further dramatic
developments as researchers strive to understand the biology
and physiological actions of nuclear receptors, the structural and
biochemical basis for receptor function, and the impact genetic
alterations have on receptor-signaling in disease. In this volume
of Methods in Molecular Biology leading laboratories in the field
describe step-by-step protocols for a range of key biochemical,
genetic, and structural tools that will help answer the above
questions on nuclear receptor structure and function. Methods
for studying ligand binding and receptor expression levels and
turnover in whole cells are described by Wilson and Butt and Stern-
berg. The use of X-ray crystallography to analyze the structure of
the LBD with agonist or antagonists bound is discussed by Pike.
The ability of nuclear receptor to directly regulate gene expres-
sion depends on localization to the nucleus and specific DNA
binding. Houtsmuller and coworkers describe the use of FRAP/
FLIP approaches for studying and visualizing receptor-DNA
binding dynamics in whole cells. Rennie and coworkers consider
methods for investigating the molecular aspects of receptor-DNA
complexes in vitro and these approaches are complemented by
Masssie and Mills detailed discussion of ChIP-on-chip methodol-
ogy to identify receptor-regulated genes and DNA-binding sites
in target cells. The study of receptor-co-regulatory proteins con-
tinues to be a major area of nuclear receptor research. Methods
for screening for binding partners and for quantifying specific
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receptor-target protein interactions are discussed by Pravinsky
and coworkers and Lavery, respectively. Baisiger and Cox, focussing
on steroid receptor cochaperone interactions, describe the use of
a yeast reporter gene assay as a model system for investigating
receptor action, while Curtis and Nardulli describe protocols for
using siRNA technology to knock-down coregulatory protein
levels and assay the consequences for nuclear receptor-signaling,
and Watt and McEwan describe how measuring tryptophan fluo-
rescence emission spectra can provide information on the folding
of nuclear receptors and co-regulatory proteins. Increasingly the
pathophysiological actions of nuclear receptors action are being
addressed. Understanding the role of phosphorylation on receptor
function, through the use of phosphospecific antibodies, is the
topic of Garabedian and coworkers. De Gendt and Verhoeven dis-
cuss some of the recent advances in tissue selective gene targeting
and knock-out strategies for generating mouse models of receptor
tunction in vivo. The volume ends with Visakarpi and coworkers
considering protocols for identifying and studying genetic altera-
tions in hormone-dependent cancers. The techniques described
in this volume can be applied to the investigation of different
members of the superfamily and together with the continued
development of new approaches will provide important insights
into understand the structure and mechanisms of action of these
diverse and essential signaling proteins.
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Chapter 2

Methods for Measuring Ligand Dissociation and Nuclear
Receptor Turnover in Whole Cells

Elizabeth M. Wilson

Asbract

Understanding the molecular mechanisms of steroid hormone action requires assays that measure rates
of ligand dissociation and receptor degradation. Ligand dissociation is a pseudo-first order reaction of
a high affinity [*H]-labeled ligand. Receptor turnover as described here is the rate of degradation of a
radiolabeled receptor. The methods make use of transient expression of a nuclear receptor in cultured
cells and are applicable to all nuclear receptors. Rates of ligand dissociation and receptor degradation
provided the first insight into the interdomain interactions of the androgen receptor and the molecular
basis for the phenotypic effects of naturally occurring androgen receptor loss-of-function germline muta-
tions and gain-of-function somatic mutations, and for the potency differences between the biologically
active androgens, testosterone, and dihydrotestosterone.

Key words: Nuclear receptors, Ligand dissociation, Receptor turnover, Androgen receptor, Receptor
degradation.

1. Introduction

Steroid receptors are ligand-activated transcription factors that
regulate gene transcription throughout growth and develop-
ment. The principal initiating event in steroid receptor action is
the binding of a high affinity hormone, which increases receptor
occupancy in the nucleus and binding to hormone response ele-
ment DNA. Steroid receptor action is influenced by the kinetics
of ligand binding and by the changes in receptor turnover. The
tocus of this chapter is to describe methods for measuring the dis-
sociation rates of high affinity [¥H]-labeled ligands and the rates
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of degradation of [**S]methionine-labeled receptors. Methods
are described for the androgen receptor (AR) but are applicable
to other nuclear receptors.

Before cloning of the AR complementary DNA (cDNA), early
methods for measuring AR androgen binding affinity and disso-
ciation rates made use of tissue cytosol preparations from rats that
were castrated to remove the endogenous source of androgen (1).
The studies were complicated by the resulting low concentration
of androgen that increases AR susceptibility to proteolytic degra-
dation during extraction and storage (2). AR dissociation kinetics
assayed in cytosol fractions required long incubation times at 4°C
for androgen dissociation half-times greater than 20h. With the
cloning of the human (3-5) and rat (6) AR cDNAs, ligand bind-
ing and receptor degradation assays were simplified by the use of
transient receptor expression in cultured cells.

Monkey kidney COS cells are useful for ligand dissociation
and receptor degradation assays because high receptor levels can
be achieved by transient transfection of expression plasmids con-
taining receptor cDNAs. Cells are incubated with a high affinity,
high specific activity radiolabeled natural or synthetic androgen,
and the dissociation is monitored in a time-dependent manner
after the addition of an excess of unlabeled chase ligand to pre-
vent rebinding of the labeled hormone. Ligand dissociation rates
are pseudo-first order and are not influenced by the free ligand
concentration as long as rebinding of the labeled hormone is
blocked. Receptor degradation assays make use of the same tran-
sient expression methods in COS cells and measure the decline
in [¥S]methionine-labeled receptor over time in the presence of
excess unlabeled methionine. Receptor degradation can be influ-
enced by many factors, the most important of which for the AR
is high affinity androgen binding that stabilizes the AR.

Rates of ligand dissociation and receptor degradation pro-
vided the first insights into the androgen-dependent AR NH,
and carboxyl-terminal (N/C) interaction between the AR NH,-
terminal FXXLF motif and activation function 2 (AF2) in the
ligand-binding domain (7-9). The AR N/C interaction slows
the dissociation rate of bound androgen and stabilizes AR against
degradation (8-10). There is a direct relationship between the
rate of ligand dissociation and androgen potency in vivo (11, 12).
Dihydrotestosterone (DHT), the most potent naturally occurring
androgen, dissociates three times slower (half-time ~3h at 37°C)
than testosterone (T, half-time ~1h at 37°C) (13). The slower
dissociation rate of DHT results from the twofold higher affinity
of AF2 for the AR FXXLF motif when DHT is bound compared
with T (13). The AR N/C interaction induced by androgen and
anabolic steroids stabilizes AR against degradation (8, 11, 14),
whereas AR antagonists dissociate more rapidly (half-time ~ 5min
at 37°C) and do not induce the AR N/C interaction or stabilize
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AR (12). Naturally occurring loss-of-function AR gene mutations
in the ligand-binding domain that cause the androgen insensitiv-
ity syndrome, and gain-of-function mutations in prostate cancer,
alter the rates of dissociation of bound androgen and AR deg-
radation without altering equilibrium androgen-binding affinity
(15-18). Methods outlined below, therefore, provide insight into
the molecular mechanisms of steroid receptor action.

2. Materials

2.1. COS Cell Culture
and Transfection:
Reagents and Buffers

10.

Monkey kidney COS-1 cells (American Type Culture Col-
lection, Rockville, MD).

Dulbecco’s Modified Eagle’s Medium (DMEM) with phe-
nol red, L-glutamine and sodium pyruvate (Gibco/Invitro-
gen, Grand Island, NY).

Bovine calf serum (BCS) (Hyclone, Logan UT or Thermo
Fisher Scientific, Waltham, MA), 55ml added to 500 mL
medium.

Penicillin and streptomycin (Cellgro/Mediatech, Herndon,
VA or Gibco/Invitrogen): 100x stock, 10,000IU/mL,
5.5mL added to 500 mL media.

L-glutamine (Gibco/Invitrogen): 200mM, 100x stock,
5.5mL added to 500 mL media.

2M Hepes, pH 7.2 (Fisher Scientific, Fair Lawn, New Jer-
sey), 238.3 g Hepes powder added to 500 mL sterile water,
pH to 7.2 with 5N NaOH, sterile filter, store at 4°C, add
5.5mL to 500 mL media.

COS cell DMEM with phenol red and 10% BCS, 20 mM
Hepes, pH 7.2 and penicillin /streptomycin: 500 mL DMEM
containing phenol red, 55 mL BCS, 5.5mL 2M Hepes, pH
7.2,5.5mL 100x L-glutamine and 5.5 mL 100x penicillin/
streptomycin.

DMEM with high glucose (4.5g/1 p-glucose) without
phenol red or sodium pyruvate (Gibco/Invitrogen, Grand
Island, NY).

COS cell serum free DMEM without phenol red, to 500 mL
DMEM without phenol red add 5.5 mL 2 M Hepes, pH 7.2,
5.5mL 100x L-glutamine and 5.5 mL 100x penicillin /strep-
tomycin.

L-methionine-free, L-cystine-free DMEM with high glucose
and 20mM Hepes, pH 7.2 without L-glutamine or sodium
pyruvate (Gibco/Invitrogen, Grand Island, NY): 5.5mL
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11.

12.

2.2. Reagents for 1.

Ligand Dissociation

and Receptor

Degradation Assays
2.
3.
4.
5.
6.
7.
8

2M Hepes, pH 7.2, 5.5mL 100x L-glutamine and 5.5mL
100x penicillin/streptomycin.

Trypsin (0.5%) and ethylenediamine tetraacetic acid (EDTA,
0.53mM) in Hank’s Balanced Salts Solution (Cellgro/
Mediatech, Herndon, VA or Gibco/Invitrogen).

DEAE dextran (Sigma, St. Louis, MO), 0.25 gin 50 mL ster-
ile H,O, sterile filter using 150 mL bottle top filter (0.22 pum,
Corning, Inc., Corning, NY), prepare fresh.

Chloroquine stock (Sigma, St. Louis, MO): 50mg to
10.5 mL sterile water and sterile filter using a 10 mL syringe
and Acrodisc syringe filter (0.2 um, Pall Life Sciences, Ann
Arbor, MI); Chloroquine solution, prepare fresh by add-
ing 1 mL chloroquine stock (5mg/mL) to 100 mL. DMEM
medium containing 10% BCS and additives.

2x Tris buffered saline (TBS): 32.72g NaCl, 092g
KCI, 0.588g CaClL-2H,O, 0.4g MgClL-6H,0, 0.512¢g
NaH,PO,-H,O and 12.12g Tris, pH 7.4 made up to 21
H,O and sterile filter. For 1.08 TBS, combine 270mL
2xTBS with 230 mL sterile distilled H,O.

Phosphate buffer saline (PBS) (Gibco/Invitrogen, Grand
island, NY).

Steroids, unlabeled T and DHT (Steraloids, Inc., Newport,
RI), methyltrienolone (R1881), [*H]R1881, [*H]DHT and
[*H]T (PerkinElmer, Waltham, MA).

NEG-772 Easytag Express Protein Labeling mix, r-[*°S]
methionine, 1175 Ci/mmol, 11.08 mCi/mL (PerkinElmer
Life and Analytical Sciences, Boston, MA).

Protein A-agarose immunoprecipitation reagent (Santa
Cruz Biotechnology, Santa Cruz, CA), prepare by hydrat-
ing 1g agarose beads/5mL PBS overnight at 4°C. Wash
with 10mL PBS twice and once with 10 mL IP lysis buffer.
Prepare 5% suspension according to bead volume, aliquot
200l to each tube and aspirate.

Immunoprecipitation (IP) lysis buffer: 0.15M NaCl, 0.5%
NP-40, 50 mM NaF, 50 mM Tris-HCI, pH 7.5, 1 mM dithi-
othreitol, 1 mM phenylmethylsulfonyl fluoride, and protease
inhibitor cocktail (Roche).

. 2x ligand dissociation (LD)-sodium dodecylsulfate (SDS)

sample buffer: 4% SDS, 20% glycerol, and 20 mM Tris—HCI,
pH 6.8. Prepare by combining 20 mL SDS upper gel buffer
containing 0.5M Tris, pH 6.8 and 0.4% SDS, with 200 mL
10% SDS, 100 mL glycerol and 180mL of dH,0 to a final
volume of 500 mL.
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9. 2x IP-SDS sample buffer: 3.3% SDS, 10% glycerol, 10 mM
2-mercaptoethanol and 0.12 M Tris, pH 6.8.

10. Six well tissue culture plates, 100 x 20 mm? polystyrene ster-
ile dishes (Corning, Inc., Corning NY), 15 mL Falcon tube
(Corning Inc., Corning, NY), disposable cell lifters, sterile
(Fisher Scientific, Pittsburg, PA).

11. Antibodies for AR immunoprecipitation include polyclonal
AR32 anti-peptide antibody (rabbit polyclonal, 0.4 ug,/mL)
(19) and ARS52 anti-peptide antibody (rabbit polyclonal,
0.4ug/mL) (4). For tagged fusion proteins, anti-Flag M2
affinity gel (Sigma, mouse monoclonal, 15l resin/500ug
protein) and anti-HA Affinity Matirx (Roche, rat polyclonal,
15l resin/500 ug protein) (20) or receptor-specific com-
mercial antibodies may be used.

3. Methods

3.1. Ligand
Dissociation Assay

3.1.1. COS Cell Culture

3.1.2. Experimental Design

COS cells (see Note 1) are propagated in DMEM supplemented
with 10% BCS, L-glutamine, penicillin, and streptomycin. Cells are
passaged twice each week at 1:12 dilution or 3 x 10¢/T150 tissue
culture flask. Cells are harvested by washing the flask with 8—10mL
PBS, aspirating, adding 2mL trypsin-EDTA solution/flask and
incubating at 37°C for 7—10 min using the minimum time required
to release the cells. DMEM containing serum is added to inactivate
the trypsin and cells are collected, centrifuged, counted using a
hemocytometer and plated at 4 x 10°/well of 6-well plates.

Multiple time points are required to measure rates of ligand dis-
sociation. Selection of the time points is based on the expected
dissociation rate, the bound ligand, and whether a wild-type
or mutant receptor is assayed. Faster dissociation rates require
shorter incubation times. For each time point, 2 wells are set in
6-well culture plates for total binding of the [*H |-labeled ligand.
The first (0 time) and last time points have an additional third
well that contains the [3H]-ligand plus a 100-fold excess unla-
beled ligand to assess nonspecific binding. The dissociation rate
of bound androgen from AR is typically assayed using 5nM [3H]
R1881, a high affinity radiolabeled synthetic androgen, 3nM
[*H]DHT or 5nM [*H]T (se¢ Note 2) in the absence and pres-
ence of a 100-fold excess of unlabeled ligand. Cells in culture are
incubated with the radiolabeled ligand for 2 h at 37°C. After incu-
bation, the 0 time point wells are washed with PBS and 0.5 mL
LD-SDS sample buffer is added. For the remaining wells, ligand
dissociation is initiated by the addition of a 50,000-fold excess
of unlabeled androgen (see Note 3). For experiments with [*H ]
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3.1.3. Transient Transfec-
tion of COS Cells Using
DEAE Dextran

3.1.4. Binding of Ligand
and Measuring
Dissociation Rate

DHT, unlabeled R1881 is used as the chase ligand because of the
greater water solubility of R1881 compared with DHT. Typical
dissociation rate time points for full-length wild-type AR are 0,
15, 30, 45, 60, and 90 min for [*H]T, and 0, 0.5, 1, 1.5, 2, and
2.5h for [*H]DHT and [*H]R1881. AR deletions and mutations
within the AR NH,-terminal FXXLF motif or ligand-binding
domain may require shorter time points if the AR N/C interac-
tion is disrupted and the androgen dissociation rate is faster.

Day 1

Plate 4 x 10° COS cells/well in 6-well plates with 3mL/well
DMEM containing 10% BCS. Three wells are required for the 0
and last time points and 2 wells for the intervening time points.

Day 2

1. Cell density should be ~50% confluence. In a 15mL Falcon
tube for groups of 5 or less (or 50 mL tube for > 5 wells), com-
bine (per well) 0.95 mL 1.08x TBS, 2 ug pCMVhAR expression
vector DNA (or 3ug DNA /well for low expressing plasmids)
and 0.11 mL DEAE-dextran (se¢ Note 4) and vortex. Scale up
as needed according to the number of wells. DNA aliquots can
be set 3 days in advance and stored at -20°C.

2. Aspirate the media, vortex the DNA solution, add 1 mL/well
and place the cells at 37°C for 30 min.

3. Aspirate the DNA solution and add 2 mL chloroquine solu-
tion/well and incubate for 3h at 37°C.

4. Aspirate the media and glycerol shock by adding 1 mL/well
15% glycerol in DMEM containing 10% BCS and incubate for
precisely 4 min at room temperature.

5. Aspirate the glycerol shock solution, wash carefully with 3 mL
PBS/well, add 3mL DMEM containing 10% BCS and incu-
bate overnight at 37°C.

Day 3
Cells remain at 37°C in the same DMEM with serum.

Day 4

1. Prepare the labeling solutions in serum free, phenol red free
DMEM (see Note 5) by estimating the total volume, based
on the total number of wells x 0.625mL (to use 0.6mL/
well) and prepare 5nM [*H]|R1881, 3nM [*H|DHT, or 5nM
[*H]T. Appropriate safety measures and adherence to local
and national rules should be followed when working with
ionizing radiation sources and discarding waste materials. For
nonspecific binding controls, remove from the [*H]-labeling
solution a volume equal to the number of wells to contain
100-fold excess unlabeled ligand x 0.625mL and add unla-
beled ligand to 500nM (equivalent to a 100-fold excess of
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[*H]-ligand). Take 0.1 mL of the hot and hot + cold labeling
solutions to determine the total radioactivity in a scintillation
counter.

2. Label the plates according to the selected time points.

3. Aspirate the media but do not wash the cells, add 0.6mL
labeling solution to the side of the wells, being careful not
to detach the cells and incubate for 2h at 37°C (see Note
6). Toward the end of the incubation, prepare the 0.35mM
unlabeled chase solution (7x stock) in serum free, phenol red
free DMEM, enough to add 0.1 mL/well for all time points
except 0 time.

4. To begin the ligand dissociation assay, remove the plates from
the incubator and as quickly as possible, aspirate the labeling
media only from the 0 time point samples into a radioactive
waste flask, carefully wash the 0 time cells with 3mL PBS/
well, completely aspirate the PBS, and add 0.5mL 1x LD-
SDS sample buffer. Delay the actual harvest of the 0 time
samples until the end of the entire experiment.

5. To begin the dissociation, quickly and carefully add 0.1 mL
of 0.35 mM unlabeled ligand chase solution to the labeling
medium of the remaining wells (50 uM unlabeled ligand
final concentration). The plates are returned to the 37°C
tissue culture cell incubator, spread out as a single layer
on the shelf, and the time is recorded. Subsequent time
points are relative to this initial time. It is important to
work quickly, processing the wells at the appropriate times
and returning the plates to the 37°C incubator. At the indi-
cated times, plates are removed from the incubator and cells
are carefully washed one time with 3 mL PBS /well, aspirate
twice to dryness and add 0.5 mL 1x LD-SDS sample buffer.
Plates are returned to the 37°C incubator. Once all wells
are processed, the plates are placed on a rocking shaker
for ~15min at room temperature. All samples are subse-
quently transferred to scintillation counting vials using a
1 mL pipetteman and 4 mL scintillation fluid is added and
radioactivity determined.

6. Calculations: Radioactivity in the 0 time nonspecific binding
controls is subtracted from the average of the 0 time total
binding samples. The last time point nonspecific binding con-
trol is subtracted from the average of all other time points.
The total fmol bound [*H]-label is determined based on the
cpm/fmol of the starting labeling solutions. These data are
plotted on a semi-log scale as fmol bound relative to time. The
half-time of dissociation is the time required to reduce specific
binding by 50%.

Examples of measurements of [*H]R1881 dissociation rates
trom full-length wild-type AR and the eftect of naturally occurring
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3.2. Receptor
Degradation Assay

¢ L712F

[3H] R1881 Bound (fmol)

(=]
1

¢ 1898T

V889M

Time (h)

Fig. 1. Dissociation rate measurements of [*H]JR1881 from full-length wild-type and
mutant AR. Dissociation rates of [*H]JR1881 were determined at 37°C in whole cell
cultures as described in the text by expressing wild-type pCMVhAR and the indicated
pCMVhAR mutants in COS cells. The naturally occurring mutations that cause partial or
complete androgen insensitivity recreated in pCMVhAR increase the androgen dissocia-
tion rate, even though the equilibrium binding affinity is similar to wild-type AR (77).

mutations in or near the AF2 site of the ligand-binding domain
that cause partial or complete androgen insensitivity are shown
in Fig. 1.

Day 1
COS cells are plated in 6 mL. DMEM containing 10% BCS at 2 x
106 cells /10 cm dish.

Day 2
1. Cell density should be ~50% confluence. In a 15mL Fal-
con tube combine (per dish) 2.85mL of 1x TBS, 2-10ug
of pCMVhAR expression vector DNA and 0.33mL of
5mg/mL DEAE-dextran solution and vortex. Scale up as
needed according to the number of dishes. DNA aliquots
can be prepared 3 days in advance and stored at -20°C.

2. Aspirate the media, vortex the DNA solution, and add 3mL/
dish. Place cells at 37°C for 30 min.
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3.

Aspirate the DNA solution and add 6 mL chloroquine solu-
tion/dish and incubate for 3h at 37°C. Chloroquine is pre-
pared by adding 1 mL of 5mg/mL chloroquine stock to
100 mL DMEM containing 10% BCS and additives.

. Aspirate the media and glycerol stock by adding 3mL of 15%

glycerol in DMEM containing 10% BCS and incubate for
4 min at room temperature timing carefully.

5. Aspirate the media, wash carefully with 8mL PBS /dish, add 6mL

DMEM containing 10% BCS and incubate overnight at 37°C.

Day 3

Exchange the media to 6 mL serum free, phenol red medium in
the absence and presence of test reagents such as hormones and
growth factors.

Day 4

1.

Exchange the media to 4 mL methionine-free, cystine-
free, serum-free medium containing the test reagents such
as hormones and growth factors and incubate for 20 min
at 37°C.

In a chemical fume hood add 100ul/plate of 8.0uCi/ul
[**S |methionine diluted stock prepared in methionine-free,
serum-free medium for a final concentration of 60-80uCi
[3*S]methionine /4 mL per 10 cm dish. Place the cells in an
unsealed plexiglass box in the 37°C tissue culture cell incu-
bator and incubate for 20-30 min.

At each time point, place the cells to be harvested on ice in
the fume hood, aspirate the media using an [**S] waste con-
tainer, wash twice with 8 mL cold PBS and harvest by scrap-
ing into 1 mL cold PBS. Pellet the cells at 4,000 x g for 1 min
at 4°C. To all remaining plates, replace the 8 mL serum-free,
phenol-red medium with and without hormone additives at
room temperature and return to the plexiglass box at 37°C.

Extract each cell pellet in 1 mL IP lysis buffer and shear the DNA
using a 1 mL pipetteman several times up and down. Tumble for
15min at 4°C and sediment at 18,000 x 4 for 20 min at 4°C.

. Determine the protein concentration and transfer equal

amounts of supernatant protein to a microfuge tube con-
taining the antibody of choice and 10 ul washed packed pro-
tein A-agarose from a 5% suspension. Tumble at 4°C for 2h
or incubate overnight in a 4°C cold room with the samples
tumbling and packed on ice. Antibodies useful for immunopre-
cipitation are those described in Subheading 2.2, item 11.

. Sediment at 1,000 x g for 2 min at 4°C. Wash the pellets twice

with 0.5mL of IP lysis buffer, each time carefully removing
the supernatant and avoiding loss of the agarose resin.
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Fig. 2. Increased AR stabilization by naturally occurring mutations in prostate cancer. Wild-type pCMVhAR and pCMVhAR
with the indicated AR mutations identified in prostate cancer specimens and cell lines were expressed in COS cells and
degradation rates determined at 37°C by incubation with [*S]methionine as described in the text. Degradation rates
were determined for full-length wild-type AR, t, = 1.8h; AR-V715M, t, = 2.8 h; CWR22 prostate cancer xenograph AR-
H874Y,t, = 3.2h; and LNCaP cell line AR-T877A,t, = 2.0h (17).

8.

. Add 50pl of 2x IP-SDS sample buffer, boil for 8 min, sedi-

ment the agarose beads and apply the supernatant to a 10%
acrylamide gel containing SDS and separate by electrophore-
sis for ~3h at 160V.

Dry the gel or transfer to a nitrocellulose membrane over-
night and quantitate using a phosphoimager.

An example of an AR degradation study performed as described
above is shown in Fig. 2. AR is stabilized to a greater extent
by bound testosterone when naturally occurring mutations that
arise in prostate cancer are introduced into full-length AR.

4. Notes

1.

Cell lines: The choice of cell lines for ligand binding, dissocia-
tion, and receptor degradation assays is important. Accurate
measurements of [ *H |-ligand dissociation and receptor degra-
dation require high receptor expression levels. Cell lines that
express the SV40 T antigen amplify the plasmid copy number
to produce high receptor expression. Examples of useful cells
lines are monkey kidney COS cells and human embryonic kid-
ney HEK-293 cells. Monkey kidney CV-1 cells do not express
the SV40 T-antigen and thus transient receptor expression
levels are lower. CV1 cells are useful for nuclear receptor tran-
scription assays using luciferase reporter vectors, but not for
ligand dissociation or receptor degradation assays. To measure
androgen dissociation rates from endogenous AR in cell lines
such as human foreskin fibroblasts or prostate cancer cells
lines, the number of cells used for each time point may be
increased by using 6-well plates, 6 or 10cm dishes depending
on the receptor level.

. Radiolabeled ligand: A radiolabeled ligand is required to deter-

mine the ligand dissociation rate. This limits the applicability of
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the method to ligands that are available in radiolabeled form.
Dissociation rates of the common AR antagonists, hydroxy-
flutamide and casodex, have not been determined because
they are not readily available in radiolabeled form. Results
with the high affinity [*H]-labeled AR antagonist RU-56187
indicate that AR antagonists dissociate with much faster rates
than agonists (12).

3. Ligand solubility: To measure the dissociation rate of a bound
radiolabeled ligand, it is necessary to block rebinding of the
[*H]-labeled ligand. This is done by adding a large excess
of a high affinity unlabeled ligand. The unlabeled chase lig-
and must have sufficient solubility in the 50 uM range. DHT
has relatively low water solubility of ~25uM compared with
250uM T and 1-2mM R1881. The unlabeled chase ligand
must also bind with high affinity to block rebinding of the
[*H]-labeled ligand. Because the ligand dissociation reaction
is pseudo-first order and thus independent of the high affin-
ity unlabeled chase ligand, the more soluble R1881 is used
as the unlabeled chase ligand with [*H]DHT to avoid the
complications of low water solubility of unlabeled DHT (13).
Methods such as sample dilution are not applicable as the
assays described are performed in whole cells in culture. With
sufficient levels of specific binding, low levels of nonspecific
binding, and efficient handling of the plates during the assay,
dissociation rates can be determined with relatively high accu-
racy and precision.

4. Transfection method: DEAE dextran is used to transfect COS
or HEK-293 cells because it is a reproducible and inexpensive
procedure. Lipid-based methods such as Effectene (Qiagen, Ger-
many) and FuGENE 6 transfection reagent (Roche Applied
Science, Indianapolis, IN) may be used with greater efficiency
but are more expensive and not necessary. DNAs are routinely
aliquoted 3 days before the experiment into Falcon tubes and
stored at ~20°C without loss of activity or aliquoted the same
day of the experiment. Samples stored for 1 week or more at
-20°C should not be used.

5. Phenol red: Because of its estrogen-like activity, phenol red is
typically avoided when cells are treated with androgen. How-
ever, we have not detected an effect of phenol red on AR
transcriptional activity. The medium is also typically serum
free during androgen treatments, although the amount of
androgen in normal serum may be low. If cells require serum,
charcoal stripped serum may be used with minimal AR tran-
scriptional activity. For studies with the estrogen receptor,
phenol red should be avoided and multiple treatments of
serum with charcoal may be required to minimize serum
activation of the estrogen receptor.
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6. Precautions for labeling transfected cells: Two days after trans-
fection, COS cells only weakly adhere to the plates. Care must
be taken with the PBS washes and media additions to avoid
cell loss. Media and PBS should be added to the side of the
well to minimize cell detachment that contributes to poor
reproducibility. Because the reactions are timed, plates must
be removed from the incubator and the time points processed
rapidly. A 37°C heating block might be used in the tissue cul-
ture hood to better maintain 37°C. However, we routinely
perform the assay by minimizing the time the cells are out of
the incubator.

All procedures involving [**S]-labeling should be performed with

cells placed in an unsealed plexiglass box. All washing and harvest-

ing of cells is performed in a fume hood to minimize exposure to
possible volatile [**S]-labeled material. Addition of Hepes buffer
to DMEM helps to maintain the pH while the plates are in the
37°C tissue culture incubator. The plexiglas box is not sealed so
that equilibrium with the 5% CO, environment is maintained.
Occasionally the 0 time points result in lower levels of labe-
ling compared with early times after the addition of the chase.
This may be due to intracellular stores of [3S]methionine and
may be remedied by shortening the labeling time, including addi-
tional short time points after the start of the chase, and amending
the chase media with 2mM unlabeled methionine. It is impor-
tant to immunoprecipitate equal amounts of protein from the
different test sam