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1. INTRODUCTION:
Preceding research funded by an NIH R21 (2009-2011) grant to the PI demonstrated that aberrant activity of 
nuclear receptor LRH-1 (Liver Receptor Homologue 1, NR5A2) is associated with pancreatic oncogenesis. 
Because LRH-1 is pivotal to multiple regulatory pathways essential for tumorigenesis, we hypothesize that this 
receptor might be a plausible target for pancreatic cancer therapy. Thus, we proposed to find selective 
antagonists of LRH-1 activity and analyze their effects on pancreatic cancer cell proliferation. 

2. KEYWORDS:
Pancreatic cancer, PDAC, nuclear receptor, LRH-1, NR5A2, regulation of transcription, antagonists, small 
molecule inhibitors, cancer cell proliferation, cell cycle arrest. 

3. OVERALL PROJECT SUMMARY:
Aim 1 and Aim 2 of this program (Task 1 and Task 2 of the approved SOW) are completed; substantial 
progress has been made towards Aim 3 (Task 3 of SOW). 

Aim 1 (Task 1): Discovery of small molecules – antagonists of nuclear receptor LRH-1. 
As proposed in our application, we performed computational filtering of over 5 million compounds and tested 
top ranked hits in the following biophysical and cell biology assays.  
Virtual screening was performed against a constructed model of an inactive state of hLRH-1 LBD, as described 
in our recently published research article by Benod et al. (1). For computational docking experiments, we used a 
library of 5.2 million commercially available molecules from the ZINC database. Following visual inspection of 
the resulting top-ranked 500 compounds (~0.01% of the initial library content), twelve molecules were selected 
for experimental evaluations. From these verification experiments, we identified two compounds - Cpd 3 (1-(3'-
{1-[2-(4-morpholinyl)ethyl]-1H-pyrazol-3-yl}-3-biphenylyl)ethanone; shown docked in the LRH-1 ligand 
binding pocket in Fig. 1A) and Cpd 3d2 (4-(3-{1-[2-(dimethylamino)ethyl]-1H-pyrazol-3-yl}phenyl)-N,N,5, 6-
tetramethyl-2-pyrimidinamine; shown docked into LRH-1 pocket in Fig. 1B) - that bind to LRH-1 LBD 
directly. The evidence for direct binding was obtained using two independent methods – Differential Scanning 
Fluorimetry (Task 1a) and Surface Plasmon Resonance (SPR) using quantitative Biacore based assay (Task 
1b). Analyses of the SPR response isotherms estimated the corresponding Kd values of 1.5 ± 0.3 µM for Cpd 3 
and 1.8 ± 0.4 µM for Cpd 3d2 (Fig. 2, see also [1] and attached pdf file). 

Transcription assay: To verify that these compounds not only bind LRH-1 but also deactivate the receptor upon 
binding, the transcriptional activity of LRH-1 was assessed in the absence and the presence of Cpd 3 and Cpd 

Fig. 1. Predicted mode of binding for Cpd 3 (A) and Cpd 
3d2 (B).  A cartoon model for LRH-1 polypeptide chain in 
the vicinity of the ligand-binding pocket is shown in gray, 
with structural elements forming the pocket indicated. 
Docked compounds are shown as color-coded stick models.  

Fig. 2. Evaluation of binding affinity 
of Cpd 3 (A) and Cpd 3d2 (B).  
The corresponding chemical structures 
of compounds are indicated at the top of 
the panels. 
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3d2. These experiments showed that treatments with each individual compound lowered the levels of mRNA 
for G0S2 gene (a transcriptional target of LRH-1) (Fig. 3); the corresponding IC50 values were determined to 
be 5  ± 1 µM (Fig. 3A) and 6  ± 1 µM (Fig. 3B). To prove that the observed effects by compounds are LRH-1 
mediated, the analogous experiments were performed in non-induced HEK293 cells, which do not express the 
receptor; under these conditions, no significant changes in the levels of G0S2 transcripts were detected in cells 
treated with either compound compared to the control [1]. 

Assessing specificity of Cpd 3 and Cpd 3d2: We examined whether the identified LRH-1 inhibitors exert any 
effects on transcriptional activities of other nuclear receptors. Using previously published methods, 
transactivation by three different nuclear receptors – steroidogenic factor 1 (SF-1, a close structural and 
functional analogue of LRH-1) as well as more distant thyroid hormone receptor beta (TRβ) and androgen 
receptor (AR) - was assessed in the absence and the presence of Cpd 3 and 3d2. These transcriptional studies 
presented no evidence of any specific, probe-mediated changes in the transcriptional activities of any of the 
tested receptors [1]. Based on these data, we conclude that the identified inhibitors bind to the LRH-1 receptor 
and inhibit its transcriptional activity preferentially.  

Aim 2 (Task 2): Testing LRH-1 inhibitors in pancreatic cancer cells. 
Because multiple LRH-1 gene targets (including cyclin E1 (Cyc E1), cyclin D1 (Cyc D1) and C-Myc genes) are 
known to control cell growth and proliferation, we investigated whether treatments of cells with the identified 
receptor antagonist affects cell proliferation in vitro (Task 2a). Our previous work [4] demonstrated that 
selective inhibition of LRH-1 transcription by siRNA arrests growth and proliferation of human pancreatic 
cancer cells. This receptor-mediated anti-proliferative effect was observed in four different pancreatic ductal 
adenocarcinoma (PDAC) cell lines, including AsPC-1, which express high levels of LRH-1 [4].  

Fig. 3. Effects of Cpd 3 and Cpd 3d2 on transcriptional 
activity of LRH-1. HEK293 cells expressing LRH-1 (following 
induction with tetracycline (Tet-on), LRH-1 (+)) were treated 
with different concentrations of either Cpd 3 (A) or Cpd 3d2 (B). 
Following 24 h treatments, levels of mRNA for G0S2 have been 
evaluated by qPCR relative to control (cells treated with DMSO). 

Fig. 4. LRH-1 antagonists inhibit proliferation of 
pancreatic cancer cells AsPC-1 (LRH-1 positive), but 
not L3.3 cells (LRH-1 negative). A-D, Cell proliferation 
rates for both pancreatic cancer cells were measured and 
compared in the absence and the presence of different 
concentrations of Cpd 3 (A, C) and 3d2 (B, D) relative to 
control (0.1% DMSO). The corresponding IC50 values are 
indicated. E, F, Effects of Cpd 3 (E) and 3d2 (F) on 
transcription of the receptor target genes NR0B2 (encoding 
SHP) and CCNE1 (encoding Cyclin E1, Cyc E1) in AsPC-
1 and L3.3 cells. Cell samples were analyzed by qPCR for 
the relative levels of mRNA corresponding to SHP and 
Cyc E1 following treatments with individual compounds at 
10 µM concentration. Controls in white correspond to cells 
treated with solvent (0.1% DMSO); light and dark gray 
bars show the levels of mRNA for SHP and Cyc E1 in 
cells treated with indicated compounds. Data are shown as 
average of three independent measurements, with 
experimental errors indicated. 
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Our current work shows that treatments of AsPC-1 cells with Cpd 3 and 3d2 result in a similar, dose-dependent 
inhibition of cell proliferation (Fig. 4A, B; concentrations of Cpd 3 and Cpd 3d2 associated with ~50% 
inhibition of cell proliferation are indicated).  
Notably, no significant anti-proliferative effects were observed in pancreatic cancer cells L3.3 (Fig. 4C, D) that 
do not express LRH-1 receptor at a detectable level [4]. In concert with these data, inhibition of transcription of 
LRH-1 target genes NR0B2 and CCNE1 (encoding SHP and Cyclin E1, in light and dark gray, Fig. 4E, F) was 
detected in AsPC-1 but not in L3.3 cells following these treatments (Task 2b). No general cytotoxicity was 
encountered for either compound at the concentrations used for these experiments [1]. These results support the 
idea that the observed anti-proliferative effects of the probes are receptor-mediated and specific. 
Our work demonstrates that human pancreatic ductal adenocarcinoma (PDAC) cells expressing LRH-1 are 
sensitive to treatments with the receptor specific inhibitors, and that growth and proliferation of LRH-1 positive 
cancer cells could be markedly decreased following such treatments.     

The structure-based identification and characterization of the first LRH-1 specific antagonists is described in 
our recently published research article by Benod et al. [1]. This paper reports the use of existing technologies 
and presents the first specific and potent compounds deriving from computational docking to a non-native 
protein target structure.  
 
Aim 3 (Task 3): Imaging and optimization of LRH-1 modulators. 
During the past year, we worked on optimizing the properties of the identified receptor antagonists and 
developing new, improved LRH-1 modulators. The goal of this program is to enhance the binding affinities and 
thus the therapeutic potential of LRH-1 antagonists without compromising their specificity.  
Through numerous crystallization trials and complementing biophysical stability evaluations of LRH-1 bound 
by Cpd3 and Cpd3d2 (see Figs 1, 2) we have learnt that these antagonistic compounds destabilize the 
receptor irreversibly upon binding. Whereas the receptor destabilization contributes to the antagonizing 
mechanisms by these compounds (Figs. 3, 4), the diminished protein stability compromises its crystallization 
and the following structural analyses (Tasks 3a, 3b, 3c, 3d). 

To overcome this limitation, we are employing an alternative approach for developing potent LRH-1 
modulators (Task 3e): we are designing and testing specific, high affinity LRH-1 agonists first; these 
compounds stabilize the receptor upon binding, aiding in protein crystallization and the following high-
resolution structural analyses. Once the LRH-1 LBD is imaged bound by selected agonist leads, potent receptor 
antagonists will be designed and developed based on analyses of the binding determinants of the agonistic 
ligands.  

Substantial progress has been made towards this goal. Our new structure of LRH-1 ligand binding domain 
(LBD) bound by the receptor’s hormone - signaling phospholipid PIP3 - explains why preceding efforts failed 
to find adequate LRH-1 agonists. This structure (as well as our recently published structure of the closest LRH-
1 homolog – nuclear receptor SF-1 bound by PIP3 [2]) reveals that the receptor’s ligand-binding pocket is 
comprised of three distinct segments, and that the hormone spans all three segments, stabilizing the active 
conformation of the LBD (Figs. 5, 6).  

This work confirms our earlier hypothesis that bound phospholipids influence the architecture and stability of 
the LRH-1 hormone-binding pockets, affecting folding of the receptor LBD (Fig. 6). Furthermore, the 
crystalstructures of NR5A homolog receptors LRH-1 and SF-1 bound to PIP3 [2, 3] revealed the ligand head 

Fig. 5. Effects of bound ligands on LRH-1 structure. Cartoons 
showing relative locations of the upper (with synthetic ligand, in 
orange), middle (bound by dietary lipid DLPC, blue) and lower 
(occupied by the head group of PIP3) segments of the LRH-1 hormone-
binding pocket. An optimized receptor modulator spanning all 
segments of the pocket is shown in green. 
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group exposed on the receptor surface, organizing a new regulatory scaffolding site (AF-3 in Fig. 6). We 
consider this new structural information vital for developing optimized LRH-1 ligands, as the structure suggests 
that ligands spanning all three segments of the pocket are needed to support optimal LRH-1 function.  

Guided by the PIP3-LRH-1 structure, in collaboration with UCSF medicinal chemists 
(Dr. P. England’s lab), we are designing novel LRH-1 ligands using a novel approach - 
the Fixed Point Buildout method, involving Tethering chemistry (Fig. 7). 

LRH-1 is an excellent candidate for Tethering, as it has an endogenous tether point - Cys346, which is ideally 
located inside the receptor pocket. The England lab already screened the Tethering library and identified 20 
fragments that: 1) tether exclusively to Cys346, 2) bind with high-affinity to LRH-1, and 3) bind to distinct sub-
sites within the pocket. We note that the optimized, full-size ligands do not rely on the covalent attachment to 
the receptor, as the tethering link may be omitted from the final compound once strong binding affinity is 
achieved. Consistent with this notion, small scale SAR study based on the identified fragments produced a lead 
compound (FC 4.171, Fig. 8) that binds to LRH-1 in the absence of the tethering link. 

Crystallization trials on LRH-1 bound by FC 4.171 are in progress. Once the structure of LRH-1 LBD bound by 
FC 4.171 is determined, we will design and test compounds that are expected to perturb specific regulatory sites 
of LRH-1 upon binding into the receptor ligand-binding pocket (Fig. 9). 

In particular, we aim to disrupt the interaction of LRH-1 with β-catenin (indicated in Fig. 9A); in preceding 
studies, the PI’s lab determined the structure of the LRH-1/β-catenin complex and defined the molecular 
mechanism of this regulatory interaction [5]. We also aim to perturb the co-activator binding site (AF-2, Fig. 
9A) as well as the newly identified regulatory site (AF-3, Fig. 9A) organized by the bound LRH-1 hormone 

Fig. 6. Structure of PIP3 bound LRH-1. The polypeptide chain of LRH-1 is drawn 
as a cartoon model; bound PIP3 is shown as a stick model and indicated. Previously 
identified co-regulator binding site – AF-2 with bound co-regulatory peptide is 
indicated in blue. The location of the newly identified AF-3 site organized by the 
exposed PIP3 head group is indicated in red. 

Fig. 7. Tethering scheme. Tethering is a new approach for 
identifying potent ligands for protein targets. This method 
relies on the formation of a disulfide bond between individual 
drug fragments and cysteine residues in the protein. “Hit” 
fragments are then synthetically elaborated to produce ligands 
with desired properties. 

Fig. 8. Evaluation of FC 4.171 binding to LRH-1 by Biacore. Purified apo-
LRH-1 LBD was covalently immobilized to the surface of a CM5 chip using a 
standard amine coupling protocol. Solutions of FC 4.171 at 1 – 20 µM 
concentrations were injected over immobilized LRH-1 and reference surfaces, 
and dose-dependent steady-state binding responses recorded and measured 
relative to the reference. The equilibrium dissociation constant (KD, indicated) 
was determined using steady state analysis of binding affinities, assuming 1:1 
ligand - protein stoichiometry.  
 

Fig. 9. Targeting regulatory sites of LRH-1. A. Cartoon 
model of LRH-1 LBD bound by coregulator peptide, 
hormone PIP3, and β-catenin. Locations of the 
corresponding regulatory sites, AF-2, AF-3 and β-catenin 
binding interface, are indicated. B. Cpd3 diminishes 
binding of coregulator peptide to the AF-2 site of LRH-1 
in a Biacore based SPR assay. Grey bars indicate binding 
peptide in presence of different concentrations of Cpd3. 
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PIP3 [2, 3]. Perturbation of either of these sites is expected to disable critical interactions of LRH-1 with 
transcriptional co-regulators, resulting in the receptor deactivation (exemplified by effects of Cpd 3 on binding 
of co-regulator peptide to the AF-2 site in Fig. 9B). All designed and synthesized compounds will be evaluated 
in in vitro direct binding assays and tested for their ability to block pancreatic cancer cell proliferation, 
migration and invasion, as described in our published work [1].  

4. KEY RESEARCH ACCOMPLISHMENTS:
a) Using innovative experimental strategies, the first specific synthetic inhibitors of LRH-1 - Cpd 3 and

Cpd 3d2 - were discovered and characterized by the PI’s lab; we demonstrated that these compounds
inhibit transactivation by LRH-1, diminishing expression of the receptor’s target genes [1].

b) Chemical biology enabled new science: the identified receptor inhibitors were critical for
demonstrating therapeutic potential of LRH-1 in pancreatic cancer. Our work showed that treatments
of human LRH-1 positive PDAC cells AsPC-1 with Cpd 3 and Cpd 3d2 result in a dose-dependent
inhibition of cell proliferation. No significant anti-proliferative effects were observed in pancreatic
cancer cells L3.3 that do not express LRH-1, confirming that the observed anti-proliferative effects are
receptor-mediated and specific [1].

c) Based on our published results [1], the first commercial synthetic inhibitor of LRH-1 - Cpd3 - was
offered in 2014 by Merck to the research community.

d) A major breakthrough in understanding the molecular mechanisms of LRH-1 regulation occurred in
2014: LRH-1 is a newly “adopted orphan” receptor, as its hormone - signaling phospholipid PIP3 has
been identified in collaborative work by our group that imaged NR5A receptors bound by PIP3 [2, 3].

e) Analyses of the PIP3-bound NR5A structures clarify the first step in the mechanism that links
transactivation by these receptors to nuclear PIP3 signaling [2, 3].

f) Atomic resolution structure of PIP3-LRH-1 defines a complete architecture of the receptor’s hormone
pocket, confirming that LRH-1 activity can be modulated by small regulatory molecules [3].

g) Guided by the PIP3-LRH-1 structure, in collaboration with UCSF medicinal chemists (Dr. P.
England’s lab), we are designing novel, potent LRH-1 antagonists using a novel approach - the Fixed
Point Buildout method, involving Tethering chemistry.

5. CONCLUSION:
Because of the involvement of LRH-1 in multiple regulatory pathways associated with tumorigenesis, we 
proposed to evaluate this receptor as a novel target for pancreatic cancer therapy. The appeal of LRH-1 as a 
drug target includes its defined ligand-binding pocket, which could be targeted by synthetic modulators. At 
the time of submission of this application, physiological hormones of LRH-1 were not yet known, and no 
specific small molecule inhibitors were reported for this receptor.  
Research resulting from this award identified the first specific synthetic inhibitors of LRH-1. These 
compounds were critical for demonstrating therapeutic potential of LRH-1 in pancreatic cancer: our work 
showed that treatments of human PDAC cells with LRH-1 inhibitors result in inhibition of cancer cell 
proliferation.  
In collaboration with UCSF medicinal chemists, we are optimizing the existing receptor antagonists and 
designing novel, potent LRH-1 modulators for pre-clinical trials in vivo. Once successfully tested in animals, 
the lead compounds could be advanced to clinical trials and lead to development of novel pancreatic cancer 
drugs, which would advance existing pancreatic cancer therapeutics. The identified LRH-1 inhibitors could 
also be used as specific molecular tools for in depth analyses of the receptor-mediated mechanisms driving 
the progression of pancreatic cancer.  
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6. PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS:

a. Manuscripts and Abstracts submitted for publication during the period covered by this report
resulting from this project.

(1) Lay Press: 
1. Study Reveals 'Bellhops' in Cell Walls Can Double as Hormones: Discovery at SLAC's Synchrotron

Could Lead to New Drug Designs, Treatments.  SLAC News Feature Article, October 6, 2014.
https://www6.slac.stanford.edu/news/2014-10-06-study-reveals-bellhops-cell-walls-can-double-
hormones.aspx

2. This DoD award to the PI will be highlighted in the upcoming FY14 annual report of CDMRP.

(2) Peer-Reviewed Scientific Journals: 
1. Benod C, Carlsson J, Uthayaruban R, Hwang P, Irwin JJ, Doak AK, Shoichet BK, Sablin EP, and

Fletterick RJ (2013) Structure-Based Discovery of Antagonists of Nuclear Receptor LRH-1. J Biol
Chem. 288(27): 19830-19844.   DOI: 10.1074/jbc.M112.411686.  PMID: 23667258

2. Blind RD, Sablin EP, Kuchenbecker KM, Chiu H-J, Deacon AM, Das D, Fletterick RJ, and Ingraham
HA (2014) The signaling phospholipid PIP3 creates a new interaction surface on the nuclear receptor
SF-1. Proc. Natl. Acad. Sci. USA, 111(42): 15054–15059.  DOI: 10.1073/pnas.1416740111. PMID:
25288771 

3. Sablin EP, Blind, RD, Chiu H-J, Deacon AM, Das D, Ingraham HA, and Fletterick RJ. Crystal structure
of the nuclear receptor LRH-1 bound by signaling phospholipid PIP3. J. Struct. Biol. 2014, Submitted.

(3) Invited Articles: 
Nothing to report 

(4) Abstracts: 
Fletterick, RJ et al (2014) Orphan Nuclear Receptor LRLH-1, Beta-Catenin and Antagonists in 
Pancreatic Cancer, Abstract presented at The Endocrine Society's 96th Annual Meeting & Expo, 
ICE/ENDO 2014, Chicago, Illinois, 21-24 June. 

b. Presentations made during the period covered by this report resulting from this project.
Fletterick, Robert. "Orphan Nuclear Receptor LRLH-1, Beta-Catenin and Antagonists in Pancreatic 
Cancer" The Endocrine Society's 96th Annual Meeting & Expo, ICE/ENDO, Chicago, IN. 24 June 
2014. Invited speaker. 

7. INVENTIONS, PATENTS AND LICENSES:
Nothing to report.

8. REPORTABLE OUTCOMES:
The two characterized LRH-1 antagonists - Cpd3 and Cpd3d2 - have been shipped to the National Cancer
Institute (NCI) Chemotherapeutic Agents Repository. Under the NCI Developmental Therapeutic
Program, both compounds have been selected for anticancer screening in 60 cancer cell lines representing
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different types of malignancies, including leukemia, non-small cell lung cancer, colon cancer, CNS 
cancer, melanoma, ovarian, breast and prostate cancers as well as renal cancer. Although pancreatic 
cancer cell lines were not part of the tested series, both compounds demonstrated anti-cancer cell 
proliferative effects in several cell lines known to express the LRH-1 receptor. The acquired data and 
chemicals are available for the research community. 
Based on our published results [1], the first commercial synthetic inhibitor of LRH-1 - Cpd3 - was 
offered in 2014 by Merck to the research community. 
 
 

9. OTHER ACHIEVEMENTS:  
Cindy Benod, a key scientist on this grant and the first author of the manuscript describing the first 
specific antagonists of LRH-1 [1], has finished her postdoctoral training in the PI’s lab and now holds a 
Senior Scientist position at the Department of Genomic Medicine, Houston Methodist Research Institute 
(HMRI), Houston, Texas. 

Based on results generated from work supported by this award, the PI is applying for the DOD Breast 
Cancer Research Program Breakthrough Award as well as an NIH R01 grant in response to the Funding 
Opportunity Announcement (FOA) “Early-Stage Pharmacological Validation of Novel Targets and 
Accompanying Pre-Therapeutic Leads for Diseases of Interest to the NIDDK”. 
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The signaling phospholipid PIP3 creates a new
interaction surface on the nuclear receptor SF-1
Raymond D. Blinda, Elena P. Sablinb, Kristopher M. Kuchenbeckerb, Hsiu-Ju Chiuc,d, Ashley M. Deaconc,d, Debanu Dasc,d,
Robert J. Fletterickb,1, and Holly A. Ingrahama,1

Departments of aCellular and Molecular Pharmacology and bBiochemistry and Biophysics, University of California, San Francisco, CA 94158; and cJoint Center
for Structural Genomics and dStanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo Park, CA 94025

Contributed by Robert J. Fletterick, September 2, 2014 (sent for review June 27, 2014; reviewed by Eric Ortlund)

The signaling phosphatidylinositol lipids PI(4,5)P2 (PIP2) and PI
(3,4,5)P3 (PIP3) bind nuclear receptor 5A family (NR5As), but their
regulatory mechanisms remain unknown. Here, the crystal struc-
tures of human NR5A1 (steroidogenic factor-1, SF-1) ligand binding
domain (LBD) bound to PIP2 and PIP3 show the lipid hydrophobic
tails sequestered in the hormone pocket, as predicted. However,
unlike classic nuclear receptor hormones, the phosphoinositide
head groups are fully solvent-exposed and complete the LBD fold
by organizing the receptor architecture at the hormone pocket
entrance. The highest affinity phosphoinositide ligand PIP3 stabil-
izes the coactivator binding groove and increases coactivator pep-
tide recruitment. This receptor-ligand topology defines a previously
unidentified regulatory protein-lipid surface on SF-1 with the phos-
phoinositide head group at its nexus and poised to interact with
other proteins. This surface on SF-1 coincides with the predicted
binding site of the corepressor DAX-1 (dosage-sensitive sex rever-
sal, adrenal hypoplasia critical region on chromosome X), and im-
portantly harbors missense mutations associated with human
endocrine disorders. Our data provide the structural basis for this
poorly understood cluster of human SF-1 mutations and demon-
strates how signaling phosphoinositides function as regulatory
ligands for NR5As.

transcription | nucleus | crystallography | ligand dependent |
lipid transport

The existence of nuclear, nonmembrane pools of signaling
phosphorylated derivatives of phosphatidylinositols or phos

phoinositides (PIPn) was reported over two decades ago (1 3).
Consistent with these early reports, lipid modifying enzymes
responsible for phosphoinositide metabolism were also found in
the nucleus (4 7); however, the function of PIPn in this cellular
compartment remains poorly defined. The nuclear receptors
(NRs) steroidogenic factor 1 (SF 1, NR5A1) and liver receptor
homolog 1 (LRH 1, NR5A2) bind phosphoinositides as well as
other phospholipids in their large hydrophobic pockets (8 13).
The ability of NR5As to interact with PIPn is well conserved with
the Caenorhabditis elegans ortholog nhr 25 able to bind both PIP2
and PIP3 (14). That phosphoinositides might serve as endogenous
NR5A ligands is suggested by the fact that elevating cellular pools
of PIP3 increases SF 1 activity (15) and that impairing PIP3 uptake
decreases SF 1 activity (12). Further, when purified from mam
malian cells, the phosphoinositide PIP2 is found associated with
SF 1 and can be modified by the lipid kinase, IPMK, as well as the
lipid phosphatase, PTEN (13). Taken together, these data suggest
that signaling phosphoinositides are biologically relevant ligands
for SF 1.
Phosphoinositide ligands diverge chemically from classic NR

hormones in that they contain a long, extended hydrophobic
moiety and a prominent hydrophilic head group, which is in
herently incompatible with the hydrophobic core of the NR5A
ligand binding pocket. Our previous structural analyses of SF 1
bound to phosphatidylcholine suggest that the acyl tails of
phosphoinositides should be sequestered in the hydrophobic
core and positioned to fill the hormone binding pockets of SF 1

and LRH 1 (11). It remains to be determined how the acyl tails
and the head groups of phosphoinositides might affect the
stability and activity of the NR5A ligand binding domain (LBD).
To date, the only visualized phospholipid head groups in NR5As
are those found in the bacterial phospholipids (bPLs), and long
and medium chain phosphatidylcholines (PCs) (12, 16). Thus far,
neither bPLs nor PCs complete the fold of SF 1 LBD. Indeed,
in published ligand bound SF 1 structures, critical surface loops
in the vicinity of the pocket entrance remain poorly ordered.
This region is functionally important because it harbors disease
associated mutations in SF 1 (17 19). We hypothesized that
phosphoinositide ligands with their charged head groups might
anchor this site to render SF 1 fully functional.
Here, the crystal structures of SF 1 bound to PIP2 and PIP3

were determined, and coactivator peptide binding studies were
performed to gain insights into how signaling phosphoinositides
function as NR5A ligands. Based on our results, we suggest that
PIP2 and PIP3 help organize dynamic loops in the LBD that form
part of a previously unidentified regulatory surface on NR5As,
similar in function to membrane bound phosphoinositides.

Results
To establish which phosphoinositide species bind SF 1 LBD with
the highest affinity, stoichiometric binding to Apo SF 1 LBD was
monitored in a native gel electrophoretic mobility shift assay,
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docrine disorders, thus explaining how these puzzling mutations
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and the apparent Kd was determined for a series of related
phosphoinositides. The resulting values suggest that 3 and
5 phosphates, but not the 4 phosphate, are critical coordination
points for binding SF 1 LBD. Indeed, among all dioleyl (18:1)
PIPn ligands tested, PI(3,4,5)P3 and PI(3,5)P2 displayed the lowest
Kd values of 80 ± 12 nM and 90 ± 12 nM, respectively (Fig. 1A and
Table S1). In comparison, affinity of RJW100 (20), a derivative of
the synthetic NR5A ligand GSK8470 (21), was notably worse than
PI(3,4,5)P3 with an apparent Kd of 1,200 ± 270 nM, as determined
here by electrophoretic mobility shift in native gels. We also noted
that DLPC, a short chained exogenous phosphatidylcholine LRH 1
ligand (16, 22), binds SF 1 poorly. In conjunction with these
binding assays, differential scanning fluorimetry (DSF) was used
to assess the stabilizing effects of different phospholipid ligands.

The melting temperatures of different ligand bound states of SF 1
LBD showed the greatest stabilization with PIP2 and PIP3 phos
phoinositides compared with the unliganded (apo) or bacterial
phospholipid (bPL) bound receptor (Fig. 1B); bacterial phos
pholipids are present in NR5As from the bacterial expression
system used to produce these proteins.
The structure of SF 1 LBD bound by dipalmitoyl (C16:0,

C16:0) PI(3,4,5)P3 (SF 1/PIP3) was solved by the molecular re
placement method using Protein Data Bank (PDB) entry 1YOW
as the search model (11) and refined to 2.40 Å with Rfree/Rcryst
values of 23/19% (Table S2). The structure was deposited with
the PDB ID code 4QJR. SF 1/PIP3 (Fig. 1C) adopts the classic
NR LBD fold consisting of 12 α helices distributed in three
layers with an extended helix H2 forming an additional fourth
LBD layer. Similar to all other NR5A LBD structures, helix H12
assumes an active conformation, facilitating binding of PGC 1α
coactivator peptide (Fig. 1C, blue cylinder).
The difference Fourier (Fo − Fc) electron density map for the

SF 1 protein allowed unambiguous modeling of all elements of the
dipalmitoyl (C16:0, C16:0) PIP3 ligand (Fig. 1D) including the acyl
chains, the bridging phosphate group at the tail to head junction,
and the head group in a 1D myo configuration (Fig. S1). As
expected, the bridging phosphate group of PIP3 is coordinated and
makes contacts with conserved SF 1 residues G341, Y436, and
K440 (Fig. S2). Although the acyl chains of PIP3 are shielded from
the solvent in the hydrophobic hormone binding pocket, the head
group of receptor bound PIP3 is fully exposed to the solvent (Fig.
1E); this unique feature sets SF 1/PIP3 apart from other protein/
PIPn structures (23 25).
Protein loops never before visualized in other published ligand

bound SF 1 LBD structures are unusually well ordered in the SF 1/
PIP3 structure (Fig. S3). Because these loops are not stabilized by
any direct crystal contacts, we attribute this enhanced order in the
SF 1/PIP3 structure to the presence of a highly charged solvated
PIP3 head group that forms an extensive network of water medi
ated interactions with the protein at the hormone pocket entrance.
Stabilizing contacts involve residues in loops L2 3 (R255, D257,
Q258), L6 7 (S342, L343), the C terminal portion of H11 (H439),
and the following loop L11 12 (N444, E445) (Fig. 1F); these
data confirm our earlier findings that mutating H439 (H439D)
decreases PIP3 binding to SF 1 and diminishes SF 1 activity (12).
Due to stabilizing contacts with PIP3, the loop between helices

H2 and H3 (L2 3) is imaged, to our knowledge, for the first time
with a clear conformation (Fig. 2 A and B). Water molecules or
ganized by PIP3 stabilize side chains of R255, D257, and Q258 in
L2 3, which interact directly with residues N444 and E445 in
L11 12 at the base of the activation function (AF) 2 helix H12. This
network of stabilizing interactions configures helix H12 for optimal
interactions with transcriptional coregulators (Fig. 2C). Loss of
function heterozygous human NR5A1 mutations R255L, R255C,
and D257N present in L2 3 are associated with human diseases,
including adrenal insufficiency (17), premature ovarian failure (18),
and male infertility (19). The SF 1/PIP3 structure reveals that both
of these conserved residues, R255 and D257, interact with each
other and form an anchoring cluster that organizes the protein
lipid surface at the entrance of the hormone pocket (Fig. 2C).
Taken together, these data explain how NR5A1 mutations in L2 3
cripple receptor activity (12), revealing the molecular basis of as
sociated endocrine and reproductive disorders.
Our previous work suggests that SF 1 bound to PIP3 is active

whereas SF 1 bound to PIP2 is less active (13). To compare these
different phosphoinositide bound states, the SF 1/PI(4,5)P2 struc
ture (SF 1/PIP2) was solved by molecular replacement, using
PDB ID code 1YOW as the search model, and compared with
the SF 1/PIP3 structure (Table S2). The structure was deposited
with the PDB ID code 4QK4. Superposition of the SF 1 LBD in
PIP3 and PIP2 bound states shows that these two structures are
nearly identical (Fig. 3 A and B) (rms is 0.2 Å for 256 Cα atoms).
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Fig. 1. Water coordination of the exposed head group in the SF 1/PIP3
structure. (A) Apparent dissociation constants of indicated phosphoinositide
lipids binding to the apo SF 1 LBD. (B) Apparent melting temperatures of
SF 1 LBD in the apo (unliganded) state, complexed with copurifying bac
terial phospholipid (bPL) PIP2 or PIP3 as determined by DSF. (C) Crystal
structure of SF 1 LBD bound to PIP3, PGC 1α coregulator peptide in blue, PIP3
lipid as represented as sticks in all panels. (D) The final electron density map
after model building and refinement (2FO FC contoured at 1.0 σ) demon
strating unambiguous assignment of PIP3 acyl chains and head group ste
reochemistry. (E) Surface representation of SF 1, demonstrating exposure of
PIP3 head group to solvent. (F) Water (indicated as copper spheres) medi
ated coordination of PIP3 phosphate groups with indicated SF 1 amino acids
in Loops L2 3, L6 7, and L11 12.
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determined by nonlinear curve fit to a single site binding model in Graph
Pad Prism. RJW100 was resuspended in DMSO with the final DMSO con
centration in the binding reactions to be 2.5% of the total reaction volume.
Data represent at least three independent replicates.
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