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Most nuclear receptors (NRs) act as com-
plex molecular switches that are triggered
by the binding of small-molecule ligands.
Typically, upon activation by a small lipophilic
hormone, NRs act as transcription factors that
can specifically regulate the expression of target
genes. The products of these NR-controlled
genes help to maintain a variety of essential
physiological processes, including reproduc-
tion, metabolism, development and differenti-
ation. To date, of the genes characterized from
the sequencing of the human genome, 48
human gene products have been categorized
as a NR and this class of receptors is referred to
as the NR superfamily.

Based on sequence alignment, receptors
within the NR superfamily have been subdi-
vided into six general groups [1]. Historically,
the most studied and the most widely recog-
nized subclass of the NRs is the steroid hormone
receptor family, which comprises receptors for
the steroids, glucocorticoid (GR), estrogen
(ER), androgen (AR), mineralocorticoid (MR)
and progesterone (PR) [2]. In addition, other
well-studied ligand-activated receptors within
the superfamily include thyroid hormone
receptor (TR), vitamin D receptor (VDR) and
retinoid receptors (RXRs). There is a more
recently studied set of receptors that is rapidly
gaining attention as important drug targets
and includes the liver X receptor (LXR), farne-
soid X receptor (FXR) and the peroxisome
proliferator-activated receptors (PPARs); these
receptors are commonly referred to as orphan
receptors because the majority were cloned
before ligand discovery.

Many NRs are highly validated and disease-
associated, which make them attractive targets
for drug discovery. Although compounds that
target NRs represent only ~2% of all ‘safe and
efficacious’ drugs [3], data from 2002 shows
that eight of the top 100 prescription drugs
target an NR, which accounts for sales of over
US$9 billion dollars (http://www.pharmalive.
com/special_reports/index.cfm?start=41#nav).
However, one major concern is that many of
these drugs are accompanied by potentially
serious side effects that limit their utility and
safety (Table 1). Presently, there are programs
throughout the pharmaceutical industry to
find more-selective modulator ligands for NRs.
These types of synthetic molecules, which in
some cases are drugs, that do not have all the
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There is currently a marketed drug for nearly every nuclear receptor for

which the natural ligand has been identified. However, because of the

complexity of signal transduction by this class of ligand-regulated

transcription factors, few of these drugs have been optimized for

pharmaceutical effectiveness. Over the past several years, structural and

biochemical work has shed light on some of the ligand-induced features

of nuclear receptors that enable them to trigger signal transduction

cascades. This review will highlight the use of peptide interactions to

cluster different classes of ligands and to identify novel nuclear receptor-

modulating ligands as potential drug candidates. Phage display and a

multiplexed peptide interaction assay are two of the technologies that

are key to this approach. When used as part of a drug discovery platform,

this type of biochemical characterization can bridge the gap between

high-throughput chemical synthesis and disease model testing.

Furthermore, the development of these methodologies is timely because

there is a significant medical need for new and improved nuclear

receptor drugs that retain beneficial effects but do not have undesired

side effect activities.
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activities of the natural ligand are typically referred to as
‘selective receptor modulators’ (SRMs), or more specifically
as ‘selective estrogen receptor modulators’ (SERMs), ‘selec-
tive androgen receptor modulators’ (SARMs) or ‘selective
glucocorticoid receptor modulators’ (SGRMs). The ideal
NR-modulating drug would be able to retain beneficial
effects in specific target tissues without displaying undesired
side effect activities.

Although all the NRs within the larger superfamily share
a similar domain organization and significant sequence
homology, some of the 48 receptors appear to be constitu-
tively active and have as yet not been shown to be regulated
by a small molecule [4]. For the most part, the receptors
that have been linked to either a natural or synthetic ligand

are currently the subject of intense drug discovery pursuits.
This review focuses primarily on biochemical methods that
use the current knowledge of ligand-regulated NR mecha-
nisms to further these investigations.

Domain organization and structural features of the
nuclear receptor ligand-binding domain
NRs are modular proteins that consist of three major func-
tional domains (Figure 1a). Although there is undoubtedly
interplay between the domains, each domain has a separate
crucial signal transduction function. The domain at the
N-terminus, which is referred to as the activation-function-1
(AF-1) domain, varies in length between NRs and generally
has a role in constitutive transcriptional activity [5]. The
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Table 1. Currently marketed drugs that target nuclear receptors and their associated efficacies and
side effects

Receptor Ligand Efficacy and/or beneficial effects Side effects Refs

Estrogen Estrogens Protection against osteoporosis Uterine stimulation [59,60]

Prevention of ‘hot flushes’ Increase in triglycerides

Increase in HDL-C

Tamoxifen Protection against osteoporosis Increased risk of uterine
  cancer

[59,60]

Treatment for breast cancer Increased risk of ‘hot flushes’

Raloxifene Protection against osteoporosis Does not increase HDL-C [59,60]

Reduces triglycerides Increased risk of ‘hot flushes’

Does not stimulate uterine tissue

Glucocorticoid Dexamethasone Anti-inflammatory Diabetes mellitus [31,61]

Rheumatoid arthritis treatment Peptic ulcer

Adrenal insufficiency treatment Cushing’s syndrome

Chemotherapeutic agent Osteoporosis

Immune system suppressant Skin atrophy

Reduces transplant organ rejection Psychosis and/or depression

Glaucoma

Mineralocorticoid Spironolactone Prevention of cardiac fibrosis Renal fibrosis [62]

Thrombosis

Eplerenone Prevention of cardiac fibrosis Hyperkalemia [62]

Heart failure prevention Increased cholesterol

Hypertension treatment

Peroxisome Thiazolidinediones Lowers blood glucose in diabetes Increased body weight [63,64]

  proliferator- Improves lipid profile Increased fluid retention

  activated-γ Lowers blood pressure

Anti-inflammatory

Abbreviation: HDL-C, high-density lipoprotein cholesterol.



DNA-binding domain (DBD), which is
typically located in the mid-section of
NRs, is the most highly conserved region
among the receptors. Although the pre-
cise mechanism of DNA interaction varies
from receptor to receptor, for example,
receptors can bind as monomers, homo-
dimers or heterodimers, a common theme
is that direct contact of the NR to DNA
is made through two consecutive zinc
fingers. Zinc fingers are DNA-binding
motifs that contain the key amino acids
necessary for the association of the NR
to the major groove of an appropriate
DNA response element that is located
within the promoter segment of a target
gene (Figure b) [6,7].

Currently, the final domain at the
C-terminus is by far the most important to the drug dis-
covery efforts of the pharmaceutical industry. This region,
called the ligand-binding domain (LBD), contains all the
binding determinants of the small molecule hormone or
synthetic ligand. Crystal structures of this domain have
been solved for the majority of the 48 NRs [8–11]. Overall,
these structures reveal a highly conserved 3D fold that

consists predominantly of three major α-helical layers
(Figure 2). When positioned in the standard orientation,
the front face of the LBD consists of helices 1–3. Helix 4/5
and helices 8 and 9 occupy space in the upper section of
the centre of the domain. The lower half of the middle of
the domain is void of protein and thus there is space for
the binding of a ligand. The back sheet contains helix 7
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Figure 1. General features of nuclear receptors.
(a) Schematic linear representation of various
NRs that shows the varying lengths of the
functional domains. The AF-1 domain tends to
vary in length (and sequence) among NR
superfamily members. The DBD is the most
conserved region of the receptors and the
domain size is relatively constant. The LBD is
typically ∼250 amino acids in length. Sequence
identity within this region varies from subclass to
subclass. For example, sequence identity among
the steroid receptors is between 54% and 61%.
(b) Simplified cartoon representation of NR
activation by an ‘agonist’ ligand. Ligand binding
typically triggers heat shock protein release and
receptor translocation to the nucleus, where
coactivators can associate and the complex
binds to an appropriate DNA response element.
This complex, along with basal transcription
factors, initiates gene transcription. Coactivators
dock onto activated nuclear receptors via short
helical LXXLL motifs or ‘NR boxes’.
Abbreviations: AF-1, activation function-1;
AR, androgen receptor; CoA, coactivator;
DBD, DNA-binding domain; ER, estrogen
receptor; GR, glucocorticoid receptor;
LBD, ligand-binding domain; LXR, liver X receptor;
MR, mineralocorticoid receptor; NR, nuclear
receptor; PPAR-γ, peroxisome proliferator-
activated receptor-γ; PR, progesterone receptor;
RXR-α, retinoid receptor-α.



and the domain-spanning helix 10. The final helix, which
is commonly referred to as the AF-helix, is a crucial struc-
tural element that can adopt multiple positions depending
on the nature of the bound ligand.

When bound with ‘agonist’ ligands, such as the natural
hormones estradiol for ER, cortisol for GR or progestin for

PR, the AF-helix of the respective recep-
tor crosses helices 3, 4 and 10 to create
an adjacent hydrophobic cavity. The
slightly concave groove that is formed
can accommodate an amphipathic helix
that is presented by several cofactor pro-
teins such as steroid receptor coactivator-1
(SRC-1), cAMP response element-binding
protein (CBP) or transcriptional interme-
diary factor-2 (TIF2) (Figure 2a,c). The
helical region presented by the cofactors
that subsequently docks onto the NR
contains three leucines (L), which are
arranged as LXXLL, where X represents
any amino acid [12]. These short helices,
which are commonly referred to as NR
boxes, present the leucine side-chains on
one face of the helix. By attaching to the
ligand-activated, DNA-bound NR, tran-
scriptional-enhancing features of coacti-
vators are colocalized to the promoter
region (Figure 1b); the essential activities
of these large proteins (~300 kDa) in-
clude histone acetylation and chromatin
remodeling, as well as recruitment of
additional transcription factors and
other elements of the transcriptome
complex [13].

Crystal structures of NR LBDs com-
plexed with various synthetic ligands
have revealed that the AF-helix can adopt
an array of alternative positions [14–16].
One such case is the forcing of the
AF-helix into the coactivator-binding
groove. This conformation was first ob-
served with the ERα LBD structure in
complex with raloxifene [14] (Figure 2b).
Here, the piperazine-ring headgroup of
raloxifene protrudes from the ligand-
binding pocket toward the loop that pre-
cedes the AF-helix; this steric interference
causes the helix to reposition and form
new intra-domain contacts. In other crys-
tal structures, such as ERβ complexed
with genestein [17], ERβ complexed with

ICI164384 [18] and GR with RU486 (Figure 2d) [19],
several slightly different ligand-induced positions of the
AF-helix have been observed.

Although a two-state model for NR LBD activation (i.e.
‘on’ versus ‘off’) might at first seem intuitive, NR LBD acti-
vation is realistically much more complex. Synthetic
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Figure 2. Key nuclear receptor ligand-binding domain crystal structures. These ribbon
diagrams show classic examples of NR LBD–ligand complexes to demonstrate the
ligand-stabilized conformational differences, particularly with respect to the AF-helix
(red).The crystal structures shown are (a) ERα (yellow) complexed with DES [15],
(b) ERα in complex with raloxifene [14], (c) GR (cyan) bound to DEX [11] and (d) GR
complexed with RU486 [19]. Note that some of the loops between helices have not
been well-resolved by crystallography. The two agonist bound structures (ERα–DES
and GR–DEX) both show bound coactivator peptide [magenta (both peptides
originate from the coactivator TIF2)]. Respective ligands are shown in green stick
representation with oxygen atoms represented in red and nitrogen atoms
represented in blue. Figures were made using PyMOL (DeLano Scientific;
http://www.delanoscientific.com). Abbreviations: DES, diethylstilbestrol; DEX,
dexamethasone; ER, estrogen receptor; GR, glucocorticoid receptor; LBD, ligand-
binding domain; NR, nuclear receptor; TIF2, transcriptional intermediary factor-2.
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chemistry efforts over the past decade, coupled more
recently with detailed protein and peptide studies, have
revealed that the LBD, as well as the entire receptor, is able
to adopt a myriad of ligand-induced conformational states.
This inherent conformational complexity is one of the top-
ics of this area of research and drug discovery. This review
focuses on the use of peptide interactions to characterize
and to understand the features and the dynamics of this
property of NRs.

Tissue specific effects of non-natural nuclear
receptor ligands
The complexity of NRs extends from the conformational di-
versity of the receptor at the molecular level to the multitude
of signal transduction functions at the cellular level.
Although the role of the complex coregulator environment
within a cell is far from being completely understood, this
cellular environment has an important influence on the phe-
notypic outcome for a particular ligand [20]. Evidence for
this stems from the observation that different NR ligands can
produce unique cellular or physiological effects in different
cell types. For example, tamoxifen, which was designed as an
ERα antagonist for the treatment of ER-positive breast cancer,
has long been known to possess agonist properties within
specific tissue types, particularly within uterus and lumbar
spine [21]. Although the mechanism of this agonist activity
remains mostly unresolved, it has been proposed to result
from either activation of alternative pathways [22] or cell
type alteration of coregulator balance [23,24].

In addition to coactivators, cells contain proteins (called
corepressors) that are able to downregulate or repress NR
activity. Whereas over 200 coactivators have been identified
to date, less than 20 corepressors have been found. The two
most characterized are silencing mediator of retinoic acid
(SMRT) and nuclear receptor corepressor (NCoR). Several re-
ports have shown that some NR ligands, such as tamoxifen,
raloxifene and GW7604 for ER [25–27], RU486 for PR [28]
and RU486 for GR [29], enhance corepressor recruitment.

Many NRs have crosstalk activities with other signal
transduction pathways, which further complicates the
coregulator interaction network. For example, some NRs,
such as ER, GR, AR, PR, RXR, and retinoic acid receptor
(RAR), have the ability to either directly interact or other-
wise interfere with the ability of the nuclear factor-κB
(NF-κB) or activator protein-1 (AP-1) transcription factors
to regulate gene expression [30–32]. This activity of NRs is
generally referred to as transrepression, whereas direct
DNA-mediated gene regulation is called transactivation.
Additionally, NRs are involved in numerous kinase-driven
pathways [33,34] and are also targets for post-translational
modification via phosphorylation and sumoylation.

Collectively, these types of NR activities are referred to as
‘nongenomic’ or ‘extranuclear’ signaling activities [35].

In spite of the complex network of NR functions, the
effort to find ligands that display differential activities has
led to the discovery of several molecules that appear to
demonstrate novel and selective properties, such as ex-
hibiting differential tissue effects or maintaining transre-
pression activity while minimizing transactivation. Most
of this research has relied on cell-based assays such as tran-
sient transfection reporter assays, cytokine production
assays or cell-proliferation assays that use immortalized
cell-lines. For example, the ER ligand GW5638 was identified
using both a response element reporter assay and a uterine
cell-stimulation assay [36]. Recently, AL-438 and ZK216348
have been identified as new ligands for GR [37,38]. These
two ligands appear to retain significant transrepression
activity while minimizing the response element driven
transactivation activity. Overall, these studies highlight
that novel and desired properties can be obtained with
new ligand templates that allosterically regulate the many
activities of NRs by mechanisms that are distinct from
those of previous ligands or the natural hormone.

Given the interwoven complexities of NR signal trans-
duction, where a variety of coactivators, corepressors, tran-
scription factors and kinases have a functional role, recog-
nizing precisely how to select the desired properties of a
NR ligand has proven to be a daunting task. For drug dis-
covery efforts, wading through larger compound sets that
fully explore NR ligand-binding pocket space is not poss-
ible with the difficult, yet informative, cellular assays or
animal models that are currently available. Historically,
there has been a need for a higher-throughput screening
mechanism with some basis for ligand activity. The NR
conformational change induced by ligand binding and the
consequent array of protein–protein interactions play a
crucial role in triggering and driving the multitude of
signal transduction events. These ligand-induced protein–
protein interactions ultimately affect the cellular outcomes
of ligands. Advances made within the NR field using bio-
chemical interaction technologies, such as phage display
and fluorescence-based techniques, have simplified and
expanded our throughput for analyzing novel, newly
synthesized NR ligands.

Random peptide technologies for probing nuclear
receptor conformation
The recent structural knowledge about ligand-driven NR con-
formation and the importance of small peptide motifs within
coactivators has led several groups to seek unique small pep-
tides and/or interacting proteins to sense ligand-induced NR
conformations. The end result is that simple in vitro peptide
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interaction assays can be established to improve under-
standing of NR conformation at the receptor level.

Random peptide methods that were first developed in
the 1980s, such as peptides-on-plasmids and phage dis-
play, have provided a rapid means to identify conforma-
tion-sensing peptide tools [39]. Northrup et al. [40] used
peptides-on-plasmids to find a wide variety of LXXLL-
containing peptides that are able to interact with TR and
the ERs. Although this report showed that coactivator-like
peptides could be easily found, it has become clear from
other reports that the range of peptide tools identified
varies with the different ligands that are used to alter the
NR conformation. For example, Norris et al. [41,42] were
the first to demonstrate that phage display could be used
to find peptides that are much more compound discrimi-
nating. Although it was known that both ERα and ERβ,
when complexed with the classic ‘antagonist’ ligand ta-
moxifen, were unable to bind LXXLL-containing coactiva-
tors, Norris et al. [41,42] showed that random peptide
phage display could be used to find peptides that only
bound to ERs in the presence of tamoxifen. These initial
experiments were key in showing that various ligands can
induce intermediate conformations that allow for differ-
ential coregulator recruitment [43]. Additionally, NR-
binding peptides identified with random libraries have
the potential to represent cellular interaction partners that
have yet to be discovered. In this way, the random peptide

approach is a powerful technique for the rapid isolation of
peptides against specific NR–ligand complexes, where
the novel peptides could represent a natural cellular inter-
action partner. A summary of some of the compound-
selective peptides identified for NR drug targets is shown
in Table 2.

Conformation-sensing peptides from random display
libraries have provided valuable tools to differentiate NR
ligands. However, there are other sources for identifying
interaction partners. Conventional interaction cloning
techniques, such as yeast two-hybrid or the T7 display sys-
tem, can identify novel conformation-sensing partners
[44,45]. In addition, antibody mimetics (i.e. ‘monobodies’)
have been used to differentiate ligand-induced conforma-
tions of ER [46].

In vitro techniques for monitoring nuclear
receptor–peptide interactions
Several technologies have been conventionally employed
to investigate the in vitro effects of ligand on NR binding
interactions with protein cofactors or their peptide surro-
gates [47]. Among these technologies is surface plasmon
resonance, which is an optical detection technology where
the binding or dissociation of macromolecules on a sensor
chip is measured as a change in mass concentration
[48,49]. Time-resolved fluorescence resonance energy trans-
fer (TR FRET) assays have proven useful for the investigation
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Table 2. Examples of nuclear receptor conformation-sensing peptides selected using random peptide
phage display

Receptor Peptide name Peptide sequence Compound used as target Compound
selectivity

Refs

Androgen 3-18 NTNAFSRLFYPS Testosterone Testosterone > DHT [65]

4-11 QPKHFTELYFKS Testosterone DHT > testosterone [65]

D-11 VESGSSRLMQLLMANDLLT ER α and/or estradiol DHT [66]

D-30 HPTHSSRLWELLMEATPTM ER α and/or estradiol DHT [66]

Estrogen GW5P2 EDGGSLFERVWLRELG GW5638X GW5638X [27]

I8P2 EDGGSWVEWVEEERRG Idoxifene Idoxifene [27]

R5P2 EDGGSRRFTFQYGSVG Raloxifene Raloxifene [27]

K7P2 EDGGSLLRWYLEHEFG Estradiol Estradiol, agonists [27]

7β-16 ASRHFLINQHLYKLLQDTDIVVSRL GW5638X GW5638X [67]

bT1 ELFDAFQLRQLILRGLQDDIPYH Tamoxifen Tamoxifen [25]

bI2 EMEWMKALRQHISGELRRNYTEE ICI164384 ICI164384 [25]

D47 HVYQHPLLSLLSSEHESG Estradiol Estradiol, agonists [68]

αII SSLTSRDFGSWYASR Estradiol Non-selective [41]

α/βIII SSWDMHQFFWEGVSR Tamoxifen Tamoxifen [41]

α/βV SSPGSREWFKDMLSR Tamoxifen Tamoxifen [41]

Abbreviation: DHT, dihydrotestosterone; ER, estrogen receptor.



of NR binding interactions and, com-
pared with surface-plasmon reso-
nance, offer throughput advantages for
routine screening applications [50]. In
TR FRET, the excitation energy of a
donor fluorescent molecule (usually a
chelate or cryptate of a lanthanide el-
ement) is transferred by a resonance
mechanism to a neighboring acceptor
fluorescent molecule. The acceptor
molecule releases energy through
fluorescent emission. The long-lived
emission that is contributed by the
donor molecule enables the meas-
urement of the fluorescence of the
acceptor molecule in a time-delayed
method. The time-resolved meas-
urement reduces fluorescent background
by eliminating the detection of fluor-
escent emission from freely diffusing
acceptor molecules.

Another recently developed bead-
based molecular interaction meas-
urement technology is the lumines-
cent proximity assay or AlphaScreen™
(PerkinElmer; http://www.perkinelmer.
com) [47]. On illumination, a photo-
sensitizer in a donor bead produces
singlet oxygen. If an acceptor bead is
in close proximity (~200 µm), energy is
transferred from the singlet oxygen to
a thioxene derivative, which results in
light production between 520 and
620 nm. The advantages of the prox-
imity-based energy transfer approaches
are sensitivity of detection, 384-well
microtiter plate format and auto-
mation compatibility.

A multiplexed format for
simultaneous nuclear receptor–
peptide interaction measurements
Recently, a novel approach to profiling
NR ligands has been described that simultaneously ana-
lyzes up to 100 multiplexed binding interactions in a sin-
gle well of a 96-well microtiter plate (Figure 3) [51,52]. The
assay uses fluorescently encoded microsphere populations
(Luminex®; http://www.luminexcorp.com) and fluorochrome-
coupled recombinantly expressed NR; the read-out plat-
form is flow cytometry. Multiplexing of the peptides is
accomplished by separately coupling each peptide interaction

partner (cofactor binding motifs or peptide sequences
identified by phage display) to a unique population of
microspheres. The different peptide-coupled microspheres
are then combined (i.e. multiplexed) within a single well.
In addition, each well contains a fixed concentration of
subsaturating fluorochrome-coupled NR and a receptor-
saturating concentration of ligand. The microsphere
suspensions are analyzed with a microsphere-dedicated
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Figure 3. Multiplexed microsphere-based analysis of nuclear receptor binding interactions
by flow cytometry. (a) Nuclear receptor binding assays are conducted in a 96-well
microtiter plate by combining up to 100 fluorescently encoded peptide-coupled
microsphere populations and fluorochrome-coupled recombinant nuclear receptor in
the presence or absence of a compound. Each well contains the same complement of
peptide-coupled microspheres but a different compound. After incubation, the
microspheres are analyzed by flow cytometry. (b) Analysis of nuclear receptor binding is
conducted using a microsphere-dedicated flow cytometer [Luminex®100™ (Luminex;
http://www.luminexcorp.com)]. The microsphere suspensions are drawn into the flow
cytometer one well at a time using an XY autosampler. Once inside the flow cytometer,
the microspheres move rapidly in single-file past two focused laser beams. At the point of
interrogation, three separate fluorescent emissions are measured. From the red laser, far
red and near infrared fluorescent emission are measured. These two colors identify the
microsphere population and, by inference, the peptide coupled to its surface. From the
green laser, microsphere-associated orange fluorescence is measured, which indicates the
level of nuclear receptor binding.
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flow cytometer (Luminex®100™; Luminex). During flow
cytometric analysis, the microspheres, which are encased
in a fluid stream, move rapidly in single-file past two fo-
cused lasers. As each microsphere passes the laser light, the
intensities of three fluorescent colors are measured. Far red
and near infrared fluorescence are measured to identify the
microsphere population (and therefore the peptide cou-
pled to its surface) and orange fluorescence is measured to
assess the level of NR binding. The assay is sensitive, com-
patible with automation, of medium-throughput and facil-
itates the rapid acquisition of a ‘profile’ of NR binding
information for each ligand.

Analysis of in vitro peptide-profiling data to
differentiate nuclear receptor-modulating ligands
To probe NRs in complex with various ligands thoroughly,
it is desirable to have as many interaction partners as poss-
ible, whether they are identified from natural or random
display sources. The relative ease with which large datasets
of peptide binding information can be generated, particu-
larly when using a multiplexing system, creates a need for
uncomplicated methodologies for the observation of and
analysis of peptide profiles. The software package Spotfire®

DecisionSite™ (Spotfire; http://www.spotfire.com) has all
but revolutionized the way that massive amounts of data
can be visualized and analyzed (Figure 4). This program
facilitates user flexibility in changing plot types (i.e. scat-
ter, histogram and trellis profile plots) and axis contents.
Additionally, the use of structure strings and a structure
visualizer enable the user to observe compound structure
and to analyze peptide or interaction partner-binding data
simultaneously. This feature makes it relatively easy to
identify SARs among large sets of ligands.

To enhance the differentiation of peptide-binding
profiles, plots can be clustered according to overall profile

shape. Spotfire contains several clustering routines that
range from k-means to hierarchical clustering. An example
of profile plot clustering for ERα data is shown in Figure 4.
Visualization of the variety of compound-induced profile
plots facilitates the rapid recognition of subtle ligand-
induced conformational differences.

As part of an overall strategy to find NR modulators with
differing activities, peptide profiling can be a valuable tool
for the rapid determination of whether a newly synthesized
compound produces an NR conformation that is like or un-
like that of existing tool compounds. This conformational
profiling step can expedite the front end of the search for
novel NR modulators by analyzing large and diverse com-
pound sets in medium- to high-throughput mode. In effect,
this enables chemists to probe NR ligand-binding pocket
space with the confidence that molecules can be analyzed,
parsed and differentiated based on peptide interactions,
which leads to rapid comparisons and timely decision-
making to focus on compounds that are different from pre-
vious ligand tools. The overall goal is that the compounds
that show unique peptide profiles could be approaching
the ideal modulator; at minimum, it is probable that the
compound will display a different set of cellular activities.

It is inherent in this type of up-front approach that it
initially might not be known what the profile for a novel
compound suggests or what activity that a particular
ligand might have in a cellular environment. Simply, the
peptide profile for a novel compound could indicate that
the molecule allosterically regulates receptor conformation
by a mechanism that is unlike previous tool compounds.
However, in one example with the ER, a good correlation
between peptide binding and the ability of sets of com-
pounds to elicit a cellular response was observed [27].
Obviously, this relatively high-throughput peptide-profiling
step should be followed by the more traditional, and typi-
cally more laborious, cellular or animal model work on
compounds that represent unique peptide profile clusters.

Limitations of peptide profiling for compound selection
The limitations of profiling novel compounds with puri-
fied receptors using peptides either from random libraries
or known interaction partners should also be discussed. For
example, it has been shown that ligand-induced coactiva-
tor recruitment and consequent functional activity might
be influenced by promoter context [53]. This level of detail
could require cell-type and promoter-specific assays.
Alternatively, it could prove advantageous to use gene ex-
pression fingerprinting [54,55]. The recent discovery that
some nongenomic effects of steroids could be driven
through novel non-NR membrane receptors is another
emerging area of research [56,57]. In some cases, metabolites
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Figure 4. Example of estrogen receptor peptide-profiling data 
and cluster analysis using data from a Luminex
(http://www.luminexcorp.com) bead assay. Two example profile plots
for 17-β estradiol and raloxifene are shown. Each plot represents
binding data for a single concentration of fluorescently labeled ERα
LBD under saturating ligand conditions. To show the effect of
compound on peptide binding, the basal fluorescence is subtracted
from the fluorescence in the presence of compound. A value of zero
indicates no effect on peptide binding relative to the apo-receptor.
Each vertical grey line shows data for a single peptide and the
histogram data points are connected at the maximum or minimum
to yield a profile plot. After acquiring data from a large set, PCA
selects the most statistically relevant peptides and the profiles are
then clustered based on overall profile shape. The bottom of the
figure shows an example of a cluster analysis for ERα data, where a
few key tool compounds are shown as colored profile plots. Each
grey profile plot represents data for a single compound.
Abbreviations: ER, estrogen receptor; LBD, ligand-binding domain;
PCA, principle components analysis.

http://www.spotfire.com
http://www.luminexcorp.com


that alter the receptor-activation properties of the ligand,
or even bind to non-NR targets, might result in cellular
activities that could not be predicted using the purified re-
ceptor [58]. Finally, it is well accepted that the NR LBD
drives much of the ligand-related features of signal trans-
duction, but clearly the next step in this approach will be
to extend the analysis to the full length receptor to include
DNA binding, homodimerization, heterodimerization and
other domain activities. In the end, there can be no substi-
tute for appropriate cell-based and disease models, and ul-
timately clinical trials, for the adequate testing of the ac-
tivities of a ligand that has been identified using an in vitro
technique such as peptide profiling.

Conclusions and perspectives
All the currently available NR drugs have undesirable side
effects and there is clearly a pharmaceutical opportunity
for improvement. For example, a selective ER modulator
that slows progression of osteoporosis and eliminates hot
flush symptoms without having reproductive organ activi-
ties would be clinically valuable, as would a glucocorticoid
receptor modulator that blocks inflammation without in-
ducing osteoporosis. Despite many years of intensive study
on NRs, a generalized approach to identifying modulators
with the desired properties has not been straightforward
or obvious. With developments over the past several years,
peptide interaction profiling has found a niche in the NR
drug discovery process and has helped to shorten the gap
between chemical synthesis and disease model testing.
However, many unanswered questions about peptide in-
teraction profiling and NR modulation remain. What con-
formations or peptide interactions indicate desired versus
undesired effects? How many repertoires of ligand-in-
duced NR conformations are possible? Does each set of
conformations yield unique biology? The strength of the
receptor-based peptide profiling approach is that it en-
ables the classification of available compounds as being
either similar to or different from preceding drugs or tool
compounds at an early stage in the drug discovery process.
In effect, this approach helps to alleviate, but does not re-
solve, the ‘needle-in-a-haystack’ problem and quickly
identifies novel NR modulators that might have unique
physiological properties relative to earlier ligands.
Additionally, the correlative information that is gained
should help to improve understanding of the relationship
between ligand-induced protein–protein interactions, sig-
nal transduction and cellular phenotype. Overall, the use
of these peptide interaction technologies should play a
valuable role in the discovery of new classes of modula-
tors that have distinct and pharmaceutically desired bio-
logical effects.

Acknowledgements
We thank Mike Romanos and John Reardon for discussions
and for supporting continual development of NR profiling
ideas. We also thank our many colleagues within the
GlaxoSmithKline (http://www.gsk.com) NR arena for
thought-provoking discussions and excellent cooperation.
In particular, we appreciate the thoughtful review of this
manuscript by Timothy Willson and Bob Hollingsworth.

References
1 Nuclear Receptors Nomenclature Committee (1999) A unified

nomenclature system for the nuclear receptor superfamily. Cell 97,
161–163

2 Whitfield, G.K. et al. (1999) Steroid hormone receptors: evolution,
ligands, and molecular basis of biologic function. J. Cell. Biochem.
Suppl. 32–33, 110–122

3 Drews, J. (2000) Drug discovery: a historical perspective. Science 287,
1960–1964

4 Willson, T.M. and Moore, J.T. (2002) Genomics versus orphan nuclear
receptors–a half-time report. Mol. Endocrinol. 16, 1135–1144

5 Warnmark, A. et al. (2003) Activation functions 1 and 2 of nuclear
receptors: molecular strategies for transcriptional activation. Mol.
Endocrinol. 17, 1901–1909

6 Hard, T. et al. (1990) Solution structure of the glucocorticoid receptor
DNA-binding domain. Science 249, 157–160

7 Schwabe, J.W.R. et al. (1993) The crystal structure of the estrogen
receptor DNA-binding domain bound to DNA: how receptors
discriminate between their response elements. Cell 75, 567–578

8 Moras, D. and Gronemeyer, H. (1998) The nuclear receptor ligand-
binding domain: structure and function. Curr. Opin. Cell Biol. 10, 384–391

9 Bourguet, W. et al. (1995) Crystal structure of the ligand-binding
domain of the human nuclear receptor RXR-alpha. Nature 375, 377–382

10 Nolte, R.T. et al. (1998) Ligand binding and co-activator assembly of the
peroxisome proliferator-activated receptor-gamma. Nature 395, 137–143

11 Bledsoe, R.K. et al. (2002) Crystal structure of the glucocorticoid
receptor ligand-binding domain reveals a novel mode of receptor
dimerization and coactivator recognition. Cell 110, 93–105

12 Heery, D.M. et al. (1997) A signature motif in transcriptional co-activators
mediates binding to nuclear receptors. Nature 387, 733–736

13 McKenna, N.J. and O’Malley, B.W. (2002) Minireview: nuclear receptor
coactivators - an update. Endocrinology 143, 2461–2465

14 Brzozowski, A.M. et al. (1997) Molecular basis of agonism and
antagonism in the oestrogen receptor. Nature 389, 753–758

15 Shiau, A.K. et al. (1998) The structural basis of estrogen
receptor/coactivator recognition and the antagonism of this
interaction by tamoxifen. Cell 95, 927–937

16 Pike, A.C. et al. (2000) A structural biologist’s view of the oestrogen
receptor. J. Steroid Biochem. Mol. Biol. 74, 261–268

17 Pike, A.C. et al. (1999) Structure of the ligand-binding domain of
oestrogen receptor beta in the presence of a partial agonist and a full
antagonist. EMBO J. 18, 4608–4618

18 Pike, A.C. et al. (2001) Structural insights into the mode of action of a
pure antiestrogen. Structure 9, 145–153

19 Kauppi, B. et al. (2003) The three-dimensional structures of antagonistic
and agonistic forms of the glucocorticoid receptor ligand-binding
domain: RU-486 induces a transconformation that leads to active
antagonism. J. Biol. Chem. 278, 22748–22754

20 Smith, C.L. and O’Malley, B.W. (2004) Coregulator function: a key to
understanding tissue specificity of selective receptor modulators.
Endocr. Rev. 25, 45–71

21 Love, R.R. et al. (1992) Effects of tamoxifen on bone mineral density
in postmenopausal women with breast cancer. N. Engl. J. Med. 326,
852–856

750

DDT Vol. 9, No. 17 September 2004reviews research focus

www.drugdiscoverytoday.com

http://www.gsk.com


22 Webb, P. et al. (1995) Tamoxifen activation of the estrogen receptor/
AP-1 pathway: potential origin for the cell-specific estrogen-like effects
of antiestrogens. Mol. Endocrinol. 9, 443–456

23 Smith, C.L. et al. (1997) Coactivator and corepressor regulation of 
the agonist/antagonist activity of the mixed antiestrogen,
4-hydroxytamoxifen. Mol. Endocrinol. 11, 657–666

24 Shang, Y. and Brown, M. (2002) Molecular determinants for the tissue
specificity of SERMs. Science 295, 2465–2468

25 Huang, H.J. et al. (2002) Identification of a negative regulatory surface
within estrogen receptor alpha provides evidence in support of a role
for corepressors in regulating cellular responses to agonists and
antagonists. Mol. Endocrinol. 16, 1778–1792

26 Webb, P. et al. (2003) Differential SERM effects on corepressor binding
dictate ERalpha activity in vivo. J. Biol. Chem. 278, 6912–6920

27 Iannone, M.A. et al. (2004) Correlation between in vitro peptide binding
profiles and cellular activities for estrogen receptor modulating
compounds. Mol. Endocrinol. 18, 1064–1081

28 Jackson, T.A. et al. (1997) The partial agonist activity of antagonist-
occupied steroid receptors is controlled by a novel hinge domain-
binding coactivator L7/SPA and the corepressors N-CoR or SMRT.
Mol. Endocrinol. 11, 693–705

29 Schulz, M. et al. (2002) RU486-induced glucocorticoid receptor agonism
is controlled by the receptor N terminus and by corepressor binding.
J. Biol. Chem. 277, 26238–26243

30 McKay, L.I. and Cidlowski, J.A. (1999) Molecular control of
immune/inflammatory responses: interactions between nuclear factor-
kappa B and steroid receptor-signaling pathways. Endocr. Rev. 20, 435–459

31 Barnes, P.J. (1998) Anti-inflammatory actions of glucocorticoids:
molecular mechanisms. Clin. Sci. 94, 557–572

32 Lefebvre, P. (2001) Molecular basis for designing selective modulators of
retinoic acid receptor transcriptional activities. Curr. Drug Targets
Immune Endocr. Metabol. Disord. 1, 153–164

33 Kato, S. (2001) Estrogen receptor-mediated cross-talk with growth
factor signaling pathways. Breast Cancer 8, 3–9

34 Wong, C.W. et al. (2002) Estrogen receptor-interacting protein that
modulates its nongenomic activity-crosstalk with Src/Erk
phosphorylation cascade. Proc. Natl. Acad. Sci. U. S. A. 99, 14783–14788

35 Losel, R. and Wehling, M. (2003) Nongenomic actions of steroid
hormones. Nat. Rev. Mol. Cell Biol. 4, 46–56

36 Willson, T.M. et al. (1994) 3-[4-(1,2-Diphenylbut-1-enyl)phenyl]acrylic
acid: a non-steroidal estrogen with functional selectivity for bone over
uterus in rats. J. Med. Chem. 37, 1550–1552

37 Coghlan, M.J. et al. (2003) A novel anti-inflammatory maintains
glucocorticoid efficacy with reduced side effects. Mol. Endocrinol. 17,
860–869

38 Schacke, H. et al. (2004) Dissociation of transactivation from
transrepression by a selective glucocorticoid receptor agonist leads to
separation of therapeutic effects from side effects. Proc. Natl. Acad. Sci.
U. S. A. 101, 227–232

39 Sidhu, S.S. et al. (2000) Phage display for selection of novel binding
peptides. Methods Enzymol. 328, 333–363

40 Northrop, J.P. et al. (2000) Selection of estrogen receptor beta- and
thyroid hormone receptor beta-specific coactivator-mimetic peptides
using recombinant peptide libraries. Mol. Endocrinol. 14, 605–622

41 Norris, J.D. et al. (1999) Peptide antagonists of the human estrogen
receptor. Science 285, 744–746

42 Paige, L.A. et al. (1999) Estrogen receptor (ER) modulators each induce
distinct conformational changes in ER alpha and ER beta. Proc. Natl.
Acad. Sci. U. S. A. 96, 3999–4004

43 McDonnell, D.P. et al. (2002) Elucidation of the molecular mechanism of
action of selective estrogen receptor modulators. Am. J. Cardiol. 90, 35F–43F

44 Nagpal, S. et al. (2001) Identification of nuclear receptor interacting
proteins using yeast two-hybrid technology. Applications to drug
discovery. Methods Mol. Biol. 176, 359–376

45 Danner, S. and Belasco, J.G. (2001) T7 phage display: a novel genetic
selection system for cloning RNA-binding proteins from cDNA libraries.
Proc. Natl. Acad. Sci. U. S. A. 98, 12954–12959

46 Koide, A. et al. (2002) Probing protein conformational changes in living
cells by using designer binding proteins: application to the estrogen
receptor. Proc. Natl. Acad. Sci. U. S. A. 99, 1253–1258

47 Glickman, J.F. et al. (2002) A comparison of ALPHAScreen, TR-FRET, and
TRF as assay methods for FXR nuclear receptors. J. Biomol. Screen. 7, 3–10

48 Myszka, D.G. (2000) Kinetic, equilibrium, and thermodynamic analysis
of macromolecular interactions with BIACORE. Methods Enzymol. 323,
325–340

49 Cheskis, B.J. et al. (2003) Hierarchical affinities and a bipartite interaction
model for estrogen receptor isoforms and full-length steroid receptor
coactivator (SRC/p160) family members. J. Biol. Chem. 278, 13271–13277

50 Zhou, G. et al. (2001) Use of homogeneous time-resolved fluorescence
energy transfer in the measurement of nuclear receptor activation.
Methods 25, 54–61

51 Iannone, M.A. et al. (2001) Multiplexed molecular interactions of
nuclear receptors using fluorescent microspheres. Cytometry 44,
326–337

52 Kellar, K.L. and Iannone, M.A. (2002) Multiplexed microsphere-based
flow cytometric assays. Exp. Hematol. 30, 1227–1237

53 Kushner, P.J. et al. (2003) Estrogen receptor action through target genes
with classical and alternative response elements. Pure Appl. Chem. 75,
1757–1769

54 Levenson, A.S. et al. (2002) Gene expression profiles with activation of
the estrogen receptor alpha-selective estrogen receptor modulator
complex in breast cancer cells expressing wild-type estrogen receptor.
Cancer Res. 62, 4419–4426

55 Zajchowski, D.A. et al. (2000) Identification of selective estrogen
receptor modulators by their gene expression fingerprints. J. Biol. Chem.
275, 15885–15894

56 Zhu, Y. et al. (2003) Identification, classification, and partial
characterization of genes in humans and other vertebrates homologous
to a fish membrane progestin receptor. Proc. Natl. Acad. Sci. U. S. A. 100,
2237–2242

57 Qiu, J. et al. (2003) Rapid signaling of estrogen in hypothalamic
neurons involves a novel G-protein-coupled estrogen receptor that
activates protein kinase C. J. Neurosci. 23, 9529–9540

58 de Gooyer, M.E. et al. (2003) Receptor profiling and endocrine
interactions of tibolone. Steroids 68, 21–30

59 Bryant, H.U. (2002) Selective estrogen receptor modulators. Rev. Endocr.
Metab. Disord. 3, 231–241

60 Murphy, S. et al. (2003) Estrogen and selective estrogen receptor
modulators: neuroprotection in the Women’s Health Initiative era.
Endocrine 21, 17–26

61 Belvisi, M.G. et al. (2001) New glucocorticosteroids with an improved
therapeutic ratio? Pulm. Pharmacol. Ther. 14, 221–227

62 Brown, N.J. (2003) Eplerenone: cardiovascular protection. Circulation
107, 2512–2518

63 Nesto, R.W. et al. (2003) Thiazolidinedione use, fluid retention, and
congestive heart failure: a consensus statement from the American
Heart Association and American Diabetes Association. October 7, 2003.
Circulation 108, 2941–2948

64 Roberts, A.W.A. et al. (2003) Peroxisome proliferator-activated receptor-γ
agonists in atherosclerosis: current evidence and future directions. 
Curr. Opin. Lipidol. 14, 567–573

65 Hsu, C.L. et al. (2003) The use of phage display technique for the
isolation of androgen receptor interacting peptides with (F/W)XXL(F/W)
and FXXLY new signature motifs. J. Biol. Chem. 278, 23691–23698

66 Chang, C.Y. and McDonnell, D.P. (2002) Evaluation of ligand-
dependent changes in AR structure using peptide probes. 
Mol. Endocrinol. 16, 647–660

67 Connor, C.E. et al. (2001) Circumventing tamoxifen resistance in breast
cancers using antiestrogens that induce unique conformational
changes in the estrogen receptor. Cancer Res. 61, 2917–2922

68 Schaufele, F. et al. (2000) Temporally distinct and ligand-specific
recruitment of nuclear receptor-interacting peptides and cofactors to
subnuclear domains containing the estrogen receptor. Mol. Endocrinol.
14, 2024–2039

751

DDT Vol. 9, No. 17 September 2004 reviewsresearch focus

www.drugdiscoverytoday.com


	Discovery of novel nuclear receptor modulating ligands: an integral role for peptide interaction profiling
	Domain organization and structural features of the nuclear receptor ligand-binding domain
	Tissue specific effects of non-natural nuclear receptor ligands
	Random peptide technologies for probing nuclear receptor conformation
	In vitro techniques for monitoring nuclear receptor-peptide interactions
	A multiplexed format for simultaneous nuclear receptor-peptide interaction measurements
	Analysis of in vitro peptide-profiling data to differentiate nuclear receptor-modulating ligands
	Limitations of peptide profiling for compound selection
	Conclusions and perspectives
	Acknowledgements
	References


