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INHIBITORS FOR ANDROGEN RECEPTOR ACTIVATION SURFACES 

Contract: W81XWH-05-1-0545 
R. Fletterick, P.I. 
Department of Defense Progress Report 2007 
Period 9.1.06-8.31.07 
 
INTRODUCTION  
 
Androgen receptor (AR) regulates gene expression required for early prostate cancer growth and survival. 
In early stage cancer, AR activity caused by endogenous androgens promotes the disease. Fortunately, AR 
action can be blocked by hormone withdrawal or with antiandrogens that compete for the hormone-
binding site within the AR ligand binding domain (LBD). Unfortunately, in tumor progression secondary 
events (including AR mutations or modifications and alteration in AR and cofactor levels) sensitize AR 
action to low androgen or antiandrogen environments, thereby reactivating AR dependent gene expression 
programs and leading to proliferation of tumors. Eventually these evolve resistance to existing 
chemotherapeutics that inhibit by competition for the hormone binding pocket. An alternative class of 
inhibitors, which bind to NR surfaces that mediate assembly of the receptor’s binding partners, might 
slow the route to advanced disease. We conducted two types of screens to identify surface binding 
compounds; functional and structural by X-ray crystallography. We expected to directly block AR 
activation function 2 (AF-2), which is hormone directed formation of an AR surface to bind coactivators. 
The so called AF-2 pocket is characterized at atomic level. Four compounds- three nonsteroidal anti-
inflammatories (NSAIDs) and the thyroid hormone, Triac were found to block coactivator binding in 
solution with IC50  50 M. Most importantly, inhibition of AF-2 activity by these four was detected in 
cells. X-ray analysis of compounds at the AR surface confirms weak binding at AF-2. A major surprise 
showed that the most potent inhibitors bind preferentially to a previously unknown cleft termed binding 
function-3 (BF-3). A search of the human mutation database showed mutations at BF-3 linked to prostate 
cancer and androgen insensitivity syndrome. X-ray analysis revealed a possible mechanism. The 
compound Triac binds to BF-3 with apparent conformational changes at the adjacent interaction site AF-
2. The experiments imaged a much less ordered (weaker binding) coactivator peptide at AF-2. We used 
functional assays to show that mutation of residues that form BF-3 inhibits AR function and AR AF-2 
activity. We propose that BF-3 is a previously unrecognized allosteric regulatory site needed for AR 
activity in vivo and a possible pharmaceutical target. 
 
 
BODY 

 

Original Objectives and Specific Aims 

Our objective is to synthesize molecules that bind AR AF-2 (or other protein interaction surfaces) and 
inhibit assembly of AR/coactivator complexes. These compounds could comprise new leads in our search 
for therapies for primary and secondary prostate cancer.  
 
Aim 1: X-ray Screening of Fragments. Soak AR crystals in mixtures of drug-like fragments that are 
about 200 Daltons and contain sites for later coupling reactions with linkers to combine fragments. 
Determine three dimensional structures of soaked crystals to locate compounds on the AR surface. 
 
Aim 2: Focused Chemistry. Assemble libraries of computationally designed compounds that will fill the 
defined sub-pockets in the AF-2 surface. Soak AR crystals in mixes of these compounds and use X-ray 
crystallography to locate binding compounds, as described for Aim 1. 
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Aim 3: Identification and Characterizations of Bound Molecules. Positive binding compounds will be 
identified by direct imaging from Aims 1 and 2, or by deconvolution and additional crystal soaks to 
determine high resolution structures of compounds attached to AR. Binding interactions and constraints 
on additions to the bound fragment will be characterized from atomic coordinates. 
 
Aim 4: Linkage Chemistry and Assays. Identified fragments from Aim 1 will be linked by synthetic 
chemistry to make compounds that will be tested for binding in biochemical and cell assays and by X-ray 
crystallography. Lead compounds identified in Aim 2 will be tested using the same methodologies. 
 
 
SUMMARY OF RESULTS 

 
Aims 1 and 2 were completed with compound libraries that included about 3000 compounds.  
Aim 3 was completed using X-ray crystallography to image the identity of bound compounds and provide 
a qualitative degree of binding affinity. The results for Aims 1 through 3 was identification of 7 
compounds binding at two surface sites, with 4 compounds binding tightly and 3 binding weakly Kd ~ 1-5 
mM. 
 
 
Binding Function 3 (BF3) is a Surface on the Androgen Receptor that Allosterically Regulates 

Coactivator Binding.  This is a major result. We proved that interactions at BF-3 weaken coactivator 
binding (Fig 1). Comparison of the AR surface +/- Triac, T3 and FLF reveals structural alterations. Four 
BF-3 residues (Arg840, Asn727, Phe826 and Glu829) that point out of the pocket into solution point 
inwards and engage the compound (Fig. 3A). This is accompanied by large movements of the Arg726 
side chain, close to AF-2, and repositioning of AF-2 residues Lys717 and Met734 (not shown). Small but 
significant shifts in secondary structural elements; residues 720-730 (H3) and 825-847 (H9) exhibit root 
mean square deviation (r.m.s.d) of 0.33 and 0.44, are observed but not interpreted mechanistically. Thus, 
Triac and FLF promote structural rearrangements in BF-3 that are propagated to AF-2. 
 
Strikingly, interactions at BF-3 disorder coregulator peptides that are bound to AF-2. In crystals of ternary 
complexes of AR LBD-DHT-SRC2-3 (LXXLL) and AR LBD-DHT-ARA70 (FXXLF), the peptides fold 
into -helices of 15 and 9 amino acids (20), respectively, clearly defined by electron density (Figs. 3A, 
3B, insets). Short incubations with Triac result in loss of electron density in regions flanking SRC2-3 
(Fig. 5A, and inset) and disruption of Arg726 interactions with SRC2-3 residues that lie C-terminal to the 
LxxLL motif. Triac binding to BF-3 also weakened contacts to the second class of coactivator, 
represented by ARA70 with motif FxxLF (Fig. 3B); only four residues are visible with Leu+4 and Phe+5 
completely defined (Fig. 3B, inset). Arg726 does not contact the FXXLF peptide, suggesting that 
reorganization of AF-2 itself is important for this effect. Unexpectedly, Arg840 adopts the inwards facing 
conformation in this experiment (Fig. 3B). Similar Arg840 rearrangements are also seen with artificial 
FXXLF peptides, suggesting that it is a hitherto unappreciated feature of AR interactions with these NR 
boxes. It is unlikely that Triac interacts directly with AF-2 to disrupt coactivator binding; it is not detected 
at AF-2 at these times and the electron-rich iodine groups of Triac representing particularly good markers. 
Control soaks with solvent (DMSO) reveal no similar effects on coregulator peptide organization (not 
shown). Thus, Triac interactions at BF-3 weaken contacts between AR and coactivator peptides.  
 
Functional analysis of Binding Function 3: 

If BF-3 is important for AR action, then BF-3 mutations should alter AR activity. Mutations at Gln670, 
Ile672 and Leu830 in the BF-3 groove are associated with prostate cancer, where they enhance AR 
function. Leu830, Pro723, Gly724, and Arg840 in BF-3 are mutated in androgen insensitivity syndrome, 
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(http://www.androgendb.mcgill.ca/). Targeted mutagenesis of Asn727 and Arg840, which move on Triac 
binding, eliminate AR-LBD activity (Fig. 3C), similar to the degree of inhibition obtained with mutations 
in AF-2. Likewise, mutations at Phe673, Pro723, Glu724 and Glu737 and, possibly, Arg 726 and Phe826 
reduce activity. Mutations in nearby residues, including Gln670, Ile672, Glu829 and Asn833, increase AR 
AF-2 activity up to five fold. Similar results are obtained with full length AR at MMTV-LUC; mutations 
at Phe673, Pro723 and Arg840 inhibited androgen response (Fig. 3D). Together, mutations that inhibit 
AR activity describe a continuous patch that resembles the BF-3 surface defined by chemical interactions 
(Fig. 3E). 
 
BF-3 could be present in other NRs. Part of the BF-3 site; the loop between helices 3 and 4 is a signature 
sequence. BF-3 residues are conserved in the steroid subfamily, as superposition of their published 
structures reveals (Fig. 4). Mutations in equivalent regions of estrogen and glucocorticoid receptor are 
implicated in coactivator binding. Collectively, these data provide evidence for a role of BF-3 in NR 
action in health and disease. 
 
Fig. 1. Location of AF-2 and BF-3. A Schematic of AR LBD showing the location of the DHT, key AF-2 helices (3,5, and 12) 
and H1. B Space filling model of AR LBD showing key residues in AF-2 (cyan) and BF-3 (red). C. As in Fig. 3B, but rotated 
90o to reveal BF-3. 
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Fig. 2. Small Molecules inhibit coregulator binding and AR AF-2 activity. (A-B) Dose response analysis using fluorescence 
polarization of (A) TOL and (B) Triac in the presence of AR LBD and fluorescent peptide SRC2-3. (C) SDS-PAGE showing 
in vitro translated SRC2 retained in pulldowns with AR-LBD/DHT complex with vehicle (0), 10μg SRC2-3 peptide or FLF (1, 
3, 10, 30, 100 M). (D, E) AR AF-2 transcription readouts in HeLa. Components are shown in schematic at the top. Panels 
show luciferase assays (light units x 104) normalized to -galactosidase. Standard errors are derived from sextuplet points. 
Experiments were performed with similar results five times. (F) AR transcription readouts. Components are shown in 
schematic at top. The figure represents a typical experiment with DHT response set to 100%. 
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Fig. 3. BF-3 is an allosteric regulator of AF-2. (A) Superposition of AR with 15mer SRC2-3 + (blue sticks) and - Triac (gray 
sticks) and + Triac with no peptide (yellow sticks). Arg840, Phe826, Asn727 (BF-3) and Arg726 (AF-2) adopt different 
conformations. Without Triac, Arg840 points outward and Arg726 contacts SRC2-3 (gray). With Triac, Arg840 contacts ligand 
and Arg726 does not contact SRC2-3 (blue). Right panel shows SRC2-3 at AF-2 without (gray -trace) and + Triac (blue -
trace). Blue dots indicate regions not visible with Triac; Leu residues as sticks. (B) As above, with 15mer ARA70 \ + (blue) 
and - Triac (gray). Reorganization is similar to (A) except that Arg840 points inwards without Triac. (C) AR AF-2 assay; wild 
type AR = 100%. Results are averages of multiple experiments n>3. (D) Representative transfection with full length AR active 
at MMTV-Luc. (E) BF-3 defined by mutagenesis. Residues needed for activity in raspberry; mutations that increase activity in 
green. 
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KEY RESEARCH ACCOMPLISHMENTS 

 
 Four compounds were found that bind to surfaces of the human androgen receptor. Cell assays 

showed that these compounds inhibit transcription in cells in the context of a LBD driving a reporter 
or of full length AR driving a reporter. Thus, screens developed by this grant led to new compounds 
that may be chemotypes for new classes of AR inhibitors. 
 

 Discovery of an allosteric effector site of the androgen receptor that has characteristics of a repressor 
function. Binding at BF3 alters structure disordering coregulator domains bound at AF-2. 

 
 
 
REPORTABLE OUTCOMES 

 
Patents 

 
Submitted application: SF2007-128 "Allosteric Effectors of Androgen Receptor" 
R. Fletterick, E. Estebanez-Perpina, John D. Baxter, Kip Guy (2007) 
UCSF Office of Technology Management (OTM). Not pursued per UCSF OTM, 2007) 
The invention relates to the identification and characterization of a novel regulatory surface on the AR 
LBD (BF3 pocket) and allosteric coactivator modulators and will be reactivated when second generation 
compounds are obtained. The chemistry needed to develop second generation compounds will require 
additional funding. 
 
Publications 

 
1. Estébanez-Perpiñá, E., Arnold, L.A., Mar, E., Bateman, R., Shokat, K., Guy, R. K. and Fletterick, 

R.J. Inhibitors of Androgen Receptor-Coregulators Assembly.  Proc Natl Acad Sci U S A (PNAS), 
Oct 9;104(41):16074-9. Epub 2007 Oct 2. PMID: 17911242 [PubMed - in process] 

 
2. Estébanez-Perpiñá, E., Arnold, L.A., Jouravel, N., Togashi, M., Blethrow J., Mar, E., Nguyen P., 

Phillips K.J., Baxter, J.D., Webb, P., Guy, R. K. and Fletterick, R.J.  Structural Insight into the Mode 
of Action of a Direct Inhibitor of Coregulator Binding to the Thyroid Hormone Receptor..  
Molecular Endocrinology, 2007 Sep 6; [Epub ahead of print]   PMID: 17823305 (related to 
screening concepts for AR and confirms idea of surface interacting drugs) 

 
3. Estébanez-Perpiñá, E., Jouravel, N., and Fletterick, R.J. Perspectives on Designs of Anti-Androgens 

for Prostate Cancer. Expert Opinion in Drug Discovery, in press, October 2007. 
 
4. Estébanez-Perpiñá, E., Arnold, L.A., Baxter, J.D., Webb, P., Guy, R. K. and Fletterick, R.J. 

Developing therapeutic agents for androgen-independent prostate cancer.  Invited review Nuclear 
Receptor Signaling (NURSA), in press, Sept. 2007. 

 
5. Estébanez-Perpiñá, E., and R.J. Fletterick. The Androgen Receptor Coactivator Binding Interface. 

Invited book chapter by Springer Science. In preparation, Sept. 2007. 
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CONCLUSIONS 

 
We screened chemical libraries of compounds with two strategies to identify organic molecules that bind 
to the AR LBD surface. Most of the ~1100 compounds tested belong to a commercial library of FDA-
approved bioavailable drugs. The first strategy used a fluorescently labeled coregulator peptide known to 
bind to the AR AF2 site; the second exploited X-ray crystallography to discover organic molecules that 
bind at the surface of the AR LBD in crystals. The first approach identified four compounds that blocked 
peptide coactivator recruitment: thyroid hormone analogue 3,3’,5-triiodothyroacetic acid (TRIAC), and 
three aspirin-derivatives flufenamic acid, tolfenamic acid, and meclofenamic acid. The X-ray strategy 
identified six compounds, four of them bound to AF2: 2-methylindole (2MI), 1-tert-Butyl-3-(2,5-
dimethyl-benzyl)-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine (K10), 3-((1-tert-butyl-4-amino-1H-
pyrazolo[3,4-d]pyrimidin-3-yl)methyl)phenol (RB1) and T3 hormone.  
 
The most important discovery of this project is finding a site we called BF3.  TRIAC, T3 hormone, 
flufenamic acid, 2MI and indole-3-carboxylic acid bind to this locus. Thus, using complementary 
approaches, we identified small molecules that target the coactivator-binding pocket and BF3 site of AR.  
The identification of binding molecules and accompanying three-dimensional structures may be used to 
develop tighter and more specific lead molecules. 
 
Plans for further work:  We are using 2-hybrid screens to identify the endogenous proteins that bind to 
BF3. 
 
 
 



A surface on the androgen receptor that allosterically
regulates coactivator binding
Eva Estébanez-Perpiñá*, Alexander A. Arnold†, Phuong Nguyen‡, Edson Delgado Rodrigues‡, Ellena Mar*,
Raynard Bateman§, Peter Pallai¶, Kevan M. Shokat§, John D. Baxter‡�, R. Kiplin Guy†, Paul Webb‡,
and Robert J. Fletterick*�

*Department of Biochemistry and Biophysics, §Department of Molecular and Cellular Pharmacology, and ‡Diabetes Center and Department of Medicine,
University of California, San Francisco, CA 94143; †Department of Chemical Biology and Therapeutics, St. Jude Children’s Research Hospital,
Memphis, TN 38105; and ¶Bioblocks, Inc., San Diego, CA 92121

Contributed by John D. Baxter, August 24, 2007 (sent for review May 12, 2007)

Current approaches to inhibit nuclear receptor (NR) activity target
the hormone binding pocket but face limitations. We have pro-
posed that inhibitors, which bind to nuclear receptor surfaces that
mediate assembly of the receptor’s binding partners, might over-
come some of these limitations. The androgen receptor (AR) plays
a central role in prostate cancer, but conventional inhibitors lose
effectiveness as cancer treatments because anti-androgen resis-
tance usually develops. We conducted functional and x-ray screens
to identify compounds that bind the AR surface and block binding
of coactivators for AR activation function 2 (AF-2). Four compounds
that block coactivator binding in solution with IC50 � 50 �M and
inhibit AF-2 activity in cells were detected: three nonsteroidal
antiinflammatory drugs and the thyroid hormone 3,3�,5-triiodo-
thyroacetic acid. Although visualization of compounds at the AR
surface reveals weak binding at AF-2, the most potent inhibitors
bind preferentially to a previously unknown regulatory surface
cleft termed binding function (BF)-3, which is a known target for
mutations in prostate cancer and androgen insensitivity syndrome.
X-ray structural analysis reveals that 3,3�,5-triiodothyroacetic acid
binding to BF-3 remodels the adjacent interaction site AF-2 to
weaken coactivator binding. Mutation of residues that form BF-3
inhibits AR function and AR AF-2 activity. We propose that BF-3 is
a previously unrecognized allosteric regulatory site needed for AR
activity in vivo and a possible pharmaceutical target.

antagonist � high-throughput screening � regulatory surface �
antiandrogens � nuclear receptors

Nuclear receptors (NRs) play widespread roles in disease and
are major targets for pharmaceuticals (1), with many new

compounds in development (2). Most NR ligands interact with
the internal ligand binding pocket [binding function (BF) 1] in
the C-terminal ligand binding domain (LBD) core (3). From
here, the ligands modulate NR activity by allosterically reshaping
the LBD surface, with concomitant effects on coregulator
association and gene expression (3–6). It remains conceivable
that ligands could bind elsewhere. We identified a compound
that binds to the TR dimer interaction surface (7), we and others
identified compounds that bind the NR activation function 2
(AF-2) surface (discussed below), and another group showed
that glucose and oxysterols cooperate in activation of liver X
receptors (8).

The strategy of targeting the ligand binding pocket with
pharmaceuticals has limitations. First, ligand size can be limited
by the enclosed nature of the pocket (3). Second, it is difficult to
devise strategies to modulate interaction surfaces that are not
remodeled by ligand or orphan NRs that lack known ligands or
ligand binding cavities. Third, partial agonist or mixed agonist
activities of ligands that bind BF-1 may not be desirable. This is
a particular problem for androgen receptor (AR) and estrogen
receptor antagonists, which are used to treat, respectively,
hormone-dependent prostate and breast cancers but can become
ineffective and promote tumor growth (9–11).

In principle, pharmaceutical attack at NR surface active sites
could overcome these problems (12), and NR AF-2 is a partic-
ularly attractive drug target (13). AF-2 is formed in response to
agonist binding and binds coregulators, including the steroid
receptor coactivator (SRC) family. Only 6–8 amino acids in
AF-2 are crucial, and these form a hydrophobic cleft that binds
short �-helical peptides (NR boxes) in target coactivators and
could bind small molecules (BF-2). We identified two com-
pounds that block thyroid hormone receptor AF-2 association
with coactivators in solution and receptor activity in cells (14).
Others identified estrogen receptor-interacting compounds,
some of which block coregulator binding in vitro (14–17).

Strategies that target AR AF-2 could yield new therapeutics
for prostate cancer and other conditions (18–22). AR AF-2-
interacting peptides inhibit androgen response, representing
proof of principle that intervention at this surface is a viable
strategy for inhibition of AR activity in vivo (18). Compounds
that bind AF-2 should inhibit intramolecular association be-
tween the AR LBD and N-terminal domain (23) required for
optimal AR responses at many target genes and interactions with
coregulators that participate in AR action such as AR-associated
protein 70 (ARA70) and SRC2 (20). AR AF-2 binds short
�-helical peptides with consensus FXXLF and the more com-
mon NR consensus LXXLL. Our x-ray structures of AR LBD
with representative peptides reveal that AF-2 amino acid side
chains move to create deep pockets that accommodate the bulky
aromatic amino acid side chains and represent attractive targets
for small molecules (19, 20, 24). These conformational changes
nevertheless also make it difficult to rationally design drugs that
bind this protein interaction surface (25).
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In the current study we identified several AR surface-
interacting compounds that inhibit AR AF-2 activity with com-
plementary functional and structural screens. Similar strategies
were successful for drug development in other settings (25–28)
and were instrumental in development of a drug that works at the
protein product of the murine double minute gene (mdm2), a
negative regulator of p53 tumor suppressor (29). We find,
unexpectedly, that the most potent compounds bind preferen-
tially to a novel site, BF-3, which allosterically influences co-
regulator association with AF-2, represents a new target for
modulation of AR activity, and may be a previously unknown
AR regulatory surface. Our results emphasize the potential of
x-ray crystallography for detection of regulatory sites on NR
surfaces.

Results
Solution Screening Detects Inhibitors of AR/SRC2 Interactions. We
used automated fluorescence polarization (FP) (14) to screen for
compounds that bind AR and inhibit coregulator association.
This assay detects binding of AR AF-2 to a 15-aa LXXLL
peptide overlapping the third SRC2 NR box (SRC2–3) in the
presence of the androgen dihydrotestosterone (DHT); SRC2–3
binds with an apparent equilibrium dissociation constant (Kd) of
2.2 �M and is the tightest AR binding peptide in a library of
LXXLL and FXXLF motifs (20). More than 55,000 compounds
were screened. Most were from the Bay Area Screening Center
library (ChemDiv/ChemBridge), comprising relatively large
compounds (�400 Da) selected for diversity, solubility, and lack
of toxicity. Also included was the collection of �1,200 off-patent
drugs from Prestwick (Illkirch, France).

We detected four compounds that inhibited AR interactions
with SRC2–3 by 40% or more at a concentration of 50 �M (Fig.
1A), all from the Prestwick library. These were three nonsteroi-
dal antiinflammatory drugs, f lufenamic acid (FLF), tolfenamic
acid (TOL), and meclofenamic acid, (30), and 3,3�,5-
triiodothyroacetic acid (Triac), a low-abundance thyroid hor-
mone (31). These compounds share several features, including
methylene or amine bridged phenyl rings and the carboxylic acid
group. Each inhibited AR interactions with SRC2–3 in a dose-

dependent fashion [Fig. 2 A and B and supporting information
(SI) Table 1], with TOL showing the highest potency (IC50 � 47
�M). Competition isotherms exhibited saturation at high con-
centrations, implying the presence of defined binding sites on the
AR LBD and that effects are not caused by nonspecific dena-
turation of AR protein. We later determined that the common
active thyroid hormone triiodothyronine (T3) (31) also inhibits
AR/SRC2–3 interactions by �24% at 50 �M (data not shown).
The fact that only five of 55,000 compounds inhibited AR
interactions with SRC2–3 is indicative of high specificity in the
assay.

Inhibition of AR Activity. FLF blocked AR LBD binding to a
full-length coactivator. Similar to FP assays, FLF inhibition of
AR LBD interactions with radiolabeled SRC2 in vitro was
detected with 10–50 �M FLF, and 100 �M FLF inhibited SRC2
binding as efficiently as excess unlabeled SRC2–3 competitor
peptide (Fig. 2C). Triac activity could not be evaluated in these
assays; it caused AR LBD to precipitate in pull-downs.

All four compounds inhibited AR activity in cultured cells.
FLF (Fig. 2D) and Triac (Fig. 2E) inhibited DHT response with
AR LBD tethered to a reporter with a GAL DNA binding
function and full-length AR active at the mouse mammary tumor
virus (MMTV) promoter (Fig. 2F). Effects were dose-
dependent with inhibition at 10–30 �M FLF. Similar results were
obtained with TOL and meclofenamic acid (data not shown) and
in several cell types (data not shown). The nonsteroidal antiin-
f lammatory drugs and Triac did not inhibit GAL fusions linked

Fig. 1. Small molecules that bind AR. (A) Compounds exceeding 40%
inhibition of AR LBD/SRC2–3 interaction along with T3. FLF, Triac, and T3 were
also identified by x-ray screen. (B) Compounds uniquely identified by x-ray
screen.

Fig. 2. Inhibition of coregulator binding and AR AF-2 activity. (A and B) FP
dose–response analysis of TOL (A) and Triac (B) with AR LBD and SRC2–3. (C)
SDS/PAGE of in vitro translated SRC2 retained in pull-downs with AR LBD/DHT
complex plus vehicle (0) and 10 �g of SRC2–3 peptide or FLF (1, 3, 10, 30, and
100 �M). (D and E) AF-2 activity. Components are shown in a schematic at the
top. Graphs show luciferase assays (light units � 104) normalized to �-galac-
tosidase. Standard errors were derived from sextuplet points. Similar results
were obtained more than five times. (F) AR activity. Components are shown in
a schematic at the top. Data represent a typical experiment with DHT re-
sponse � 100%.
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to activation domains from VP16 and CBP, confirming that
effects are not related to toxicity (data not shown).

X-Ray Screens Reveal AR-Interacting Molecules at AF-2 and a New Site
(BF-3). We also performed structural screens for AR-interacting
compounds (32). AR LBD-DHT crystals were soaked with
individual chemicals in groups of 1–10, and interacting com-
pounds were localized by x-ray diffraction and visual inspection
of electron densities (SI Table 2). Soaks were performed with the
Prestwick library mentioned above and two libraries of chemical
fragments that are unlikely to bind the AR with high affinity but
were nonetheless chosen for their potential to be linked or
modified to create tighter binding scaffolds. One library, assem-
bled at the University of California, San Francisco (UCSF),
comprises 400 protein kinase inhibitors and related compounds
with characteristics of heterocyclic rings, similar to side chains of
FXXLF motifs. The second is a proprietary library of 200
chemicals with multiple functionalities (BioBlocks).

We found seven drugs at the AR surface. From the Prestwick
library we detected FLF, Triac, and T3 (also identified in solution
screens). We could not assess TOL and meclofenamic acid
binding because these compounds disrupt AR crystals and it was
possible to obtain FLF data sets only with short soaks (15 min).
We also detected four compounds from the UCSF library (Fig.
1B). 1-tert-butyl-3-(2,5-dimethyl-benzyl)-1H-pyrazolo[3,4-
D]pyrimidin-4-ylamine (K10) and 3-((1-tert-butyl-4-amino-1H-
pyrazolo[3,4-D]pyrimidin-3-yl)methyl)phenol (RB1) are kinase
inhibitors with two aromatic rings; 2-methylindole (2MI) and
indole acetic acid resemble tryptophan indole rings. None of the
UCSF library compounds promotes SRC2–3 dissociation in FP
assays (data not shown), as expected from library design of
probable low-affinity binders.

Unexpectedly, the compounds that displace SRC2–3 from
AF-2, FLF, Triac, T3, and two low-affinity compounds, 2MI and
indole-3-carboxylic acid, bind to a previously unknown site, BF-3
(Fig. 3). This is a hydrophobic cleft at the junction of H1, the
H3–H5 loop, and H9 that is almost as large as AF-2 and exhibits
characteristics of protein interaction surfaces (developed below).

None of the compounds appear at AF-2 in short soaks, but
Triac, T3, 2MI, and kinase inhibitors K10 and RB1 eventually
appeared at this location with soaks of 7–20 h. FLF damages AR
crystals at these times. Slow appearance of small molecules at
AR AF-2 is not related to inaccessibility; crystal soaks with
SRC2–3 peptide revealed electron density corresponding to the
LxxLL motif at AF-2 within 1 h (data not shown).

Together, the studies confirm that it is feasible to detect AR
surface-interacting compounds with x-ray screens, that small
molecules bind AF-2, and, surprisingly, a novel small molecule
binding site, BF-3.

AR Surface-Interacting Compounds Bind Preferentially to BF-3. X-ray
structures suggest that Triac interacts preferentially at BF-3 vs.
AF-2 (Fig. 4 and SI Table 3). Triac covers 580 Å2 of both surfaces
yet exhibits stronger, uniformly well defined electron density at
BF-3; the Triac proximal and distal phenyl rings make hydro-
phobic contacts with a large BF-3 surface comprising Pro-723,
Phe-673, and Ile-672 from H1, Gly-724 and Asn-727 from H3–5,
and Phe-826, Glu-829, Glu-837, Arg-840, and Asn-833 from H9
(Fig. 4 A and C). In addition, the distal phenyl ring hydroxyl
group hydrogen-bonds with Asn-727, and the proximal phenyl
ring carboxylate hydrogen-bonds with the oppositely charged
Arg-840 side chain. Weaker association at AF-2 is due to poor
fit (Fig. 4 D and F). The Triac distal ring is well defined and
makes hydrophobic contacts with a deep AF-2 subpocket (S1)
that hosts F1 or L1 of the signature motif F1XXL4F5/L1XXL4L5,
but the proximal phenyl ring is poorly defined and spans the S2
and S3 subsites that host L4 and F5/L5 (Fig. 4D). T3 displayed
similar binding modes to Triac at both sites (data not shown).

Interactions at BF-3 are well defined for other compounds.
FLF aromatic rings interact tangentially with BF-3 to bury 520
Å2 of solvent-exposed surface (Fig. 4 B and C). Whereas 2MI
displays a binding mode similar to the Triac distal phenyl ring
and buries, respectively, 280 Å2 and 370 Å2 of accessible BF-3
and AF-2 surfaces, it is better resolved at BF-3 (data not shown).
Indole-3-carboxylic acid binds BF-3 in a similar mode to 2MI and
also appears well defined (data not shown). By contrast, K10 and

Fig. 3. AF-2 and BF-3. (A) Schematic of AR LBD showing location of DHT, key
AF-2 helices 3, 5, and 12, and H1. (B) Space-filling model showing residues in
AF-2 (cyan) and BF-3 (red). (C) As in B, rotated 90° to reveal BF-3.
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RB1 occupy �580 Å2 of solvent-exposed AF-2 surface but
exhibit even weaker electron density than Triac (Fig. 4 E and F
and data not shown). Both compounds engage in hydrophobic
interactions with S1 and S3, with better definition at S1 (Fig. 4F).

Interactions at BF-3 Weaken Coactivator Binding. Comparison of the
AR surface with or without Triac, T3, and FLF reveals structural
alterations. Four BF-3 residues (Arg-840, Asn-727, Phe-826, and
Glu-829) that point out of the pocket into solution point inward
and engage the compound (Fig. 5A). This is accompanied by
large movements of the Arg-726 side chain, close to AF-2, and
repositioning of AF-2 residues Lys-717 and Met-734 (data not
shown). There are also small but significant shifts in secondary
structural elements; residues 720–730 (H3) and 825–847 (H9)
exhibit rmsd of 0.33 and 0.44, respectively. Thus, Triac and FLF
promote structural rearrangements in BF-3 that are propagated
to AF-2.

Drug interactions at BF-3 cause coregulator peptides that are
bound to AF-2 to become disordered. In crystals of ternary
complexes of AR LBD-DHT-SRC2–3 (LXXLL) and AR LBD-
DHT-ARA70 (FXXLF), the peptides fold into �-helices of 15
and 9 amino acids (20), respectively, clearly defined by electron
density (Fig. 5 A Right and B Right). Short Triac incubations
result in loss of electron density in the regions that flank SRC2–3
hydrophobic triads (Fig. 5A) and disruption of Arg-726 interac-
tions with SRC2–3 residues that lie C-terminal to the LxxLL
motif. Triac binding to BF-3 also weakened ARA70 FxxLF
contacts (Fig. 5B); only four residues are visible with Leu�4 and
Phe�5 completely defined (Fig. 5B Right). Arg-726 does not
contact the FXXLF peptide, suggesting that reorganization of
AF-2 itself is important for this effect. Unexpectedly, Arg-840
adopts the inward-facing conformation in this experiment (Fig.
5B). Similar Arg-840 rearrangements are also seen with artificial
FXXLF peptides (19), suggesting that it is a hitherto unappre-
ciated feature of AR interactions with these NR boxes. It is
unlikely that Triac interacts directly with AF-2 to disrupt coac-
tivator binding, because it is not detected at AF-2 at these times
and the electron-rich iodine groups of Triac represent particu-
larly good markers. Control soaks with solvent (DMSO) reveal
no similar effects on coregulator peptide organization (data not

shown). Thus, Triac interactions at BF-3 weaken contacts be-
tween AR and coactivator peptides.

If BF-3 is important for AR action, then BF-3 mutations
should alter AR activity. Mutations at Gln-670, Ile-672, and
Leu-830 are associated with prostate cancer (33–35). Leu-830,
Pro-723, Gly-724, and Arg-840 are mutated in androgen insen-
sitivity syndrome (36) (www.androgendb.mcgill.ca). Targeted
mutagenesis of Asn-727 and Arg-840, which move on Triac
binding, eliminate AR LBD activity (Fig. 5C), similar to inhi-

A B C

D E F

Fig. 4. Interactions at the AR LBD surface. (A–C). BF-3 including Glu-829,
Asn-833, Arg-840, Phe-673, and Tyr-834 is highlighted by dots and divided into
two subpockets that accommodate Triac and FLF phenolic rings. Basic residues
are in blue, and acidic residues are in red. Shown are close-ups of interactions
with Triac (A) and FLF (B) as yellow stick models. (C) Superimposed Triac
(yellow) plus FLF (dark blue). (D–F) AF-2 lined by Met-734, Lys-720, Glu-897,
and Met-894 with subsites (S1–S3) highlighted by dots. Basic residues are in
blue, acidic residues are in red, and Met is in yellow. D and E show close-ups
of Triac and RB1, respectively. (F) Superimposed Triac (blue) plus RB1 (orange).
Triac interacts with S1 and the area between S2 and S3 whereas RB1 interacts
with S1 and S3.

Fig. 5. BF-3 modulates AF-2. (A) Superposition of AR with SRC2–3 with Triac
(blue sticks), without Triac (gray sticks), and with Triac with no peptide (yellow
sticks). Arg-840, Phe-826, Asn-727 (BF-3), and Arg-726 (AF-2) adopt different
conformations. Without Triac, Arg-840 points outward and Arg-726 contacts
SRC2–3 (gray). With Triac, Arg-840 contacts ligand and Arg-726 does not
contact SRC2–3 (blue). (Right) SRC2–3 without Triac (gray trace) and with Triac
(blue trace). Blue dots indicate regions not visible with Triac; Leu residues are
shown as sticks. (B) As in A, with ARA70 with Triac (blue) and without Triac
(gray). Reorganization is similar to A except that Arg-840 points inward
without Triac. (C) AR AF-2 assay; wild type � 100%. Results are averages of at
least three different experiments. (D) Transfection with full-length AR active
at MMTV-Luc. (E) BF-3 defined by mutagenesis. Raspberry, residues needed for
activity; green, mutations that increase activity.
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bition obtained with mutations in AF-2 (20). Likewise, muta-
tions at Phe-673, Pro-723, Glu-724, Glu-737, and, possibly,
Arg-726 and Phe-826 reduce activity. Mutations in nearby
residues, Gln-670, Ile-672, Glu-829, and Asn-833, increase AR
AF-2 activity up to 5-fold. Similar results were obtained with
full-length AR at MMTV-LUC; mutations at Phe-673, Pro-723,
and Arg-840 inhibited androgen response (Fig. 5D). The muta-
tions that inhibit AR activity describe a continuous patch that
resembles the BF-3 surface defined by chemical interactions
(Fig. 5E).

BF-3 could be present in other NRs. Part of the site, the
H3–H4 loop, is a signature sequence (37). Superposition of
published structures reveals conservation of BF-3 residues in the
steroid subfamily (SI Fig. 6). Mutations in equivalent regions of
estrogen and glucocorticoid receptor are implicated in coacti-
vator binding (38, 39). Collectively, these data provide evidence
for a role of BF-3 in NR action.

Discussion
We used two screens to identify molecules that inhibit AR
activity by binding the AR LBD surface at important sites. FP
screening detects four drugs that inhibit SRC2–3 peptide binding
with IC50 � 50 �M in a library of 55,000 compounds (FLF, TOL,
meclofenamic acid, and Triac). T3 was identified on the basis of
its similarities to Triac. X-ray screening of three small compound
libraries (Prestwick, UCSF kinase inhibitors, and BioBlocks)
detected seven compounds, including three that were identified
in functional screens (FLF, Triac, and T3) and new compounds
(RB1, K10, 2MI, and indole-3-carboxylic acid).

Our most surprising finding is that the best inhibitors interact
preferentially with a novel surface site (BF-3). Three lines of
evidence suggest that ligand interactions with BF-3 exert indirect
effects on AF-2 to inhibit coregulator binding. First, FLF and
Triac promote reorganization of BF-3 residues (Asn-727, Phe-
826, Glu-829, and Arg-840) and AF-2 residues (Met-734 and
Lys-717) and large-scale repositioning of Arg-726 at the AF-2
boundary. Second, short Triac soaks weaken AR interactions
with FXXLF and LXXLL peptides in AR-DHT-NR box crystals.
Third, BF-3 residues are required for optimal AR AF-2 activity
in cell culture. We considered the possibility that compounds
displace SRC2–3 through weak interactions with AF-2. In this
case, rapid binding of compounds to BF-3 may reflect crystal
packing constraints that render BF-3 available for drug inter-
actions. We believe that this is unlikely because a bulky SRC2–3
peptide appears rapidly at AR AF-2 in crystal soaks (data not
shown), but we cannot yet rule out this possibility. The models
are not mutually exclusive; BF-3-dependent effects could com-
plement weak binding of compounds to AF-2.

The natural role of BF-3 in vivo is unknown, but our data,
coupled with natural mutations, suggest that the site is impor-
tant. Mutations at Gln-670, Ile-672, and Leu-830 enhance AR
action in prostate cancer (33, 35, 40), and mutations at Gln-670
and Ile-672 enhance AR AF-2 activity (Fig. 5C). BF-3 is a target
for androgen insensitivity syndrome mutations at Ile-672, Leu-
830, Arg-840, and Asn-727, with mutations in the latter two
diminishing SRC2 binding in vitro although neither contacts
coregulator (41). Finally, mutations in BF-3 of other NRs are
implicated in coactivator binding (38, 42). BF-3 could bind
regulatory proteins or other AR domains and could, for exam-
ple, communicate information about DNA binding domain
position to the LBD and AF-2 and vice versa.

Regardless of the mechanism by which compounds displace
SRC2–3, the fact that we detect such compounds for ARs and
TRs (14) suggests that functional and structural screens are
viable methods for NR inhibitor development. High-throughput
functional screens detect inhibitors among large libraries of
drug-like compounds, and our experience with ARs and TRs
suggests that ‘‘hits’’ are uncommon but are specific and rarely

false positives. It is not feasible to perform high-throughput x-ray
screens with large libraries, but this method complements func-
tional screens in three ways. First, x-ray screens provide infor-
mation about binding of leads. For example, Triac, RB1, and K10
interact preferentially with AF-2 S1, so strategies to improve
binding to S2 or S3 would yield higher-affinity compounds.
Second, x-ray screening reveals unexpected sites or interaction
modes; the discovery of BF-3 was a surprise. Third, x-ray screens
are the only known method to identify weakly interacting
compounds that bind the surface with high ligand efficiency and
comprise building blocks for tight binding compounds.

It may be feasible to develop three types of small molecules
that modulate AR and NR activity: classical drugs that bind
BF-1, drugs that bind surface-exposed active sites such as AF-2,
or drugs that bind surface allosteric sites such as BF-3. This
greatly expands the number of NR pharmaceutical targets and
the potential spectrum of responses, and representatives of each
class could even be used together. The fact that three leads are
off-patent aspirin derivatives approved for human use (30), and
that others are thyroid hormones with known actions in humans,
raises the possibility that such compounds could be used for
prostate cancer treatment. It is unlikely that natural T3 or Triac
concentrations approach levels required to bind the AR surface
in vivo (31), but it is intriguing to speculate that AR surface
interactions contribute to documented inhibitory effects of
nonsteroidal antiinflammatory drugs on growth and survival of
prostate cancer cells (43). We propose that well designed
compounds engaging AF-2 or BF-3 will modulate coregulator
recruitment in physiological settings, including cancer, and that
combined functional/x-ray screening is a useful strategy for
identification of ligands that act at NR surfaces.

Materials and Methods
Peptide Synthesis. Five milligrams of SRC2–3 (CKENALLRYL-
LDKDD) was dissolved in 1 ml of PBS and added to 50 mg of
5-iodoacetamidofluorescein in 1 ml of DMF. After 3 h at room
temperature, 0.5 ml of ethanethiol was added and peptide was
purified by HPLC [XTerra C18 column: A, water (0.05% TFA);
B, CH3CN (0.05% TFA), linear gradient 0100% over 25 min;
Waters]. Evaporation of fractions gave 3.8 mg of labeled peptide.
Mass analysis (MALDI-TOF) showed one species at 2,195.8 (m/z).

Protein Expression. AR LBD (residues 663–919) was expressed in
Escherichia coli in the presence of DHT and purified by using
published protocols (20). Functionality was determined by
SRC2–3 binding in FP assays (20); Kd for SRC2–3 binding was
2.7 �M.

Solution Screening. Plates (384 wells; Costar 3710) were prepared
with 4 �l of compound (5 mM in DMSO) plus 80 �l of dilution
buffer (20 mM Tris�HCl/100 mM NaCl, pH 7.2/1 mM DTT/1 mM
EDTA/0.01% Nonidet P-40/10% glycerol/10.5% DMSO) by
using a WellMate (Matrix). Five microliters from the dilution
plates was transferred to 384-well assay plates followed by 20 �l
of protein mixture (6.25 �M AR plus DHT and 0.0125 �M
peptide in dilution buffer; final concentration 50 �M compound,
4% DMSO). FP was measured after 2 h (excitation � 485 nm,
emission � 530 nm) on an AD plate reader (Molecular Devices).
Longer incubation times led to inhibition of FP in negative
controls (DMSO only), possibly reflecting AR instability. For
dose–response, compounds were diluted from 5,000 to 2.44 �M
in DMSO into a 96-well plate (Costar 3365). Twenty microliters
of mixture was added to 1.2 �l of compounds in 384-well plates
(Costar 3710), yielding a final concentration of 300 to 0.146 �M,
and equilibrated for 5 h before FP. Data were analyzed by using
SigmaPlot 8.0 (SPSS, Chicago, IL), and Kd values were obtained
by fitting data to y � minimum � (maximum � minimum)/1 �
(x/Kd) Hill slope.
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Library Assembly for X-Ray Screens. Three libraries with different
characteristics were used. A commercial library of 1,120 FDA-
approved drugs was from Prestwick. Compounds with protein
kinase inhibitor characteristics or multiple heterocyclic rings
were from UCSF. Two hundred small compounds �200 Da with
druglike character, designed as building blocks for larger mol-
ecules, were from BioBlocks.

X-Ray Screening. Compounds were dissolved in DMSO at 10–20
mM and soaked with AR:DHT crystals on 96-well plates.
Typically, a drop with one to four AR crystals is soaked with 1–10
compounds. Increasing 0.2 �l units of compound are added, and
crystals are monitored. If crystals survive, another 0.2 �l is
added until crystals show fatigue. Fresh crystals plus maximum
tolerated chemical volume were used for cryo treatment and
freezing.

Crystallization, Structure Determination, and Refinement. Approxi-
mately 80 crystals were flash-cooled in liquid N2 for analysis at
the Lawrence Berkeley National Laboratory Advanced Light
Source (beamline 8.3.1) in each trip. Only data sets from crystals
that diffract �2.5 Å were collected. All compounds that cause
AR LBD crystals to diffract poorly were checked afterward, and
soaks with lower concentration were performed. Data sets from
35 crystals were measured per 8-h shift and indexed and merged
by using ELVES. Molecular replacement solutions were ob-
tained by using rotation and translation functions from CNS

software. Model building used QUANTA (Accelrys Software)
monitored by using free R factor. Visual inspection of electron
densities using QUANTA allows identification of interacting
compounds. A composite omit map was also calculated absent
5% of the molecule to remove model bias. Calculation of
electron density and crystallographic refinement was performed
with CNS by using target parameters of Engh and Huber. Several
cycles of model building, conjugate gradient minimization, and
simulated annealing resulted in structures with good stereo-
chemistry. A Ramachandran plot shows that most residues fall
into favored regions (SI Table 2).

Pull-Downs and Transfections. Vectors, expression and labeling,
and assay procedures were previously described (20). New
mutants were made by QuikChange Site-Directed Mutagenesis
(Stratagene).
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SUMMARY 
The development of nuclear hormone receptor antagonists that directly inhibit the association of the 
receptor with its essential coactivators would allow useful manipulation of nuclear hormone receptor 
signalling. We previously identified 3-(dibutylamino)-1-(4-hexylphenyl)-propan-1-one (DHPPA), an 
aromatic β-amino ketone that inhibits coactivator recruitment to thyroid hormone receptor β (TRβ), in a 
high-throughput screen. Initial evidence suggested that the aromatic β-enone 1-(4-hexylphenyl)-prop-2-
en-1-one (HPPE), which alkylates a specific cysteine residue on the TRβ surface, is liberated from 
DHPPA. Nevertheless, aspects of the mechanism and specificity of action of DHPPA remained unclear. 
Here, we report an X-ray structure of TRβ with the inhibitor HPPE at 2.3-Å resolution. Unreacted HPPE 
is located at the interface that normally mediates binding between TRβ and its coactivator. Several lines 
of evidence, including experiments with TRβ mutants and mass spectroscopic analysis, showed that 
HPPE specifically alkylates cysteine residue 298 of TRβ, which is located near the activation function-2 
pocket. We propose that this covalent adduct formation proceeds through a two-step mechanism: first, β-
elimination to form HPPE; second, a covalent bond slowly forms between HPPE and TRβ. DHPPA 
represents a novel class of potent TRβ antagonist, and its crystal structure suggests new ways to design 
antagonists that target the assembly of nuclear hormone receptor gene regulatory complexes and block 
transcription. 
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INTRODUCTION  

The nuclear hormone receptor (NR) family of 
transcription factors is a target for 
pharmaceutical development, and many NR 
antagonists are in current use (1, 2). For 
example, estrogen receptor (ER) antagonists 
such as tamoxifen and faslodex inhibit growth 
and recurrence of estrogen-dependent breast 
cancer (3). Likewise, androgen receptor (AR) 
antagonists such as hydroxy-flutamide and 
bicalutamide are used to treat androgen-
dependent prostate cancers (4, 5). Other 
available NR inhibitors include spironolactone, 
which reduces mortality after heart attack (6), 
and RU486, which is used as emergency birth 
control (7). 

New NR inhibitors would most likely be 
useful for treating certain diseases. Thyroid 
hormone (TH) receptor (TR) antagonists could 
provide rapid-acting therapies for 
hyperthyroidism (excess TH production), 
particularly for use during thyroid storm, a life-
threatening thyrotoxic crisis.  Antagonists 
selective for the TRα isoform, which regulates 
heart rate, could be used to treat cardiac 
arrhythmias (8, 9). 

NRs are composed of three modular 
domains (10, 11): the C-terminal ligand-binding 
domain (LBD), the ligand dependent 
transactivation function (AF-2), and the N-
terminal transactivation function (AF-1) domain. 
Hormone binds the LBD and activates AF-2, 
which, in turn, recruits coactivators (12, 13). All 
NR antagonists that are currently available for 
clinical use competitively inhibit hormone 
binding (5). Most NR antagonists are believed to 
work either by precluding formation of an active 
LBD conformation or by inducing an aberrant 
LBD conformation that does not permit AF-2 
activity. A number of alternate mechanisms have 
been suggested, including inhibition of NR via 
enhanced corepressor recruitment to a surface 
that partially overlaps AF-2, increased NR 
turnover, blockade of NR dimer formation, and 
inhibition of the AF-1 domain (13).  

The molecular basis for NR antagonism 
is well understood (8, 9, 14). NR LBDs 
comprise a sandwich of three distinct layers 
formed by 11 to 12 α-helices (H1-H12) and four 

short β-strands with activating ligands enclosed 
in the hydrophobic core of the domain (15). 
Agonists enhance the packing of the C-terminal 
helix (H12) over the lower part of the LBD (H3 
and H5), completing the AF-2 surface.(16) 
Many antagonists resemble cognate hormone but 
contain bulky extensions that displace H12. 
Others occupy the hormone-binding pocket but 
fail to form a hydrogen bond network, which is 
required for H12 packing (8). This knowledge 
has been already exploited to create new 
antagonists for TRs and many other NRs (8). 

 However, despite these successes, new 
NR antagonists are still needed. Many ligand-
dependent NRs can influence transcription in the 
absence of hormone. For example, ERs and ARs 
acquire the capacity to activate transcription in 
the presence of antagonists during progression 
of breast or prostate cancer (17, 18). 
Furthermore, many NRs are not ligand 
dependent. The LBD of the orphan nuclear 
receptor Nurr1 lacks a conventional hormone-
binding pocket, and ligands of the hepatocyte 
nuclear factor HNF-4α (14- to 18-chain fatty 
acids) bind tightly and are better described as 
prosthetic groups (19). We and others have 
suggested that directly blocking the coregulator-
binding site would afford antagonists which 
have been referred to as surface-interacting 
drugs (SIDs).  SIDs inhibit key NR protein-
protein interaction surfaces and could block NR 
activity, irrespective of hormone responsiveness 
of the target cell or the presence or absence of 
the ligand (20-22).  Additionally, SIDs that 
target unique regions of the NR surface should 
exhibit better specificity than conventional 
antagonists, which show troubling cross-reaction 
with hormone-binding pockets of closely related 
NRs.  

The NR AF-2 surface is an attractive 
target for candidate SIDs, because it is deeply 
articulated and has significant hydrophobic 
character (15, 20, 23). Combined X-ray 
structural analysis and scanning-surface 
mutagenesis approaches indicated that TR AF-2 
is a small concave surface and that only six 
hydrophobic residues (V284, K288, I302, K306, 
L454, and E457) are crucial for its function (24). 
This surface binds short coactivator domains 
(NR boxes) that conform to the consensus NR-
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interaction motif LXXLL and form a short α-
helices with one face being predominantly 
hydrophobic (24, 25). 

In previous work, we identified two 
molecules that inhibit interactions between TRβ
and the steroid receptor coactivator 2 (SRC2) 
with IC50 values of approximately 2 µM.(21) We 
also showed that one of these compounds, 3-
(dibutylamino)-1-(4-hexylphenyl)-propan-1-one 
(DHPPA, Fig. 1) is more than 10-fold selective 
for TRβ over the closely related TRα isoform. 
DHPPA does not displace T3 from TR in vitro
but inhibits TRβ activity in vivo when the 
receptor is saturated with TH. It appears to have 
no gross effects upon protein structure or 
stability.  Other groups have reported 
compounds that act on the ER (26-29). 

Several lines of evidence suggested that 
DHPPA was a prodrug whose active species β-
enone 1-(4-hexylphenyl)-prop-2-en-1-one 
(HPPE) acted irreversibly.  DHPPA is a member 
of a class of compounds called Mannich bases, 
which undergo slow β-elimination in solution at 
physiological pH to form α,β-unsaturated 
ketones that alkylate nearby electron-rich 
groups, with a strong preference for nucleophilic 
sulphur such as that of cysteine side chains (30). 
We found that HPPE potently inhibits TRβ AF-2 
activity in biochemical and cell culture models. 
Moreover, DHPPA inhibition of TRβ
interactions with coactivators is time dependent 
and requires stoichiometric amounts of 
compound, hallmarks of irreversible inhibition. 
Finally, incubation of TRβ LBD with DHPPA 
increases TRβ molecular weight in a manner 
consistent with adduct formation between TRβ
and a single HPPE molecule. We also noted that 
several cysteine residues are exposed on the 
TRβ surface, including three close to AF-2 
(Cys309, Cys298, and Cys294). Mutation of 
Cys309 weakens the actions of DHPPA, though 
we did not confirm a covalent bond between this 
residue and HPPE. 

In this study, we investigate the 
mechanism of DHPPA action by using X-ray 
crystallography and directed mutagenesis of the 
TRβ coactivator–binding surface. The results 
suggest that DHPPA inhibits TRβ action by 
rapidly liberating the reactiveα,β-unsaturated 
ketone HPPE at the TRβ AF-2 surface and that 

this intermediate, in turn, reacts in a slower step 
with the nearby Cys298 residue to occlude AF-
2. This mechanism exploits the intrinsic activity 
of the SRC-binding site to generate 
intermediates that modify nucleophilic groups 
that are accessible and activated by their 
environment. This is a mechanism of action 
reminiscent of enzyme-suicide inhibition.  These 
characteristics may be a useful paradigm for 
development of new selective NR antagonists. 

RESULTS 

Reaction of the TRββββ LBD with DHPPA 

To understand the mechanism of reaction 
between DHPPA and TRβ, we carried out 
several studies to determine the reactivity of 
individual LBD-exposed cysteine residues and 
the degree to which unbound HPPE is generated.  
If HPPE is generated locally and reacts with an 
immediately adjacent sulfhydryl then DHPPA 
activity should be resistant to exogenous thiols 
in the buffer, and the majority of the conjugated 
HPPE should be directed to the TRβ.  Indeed, 
when coactivator-binding experiments were 
carried out in the presence of increasing amounts 
of β-mercaptoethanol (BME, 10 nM to 10 mM), 
no “external product” resulting from the 
conjugation of HPPE with BME was detected by 
mass spectrometry (See Supplementary 
Materials).  Additionally, the DHPPA inhibitor 
remained fully active with no shifts in potency 
or efficacy until the concentration of BME 
exceeded 10 mM (a roughly 20,000-fold excess 
relative to protein).  These findings suggest that 
the HPPE is generated within the binding site 
and remains bound to that site until it reacts with 
one of the local cysteines. 
 We also assessed the sensitivity of TRβ
to non-specific alkylators that attack surface-
exposed sulfhydryls to determine whether a 
particularly reactive cysteine residue was present 
or if the protein was particularly sensitive to 
electrophiles.  To assess these issues, we 
conducted coactivator-binding experiments in 
the presence of increasing concentrations (10 
nM to 10 mM) of the sulfhydryl-reactive 
reagents iodoacetamide and N-ethylmaleimide.  
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Neither of these reagents had strong influence on 
the behaviour of TRβ.  In fact, no difference in 
coactivator binding was detected for either 
reagent until its concentration exceeded 100 µM 
(iodoacetamide) and 1 mM (N-ethylmaleimide), 
which relative to the amounts of protein present 
were about 1000-fold and 10,000-fold excess, 
respectively. The potency of iodoacetamide was 
also approximately 100-fold lower than that of 
DHPPA or HPPE, and the potency of N-
ethylmaleimide was 1000-fold lower.  These 
findings imply that some characteristic of HPPE 
provides a specific alkylation event that blocks 
function.   

In addition to these experiments, we re-
examined previously published high resolution 
TR crystal structures resulting from crystals that 
had been soaked with or grown in the presence 
of such vast excesses of non-specific alkylators 
(PDB IDs 2H6WX, 2H77A, 2H79A and others). 
Surface exposed cysteine residues in these 
structures were found to have reacted with 
buffer components and there was an even 
distribution of alkylation events among exposed 
cysteines of Cys294, Cys298, Cys388, Cys434 
and their TRα equivalents.  Together, these 
findings imply that the inactivation of TRβ by 
DHPPA is the result of a specific, targeted 
alkylation event that results from interaction of 
the particular electrophile with the protein 
surface, probably through positioning of the 
electrophilic pharmacophore element and not 
due to a particularly reactive cysteine residue.   

Structure of the TRββββ LBD-Ketone Complex 

To understand how DHPPA inhibits coactivator 
binding to TRβ, we set out to image the 
compound at the TR surface. Attempts to co-
crystallize TRβ LBD in complex with the TH 
Triac (3,3’,5-triiodothyroacetic acid) and 
DHPPA were not successful. We therefore first 
obtained crystals of a TRβ mutant (TRβ D355R) 
in complex with Triac and then soaked crystals 
for varying times with DHPPA solutions, as 
described in the Methods. This TRβ mutant 
formed stable dimers in solution but otherwise 
displayed normal transcriptional activity [(31) 
and in preparation] and was chosen here because 
it forms long-lived crystals that are relatively 

stable (data not shown). 
Long-term treatment of preformed TRβ

D355R:Triac crystals with DHPPA solution 
resulted in significant dimensional changes in 
the lattice. Crystals failed to diffract beyond 10 
Å when soaked for 2 hours. Crystals that were 
soaked with DHPPA for as long as 1 hour 
diffracted to 2.3 Å, thereby permitting structural 
analysis and assignment of the compound to the 
TR surface. The secondary and tertiary 
structures of the TRβ D355R mutant were 
identical to those of wild-type TRs. Two 
molecules of TRβ D355R formed a dimer 
(monomer A and B) with a root mean square 
between monomers of 0.47 Å; Triac was buried 
inside the ligand-binding pocket. Given 
extensive similarities between this and 
previously elucidated TR structures (32-34), the 
details of TRβ LBD organization will not be 
further described. 

We detected a single compound at the 
TR AF-2 surface. Consistent with our predicted 
mechanism, this was HPPE, the product of 
DHPPA β-elimination, and not the parental 
DHPPA compound that was utilized in the soaks 
(Fig. 1). HPPE has three pharmacophore 
components: a hydrophobic alkyl chain, a 
hydrophobic benzyl ring and a hydrophilic 
unsaturated ketone substituent that comprises the 
reactive site. All of these features were clearly 
visible. No evidence indicated the presence of 
the amine group that is characteristic of DHPPA. 
We were not able to detect DHPPA or HPPE 
binding to any other region of the TR LBD 
surface. Our analysis of the relative electron 
densities of the compound and receptor 
suggested that there was 1:1 stoichiometry. 

As observed in the crystal structure, 
HPPE was unreacted with TR but positioned 
close to several cysteine residues (Fig. 2). As 
described above, TRβ AF-2 is a small concave 
surface that contains the following six 
hydrophobic residues that are essential for 
coactivator recruitment: V284, K288, I302, 
K306, L454, and E457. The HPPE alkyl chains 
bind to a hydrophobic patch formed by L454 
and V284; the aromatic ring binds to the 
concave AF-2 surface, making contacts with 
L454, V284, and I302. The ketone carbonyl 
oxygen engages in a water-mediated 
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electrostatic interaction with the K306 amino 
group, though the distance between these 
residues (5.7 Å) and that from E457 (about 5.5 
Å) eliminates the possibility of a true hydrogen 
bond forming. Overall, these interactions guide 
the reactive hydrophilic portion of the HPPE 
molecule close to four cysteine residues. The 
unsaturated enone part of the molecule lies about 
6.5 Å from Cys309, which is located in the base 
of the AF-2 cleft. The side chain of Cys308 is 
buried within the core of the domain with side 
chain atoms and main chain atoms forming a 
separation wall between it and the enone. The 
reactive group of HPPE also lies within 10 Å of 
Cys298 and Cys294, which are represented on 
the upper right and right corners of the AF-2 
site. 

Together, our results suggest that HPPE 
is liberated from DHPPA in the TRβ crystal and 
stably binds within the AF-2 cleft. Previous 
chemical analyses showed that HPPE binds 
irreversibly to the TRβ LBD with strong time 
dependency(21). The fact that our crystal 
contains an unreacted HPPE molecule suggests 
that the structure corresponds to an intermediate 
stage of this two-step reaction. 

Identification of Covalent Attachment Sites of 
HPPE on TRβ LBD  

To understand how HPPE inhibits TR AF-2 
activity, we set out to identify the most likely 
target(s) of HPPE modification using mass 
spectrometry of treated protein. Trypsin-digested 
control and HPPE-treated protein samples were 
used to define the precise site(s) on TR that was 
modified by treatment with HPPE. We analyzed 
the resulting peptides by nanoscale liquid 
chromatography coupled online to a tandem 
mass spectrometer. Fragmentation spectra were 
acquired automatically and interpreted manually 
and via the use of the MASCOT protein 
database searching program (Matrix Science, 
Boston, MA). Alkylation by HPPE was 
observed in a peptide spanning residues 289 to 
306 (KLPMFCELPCEDQIILLK) (Fig. 3). 
Fragmentation spectra were obtained for both 
the [M+2H]2+ and [M+3H]3+ precursor ion 
forms, and in both cases, Cys298 was 
conclusively shown to be the site of 
modification. Comparison of the integrated ion 

intensities from the normal and modified forms 
of this peptide suggested stoichiometric 
modification at this site; however, possible 
differences in the relative ability of the two 
species to ionize precluded a quantitative 
appraisal of the extent of modification  

Despite observing peaks corresponding 
to fragment peptides spanning most of the 
HPPE-binding site, we did not observe peptides 
that included Cys308 and/or Cys309 in either the 
control or experimental samples. Thus, although 
Cys298 is readily modified by HPPE, we cannot 
rule out some degree of reaction with Cys309 or 
its neighbor. Nevertheless, mass spectrometry 
did confirm that Cys294 was unreacted. 

Two other sites were modified at very 
low stoichiometry (< 0.1), Lys211 and Cys388. 
Lys211 is a highly accessible residue located at 
the beginning of the N-terminal fragment of the 
LBD TRβ structure, before helix 1. It is fully 
solvent accessible, and it is not located in any 
secondary structure element. Cys388 is also 
surface exposed and located at the C terminus of 
helix 9, on the opposite side of the receptor from 
AF-2.  Together, our results suggest that 
Cys298, which is adjacent to the AF-2 surface, 
is the major target for HPPE modification. 

Mutation of Cys 298 Creates a TR that Binds 
Coactivators but is Resistant to DHPPA 

To assess the role of Cys298 in DHPPA 
inhibition of TR activity, we determined the 
effect of mutation of Cys298 on cofactor binding 
and DHPPA reactivity. Significant amounts of 
T3-liganded wild-type TRβ were retained on an 
affinity column in which the NR-interaction 
domain of the coactivator SRC2 was attached to 
the solid support (Fig. 4). TRβ alone (i.e., 
uncoupled from its ligand) did not bind to the 
column (data not shown). Incubation with 
increasing amounts of DHPPA or HPPE 
inhibited TRβ binding to its coactivator SRC2 in 
a dose-dependent manner, whereas an unreactive 
control compound 1-(4-hexylphenyl)propan-1-
one (HPPA) did not. In parallel, a TRβ mutant in 
which serine was substituted for Cys298 
(C298S) bound strongly to the column, 
confirming that this residue is not needed for 
TRβ to bind the coactivator and is insensitive to 
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DHPPA and HPPE action. Thus, Cys298 is not 
required for cofactor binding but is necessary for 
DHPPA activity.   

To explore the roles of the cysteine 
residues located near the AF-2 pocket in 
DHPPA action, we examined the effects of 
mutations that targeted key residues surrounding 
the AF-2 surface but permitted some cofactor 
binding. Cys298 mutations C298S and C298R 
suppressed the ability of DHPPA to inhibit 
cofactor binding, whereas a mutation at Cys294 
(C294K) did not (Fig. 5, upper panel). A 
mutation of Cys309 (C309A) that permitted 
coactivator binding also failed to reverse the 
ability of DHPPA to inhibit SRC2 binding (Fig. 
5, lower panel). 

Both the elimination of DHPPA to form 
HPPE and the reaction of DHPPA with 
nucleophilic groups at the TR surface should be 
affected by mutations that alter the electrostatic 
environment at the reaction site. Not 
surprisingly, mutations in charged residues that 
surround the AF-2 cleft modestly reduced the 
efficacy of DHPPA. Removal of the positive 
charge at lysine residue 306 reduced the efficacy 
of DHPPA (Fig. 5, lower panel), even though we 
did not detect modification of this residues in 
mass spectroscopic analysis. In contrast, 
removal of the charge at glutamate residue 457 
or lysine 288 on H12 had no effect (Fig. 5, lower 
panel). 

DHPPA inhibits TRβ Binding to the NR 
Corepressor  

Coactivators and corepressors bind to an 
overlapping TR surface that comprises most of 
the H3-H5 region of the AF-2 surface (15, 24) 
but differ in their requirements for H12. DHPPA 
and HPPE inhibited TRβ coactivator binding via 
a mechanism that involves attachment to AF-2 
and modification of Cys298; thus, we examined 
the effects of DHPPA on corepressor binding. 

Results from our pull-down assays 
suggested that DHPPA inhibits NR corepressor 
(N-CoR) binding via a mechanism that is similar 
to its effects on coactivator binding. DHPPA 
inhibited interactions between wild-type TRβ
alone (i.e., uncoupled from its ligand) and N-
CoR. The C298R mutation did not inhibit 
corepressor binding but rendered the receptor 

insensitive to DHPPA, whereas the C309A 
mutation had no obvious effect on DHPPA 
action (Fig. 6). In addition, a mutation at residue 
451 (451X) that truncated H12 and permitted 
strong corepressor binding by exposing the 
complete N-CoR–binding surface (24) did not 
affect the sensitivity of TRβ to DHPPA (Fig. 6). 
Thus, DHPPA inhibits TRβ interactions with 
corepressors via a mechanism that requires 
Cys298 but is independent of H12. 

DISCUSSION

In this paper, we report the X-ray structure of 
TRβ in complex with our prototype SID, 
DHPPA, at 2.3-Å resolution. In addition, results 
of our mass spectroscopic and mutational 
analyses reveal that the primary target of 
DHPPA is a specific cysteine residue (Cys298). 
These combined structural and functional data 
also indicate that DHPPA is a prodrug that 
produces the active compound HPPE by β-
elimination, and HPPE specifically targets 
cysteines in the binding interface. The resulting 
covalent complex is then unable to recruit 
coregulators.   

Our X-ray structure of TRβ in complex 
with HPPE confirms that our lead compound 
interacts specifically with AF-2. We observed a 
single HPPE molecule that binds to the TRβ AF-
2 surface with 1:1 stoichiometry, and there is no 
evidence that the compound binds elsewhere. 
The structure also confirms our prediction that 
DHPPA liberates a reactive intermediate (HPPE) 
that is in contact with the TRβ surface. Although 
we incubated TRβ-Triac crystals with the 
parental β-amino-ketone DHPPA, the α,β-
unsaturated ketone HPPE bound to the TRβ AF-
2 pocket. Nevertheless, we did not detect 
electron density that would be consistent with a 
covalent bond forming between the unsaturated 
part of HPPE and nearby cysteine residues. 
Finally, biochemical experiments indicated that 
little, if any, HPPE escapes into solution.  Thus, 
our structure probably represents a reaction 
intermediate in which the active form of the 
compound interacts with TRβ but has not yet 
completed reaction with the receptor surface. 

Functional analysis indicates that the 
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major target for HPPE modification is Cys298, 
which lies close to the AF-2 cleft. Mass 
spectroscopic analysis reveals that this residue is 
modified by HPPE at stoichiometric levels in 
solution. Moreover, Cys298 mutations uniquely 
render TRβ insensitive to DHPPA and HPPE 
action, as revealed by inhibition of TRβ
interactions with SRC2 and NCoR in pull-down 
assays. Although we mostly detect modification 
at Cys298, HPPE is not completely specific; 
there are low levels of modification at Lys211 
and Cys388. In addition, we were not able to 
detect tryptic peptides that overlap Cys309 by 
mass spectroscopic analysis, so we are not yet 
able to rule out the possibility that HPPE reacts 
with this residue at low levels. Nevertheless, 
Cys309 mutations do not affect DHPPA and 
HPPE action, suggesting that this residue is not 
an important target for these SIDs. Supporting a 
specific molecular mode of action, none of these 
residues is highly reactive with non-specific 
electrophiles.   

Together, our findings suggest a likely 
mechanism for DHPPA action. We postulate 
that the time dependency of the reaction and the 
loss of diffraction in the crystal are indicative of 
a two-step binding mode. The first step is 
reversible binding of HPPE in the AF-2 pocket, 
with orientation of the unsaturated part of the 
ketone toward the nearby nucleophilic side chain 
of Cys298. After effective positioning, the 
second step, a slow interconversion of this 
complex to the covalent adduct, alters the 
structure sufficiently to prevent formation of 
diffracting crystals. Because Cys298 is 
dispensable for coactivator binding to TRβ per 
se but is absolutely required for HPPE action, 
the formation of the Cys298/HPPE adduct most 
likely interferes in a steric manner with 
coactivator binding to the AF-2 cleft.  Prolonged 
soaking destroys the crystals; therefore, we 
believe that other residues, probably those 
identified by mass spectrometry, are sufficiently 
reactive to be alkylated and damage lattice 
associations.   

Some aspects of the reaction mechanism 
remain unclear. First, we do not know whether 
the conversion of DHPPA to HPPE occurs in 
solution with subsequent binding to TRβ AF-2, 
or whether it takes place at the AF-2 surface. 
Mannich base elimination occurs slowly in 

solution and rapidly at protein surfaces; thus, we 
favour the latter possibility. This is bolstered by 
the fact that we do not detect the expected 
“external” products of reaction between buffer 
components and HPPE.  When bound in the 
mode shown in our structure, the ketone 
carbonyl oxygen is 5.5 Å from Glu457, and the 
ketone α-carbon is 5.7 Å from Lys306. This 
structure raises the possibility that these charged 
residues facilitate the β-elimination reaction. If 
so, then the nature of the TRβ active site may 
play an important role in reactivity of the 
compound. Second, it is not obvious why 
Cys298 is the preferred target for modification. 
There are four possible target cysteine residues 
near AF-2. Our structure reveals that the reactive 
group of HPPE is not positioned appropriately to 
modify Cys294 and that Cys308 is buried in the 
core of the receptor. Furthermore, Cys309 lies at 
the base of AF-2 close to HPPE’s unsaturated 
ketone group. It is not clear why this residue is 
not important for HPPE action. Perhaps dynamic 
structural alterations that affect the organization 
of the AF-2 cleft and are apparent in 
comparisons of TRα and TRβ structures (21) 
render the Cys309 side chain inaccessible for 
HPPE modification in solution. 

We expect that our results will facilitate 
the development of improved second-generation 
SIDs for TRs. Although DHPPA and HPPE are 
relatively specific inhibitors of TRβ, they are not 
potent enough to be useful TR antagonists in the 
therapeutic setting. Our structural and functional 
analyses reveal important features of the TR 
surface that are needed for HPPE binding and 
action. The TRβ AF-2 pocket contains a narrow 
hydrophobic passageway that leads to a defined 
subpocket featuring Cys309 at its bottom, charge 
beacons provided by Glu457 and Lys306 at its 
rim, and a flatter subsite surrounded by Cys298 
and Lys288. HPPE exploits these topologic 
features to bind TRβ. The compound is captured 
by the concerted binding of the alkyl chain into 
the hydrophobic passageway and the aromatic 
enone moiety into the deep concave hole; the 
compound targets Cys298, which flanks the 
flatter hydrophobic subsite. Furthermore, 
mutational analysis reveals an important but 
undefined role for Lys306 in DHPPA action; 
these include possibly orienting the molecule in 
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the appropriate manner for cysteine modification 
or facilitating elimination of the parental 
compound, DHPPA. Furthermore, our analysis 
also suggests ways to improve HPPE binding. 
Interactions with the flatter AF-2 subsite that is 
surrounded by Cys298 and Lys288 appear to be 
suboptimal, and the compound does not bind at 
all to a large part of the coactivator-binding 
surface bridged by Glu285.  In addition, the fact 
that DHPPA inhibits TRβ/N-CoR interactions in 
a manner that is independent of H12 implies that 
this helix must be dispensable for DHPPA and 
HPPE action. Thus, chemical modifications that 
preserve hydrophobic and polar interactions 
revealed in our structure while simultaneously 
enhancing suboptimal interactions of HPPE with 
unoccupied regions of the AF-2 surface and H12 
should increase DHPPA’s affinity for TRβ and 
improve its specificity. 

Because it was possible to identify at 
least one SID that binds specifically to the TRβ
AF-2 surface, we expect that we will identify 
similar inhibitors that bind to the AF-2 of other 
NRs or perhaps to alternate hydrophobic 
interaction surfaces such as dimer sites. Given 
the likely complexity and dynamic nature of 
such protein-interaction surfaces, we do not 
think that it will be easy to identify these 
compounds with standard computer-based 
molecular modelling approaches. Instead, we 
suggest that high-throughput screening 
approaches will identify useful leads and that a 
combination of X-ray structural analysis and 
further chemical modification will yield SIDs 
with high specificity for NRs.  Given the 
mechanism of action of HPPE outlined here, we 
suggest that NRs with adventitiously placed 
cysteine residues in close proximity to protein-
interaction surfaces would be useful targets. 

In summary, few molecules are known 
to interrupt protein-protein interactions, and of 
those, the structures of only a few have been 
characterized. This study presents the first 
crystal structure of a small molecule that binds 
to an NR AF-2 pocket, inhibits transcription 
through its interactions at the AF-2 pocket, and 
provides important guidelines for future 
development of improved versions of such 
compounds.  Molecules such as DHPPA and 
HPPE are the first members of a new class of 
NR antagonists that are active in the presence of 

hormone and will provide new options for 
manipulating the actions of these receptors. 

MATERIALS AND METHODS 

Protein Expression and Purification  

The hTRβ (D355R) LBD (His6 E209-D461) 
cDNA sequences were cloned into the BamHI 
and HindIII restriction sites downstream of the 
hexahistidine tag of the expression vector 
pETDuet-1 (Novagen, Madison, WI). The 
replacement of Asp355 for arginine in the hTRβ
LBD construct was performed with the 
QuickChange XL Site-Directed Mutagenesis Kit 
(Stratagene, La Jolla, CA). The sequence was 
verified by DNA sequencing (Elim 
Biopharmaceuticals, Inc., Hayward, CA). 

The hTRβ (D355R) LBD was expressed 
in BL21(DE3) cells added at OD600 = 0.6). 
When the OD600 reached four, cells were
harvested, resuspended in 20 ml buffer per 1 L 
culture medium (20 mM Tris, 300 mM NaCl, 
0.025% Tween-20, 0.10mM PMSF, 10 mg of 
lysozyme, pH 7.5) incubated for 30 min on ice, 
and then sonicated three times for 3 min on ice.
The lysed cells were centrifuged at 100,000 x g
for 1 h, and the supernatant was loaded onto 
Talon resin (20 mL; Clontech, Mountain View, 
CA). Protein was eluted with 500 mM imidazole 
(3 × 5 mL) plus ligand [3,3',5-triiodo-L-
thyronine (Sigma, St. Louis, MO)]. Protein 
purity (>90%) was assessed by SDS-PAGE and 
high-performance size-exclusion 
chromatography (HPSEC), and protein 
concentration measured by the Bradford protein 
assay. The protein was dialyzed overnight 
against assay buffer (3 × 4 L, 50 mM sodium 
phosphate, 150 mM NaCl, pH 7.2, 1 mM DTT, 1 
mM EDTA, 0.01% Nonidet P-40, and 10% 
glycerol). 

Crystallization, Structure Determination, and 
Refinement  

A pre-grown TRβ LBD crystal was 
soaked with 3 µL of a 10mM DHPPA 
compound solution in DMSO for 1 h. The 
crystal was obtained by vapor-diffusion methods 
(hanging-drop technique) in 25% ethylene 
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glycol. The protein solution (1 µL) was mixed 
with 1 µL of the reservoir solution and 
concentrated against 300 µL of the reservoir. 
The crystal was flash-cooled using liquid 
nitrogen and measured using the synchrotron 
radiation at the 8.3.1 beam line at the Advanced 
Light Source (University of California, 
Berkeley), where a complete dataset was 
collected at 2.3-Å resolution.  

The crystal belongs to space group P21

and contains two molecules per asymmetric unit. 
The diffraction data were integrated and scaled
using the computer program ELVES (UC 
Berkley) (35). Molecular-replacement solution 
for the TRβ LBD structure was obtained using 
rotation and translation functions from 
Crystallography & NMR Systems (36). The first 
electron maps calculated after the rigid body 
refinement that followed the molecular 
replacement displayed clear electron density for 
the compound and less-defined density 
indicating flexibility for its alkyl chain. During 
the improvement of the protein model, the 
Fourier maps revealed perfectly traceable 
electron density for the entire compound. A 
composite-omit map that did not include the 
compound was calculated during refinement for 
overcoming phase bias. This map was calculated 
by omitting 5% of the total model, thereby 
allowing a better tracing of the main alkyl-chain 
in the compound. Model building was done 
using QUANTA software (Accelrys Software, 
San Diego, CA), which was monitored using the 
R-free factor. 

Calculation of the electron density maps 
and crystallographic refinement was performed 
with CNS software (Crystallography & NMR 
Systems, Cary, NC) using the target parameters 
of Engh and Huber (37). Several cycles of model 
building, conjugate gradient minimization, and 
simulated annealing using CNS resulted in 
structures with good stereochemistry. A 
Ramachandran plot showed that most of the 
residues fall into the most favored or allowed 
regions. The statistics for data collection and 
refinement are presented in Table 1. The 
structure has been deposited with the Protein 
Data Bank (PDB) and assigned the following ID 
number: PDB ID 2F9E, RCSB ID 
RCSB035615.  

Pre-grown TRβ crystals soaked with the 
same 10 mM HPPE compound solution in 
DMSO for longer than 1h failed to diffract 
beyond 10-Å resolution at Advanced Light 
Source. 

Tandem Mass Spectrometric Analysis:  

TRβ sample in buffer (3 × 4 L, 50 mM sodium 
phosphate, 150 mM NaCl, pH 7.2, 1 mM DTT, 1 
mM EDTA, 0.01% Nonidet P-40, and 10% 
glycerol) was denatured by addition of 8 M urea, 
diluted to 1 M urea, and then digested overnight 
by addition of trypsin at 1:50 ratio by mass. The 
resulting peptides were subjected to nanoscale 
LC/MS/MS analysis using a QTrap mass 
spectrometer (Applied Biosystems/Sciex, Foster 
City, CA) coupled to an LC Packings 
UltiMateTM on-line reverse-phase 
chromatography system (Dionex, Sunnyvale, 
CA). Peptides were eluted over the course of 2 h 
by using a gradient of 5% to 30% acetonitrile at 
a flow rate of 150 nL/min. Peptide-
fragmentation spectra were automatically 
acquired using the “Enhanced Product Ion” scan 
modality. The resulting data were analysed using 
MASCOT software (Matrix Science). The 
software was asked to consider possible HPPE-
mediated alkylation of cysteine and lysine 
residues. 

Pull-down Assays 

TRβ labeled with 35[S] methionine was 
produced in vitro using the TNT-Coupled 
Reticulocyte Lysate System (Promega, 
Madison, WI). The GST fusions were 
expressed in E. coli BL21 purified, and 
anchored to a solid support (agarose-
glutathione beads) according to the 
manufacturer’s instructions.  For binding 
assays, bead suspensions containing 10 µg 
GST fusion protein were incubated with 3 µL 
35[S]-labeled wild-type or mutant TRβ in 150 
µL IPAB-80 buffer containing 2 µg/mL BSA, 
10–6 M T3, and various concentrations of 
DHPPA, HPPE, or controls. After incubation 
for 2 h at 4 °C, beads were washed (three 
times) with 1 mL IPAB-80 buffer and heated 
to 100 °C for 3 min. Bound proteins were 
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separated by SDS-PAGE (10% 
polyacrylamide) and visualized by 
autoradiography and quantified on a Kodak 
M1 apparatus with Molecular Imaging 
software.  

Acknowledgements 

We thank Elena Sablin for useful discussions.  
James Holton and George Meigs for assistance 
with crystallization data collection and 
processing at the Advanced Light Source 8.3.1 
beamline (UC Berkeley), and A J McArthur in 
Scientific Editing at SJCRH for comments on 
the manuscript.  .  

Note: The compounds DHPPA and HPPE were named generically L1 and L3, respectively (21). Their 
official names are SJ-000000001 and SJ-000000002, respectively. The compound HPPA is officially 
named SJ-000000055. 



12
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AR, androgen receptor 
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LXXLL, leucine-x-x-leucine-leucine 
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N-CoR, nuclear receptor corepressor 
NR, nuclear hormone receptor 
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TABLE 1. Statistics for data collection and refinement of thyroid hormone receptor mutant TR-D355R 
crystals soaked with the unsaturated ketone HPPE 
Measure Statistic 
No. of molecules per asymmetric unit 2 
Space group P21

Cell constants a/b/c 55.13 Å /92.87 Å /58.35 Å  
β 109.65
Resolution  2.3 Å 
No. of unique reflections 24,968 
Completeness  
     Overall 96.0% 
     Outermost shell 99.9% 
R mergea  
     No. of reflections used per refinement 24,966
     Resolution range (Å) 500-2.29 
     R factorb 21.6% 
     R freec 25.6% 
No. of water molecules 348 
Matthews coefficient 2.34 
Solvent content 47.59% 
Ramachandran plot  
     Most favored 92% 
     Allowed 7.5% 
a R merge  = ∑hkl |<I>–I| / ∑hkl |I| 
b R factor  = ∑hkl ||Fo| – |Fc| / ∑hkl |Fo| 
c R free set contained 5% of total data 



17

FIGURE LEGENDS  

FIGURE 1. Structures of inhibitors of the interaction of TRβ LBD and SRC2. A. The β-amino-ketone 
DHPPA [3-(dibutylamino)-1-(4-hexylphenyl)propan-1-one] was used in the soaking experiments.  
B. The α,β-unsaturated ketone HPPE [1-(4-hexylphenyl)prop-en-1-one] was the compound seen in the 
structure.  
C. The inactive compound HPPA [1-(4-hexylphenyl)propan-1-one] was used as the control. 

FIGURE 2. Close-up of HPPE bound into the TRβ LBD AF-2 pocket. 
A. Solid representation of TRβ LBD is depicted. The negatively charged residues are shown in red; the 
positively charged residues, in blue; the hydrophobic residues, in lilac; and the cysteine residues in 
yellow. 
B. The TRβ AF-2 surface and the compound HPPE are shown as a grey stick model placed inside the AF-
2 pocket. The distance between HPPE and K306 was 5.7 Å (white dotted line); that to E457, 5.7 Å (green 
dotted line); that to the unsaturated carbon and C309, 6.5 Å (black dotted line); and that to C298, 7.7 Å 
(yellow dotted line).  
C. The TRβ AF-2 surface and the compound HPPE (shown as a grey stick model). A pale grey mesh is 
included to show the volume of the AF-2 pocket that the compound occupies. The figure was generated 
using PyMOL (38).  

FIGURE 3.  Mass spectrometric identification of HPPE modification of Cys298. 
The fragmentation spectrum collected for a peptide spanning K289 to K306 and containing a covalent 
HPPE adduct at C298 is shown. The peptide ([M+H]+: 2349.26) was observed as the triple-charged form 
([M+3H]3+: 784.3). The inset shows the peptide sequence and the observed y and b ion fragments. The 
modified cysteine is indicated in red. 

FIGURE 4. Mutation at Cys298 abolishes the sensitivity of TRβ to DHPPA inhibition.  
SDS-PAGE gel showing quantities of in vitro–translated T3-liganded TRβ or the mutant TRβ C298S 
retained in pull-down assays using bacterially expressed GST-SRC2 (amino acids 563-1121) at 3 µg per 
assay. Binding is shown in assays performed with increasing concentrations (µM) of DHPPA, HPPE, or 
the control inactive compound HPPA.   

FIGURE 5. Mutation at Cys298 but not at Cys309 uniquely abolishes DHPPA action.  
Two SDS-PAGE gels showing quantities of in vitro–translated T3-liganded wild-type (WT) TRβ or 
mutant TRs retained in pull-down assays using bacterially expressed GST-SRC2 (amino acids 563-1121) 
at 3 µg per assay in the presence of increasing concentrations (µM) of DHPPA 

FIGURE 6. DHPPA inhibits corepressor N-CoR binding to TRβ.  
SDS-PAGE gel showing quantities of in vitro–translated, unliganded wild-type (WT) TRβ or mutant TRs 
retained on GST–N-CoR (amino acids 1944-2453) in pull-down assays in the presence of increasing 
concentrations (µM) of DHPPA. 
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