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ABSTRACT
Peroxisome proliferator-activated gamma coactivator 1-a (PGC1a)
regulates energy metabolism by directly interacting with transcrip-
tion factors to modulate gene expression. Among the PGC1a
binding partners is liver receptor homolog 1 (LRH-1; NR5A2), an
orphan nuclear hormone receptor that controls lipid and glucose
homeostasis. AlthoughPGC1a is known to bind and activate LRH-1,
mechanisms through which PGC1a changes LRH-1 conformation
to drive transcription are unknown. Here, we used biochemical and
structural methods to interrogate the LRH-1–PGC1a complex.
Purified, full-length LRH-1, aswell as isolated ligandbinding domain,
bound to PGC1a with higher affinity than to the coactivator, nuclear
receptor coactivator-2 (Tif2), in coregulator peptide recruitment

assays. We present the first crystal structure of the LRH-1–PGC1a
complex, which depicts several hydrophobic contacts and a strong
charge clamp at the interface between these partners. In molecular
dynamics simulations, PGC1a induced correlated atomic motion
throughout the entire LRH-1 activation function surface, which was
dependent on charge-clamp formation. In contrast, Tif2 induced
weaker signaling at the activation function surface than PGC1a but
promoted allosteric signaling from the helix 6/b-sheet region of
LRH-1 to the activation function surface. These studies are the
first to probe mechanisms underlying the LRH-1–PGC1a in-
teraction and may illuminate strategies for selective therapeutic
targeting of PGC1a-dependent LRH-1 signaling pathways.

Introduction
Liver receptor homolog 1 (LRH-1) is an orphan nuclear

receptor (NR) that acts as an important regulator of lipid and
glucose metabolism. It is highly expressed in liver, where it
controls bile acid biosynthesis (Lu et al., 2000), de novo
lipogenesis (Lee et al., 2011), and reverse cholesterol transport
(Schoonjans et al., 2002; Stein et al., 2014). Notably, activation
of LRH-1 in obesemice improves glucose tolerance and insulin
resistance (Lee et al., 2011), as well as reduces atherosclerosis
formation (Stein et al., 2014). LRH-1 also plays key roles in the
resolution of hepatic endoplasmic reticulum stress (Mamrosh
et al., 2014) and maintenance of the one-carbon pool (Wagner

et al., 2016), which are both critical for metabolic homeostasis
and cell survival. Glucose transport, metabolism, and capture
are regulated by LRH-1 via control of proteins such as the
GLUT4 transporter in skeletal muscle and glucokinase in the
liver (Oosterveer et al., 2012; Bolado-Carrancio et al., 2014).
On the other hand, aberrant activation of LRH-1 drives tumori-
genesis and tumor-cell proliferation in several cancer types
(Chand et al., 2010; Thiruchelvam et al., 2011; Bianco et al.,
2014; Lin et al., 2014; Bayrer et al., 2015; Nadolny and Dong,
2015; Xu et al., 2016). Because of this vital transcriptional
program, LRH-1 is garnering attention as a new therapeutic
target for treatment of diseases such as nonalcoholic fatty
liver disease, diabetes, and cancer.
As with other NRs, transcriptional activity of LRH-1 relies

upon associations with coregulators, a diverse family of proteins
that act as chromatin-remodeling factors (or which recruit such
factors) to control promoter accessibility. Coregulator interac-
tions typically occur at the NR activation function surface (AFS),
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receptor; TEV, tobacco etch virus; TIF2, nuclear receptor coactivator-2.
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located in the ligand binding domain (LBD). When the AFS is
in the active conformation (e.g., upon binding of an activating
ligand), coactivators bind to a canonical cleft within this surface
via a helical LXXLLmotif to driveNRactivity (whereL is leucine
and X is any amino acid). Corepressors inhibit NR activity by
binding to an alternative conformation of the AFS using an
extended leucine-rich motif. In addition, atypical corepressors
[such as small heterodimer partner (SHP)] use an LXXLL-
containing helix to compete with coactivators for binding the
active AFS, resulting in suppression of NR activity. Interest-
ingly, a phospholipid LRH-1 agonist with antidiabetic effects
(Lee et al., 2011) completely ablates SHP binding while preserv-
ing the ability to bind coactivators (Musille et al., 2012). This
effect is mediated through ligand-driven allosteric communica-
tion between the AFS and a distal portion of the LBD, which is
now considered an “alternate” AFS (hereafter, AF-B) (Musille
et al., 2012, 2016).
Among the LRH-1 coregulators is peroxisome proliferator-

activated gamma coactivator 1-a (PGC1a), which plays a critical
role in energy homeostasis by interacting with a variety of NRs
and other transcription factors (Lin et al., 2005; Finck and Kelly,
2006). PGC1a is expressed in tissues with high demand for
energy, such as heart, skeletalmuscle, and brown adipose tissue,
as well as in the liver. It is expressed at low basal levels but
is highly inducible upon certain stimuli, such as cold exposure,
during exercise, and signaling from adenosine monophosphate-
activated protein kinase, Sirtuin, and cAMP (Finck and Kelly,
2006). Downstream effects of PGC1a activation include stimula-
tion of mitochondrial biogenesis and increased rates of cellular
respiration (Finck and Kelly, 2006). In the liver, PGC1a plays a
major role in oxidative metabolism, including the control of bile
acid production (Lin et al., 2005). PGC1a has several overlapping
biologic roles with LRH-1, including in disease states such as
obesity, diabetes, and cancer (Lin et al., 2005), and the ability
of PGC1a to act as an LRH-1 coactivator has been docu-
mented in several studies. The two proteins directly interact
via the PGC1a NR box 2 and the LRH-1 AFS (Shin and
Osborne, 2008). Overexpression of PGC1a enhances LRH-1
activity at the aromatase and SHP promoters in luciferase
reporter assays (Safi et al., 2005), and PGC1a drives expression
of CYP7A1 in hepatocytes (Shin and Osborne, 2008). On the
other hand, the similar PGC1b isoform cannot activate LRH-1
(Shin and Osborne, 2008). Interestingly, PGC1a appears to be
better able to discriminate between LRH-1 ligand-bound states
than the nuclear receptor coactivator-2 (Tif2) coactivator, since
PGC1a is unable to bind apo-LRH-1 in vitro, whereas Tif2
binds both apo- and agonist-bound receptors (Musille et al.,
2012). The discrete tissue expression of PGC1a and its in-
ducible nature have made it an attractive therapeutic target;
indeed, disruption of the LRH-1–PGC1a interaction has been
proposed as a strategy to achieve tissue-specific inhibition of
aromatase production in breast cancer (Safi et al., 2005).
However, mechanisms through which PGC1a drives LRH-1
activation have not been delineated. Here, we present the first
crystal structure of LRH-1 bound to PGC1a, allowing the
visualization of the interface between these two partners.
PGC1a bound LRH-1 with high affinity and induced strong
communication within the LRH-1 AFS. Unlike Tif2, PGC1a
did not induce conformational changes to AF-B or promote
allosteric signaling from AF-B to the AFS, suggesting that the
two coregulators use distinct mechanisms to activate LRH-1.

Materials and Methods
Materials and Reagents. Fluorescein (FAM)-labeled coregulator

peptides were synthesized by RS Synthesis [silencing mediator of
retinoic acid and thyroid hormone receptor (SMRT), Tif2, and SHP;
Louisville, KY] or purchased from Thermo Fisher Scientific (PGC1a;
Waltham, MA). Sequences of coregulators used in these assays are
listed below. Unlabeled PGC1a peptide corresponding to NR box 2,
used for crystallization and hydrogen-deuterium exchange (HDX), was
purchased from RS Synthesis. Unlabeled Tif2 peptide corresponding
to NR box 3, used for HDX, was purchased from RS Synthesis (all
peptide sequences are listed later). Enantiomerically pure (1S,3aS)-5-
hexyl-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(RR-RJW100) was synthesized as previously described (Stec, 2010;
Whitby et al., 2011; Mays et al., 2016). For simplicity, this compound
is referred to as “RJW100,” a term previously used to describe a racemic
mixture of RJW100 enantiomers (Whitby et al., 2011; Mays et al., 2016).
The vector for His-tagged tobacco etch virus (TEV) protease was a gift
from John Tesmer (University of Texas at Austin, Austin, TX). The
pMSC7 vector was provided by John Sondek (University of North
Carolina at Chapel Hill, Chapel Hill, NC).

Protein Purification. Purification of the LRH-1 LBD (residues
299–541) from the pMSC7 vector was carried out as in previous
studies (Mays et al., 2016). In brief, protein expression was induced
in Escherichia coli BL21 PLysS E. coli with 1 mM isopropyl 1-thio-
b-galactopyranoside for 4 hours at 30°C. Following purification via
nickel affinity chromatography, the protein was cleaved from the His
tag using TEV protease. Cleaved protein was incubated with RJW100
overnight (10-fold molar excess) and then repurified by size-exclusion
chromatography. The crystallization buffer consisted of 100 mM am-
moniumacetate (pH7.4), 150mMsodiumchloride, 1mMdithiothreitol,
1 mM EDTA, and 2 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid. For full-length (FL) LRH-1 purification, cell
growth and fusion protein preparation were carried out as previ-
ously described (Weikum et al., 2016). To obtain pure human LRH-1–
CYP7A1promoter complex, double-strandedDNAwas added to fusion
protein at 1.2-fold molar excess. The complex was incubated with
TEV protease overnight at 4°C for His-Small Ubiquitin-like Modifier
tag cleavage. Samples were cleared of precipitate and loaded in a gel-
filtration column for purification. Fractions containing the complex
were pooled, concentrated, and frozen in liquid N2. Aliquots were
stored at280°C for future use. Puritywas assessed by SDS-PAGE and
Coomassie staining and was found to be ∼95% pure. Protein concen-
tration was determined using the Pierce BCA Assay (Thermo Fisher
Scientific).

Fluorescence Polarization Coregulator Binding Assays. FL
LRH-1 (copurified with a portion of the CYP7A1 promoter) (Weikum
et al., 2016) was incubated with RJW100 (10-fold molar excess) or an
equal volume of dimethylsulfoxide overnight at 4°C.Binding of the ligand
was verified using differential scanning fluorimetry, as previously
described (Mays et al., 2016) (data not shown). The complex was serially
diluted in assay buffer [20mMHEPES (pH 7.4), 150mMNaCl] in black-
walled 384-well plates. Coregulator peptides, labeled at the N terminus
with FAM, were then added to a final concentration of 50 nM. Fluores-
cence polarization was measured on a BioTek Neo plate reader (BioTek
Instruments, Winooski, VT). Sequences of peptides used were as
follows: Tif2 NR box 3, 1H3N-PVSPKKKENALLRYLLDKDDT-CO2

2;
PGC1a NR box 2, 1H3N-EEPSLLKKLLLAPA-CO2

2; SHP NR
box 1, 1H3N-QGAASRPAILYALLSSSLK-CO2

2; and SMRT, 1H3N-
TNMGLEAIIRKALMGKYDQW-CO2

2). Assays were conducted three
times in triplicate, using three separate preparations of protein. The
exception was the E. coli phospholipid (PL)-SHP complex, which was
assayed twice in triplicate. Data were combined and fitted to a single-
site equilibrium binding equation with GraphPad Prism software
(GraphPad Software, La Jolla, CA) to determine KD. The significance
of the difference inKD valueswas determined using two-way analysis of
variance followed by Sidak’s multiple comparisons test. P values,0.05
were considered significant.
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Crystallization. Protein ligand complexes were concentrated to
6.5mg/ml and incubatedwith a peptide fromPGC1aNRbox 2 at 4-fold
molar excess. Crystals were grown by hanging drop vapor diffusion at
room temperature using 1 ml of protein and 1 ml of crystallant [0.05 M
sodium acetate (pH 4.6), 14% polyethylene glycol 4000, and 15–21%
glycerol] per drop.

Structure Determination. Crystals were flash frozen in liquid
nitrogen using a cryoprotectant of crystallant with 30% glycerol.
Data were collected remotely from the Argonne National Laboratory
(South East Regional Collaborative Access Team, Lemont, IL) using
the 22ID beamline. Data were processed using HKL2000 (HKL
Research, Charlottesville, VA) (Otwinowski and Minor, 1997). The
structure was phased by molecular replacement using Phaser in
Phenix (Adams et al., 2010), with Protein Data Bank (PDB) 5L11
(ligand and coactivator removed) used as the search model. The
model was refined using Phenix.refine (Adams et al., 2010), and
figures were generated using PyMOL (v.1.3r1; Schrodinger, New
York, NY).

HDX Mass Spectrometry. Purified LRH-1 LBD (His tag re-
moved) was complexed with RJW100 by incubation overnight (10-fold
molar excess) and then repurified by size exclusion into a buffer of
20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 5% glycerol. Additional
RJW100 was added to the sized complex to ensure the receptor was
saturated with ligand (5-fold molar excess). Solution-phase amide
HDX experiments were carried out as described previously (Feng et al.,
2016) using a fully automated system, in which sample handling
was done using CTC HTS Twin PAL robots (LEAP Technologies,
Carrboro, NC) housed inside a 4°C cabinet. In parallel reactions,
10 mM LRH-1 LBD-RJW100 complex was premixed with 4-fold
molar excesses of peptides derived from either PGC1a (1H3N-
EEPSLLKKLLLAPA-CO2

2) or Tif2 (1NH3-KENALLRYLLDKDDT-
CO2

2). LRH-1–RJW100 with no coregulator added (designated “apo”
for these studies) was used for comparison. The LRH-1–RJW100–
coregulator complexes were allowed to form on ice and then subjected
to HDX analysis. For the differential HDX experiments, 5-ml aliquots
of 10 mM apo-LRH-1 or LRH-1–peptide complexes were mixed with
20 ml of D2O-containing HDX buffer [20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 5% glycerol] and incubated for a range of exchange
times from 10 seconds to 1 hour before quenching the deuterium
exchange with an acidic quench solution [5 M urea, 50 mM tris(2-
carboxylethyl)phosphine, and 1% (v/v) trifluoroacetic acid, pH 2.4].
Protease digestion was performed in line with chromatography using
an immobilized pepsin column. Mass spectra were acquired on a Q
Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific), and peptide identification from the tandem mass
specrometry (MS/MS) datawas done using themascot database server
(Matrix Science, London, UK). HDX experiments for each pairwise
comparison (apo versus Tif2-bound LRH-1 LBD or apo versus PGC1a-
bound LRH-1 LBD) were run separately under the same conditions,
and percent deuterium exchange values for peptide isotopic enve-
lopes at each time point were calculated and processed using HDX
Workbench software developed in the Patrick Griffin Lab (The Scripps
Research Institute, Jupiter, FL).

Model Construction for Molecular Dynamics Simulations.
Six LRH-1 LBD complexes were prepared for molecular dynamics
simulations, all containing the RJW100 ligand in the binding pocket.
The first set was constructed from PDB 5L11 (with the Tif2 peptide
bound). These included: 1) wild-type, 2) T352V, and 3) E534A protein.
The second set was constructed from PBD 5UNJ (with the PGC1a
peptide bound) and included: 4) wild-type, 5) T352V, and 6) E534A. All
mutations were introduced in silico to the referenced structure
coordinates. For consistency, all structures contained LRH-1 residues
300–540, and missing residues (i.e., that could not be modeled in the
structures) were added to the models used in the simulations.

Molecular Dynamics Simulations. The complexes were sol-
vated in an octahedral box of TIP3PBwater with a 10-Å buffer around
the protein complex. Na1 and Cl2 ions were added to neutralize the
protein and achieve physiologic conditions. All systems were using

xleap, a component of AmberTools (version 15, ambermd.org). (Case
et al., 2014) with the parm99-bsc0 forcefield (Pérez et al., 2007).
Parameters for the RJW100 ligand were obtained using Antechamber
(Wang et al., 2001) in AmberTools. All minimizations and simulations
were performed with Amber14 (Case et al., 2014). Systems were
minimized with 5000 steps of steepest decent followed by 5000 steps of
conjugate gradient minimization with 500-kcal/mol∙Å2 restraints on
all atoms. Restraints were removed from all atoms, excluding the
atoms in both the ligand and the Tif2 and PGC1a peptides, and the
previous minimization was repeated. The systems were heated
from 0 to 300 K using a 100-ps run with constant volume periodic
boundaries and 5-kcal/mol∙Å2 restraints on all protein and ligand
atoms. Molecular dynamics (MD) equilibration was performed for
12 ns with 10-kcal/mol∙Å2 restraints on protein and ligand atoms
using the constant-pressure, constant-temperature ensemble.

Fig. 1. Coregulator binding affinities for the LRH-1–RJW100 complex.
Fluorescence polarizationwas used to determine binding affinities of LRH-
1 for various coregulators. FL LRH-1 bound to PL from E. coli (A) or to
RJW100 (B) was titrated in the presence of FAM-labeled coregulator
peptides. (C) RJW100 increases the affinity of LRH-1 for Tif2. *P , 0.05.

Structure and Dynamics of the LRH-1–PGC1a Complex 3
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Restraints were reduced to 1 kcal/mol∙Å2 for an additional 10 ns of
MD equilibration. Then, restraints were removed, and 500-ns
production simulations were performed for each system in the
constant-pressure, constant-temperature ensemble. A 2-fs time
step was used, and all bonds between heavy atoms and hydrogens
were fixed with the SHAKE algorithm (Ryckaert et al., 1977). A
cutoff distance of 10 Å was used to evaluate long-range electro-
statics with particle mesh Ewald and for van der Waals forces.
Twenty-five thousand evenly spaced frames were taken from each
simulation for analysis. Structural averaging and analysis were
performed with the CPPTRAJ module (Roe and Cheatham, 2013) of
AmberTools. The NetworkView plugin (Sethi et al., 2009) in VMD
(Humphrey et al., 1996) and the Carma program (Glykos, 2006) were
used to produce dynamic networks for each system. In brief, networks
are constructed by defining all protein C-a atoms as nodes, using
Cartesian covariance to measure communication within the network.
Pairs of nodes that reside within a 4.5-Å cutoff for .75% of the
simulation are connected via an edge. Edge weights are inversely
proportional to the covariance between the nodes. Networks are
resolved into communities, i.e., a group of nodes with correlated
motions. Communities are generated using the Girvan-Newman
algorithm. The minimum number of communities possible was gener-
ated while maintaining at least 98% maximum modularity (Newman,
2006). Suboptimal paths between the AF-B and AFS regions were
identified using the Floyd-Warshall algorithm (Floyd, 1962). Subopti-
mal path analyses were performed using Carma and the subopt

program in NetworkView. Cross-correlation matrices for C-a atoms in
each system were computed with Carma.

Results
Coregulator Binding Affinities for Full-Length LRH-1.

Previously published LRH-1 binding assays used isolated
LBD due to difficulties purifying FL protein. We recently devel-
oped a method for FL LRH-1 purification and used this protein to
investigate binding of FAM-conjugated coregulator peptides by
fluorescencepolarization.To stabilize the receptorand toprovidea
biologically relevant context, the protein was copurified with a
portion of the CYP7A1 promoter containing the LRH-1 binding
site (Weikum et al., 2016). The protein was purified from E. coli
and contained a variety of bacterial phospholipids in the binding
pocket (previously shown to act as weak activators) (Musille et al.,
2012, 2016).We also determined affinities for various coregulators
when FL LRH-1 was bound to the agonist RJW100. Binding
curves from these experiments are shown in Fig. 1, andKD values
are summarized in Table 1. WhenE. coli PL occupied the binding
pocket, PGC1a and SHP bound FL LRH-1 with higher affinity
than Tif2 (∼500 nM vs. 2.3 mM). The corepressor SMRT bound
withmuch lower affinity (.20mM). The addition of the LRH-1

TABLE 1
Affinities of LRH-1 for various coregulators
Values represent the mean 6 S.E.M. of the KD (mM) calculated from three separate experiments conducted in triplicate.
Values in parentheses represent the goodness of fit (R2).

LBD FL LRH-1

E. coli PL RJW100 E. coli PL RJW100

Tif2 8 6 1 (0.99) 3.4 6 0.3 (0.99) 2.3 6 0.4 (0.93) 1.1 6 0.2 (0.92)
PGC1a 0.8 6 0.1 (0.98) 0.5 6 0.1 (0.96) 0.45 6 0.07 (0.95) 0.24 6 0.04 (0.95)
SHP 0.9 6 0.1 (0.99) 0.6 6 0.1 (0.98) 0.50 6 0.05 (0.99) 0.26 6 0.03 (0.97)
SMRT 60 6 30 (0.96) 25 6 4 (0.99) 22 6 9 (0.91) 20 6 8 (0.91)

Fig. 2. Crystal structure of LRH-1–RJW100 with the PGC1a coactivator. (A) Overall structure, with a-helices shown in light blue, b-sheets in
slate, and loops in white. The ligand is shown in yellow. PGC1a (green) is bound at the AFS. Dotted lines indicate regions that could not be
modeled. (B) Electron density map surrounding the RJW100 ligand in the LRH-1–PGC1a complex (FO-FC omit map contoured to 3.0 s). (C)
Superposition of the ligand with PDB 5L11 (LRH-1–RJW100–Tif2) showing that it assumes a similar conformation in both structures.
H, helix.
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agonist RJW100 to the receptor increased affinity for Tif2 by
around 2-fold (P , 0.05; Fig. 1C). Affinities for PGC1a and SHP
trended higher in the presence of RJW100 (Table 1), but the
differences were not statistically significant. As with native pro-
tein, PGC1a and SHP bound the LRH-1–RJW100 complex with
higher affinity thanTif2 (1.160.2mMfor Tif2 vs. 240640 nM for
PGC1a; Table 1). To guide our crystallization efforts, and to
provide some comparisons to previous studies,we also determined
the affinities of the coregulators for purified LRH-1 LBD with or
without RJW100. The KD values were all higher than with FL
protein, but theywereproportionally the same (e.g., PGC1a bound
with higher affinity than Tif2; Table 1). Together, these studies
demonstrate the relatively high-affinity binding of PGC1a for
LRH-1 and suggest that using isolated LBD for crystallography
would provide an adequate model of this high-affinity interaction.
Crystal Structure of LRH-1 with PGC1a. To visualize

the LRH-1–PGC1a interaction surface, we determined the
crystal structure of the LRH-1 LBD, bound to a fragment of
PGC1a, to a resolution of 1.95 Å (Fig. 2A; Table 2). The agonist
RJW100, used to aid crystallization and to model the active
state, is clearly bound in the pocket based on the surrounding
electron density (Fig. 2B). The ligand adopts a similar position
as in our previous structure (PDB 5L11) (Mays et al., 2016),
where the LRH-1–RJW100 complex was crystallized with the
Tif2 coactivator rather than PGC1a (Fig. 2C). Overall, LRH-1
conformation is not greatly changedwhen PGC1a, rather than
Tif2, is bound (root mean square deviation 5 0.5 Å). In the
PGC1a structure, the loop connecting helix 2 to helix 3 is
highly disordered and cannot be modeled (broken line in
Fig. 2A); however, this region tends to be mobile when not
stabilized by crystal contacts (such as the stabilization of
this region that occurs in PDB 5L11). A second region of
disorder occurs within the loop between helices 8 and 9,

which prevented modeling of two residues (K462 and N463).
This region also tends to be disordered when not stabilized
by crystal contacts [for example, see PBD 4DOS (Musille
et al., 2012)].
PGC1a is bound at the expected site at the AFS, a surface

formed by portions of helices 3 and 4 and the activation
function helix (AF-H) (Fig. 2). Although electron density is
strong for the LXXLL consensus sequence and immediately
adjacent amino acids, residues on either side of this sequence
are disordered and cannot be modeled (i.e., residues 740–742
at the N terminus and 752–753 at the C terminus). Several
PGC1a leucine side chains fit within the AFS and make
hydrophobic interactions with the receptor (Fig. 3). We also
examined the structure for a direct electrostatic interaction
similar to the asparagine-lysine contact found to be important
for the high-affinity interaction between peroxisome prolifer-
ator activated receptor l and PGC1a (Li et al., 2008). LRH-1
has an aspartate residue (D372) that is in an analogous
position to the peroxisome proliferator activated receptor l
asparagine; however, it is positioned 5.5 Å away from the
nearest PGC1a lysine side chain and does not appear to be
interacting (Fig. 3). On the other hand, LRH-1–Tif2 structures
(both with E. coli PL and RJW100 bound) depict a direct
contact with D372 via the side chain of residue R746 (seen in
PDB 4PLE and 5L11, respectively; not shown) (Mays et al.,
2016; Musille et al., 2016). Therefore, this contact does not
appear to be correlated with the higher binding affinity of
PGC1a for LRH-1 observed in our biochemical assay.
PGC1a Strengthens the Coactivator Charge Clamp

and Communication within the LRH-1 AFS. An impor-
tant driving force behind binding of coactivators and atypical
corepressors to NRs is a charge clamp that neutralizes the
helix dipole of the coregulator and secures it to the binding
cleft in the AFS (Li et al., 2003). LRH-1 utilizes residues
R361 and E534 to form the charge clamp, with an arginine
substituted for the canonical lysine used by most NRs. We
have shown that the presence of this charge clamp is closely
associated with the strength of LRH-1 activation. For exam-
ple, when LRH-1 is bound to weak PL activators, E534 is
swung away from the Tif2 coactivator (.5 Å away), and the
charge clamp is incomplete (Musille et al., 2016). However,
when LRH-1 is bound to a specific and stronger PL agonist
[dilauroylphosphatidylcholine (DLPC)], E534 makes direct

TABLE 2
X-ray data collection and refinement statistics
Values in parentheses indicate highest resolution shell.

Data Collection LRH-1–RJW100–PGC1a

Space group P21212
Cell dimensions

a, b, c (Å) 66.2, 84.0, 45.4
a, b, g (°) 90, 90, 90
Resolution (Å) 50-1.95 (2.02-1.95)
Rpim 0.04 (0.18)
I/sI 17.6 (2.1)
CC1/2 in highest shell 0.915
Completeness (%) 96.8 (83.8)
Redundancy 6.1 (5.0)

Refinement
Resolution (Å) 1.95
No. reflections 18122
Rwork / Rfree (%) 19.9 / 22.7

No. atoms
Protein 3847
Water 58

B-factors (Å2)
Protein 43.6
Ligand 35.2
Water 42.7

R.m.s. deviations
Bond lengths (Å) 0.003
Bond angles (°) 0.489
Ramachandran favored (%) 97
Ramachandran outliers (%) 0
PDB accession code 5UNJ

R.m.s., root mean square.

Fig. 3. Coregulator–LRH-1 binding interface. Molecular surface showing
the interaction of PGC1a (green helix) with LRH-1. Surface is colored by
atom type (carbon, gray; oxygen, red; nitrogen, blue; and sulfur yellow).
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contact with Tif2 (Musille et al., 2016). In the LRH-1–PGC1a
structure, the electron density provides strong evidence for the
interaction with E534: the side chain engages backbone amide
nitrogens of PGC1a residues L744 and L745 (Fig. 4A). Residue
R361 has somewhat weaker electron density than E534 but
clearly interacts with PGC1a residue A751 via NH1 and L749
via NH2 (Fig. 4A). In contrast, whereas the LRH-1–RJW100–

Tif2 structure depicts similar interactions with R361, residue
E534 has very weak electron density for the side chain (Fig.
4B). This weaker density is not related to resolution, since the
Tif2 structure was determined at higher resolution than the
PGC1a structure (1.85 vs. 1.95 Å). The disorder thus suggests
that the E534 side chain is mobile when Tif2 is bound, and
that the charge clamp is incomplete. Supporting this idea,

Fig. 4. A strong charge clamp occurs at the LRH-1–
PGC1a interface. (A and B) Electron density maps
showing strong evidence for placement of PGC1a (A)
and Tif2 (from PDB 5L11) (B). Maps show FO-FC omit
density contoured to 2.5 s. Numbers in blue show the
percentage of time that glutamate 534 interacted
with each coregulator in 500-ns MDS. (C–F) Commu-
nity analysis of MDS for either PGC1a with wild type
(WT) LRH-1 (C), Tif2 with WT LRH-1 [from PBD
5L11(Mays et al., 2016)] (D), PGC1a with mutant
(E534A) LRH-1 (E), or Tif2 withmutant (E534) LRH-1
(F). Dashed lines in (C) and (D) indicate the size and
composition of the AFS community for WT LRH-1 in
the presence of each coregulator. H, helix.
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E534 maintains interactions with PGC1a for 93% of the time
during 500-nsmolecular dynamics simulations (MDS) versus
only 55% of the time with Tif2. Interactions with R361 are
maintained ∼77% of the time for both coregulators in these
simulations.
The stability of the E534-coregulator interaction is as-

sociated with correlated motion of residues within the LRH-1
AFS, indicative of strong communication in this region. This
was determined using community analysis of theMDS (Fig. 4),
which clusters residues into “communities” comprising resi-
dues that exhibit the greatest degree of correlated motion
with one another. When PGC1a is bound, the coregulator and
the entire LRH-1 AFS cluster as a single community that
extends into helix 5 (Fig. 4C). However, the Tif2-bound AFS is
split into two communities, the first comprising helix 4 and
Tif2, and the second containing helix 3 and the AF-H (Fig. 4D).
Mutation of residue E534 to alanine splits the AFS into two
communities in the presence of PGC1a while not greatly
affecting the AFS communities in the Tif2 structure (Fig. 4, E
and F). These findings imply that PGC1a induces coordinated

motionwithin the AFS, which is dependent, at least in part, on
a stable interaction with LRH-1 residue E534.
Differential Effects of PGC1a and Tif2 on LRH-1

Allosteric Communication. In addition to the AFS, the
helix 6/b-sheet region flanking the lower part of the binding
pocket is important for LRH-1 activation and has been termed
an alternative AFS (AF-B) (Musille et al., 2012). The PL LRH-1
agonist DLPC induces flexibility in AF-B (Musille et al.,
2012) and promotes communication through the receptor from
AF-B to the AFS (Musille et al., 2016). This communication
is weaker when DLPC is bound in the presence of the co-
repressor SHP rather than Tif2, leading to the hypothesis
that the AF-B transmits information about ligand status to
the AFS to promote recruitment of appropriate coregulators
(Musille et al., 2016). To understand how PGC1a affects this
allosteric network, we used amide HDS mass spectrometry
(HDX-MS) and MDS to compare changes in protein dynamics
induced by PGC1a and Tif2. In both experiments, the agonist
RJW100 was bound in the pocket to model the activated state.
In the HDX-MS studies, less deuterium incorporation was

Fig. 5. Stabilization of the alternate AFS
occurs upon Tif2 binding. Hydrogen deute-
rium exchange mass spectrometry was used
to identify effects of Tif2 (A) and PGC1a (B)
on LRH-1 dynamics. Each illustration is a
map of differential deuterium incorporation
of LRH-1 + coregulator versus LRH-1 only.
The scale indicates the difference in percent-
age of deuterium incorporation: for example,
negative numbers reflect a lower percentage
of deuterium incorporation (less motion) for
when the coregulator is bound versus no
coregulator. A gray color indicates no sig-
nificant difference in deuterium incorpora-
tion (“ns” in the scale bar). White indicates
regions that were not detected by mass
spectrometry. Results are mapped onto
PDB 4DOS (Musille et al., 2012). H, helix.
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seen in the AF-Hwhen either PGC1a or Tif2 was bound versus
no coregulator (Fig. 5, A and B). This reduced motion at the
site of coregulator binding was expected. However, the Tif2-
bound receptor also exhibited reduced flexibility in AF-B,
including helix 6, b2, and the bottom of helix 7, that was not
seen for the LRH-1–PGC1a complex (Fig. 5, A and B).
Communication between AF-B and the AFS for each LRH-1–

coregulator complex was determined by analysis of correlated
motion between these regions in the MDS studies. Cross-
correlationmatrices were used to rank the degree of correlation
between each pair of residues in the protein complexes on a
scale of 21 to 1 [where 21 is perfect anticorrelation (opposite
motion), 0 is no correlation, and 1 is perfect correlation] (Musille
et al., 2016). Fig. 6, A and B depicts these values as a heat map,
in which correlated motion is red and anticorrelated motion is
blue. For the PGC1a complex, one of the largest regions of
correlated motion is seen between residues 350 and 400 (Fig.
6A). Correlation in this vicinity is also seen for the Tif2 complex,
but it is larger, extending to residue 420 (Fig. 6B). Mapping
these regions onto LRH-1 shows that both coregulators induce
correlatedmotion across helix 5 to helix 3, but Tif2 extends this
correlation network into AF-B (Fig. 6C).
Strength of communication between AF-B and AF-H was

further assessed by examination of the suboptimal paths
between these sites. Communication between two distant
regions of a receptor can occur through thousands of possible

paths, and suboptimal-path analysis provides information
about both the route and strength of allosteric communica-
tion. For this analysis, each Ca is defined as a “node,” and the
communication between each node is called an “edge.” When
considering communication between two distant nodes, a com-
munication path can be drawn as a chain of edges connecting
them. Edges are weighted by their correlated motion in the
MD trajectory, such that correlation is inversely propor-
tional to edge weight (Musille et al., 2016). Therefore, the
sum of edges along a path between two distant nodes becomes
lower as strength of communication increases. The path
for which the sum of the edges is lowest is called the shortest,
or optimal, path. The optimal path and a set of subopti-
mal paths with the shortest lengths are thought to convey
the greatest amount of communication between two dis-
tant nodes (Sethi et al., 2009; Musille et al., 2016). For our
analysis, we considered the shortest 1000 suboptimal paths
between b2 and the AF-H for each LRH-1–coregulator com-
plex. The routes taken by the paths were not substantially
different in the presence of either coregulator: they traversed
helix 5 and went through helix 3 to the AF-H (not shown).
However, the strength of the communication was significantly
weaker when PGC1a was bound compared with Tif2. This is
seen in the plot of suboptimal-path lengths, which shows
shorter lengths when Tif2 is bound (Fig. 6D). Together with
the HDX-MS results, these findings indicate that Tif2 affects

Fig. 6. Extended communication fromAF-B to the canonical AFSwith Tif2 but not PGC1a. (A and B) Covariance matrices for theMDS simulations with
the LRH-1 bound to either PGC1a (A) or Tif2 (B). Solid squares surround the large region of correlated motion described in the text. The square with the
dotted line shows the region of correlation in the Tif2 simulation that is not seen in the PGC1a simulation. (C) Shown in red are the regions identified in
(A) and (B)mapped onto LRH-1 for each simulation. (D) The shortest 1000 suboptimal paths betweenLRH-1 b-sheet 2 in AF-B and the AFS for the PGC1a
and Tif2 simulations, plotted as a histogram.
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LRH-1 conformation at AF-B and promotes communication
between AF-B and the AFS, whereas PGC1a acts primarily at
the AFS.
Ligand Participation in Allosteric Signaling within

the LRH-1–Tif2 Complex. We previously identified a
water-mediated interaction with residue T352 as being im-
portant for LRH-1 activation by the RJW100 agonist (Mays
et al., 2016). In the LRH-1–PGC1a structure, the ligand is
oriented very similarly as in the LRH-1–Tif2 complex (Fig. 2),
and it makes contact with the T352-coordinated water via
the hydroxyl group (Fig. 7A). However, this interaction is pre-
dicted to be much less stable in the presence of PGC1a versus
Tif2 (occurring 33 and 68% of the time, respectively, over the
course of 500-ns MDS). Introduction of threonine to valine
mutation at position 352 in the MDS had very little effect
on suboptimal-path length between AF-B and the AFS for
the LRH-1–PGC1a complex (Fig. 7B). In contrast, a dramatic
lengthening of the suboptimal paths occurred for the T352V
mutant in the LRH-1–-Tif2 complex (Fig. 7B). This is consis-
tent with our observations that AF-B to AFS communication is
more important for Tif2 than PGC1a and further indicates
that the ligand plays an active role in this communication via
the T352 interaction.

Discussion
Regulation of NR activity is complex, involving a dynamic

interplay of ligand binding, post-translational modifications,
and coregulator associations. Study of LRH-1 regulation is
particularly challenging, since the endogenous ligand for this

receptor is unknown, and since only a few coregulators have
been crystallized with LRH-1 previously [i.e., Tif2 (Musille
et al., 2012, 2016; Mays et al., 2016), SHP (Li et al., 2005;
Ortlund et al., 2005), and DAX (dosage-sensitive sex reversal,
adrenal hypoplasia critical region, on chromosome X, gene 1,
Sablin et al., 2008)]. Tif2 is the only coactivator among these,
which greatly limited the ability to investigate LRH-1–
coactivator interactions. The LRH-1–PGC1a structure thus
makes a significant contribution to our understanding of its
regulation by coactivators. Notably, PGC1a interacts stably
with LRH-1 residue E534. This interaction is clearly seen in
the electron density maps, confirmed by MDS, and required
for the large region of coordinated motion within the LRH-1
AFS and with the PGC1a peptide (Fig. 4). In contrast, Tif2 did
not interact with E534 in the RJW100–LRH-1 crystal struc-
ture and engaged this residue approximately half of the
time compared with PGC1a during MDS. Unfortunately, only
a short stretch of the PGC1a peptide could be modeled in
our structure, which may have prevented the identification of
other important interactions. In particular, a PGC1a proline
residue was hypothesized to be important for LRH-1 binding,
as is the case for the LRH-1–SHP complex (Ortlund et al.,
2005). However, wewere not able tomodel this proline residue
due to weak electron density. A natural extension of this work
would be to investigate the interaction surface of LRH-1with a
larger portion of PGC1a. Although the degree of intrinsic
disorder of PGC1a would likely make crystallization of the
complex difficult, HDX-MS experiments with estrogen related
receptor g and a large-domain PGC1a have been successful in
the past (Devarakonda et al., 2011). This approach could be a

Fig. 7. Contribution of the ligand to allosteric signaling between two LRH-1 activation surfaces. (A) Electron density map (2FO-FC, contoured to 1 s)
showing evidence for the water-mediated interaction of the RJW100 ligand with LRH-1. (B) Histogram showing the distribution of 1000 shortest
suboptimal paths for wild-type (WT) or T352V LRH-1 when bound to either PGC1a (top panel) or Tif2 (bottom panel). H, helix.
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useful way to study the effect of PGC1a on LRH-1 conforma-
tion (and vice versa), as well as the role particular residues
play at the interface of the two partners.
In addition to the differential effects at the AFS, PGC1a and

Tif2 had strikingly different effects on LRH-1 dynamics at
AF-B, seen in both solution-based and in silico experiments.
HDX-MS showed no significant effect on AF-B when PGC1a
was bound, whereas Tif2 caused reduced flexibility at this site.
Moreover, MDS showed a greater strength of intramolecular
communication from AF-B to AF-H in the presence of Tif2
(Fig. 6). Collectively, we identified two distinct mechanisms
through which coregulators alter LRH-1 conformation in the
presence of the same LRH-1 agonist. The reason for the
differing mechanisms of activation is unclear, but a possible
explanation lies in the fact that Tif2 is expressed at a fairly
constant level, whereas PGC1a is highly inducible. Tif2
has a relatively low binding affinity for LRH-1 (Fig.: 1), and
it is plausible that recruitment of Tif2 is driven mainly
by availability of an activating ligand. On the other hand,
PGC1a-driven activation likely originates from upstream
signaling pathways, causing, for example, cAMP generation
and consequent PGC1a production. Strong action of PGC1a
at the LRH-1 AFS could then promote a receptor confor-
mational change that favors agonist binding and tran-
scriptional activation. This could thus serve as a platform
through which LRH-1 could drive alternative transcrip-
tional programs in response to specific stressors. Although
additional work is needed to support this hypothesis, the
idea that Tif2-mediated activation is more reliant on
signaling from the ligand is supported by the fact that
communication from AF-B to the AFS is greatly weakened
upon mutation of an RJW100 contact that is critical for
activation of LRH-1 by this ligand (Mays et al., 2016) (Fig.
7). Strong communication between AF-B and the ligand is a
hallmark of activating ligands, as shown in our previous
publications (Musille et al., 2012, 2016; Mays et al., 2016).
The identification of separate mechanisms of action of two
major LRH-1 coactivators has potential to be exploited for
selective targeting of desired LRH-1 signaling pathways as a
novel therapeutic strategy for the treatment of metabolic
diseases and cancer.
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