Crystal Structures of LRH-1 with Synthetic Agonists Reveal a Novel Mechanism of Receptor Activation
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Liver receptor homolog 1 (NR5A2, LRH-1)
is an orphan nuclear hormone receptor that
regulates diverse biological processes, including
metabolism, proliferation, and the resolution of
endoplasmic reticulum stress. While preclinical
and cellular studies demonstrate that LRH-1
has great potential as a therapeutic target for
metabolic diseases and cancer, development of
LRH-1 modulators has been difficult. Recently,
systematic modifications to one of the few
known chemical scaffolds capable of activating
LRH-1 failed to improve efficacy substantially.
Moreover, mechanisms through which LRH-1
is activated by synthetic ligands are entirely
unknown. Here, we use X-ray crystallography
and other structural methods to explore
conformational changes and receptor-ligand
interactions associated with LRH-1 activation
by a set of related agonists. Unlike phospholipid
(PL) LRH-1 ligands, these agonists bind deep in
the pocket and do not interact with residues
near the mouth, nor do they expand the pocket
like PLs. Unexpectedly, two closely related
agonists with similar efficacies (GSK8470 and
RJW100) exhibit completely different binding
modes. The dramatic repositioning is
influenced by a differential ability to establish
stable, face-to-face = -rx -stacking with LRH-1
residue H390, as well as by a novel polar
interaction mediated by the RJW100 hydroxyl
group. The differing binding modes result in
distinct mechanisms of action for the two
agonists. Finally, we identify a network of
conserved water molecules near the ligand-
binding site that are important for activation
by both agonists.  This work reveals a
previously unappreciated complexity associated

with LRH-1 agonist development and offers
insights into rational design strategies.

Liver Receptor Homolog 1 (LRH-1; NR5A2)
is a nuclear hormone receptor (NR) that controls
expression of a diverse set of genes important both
in normal physiology and disease. In addition to a
vital role during development (1,2), LRH-1
regulates many genes related to metabolism,
proliferation, and cell survival. In the liver, LRH-1
regulates bile acid biosynthesis (3) and reverse
cholesterol transport (4,5), affecting hepatic and
circulating cholesterol levels. Glucose metabolism
is also regulated by LRH-1 at several points,
including GLUT-4-mediated transport (6) and
glucose phosphorylation, the latter of which is
essential for proper postprandial glucose sensing,
flux  through glycolysis and glycogenesis
pathways, and de novo lipogenesis (7). LRH-1 is a
key mediator of the cell stress response through
control of genes involved in the hepatic acute
phase response (8), and in the cytoprotective
resolution of endoplasmic reticulum stress (9).
Additionally, LRH-1 can be aberrantly
overexpressed in certain cancers and can promote
tumor growth through estrogen receptor and f3-
catenin signaling (10-16).

Considering the breadth and significance of
these physiological effects, LRH-1 modulators are
highly desired as potential therapeutic agents.
Chemical modulators would also be extremely
useful as tools to dissect complex or temporal
aspects of LRH-1 biology. However, development
of LRH-1-targeted compounds has been
challenging, in part due to a lipophilic binding
pocket that becomes occupied with bacterial
phospholipids (PL) in recombinant protein. Very
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few small molecules are able to displace these PL
in library screens. Moreover, ligand-mediated
regulation of LRH-1 is poorly understood.
Endogenous ligands for LRH-1 are unknown, but
exogenous administration ~ of  dilauroyl-
phosphatidylcholine (DLPC, PC 12:0/12:0)
activates LRH-1 and has profound anti-diabetic
effects in vivo, which are absent in a liver-specific
LRH-1 knockout mouse (17). In addition to PCs,
the signaling PL phosphatidylinositol 3,4,5-
triphosphate  (PIP3) binds LRH-1 (18,19),
although downstream effects of this interaction
have yet to be determined.

Typically, NRs are activated by a ligand-
induced conformational change, which promotes
recruitment of coactivator proteins to the
activation function surface (AFS) in the ligand
binding domain (LBD) to drive transcription. Our
structural studies with DLPC have shown that,
contrary to the canonical model of NR activation,
LRH-1 relies on small conformational fluctuations
to recruit co-activator or co-repressor proteins.
These occur mainly in the AFS (comprised of
portions of H3, H4, and the AF-H in the LBD), as
well as in the H6/B-sheet region at a distal portion
of the LBD (20,21). Flexibility in in the H6/p-
sheet region is required for activation by PLs (20).
Mechanisms through which LRH-1 is activated by
synthetic ligands have not been explored but are
likely quite different, given the differing structural
composition of synthetic versus PL ligands.

There are very few known chemical scaffolds
capable of activating LRH-1 above basal levels,
the best studied of which are the cis-
bicyclo[3.3.0]-octenes discovered by Whitby
(22,23). The first compound described with this
scaffold, named GSK8470 (Figure 1), was
somewhat effective but was acid labile (23).
Substitution of the aniline group improved
compound stability, and the GSK8470-LRH-1
crystal structure provided the basis for an
extensive structure-activity relationship study (23).
One of the major objectives of this study was to
introduce functional groups near select polar
residues within the predominantly hydrophobic
pocket. The new lead compound produced from
this study, named RJW100, contains an exo
hydroxyl group at the 1-position of the pentalene
scaffold (indicated in red in Figure 1), intended to
interact with LRH-1 residues H390 or R393. On
the other hand, a diastereomer with endo

stereochemistry (previously known as 24-endo,
Figure 1) was not predicted to be able to make
these interactions due to the alternative
conformation of the hydroxyl oxygen. The endo
derivative was less active in biochemical assays,
seeming to support this hypothesis. However,
RJW100 was not much more potent or effective
than GSK8470, and the study did not illuminate
strategies for further improvement.

In this work, we present crystal structures of
RJW100 and its endo diastereomer bound to LRH-
1. We demonstrate that these compounds bind
quite differently than PLs and hawe distinct effects
on protein dynamics compared to DLPC.
Unexpectedly, these agonists also bind quite
differently than the wvery closely related
compound, GSK8470. We identify receptor-ligand
interactions driving the repositioning and show
that particular interactions are important for LRH-
1 activation. These findings provide the first
description of mechanisms involved in LRH-1
activation by synthetic molecules.

Results

The Crystal Structure of RJIW100 Bound to LRH-1.
To understand how RJW100 interacts with LRH-1
and affects receptor conformation, we determined
the X-ray crystal structure of LRH-1 LBD bound
to the agonist and to a fragment of the coactivator,
Tif2, to a resolution of 1.85 A (Table 1 and Figure
2A). Although the RJW100 used for
crystallization was a racemic mixture of two exo
stereoisomers (Figure 1), the electron density in
the structure unambiguously indicates that a single
enantiomer is bound (Figure 2B). The bound
isomer has R stereochemistry at both the 1-
(hydroxyl-substituted) and  3a-  (Styrene-
substituted) positions (hereafter RR-RJW100,
Figure 1). The ligand is bound at a single site deep
in the binding pocket and is fully engulfed within
it. This binding mode is markedly different than
that of the PL ligands, DLPC and PIP3, which
extend lower in the pocket with the headgroups
protruding into the solvent (seen by superposition
with PDBs 4DOS and 4RWV, respectively, Figure
2C-D). PL ligands also increase the pocket volume
and width compared to RIW100. For example, the
mouth of the pocket is ~3 A wider and nearly 40%
larger in volume when DLPC is bound versus
RJW100 (Fig 2E and Table 2). This effect appears
to be mainly due to a shift of H6, which swings



away from the mouth of the pocket in the DLPC
structure by approximately 3 A (Fig. 2E). The
direction and magnitude of the H6 movement is
similar in published LRH-1-PL structures:
comparison of four published human LRH-1-PL
structures shows an average H6 shift of 3.0 +/- 0.2
A relative to LRH-1 in the apo state or when
synthetic ligands are bound (mean +/- SEM,
Figure 2F). Although these structures exhibit
diverse types of crystal packing, the movement of
H6 appears to be related to whether the ligand is a
PL or small molecule and not to crystal form or
packing contacts. It likely occurs to avoid stearic
clashes with the PL headgroup. Notably, the H6/B
sheet region has been recently identified as a site
through  which PL ligands allosterically
communicate with the activation function surface
(AFS) to modulate LRH-1 activity (20,21). The
fact that the synthetic agonists do not displace H6
relative to apo receptor suggests that they utilize a
different mechanism for receptor activation.

RJW100 Selectively Destabilizes Components of
the AFS Relative to DLPC. The overall LRH1-
RJW100 structure depicts the AF-H in the active
conformation and the Tif2 coactivator peptide
bound at the AFS, as expected. Howewer, there are
a few indications that the active state may not be
fully stabilized. There is substantial disorder in the
loop connecting Helix 10 to the AF-H, and three
residues within this loop cannot be modeled
(dotted line in Fig. 2A). This loop is not
disordered in published structures of LRH-1 bound
to DLPC or GSK8470, and this does not appear to
be related to favorable crystal packing in those
structures (not shown). A second site of disorder
in our structure occurs in the sidechain of residue
E534 (not shown), which plays a critical role in
securing coactivators via charge clamp (24).

The disorder in the vicinity of the AFS in our
structure suggests that this region is mobile when
RJW100 is bound. To test this explicitly, we
utilized  solution-based  hydrogen-deuterium
exchange mass spectrometry (HDX-MS) to
compare dynamics of purified LRH-1 LBD bound
to enantiomerically pure RR-RJW100 or to DLPC.
As shown in Figure 3A, RR-RJW100 destabilizes
the bottom of H10 and the pre-AF-H loop versus
DLPC, although the AF-H itself is slightly
stabilized. Additional destabilization by RR-
RJW100 occurs at the top part of H3 (part of the

AFS), and in B2 (part of the alternate activation
function region responsible for allosteric
communication with the AFS, (20,21)).
Interestingly, this localized destabilization occurs
even though RJWI100 increases overall
thermostability of LRH-1 compared to DLPC
(Figure 3B). This finding may indicate room for
improvement in agonist design: compounds that
provide a stable surface for coactivator recruitment
would likely be more potent activators.

Dramatic Repositioning of RIW100 Compared to
a Closely Related Synthetic Agonist. Perhaps the
most striking observation from our structure
comes from comparison with GSK8470-bound
LRH-1 (PBD 3PLZ). Overall protein conformation
is highly similar: the largest movement occurs in
the bottom of H3, which moves in the direction of
H6 (by 2 A in the RR-RJW100 structure and by 4
A in the GSK8470 structure relative to Apo-LRH-
1, Figure 4A). However, there is a substantial
difference in the positioning of these agonists
within the binding pocket. Although GSK8470
and RR-RJW100 bind in the same vicinity, they
are rotated nearly 180° from one another. The
bicyclic rings at the cores of each molecule are
perpendicular to each other, causing the tails to be
pointed in opposite directions (Figure 4B).
Notably, the rationale for adding a hydroxyl group
in the 1 position on this scaffold was to promote
an interaction with a “polar patch,” consisting of
residues R393 and H390 in an otherwise
hydrophobic pocket (23). This interaction was
predicted based on the position of the ligand in the
LRH-1-GSK8470 structure; however, the actual
position of RR-RJW100 in the pocket places the
hydroxyl group over 6 A away from these residues
(Figure 4C). Such a radically different binding
mode for closely related molecules was
unexpected, and a propensity to rotate within the
pocket may contribute to difficulties improving
agonist activity by modification of the GSK8470
scaffold.

The crystal structure of LRH-1 bound to a
RJW100 diastereomer. To further explore the
effect of agonist structure on ligand binding mode,
we determined the 1.93 A crystal structure of
LRH-1 bound to endo-RJW100, also in complex
with the Tif2 coactivator peptide (Table 1 and
Figure 5A). Overall protein conformation is highly



similar to that of the RR-RJW100 (exo) structure,
and there is disorder at the same portion of the
protein backbone within the pre-AFH loop (Figure
5A).

Like exo-RIW100, endo-RJW100 consists of a
mixture of two enantiomers, only one of which is
bound in the crystal structure. The presence of a
single enantiomer is quite clear from the electron
density surrounding the ligand, although the
density for the ligand tail is much weaker than in
the RR-RJW100 structure (Figure 5B). The bound
enantiomer has R stereocchemistry at the styrene
moiety, as in the exo-RJW100 structure, but the
hydroxyl group is pointed in the opposite direction
(designated SR-RJW100, Figure 1). Superposition
of the ligand coordinates from the RR-RJW100
and SR-RJW100 structures reveals nearly identical
positioning, with the exception of the hydroxyl
group (Figure 5C). However, a key difference is
seen in the ligand B-factors. For RR-RJW100, the
average ligand B-factor is 34.8, which is slightly
less than the average protein B (38.1, Table 1). In
contrast, the ligand B-factor for SR-RJW100 is
much higher compared to the protein B-factor
(59.2 versus 46.9, Table 1). The higher average
ligand B-factors do not arise solely from the
disordered atoms in the ligand tail: for example,
the B-factor for the hydroxyl oxygen of SR-
RJW100 is 59. This is an indication of more
atomic motion for SR-RJW100 compared to RR-
RJW100, suggesting that the ligand has a reduced
ability to engage in stabilizing intermolecular
interactions in the pocket.

Discovery of a Novel LRH-1 Interaction Mediated
by the RJW100 Hydroxyl Group. Protein-ligand
interactions made by GSK8470 and the RJIW100
stereoisomers were examined to gain insight into
factors influencing ligand-binding mode. A close
view of the LRH-1 binding pocket reveals that
RR-RJW100 makes several hydrophobic contacts,
many of which are also made by GSK8470 (shown
in cyan, Figure 6A). Additionally, RR-RJW100
makes several unique contacts (shown in grey,
Figure 6A). Many of these unique contacts are
also hydrophobic; however, the RR-RJW100
hydroxyl group forms an indirect polar contact
with residue T352 via a water molecule. A portion
of the electron density map is shown in Figure 6A
to emphasize the strong evidence for this
interaction. SR-RJW100 also interacts with T352

through the same water molecule, despite the
differing conformation of the hydroxyl group
(Figure 6B). The position of the SR-RJW100
hydroxyl group also permits a second water-
mediated hydrogen-bonding interaction with the
backbone nitrogen of residue V406 (Figure 6B).

Although the interaction with T352 is indirect,
we observed that the water molecule involved is
part of a network of waters found in every LRH-1
crystal structure in the same location (for
examples see PBDs 4DOS, 1YUC, 3PLZ, and
4DOR, as well as Figure 7 in this paper). Thus,
this water network appears to be a conserved
feature of the binding pocket and may play a role
in receptor function or stability. To test the
hypothesis that the OH-water-T352 interaction
was influencing ligand positioning, we analyzed
the stability of this bond using molecular
dynamics simulations (MDS). Throughout each
simulation (200 ns), the four conserved networked
water molecules remained in the same positions (if
a particular water molecule occasionally left, it
was immediately replaced with another in the
same location). Residue T352 maintained a
hydrogen bond with the water molecule for 100%
of each simulation, regardless of which ligand was
bound. Additionally, both RR-RJW100 and SR-
RJW100 maintained hydrogen bonding with the
water molecule for the majority of the simulations
(53.7% of the time for RR-RJW100 and 64.4% of
the time for SR-RJW100). When residue T352
was mutated to valine in MDS, the time spent
interacting with the T352-coordinated water
molecule was drastically reduced (22.9% and
0.5% when RR-RJW100 and SR-RJW100 were
bound, respectively), demonstrating that this
mutation likely disrupts this water-mediated
interaction made by these ligands.

Differences in m-n-Stacking with Residue H390
among LRH-1 Agonists. n--Stacking of GSK8470
with residue H390 has been previously described
and is hypothesized to be critical for activation of
LRH-1 by synthetic compounds (23,25). The
RJW100 diastereomers also engage in m-m-
stacking with H390, but with some key
differences. The m-m-stacking is face-to-face for
GSK8470 and edge-to-face for the RJW100
isomers (Figure 7). Additionally, by virtue of the
very different orientations in the binding pocket,
the agonists do not use analogous phenyl rings for



n-r-Stacking: GSK8470 uses the aniline group,
whereas the RJW100 isomers use the adjacent
phenyl substituent. Moreover, MDS demonstrate
ligand-dependent differences in the stability of this
interaction. For this latter analysis, time spend in
n-n-Stacking was quantified over the course of the
200 ns MDS. Face-to-face =n-m-stacking was
defined as a distance between ring centroids of < 6
A, an angle between ring planes < 45°, and an
angle between the centroid-centroid vector and
one plane < 60° (26). Edge-to-face stacking was
defined as a distance of < 5.5 A between ring
centroids and an angle between the ring planes
between 60° and 120° (26,27). Applying these
criteria as appropriate for the type of m-n-stacking
made by each ligand revealed that GSK8470
maintained n-m-stacking with H390 for most of the
simulation (89.5% of the time, Figure 7A). The
edge-to-face m-m-stacking made by RR-RJW100
was also fairly stable, maintained for 59.6% of the
MDS time (Figure 7B). In contrast, SR-RIW100
made this interaction much less frequently (22.4%
of the time) and exhibited much more motion than
RR-RJW100 (Figure 7C). These observations are
consistent with the relatively high B-factors seen
for SR-RJW100 in the crystal structure.

Role of T352 and H390 in LRH-1 Activation by
Synthetic Agonists. The importance of the T352
and H390 interactions for binding and activation
of LRH-1 by the agonists was investigated using
mutagenesis. Binding and stabilization of LRH-1
were detected using DSF. While a T352V
mutation (designed to remove the water-mediated
hydrogen bond with bound ligands) had little
effect on the overall thermostability of DLPC-
bound LRH-1, it completely abrogated the
stabilizing effect of RR-RJW100 and SR-RJW100
(Figure 8A). Likewise, disrupting this interaction
by using a RIW100 analog lacking the hydroxyl
group (named 18a) prevented the positive Tm shift
in wild-type (WT) LRH-1 (Figure 8B). GSK8470
did not affect the melting profile of LRH-1 in WT
or T352V protein, supporting the notion that the
hydroxyl group is important for stabilizing the
protein-ligand complex.

The T352 interaction was also found to be
important for LRH-1 activation by small molecule
agonists. Compound 18a, lacking the hydroxyl
group and unable to make this interaction, was an
extremely poor LRH-1 activator in luciferase

reporter assays (Figure 8C). Endo-RJW100 was
also a weak agonist, as previously reported (23),
although statistically significant activation was
achieved at the highest dose with WT LRH-1
(~1.4-fold over DMSO, Figure 8F). RR-RJW100
and GSK8470 were equally effective toward WT
LRH-1: both increased activity by approximately
2.5-fold compared to DMSO at the highest dose,
and both had ECsps of around 4 uM (Figure 8D-E).
Notably, the T352V mutation greatly reduced the
ability of RR-RJW100 to activate LRH-1
compared to with WT protein, while not
significantly affecting baseline activity (Figure
8D). Unexpectedly, this mutation similarly
attenuated activation by GSK8470, perhaps
suggesting a broader role for this residue (or
perhaps for the water network it coordinates) in
ligand-mediated activation. Indeed, introduction of
a T352V mutation to GSK8470-bound LRH-1 in
MDS disrupts the water network, causing
complete displacement of the water molecule
typically coordinated by T352 (Figure 8G). The
T352V mutation also significantly reduces the
amount of time GSK8470 spends m-m-stacking
with H390 (25.7% versus 89.5% of the simulation,
Figures 8H and 7A). Both the destabilization of
the water network and the disruption of stable
H390 n-n-stacking by the T352V mutation could
contribute to the observed loss of activity for
GSK8470 in the context of this mutation.

While the T352V mutation resulted in a loss
of activity for both RR-RJW100 and GSK8470,
mutating H390 to alanine had a different effect on
LRH-1 activation depending on the agonist
involved. GSK8470 was completely unable to
activate H390A-LRH-1, but this mutation had
little to no effect on RR-RJW100-mediated
activation (Figure 8D-E). This differential reliance
on H390 for activation is consistent with the
observation that GSK8470 interacts with H390
more stably than RR-RJW100 in MDS. This also
provides evidence that RR-RJW100 must utilize a
different mechanism of action than GSK8470 for
LRH-1 activation.

Capacity for productive n-r-stacking with residue
H390 influences agonist positioning. Considering
the stable nature of the m-m-stacking GSK8470
with residue H390, reasons that RIW100 would
abandon this strong interaction for an entirely
different binding mode were unclear. To answer



this question, we artificially re-oriented RR-
RJW100 in our structure to be aligned with
GSK8470, inspected the fit, and looked at
predicted interactions using MDS. While this
repositioning did not produce any obvious clashes,
the planarity of the styrene moiety restricted its
mobility. This constraint prevents the rotation
necessary for ideal face-to-face n-n-stacking with
H390 (Figure 9A). Although MDS using this re-
oriented ligand demonstrated fairly stable face-to-
face m-n-stacking for re-oriented RR-RJW100, the
interaction was less stable than GSK8470 (present
71.1% of the time versus 89.5% for GSK8470, p <
0.0001, Figure 9B). There was increased
variability in both ring centroid distances and
angle between the rings involved in this
interaction for repositioned RR-RJW100 (mean
centroid distances +/- standard deviations were 5.1
+/- 0.6 A vs 4.2 +/- 0.3 A for GSK8470, and mean
angles were 40 +/- 20 vs 30 +/- 10 degrees for
GSK8470). This variability indicates more motion
of the rings involved in the z-z-stacking for the
repositioned  ligand.  Another interesting
observation with this MDS pertained to the water
network in the ligand-binding pocket. The
hydroxyl group of the repositioned ligand was
initially within hydrogen-bonding distance of the
T352-coordinated water molecule. Unlike native
RR-RJW100, however, the hydroxyl group in the
repositioned ligand was also within hydrogen-
bonding distance of the three other water
molecules in the immediate vicinity (Figure 9A,
right panel). During the MDS, the water network
was very quickly disrupted, with a complete loss
one of the four conserved water molecules near the
ligand hydroxyl group. One of the remaining three
waters moved to coordinate T352, while the ligand
hydroxyl group alternated between interactions
with each of the three waters without stably
interacting with a single water molecule (data not
shown). Thus, the water-mediated contact of the
R-RJW100 hydroxyl group with T352 is not
maintained for the reoriented ligand. Moreover,
the loss of a typically conserved water molecule
supports the idea that the ligand-binding pocket is
more dynamic with the artificially repositioned
ligand. Therefore, it appears that an impaired
ability of the styrene phenyl ring to interact with
H390, combined with a favorable interaction
mediated by the hydroxyl group with the T352-
coordinated water, is responsible for the

dramatically  different position adopted by
RJW100 compared to a structurally very similar
agonist.

Discussion

Although LRH-1 synthetic modulators are
highly sought as pharmacological tools and as
potential ~ therapeutic  agents, a limited
understanding of ligand characteristics important
for binding and activating LRH-1 has impeded
agonist development. This work represents the
first detailed exploration of structural mechanisms
governing regulation of LRH-1 by synthetic
ligands. Relative to the PL LRH-1 agonist, DLPC,
the current best agonist (RR-RJW100) constricts
the binding pocket and destabilizes portions of the
AFS (Figure 1-2). In future studies, it will be
interesting to investigate the causes of this latter
effect, since stabilization of the AFS may facilitate
co-activator binding, leading to greater potency or
efficacy. Alternatively, analogs designed to
enhance the AFS destabilization may be effective
antagonists or inverse agonists.

In a previous study, RJIW100 was the most
effective of a large series of GSK8470 derivatives
but still only modestly increased LRH-1 activation
(23). Indeed, we find that these two agonists are
statistically indistinguishable in luciferase reporter
assays measuring LRH-1 activity (Figure 8D).
Given the similarities in structures and efficacies
for these ligands, we expected them to utilize
similar mechanisms of action; however, this is not
the case. Our crystal structure reveals a
dramatically different binding mode for RR-
RJW100 compared to GSK8470 (Figure 4). While
this was surprising, it is not unreasonable,
considering that LRH-1 has a very large
hydrophobic binding pocket and that these
agonists are also quite hydrophobic, filling only
37% of the available space (excluding waters). It
is possible that many of the GSK8470 analogs
investigated in the previous SAR study adopt a
variety of different conformations. This seems to
be the case in our docking studies with these
ligands: muliple, very different binding modes
with similar energies are predicted (data not
shown). Importantly, however, the repositioning of
RR-RJW100 in our structure appears to be driven
by particular interactions, since SR-RJW100
assumes a very similar pose (Figure 5). This
occurs despite the fact that the SR derivative



exhibits signs of motion in our crystal structure,
with significant disorder in the tail of the ligand
and higher relative B-factors than RR-RJW100.

A major factor driving repositioning of the
RJW100 enantiomers was the hydrogen bonding
interaction made by the hydroxyl group. Although
the contact with residue T352 is indirect, it is
mediated by a water molecule that is part of a
network of waters found in every published LRH-
1 crystal structure (with the exception of PDB
4DOR, in which a major portion of the ligand
binding pocket is disordered (20)). The existence
of conserved water molecules, as well as their
participation in ligand binding has been described
(28-30). Thus, this interaction could serve as an
anchor point to secure the compound in a
predictable orientation, enabling the targeting of
desired parts of the binding pocket via strategic
addition of substituents to the ligand’s scaffold.
Moreover, replacing the RIW100 hydroxyl group
with a larger polar moiety may allow direct
contact with T352, leading to a stronger
interaction. This strategy is being actively
explored in our laboratory.

The role of the T352 interaction in LRH-1
activation by RR-RJW100 was demonstrated
through the marked loss of activation by this
compound when this residue was mutated (Figure
8). In addition, a RJW100 analog lacking a
hydroxyl group and thus unable to make this was a
poor activator. Unexpectedly, the T352V mutation
also resulted in a loss of activity for GSK8470,
although this compound does not interact with the
T352-coordinated water molecule. However, we
show that the T352V mutation weakens
GSK8470’s interaction with H390, perhaps via
destabilization of the conserved water network
(Figure 8G-H). This could be responsible for the
loss of activity of GSK8470 when T352 is
mutated.

It has been hypothesized in in silico studies
that m-mt-stacking with residue H390 is critical for
activation of LRH-1 by this ligand class (25);
however, this had not been explicitly tested. We
find that this is the case for GSK8470, which
stably interacts with H390 via face-to-face m-n-
stacking. Interestingly, while mutation of H390 to
alanine ablated LRH-1 activation by GSK8470, it
had no effect on RR-RJW100-mediated activation
(Figure 8). We show that the RR-RJW100
interaction with H390 is much less stable than that

of GSK8470 and is mediated by a different phenyl
ring (Figure 7). Substitution of the GSK8470
aniline group with the styrene appears to have had
the unexpected effect of making face-to-face
stacking with H390 less favorable (Figure 9).
This, combined with the favorable, water-
mediated interaction with T352, influences the
positioning of RIW100.

Together, these findings reveal that the
interaction of small molecule agonists with LRH-1
is more complex than originally supposed. Not
only do these agonists affect receptor
conformation differently than PL ligands, but they
also exhibit an unexpected variability in binding
modes. This work has uncovered some of the
molecular interactions responsible for both
positioning and activation of two very similar
agonists, which provide insights into strategies to
improve  the design of LRH-1-targeted
compounds.

Experimental Procedures

Materials and reagents—GSK8470, RJW100,
and analogs were synthesized as previously
described (22,23). RR-RJW100 was separated
from SS-RJW100 by chiral preparative
chromatography (Diacel OD-H column, (31)).
Endo-RJW100 is a diastereoisomer of RJW100,
previously referred to as “24-endo” (23). In this
paper, we use “SR-RJW100” and “RS-RJW100”
to refer to the enantiomers of endo-RJW100
(Figure 1). pCl empty vector was purchased from
Promega. The SHP-luc and Renilla reporters, as
well as pCl LRH-1, have been previously
described (20). The vector for His-tagged tobacco
etch virus (TEV) was a gift from John Tesmer
(University of Texas at Austin). The pMSC7
(LIC_HIS) vector was provided by John Sondek
(University of North Carolina at Chapel Hill). The
Tif2 NR Box 3 peptide was purchased from RS
Synthesis (Louisville, KY). DNA oligonucleotide
primers were synthesized by IDT (Coralville, 1A).

Protein expression and purification—LRH-1
LBD (residues 299-541) in the pMSC7 vector was
expressed and purified as previously described
(21). Briefly, protein was expressed in BL21(DE3)
pLysS E. coli by induction with IPTG (1 mM) for
4 hr at 30°C. Protein was purified by nickel
affinity chromatography. Protein used for DSF
experiments was incubated with DLPC (five-fold
molar excess) for four hours at room temperature,



and then repurified by size-exclusion into an assay
buffer of 20 mM Tris-HCI, pH 7.5, 150 mM NacCl,
and 5% glycerol. Protein used for crystallization
was incubated with TEV protease to cleave the His
tag. The cleaved protein was then separated from
the His tag and TEV by a second round of nickel
affinity chromatography. To make protein-ligand
complexes, protein was incubated with ligands
overnight (10-fold molar excess) and repurified by
size-exclusion, using a final buffer of 100 mM
ammonium acetate, pH 7.4, 150 mM sodium
chloride, 1 mM DTT, 1 mM EDTA, and 2 mM
CHAPS.

Crystallization—Protein- ligand complexes
were incubated with a peptide derived from human
Tif2 NR Box 3 (+H;N-KENALLRYLLDKDDT-
CO,-) at four-fold molar excess for two hours at
room temperature and then concentrated to 6.5
mg/ml. A crystallant of 0.05 M sodium acetate,
pH 4.6, 5-11% PEG 4000 and 0-10% glycerol was
used. Crystals were grown by hanging drop vapor
diffusion in drops containing 1 pl protein and 1 pl
crystallant, at a temperature of 18-20°C.

Structure determination—Crystals were flash
frozen in liquid nitrogen, using a cryopreservative
consisting of crystallant plus 30% glycerol. Data
were collected remotely from the South East
Regional Collaborative Access Team at the
Advanced Photon Source, 22ID beamline
(Argonne National Laboratories, Chicago, IL).
Data were processed and scaled using HKL2000
(32) and phased by molecular replacement using
Phaser-MR (Phenix (33)). For the RR-RJW100
structure, PDB 3PLZ (23) was used as the search
model, with the ligand and a portion of the bottom
of the receptor omitted. For the SR-RJW100
structure, the search model was the RR-RJW100
structure with the ligand omitted. Model building
and refinement were conducted with Coot (34) and
phenix.refine (33), respectively. Figures were
constructed using Pymol (Schrédinger, LLC) (35).

Structure analysis—Dimensions of the binding
pocket in the presence of various ligands were
calculated using CastP software (36). Ligplot+
was used to identify residues interacting with the
ligands (37).

Mutagenesis—Mutations were introduced to
pMSC7 and pCl LRH-1 constructs using the

Quikchange  site-directed  mutagenesis kit
(Strategene). Constructs were sequence-\erified
prior to use.

Cell culture—HeLa cells were purchased from
Atlantic Type Culture Collection and grown in
phenol red-free MEMa media (CellGro)
supplemented with 10% charcoal-stripped fetal
bovine serum (Atlanta Biologicals). Cells were
maintained using standard culture conditions.

Reporter gene assays—Hela cells were
seeded at a density of 10,000 cells per well in
white-walled, clear-bottomed 96-well culture
plates. The next day, cells were transfected with
LRH-1 and reporters, using Fugene HD (Roche) at
a ratio of 52 Fugene:DNA. The transfected
plasmids included full-length LRH-1 in a pCI
vector (5 ng/ well), and a SHP-luc reporter,
encoding the LRH-1 response element and
surrounding sequence from the SHP promoter
cloned upstream of firefly luciferase in the pGL3
basic vector (50 ng/ well). Cells were also co-
transfected with a constitutive Renilla luciferase
reporter (utilizing the CMV promoter), which was
used for normalization of firefly signal (1 ng/
well). Control cells received pCl empty vector at 5
ng/ well in place of LRH-1-pCl. Following an
overnight transfection, cells were treated with
agonists for 24 hours at the concentrations
indicated in the figure legends. Agonists were
dissolved in DMSO and then diluted into media,
with a final concentration of 0.3% DMSO in all
wells. Luciferase signal was quantified using the

DualGlo kit (Promega). Experiments were
conducted at least three times in triplicate.
Hydrogen-deuterium exchange mass

spectrometry—Purified LRH-1 LBD protein (His
tag removed) was incubated with of a five-fold
molar excess DLPC or synthetic agonist overnight
at 4°C. Protein-ligand complexes were then re-
purified by size exclusion to remove displaced
phospholipids and unbound ligands. An additional
bolus of agonist or DLPC (5-fold molar excess)
was added to the complexes prior to analysis by
HDX. The assay buffer consisted of 20 mM Tris
HCI, pH 7.4, 150 mM NaCl, and 5% glycerol.
Solution-phase amide HDX was carried out with a
fully automated system as described previously
(38) Briefly, 5 pl of protein was diluted to 25 pl
with D,O-containing HDX buffer and incubated at
25 °C for 10 s, 30 s, 60 s, 900 s or 3,600 s.
Following on exchange, back exchange was
minimized and the protein was denatured by
dilution to 50 pL ina low pH and low temperature
buffer containing 0.1% (v/v) trifluoroacetic acid in



5 M urea (held at 1 °C). Samples were then passed
across an immobilized pepsin column (prepared in
house) at 50 pl min-1 (0.1% v/iv TFA, 15 °C); the
resulting peptides were trapped on a C8 trap
cartridge  (Hypersil Gold, Thermo Fisher).
Peptides were then gradient-eluted (4% (w/v)
CH3CN to 40% (w/v) CH3CN, 0.3% (w/v) formic
acid over 5 min, 2 °C) across a 1 mm x 50 mm
C18 HPLC column (Hypersil Gold, Thermo
Fisher) and electrosprayed directly into an
Orbitrap mass spectrometer (Q Exactive, Thermo
Fisher). Data were processed with in-house
software (39) and visualized with PyMOL
(Schrodinger, LLC, (35)). To measure the
difference in exchange rates, we calculated the
average percent deuterium uptake for hLRH-1
LBD — RR-RJW100 complexes following 10, 30,
60, 900 and 3,600 s of on exchange. From this
value, we subtracted the average percent
deuterium uptake measured for the DLPC-hLRH-1
LBD complex. Negative perturbation values
indicate exchange rates are slower for these
regions within the RR-RJW100-LRH-1 complex
relative to DLPC-bound LRH-1.

Differential scanning fluorimetry (DSF)—
Purified LRH-1 LBD-His protein (0.2 mg/ml) was
incubated overnight with 50 pM of each
compound at 4°C. The final DMSO concentration
in the reactions was 1%. SYPRO orange dye
(Invitrogen) was then added at a 1:1000 dilution.
Reactions were heated at a rate of 0.5°C per
minute, using a StepOne Plus Real Time PCR
System  (ThermoFisher). Fluorescence was
recorded at every degree using the ROX filter (602
nm). Data were analyzed by first subtracting
baseline fluorescence (ligands + SYPRO with no
protein) and then fitting the curves using the
Bolzman equation (GraphPad Prism, v6) to
determine the Tm.

Model construction for molecular dynamics
simulations—Three crystal structures of LRH-1
LBD in complex with Tif2 were used to construct
models for the simulations. These were (1) PDB
3PLZ, chains B and D (GSK8470 ligand), (2) PDB
5L11 (RR-RJW100 ligand), and (3) PDB 5SYZ
(SR-RJW100 ligand). For consistency, the
structures were modified at the N- and C-termini
so that all contained residues 300-540 of LRH-1
and residues 742-751 of the Tif2 peptide. Missing
residues within this protein sequence were added,
as well as missing protein sidechains (3PLZ). The

T352V mutation was introduced by mutating the
sequence of WT LRH-1 in each of these
structures. Finally, in a separate simulation, RR-
RJW100 ligand was artificially reoriented in WT
LRH-1 to be aligned with GSK8470, allowing a
face-to-face m-m-stacking interaction of LRH-1
residue H390 with the aniline ring of RR-
RJW100. Seven complexes in total were used in
molecular dynamics simulations.

Molecular ~ dynamics  simulations—The
complexes were solvated in an octahedral box of
TIP3P water with a 10 A buffer around the protein
complex. Na* and CI ions were added to
neutralize the protein and achieve physiological
conditions. All systems were set up using xleap in
AmberTools (40) with the parm99-bscO forcefield
(41). Parameters for all ligands (GSK8470, RR-
RJW100, and SR-RJW100) were obtained using
Antechamber  (42) in  AmberTools. All
minimizations and simulations were performed
with Amber14 (43). Systems were minimized with
5000 steps of steepest decent followed by 5000
steps of conjugate gradient minimization with 500
kcal/molA? restraints on all atoms. Restraints
were removed from all atoms excluding the atoms
in both the ligand and the Tif2 peptide, 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-A? restraints on all protein and ligand
atoms. Twelve ns of MD equilibration was
performed with 10 kcal/molA? restraints on
protein and ligand atoms using the NPT ensemble.
Restraints were reduced to 1 kcal/molA? for an
additional 10 ns of MD equilibration. Then
restraints were removed and 200 ns production
simulations were performed for each system in the
NPT ensemble. A 2-fs timestep was used and all
bonds between heavy atoms and hydrogens were
fixed with the SHAKE algorithm (44). A cut-off
distance of 10 A was used to evaluate long-range
electrostatics with Particle Mesh Ewald (PME)
and for van der Waals forces. 10,000 evenly
spaced frames were taken from each simulation
for analysis. Analysis was performed with the
CPPTRAJ module (45) of AmberTools. Statistical
significance of differences in time n-n-stacking
with residue H390 for GSK8470 versus the re-
oriented RR-RJW100 was assessed using a Chi
Squared test with Yate’s correction (GraphPad
Prism, v6).
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Table 1: X-ray data collection and refine ment statistics.

Data collection

LRH-1+ RR-RJW100

LRH-1+ SR-RJW100 +

+Tif2 Tif2

Space group P422* P452,2
Cell dimensionsO O

a,b, c(A) 46.4 46.4, 220.5 46.3, 46.3, 220.0
O ofB,y0(°) 90, 90, 90 90, 90, 90
Resolution (A) 50 —1.85 (1.92-1.85) 50 —1.93 (2.00-1.93)
Rpim 0.03(0.22) 0.02 (0.231)
| /ol 28.5(1.98) 33.5(2.06)
CC1/2 in highest shell 0.878 0.861
Completeness (%) 96.8 (86.1) 99.7 (97.9)
Redundancy 8.9 (6.8) 11.1 (8.2)
Refinement
Resolution (A) 1.85 1.93
No. reflections 21026 19073
Rwork / Reee (%0) 19.8/24.1 20.5/22.8
No. atoms

Protein 4038 4062

Water 92 51
B-factors

Protein 38.1 46.9

Ligand 34.8 59.2

Water 36.8 435
R.m.s. deviations

Bond lengths (A) 0.004 0.004

Bond angles (°) 0.578 0.588
Ramachandran favored (%) 98 98
Ramachandran outliers (%) 0 0
PDB accession code 5L11 55YZ

*Data were processed in P422 but refined in P4;2,2
Values in parentheses indicate highest resolution shell

Table 2. Binding pocket dimensions of LRH-1 invarious liganded states

PDBID Ligand Width (A) Volume (A3)
5SYZ SR-RIJW100 7.2 1083.0
3PLZ GSK8470 7.3 957.6
5L11 RR-RJW100 7.4 1061.1
1PLD apo 8.0 965.8
1PLE E. coli lipids 10.0 1368.7
4D0S DLPC 10.3 1553.9

4RWV PIP3 12.0 1233.3
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Table 3. B-factors for waters near the ligand and their ligating atoms.

PDB 5L11
Water Ligating atom 1 Ligating atom 2 Ligating atom 3 Ligating atom 4*
W1 (22.5) RJW, O (30.8) T352, OG1 (22.9) W2 (23.3) WS5 (22.8)
W2 (23.2) V406, N (24.2) W1 (22.5) W09 (24.3) --
W5 (22.8) L386, O (25.2) D389, OD2 (28.6) W1 (22.5) --
W9 (24.3) H390, ND1 (23.1) R393, NH1 (28.6) W2 (23.3) --
PDB 5SYZ
Water Ligating atom 1 Ligating atom 2 Ligating atom 3 Ligating atom 4*
W17 (34.5) ENO, O (58.8) T352, OG1 (28.9) W16 (25.9) W4 (32.5)
W16 (25.9) L386, O (26.3) D389, OD2 (34.3) W17 --
W3 (32.0) H390, ND1 (30.7) R393, NH1 (33.0) F404, O (31.9) w4
W4 (32.5) ENO, O (58.8) V406, N (32.8) W3 --
PDB 3PLZ, Chain A
Water Ligating atom 1 Ligating atom 2 Ligating atom 3 Ligating atom 4*
W41 (19.5) T352, OG1 (14.4) R393, NH2 (21.5) W16 (18.1) W13
W16 (18.1) D389, OD2 (19.4) R393, NH2 (21.5) W41 (19.4)
W13(21.2) V406, N (20.4) W41 W31
W31 (21.1) F404, O (19.2) R393, NE (22.0) H390, ND1 (15.6) W13
PDB 3PLZ, Chain B
Water Ligating atom 1 Ligating atom 2 Ligating atom 3 Ligating atom 4*
W25 (15.9) 1352, OG1 (11.7) W14 (13.8) W129 (14.2)
W14 (13.8) L386, O (13.8) D389, OD2 (18.7) W25 (15.9) W52 (18.1)
W129 (14.2) V406, N (20.4) W25 (15.9) W52 (18.1)
W52 (18.1) F404, O (13.6) R393, NH2 (22.7) H390, ND1 (12.1)

*When a fourth ligating atom is identified, it is likely that the waters intermittently interact with the four

atoms.

Figure legends

Figure 1. Chemical structures of LRH-1 agonists. A. GSK8470, the parent compound. B. RJW100
enantiomers. C. RJW100 analog lacking the hydroxyl group (named 18a), assayed in Figure 8.

Figure 2. Crystal structure of LRH-1 ligand binding domain bound to RR-RJW100 and a fragment
of the Tif2 coactivator. A. Overall structure, with a-helices shown in light blue and -sheets in slate.
The Tif2 peptide (green) is bound at the AFS. The ligand (yellow) is bound at a single site in the binding
pocket. Dotted line, region of disorder in the protein backbone that could not be modeled. B. Omit map
(Fo-Fc, contoured at 2.5 o) showing that a single enantiomer of RIW100 is bound in the structure. C and
D. Superposition of RR-RJW100 (yellow) with the ligand coordinates from (C) DLPC (purple, PDB
4DOS) or (D) PIP3 (blue, PDB 4RWV) show the very different binding mode of RR-RJW100 compared
to the PL ligands. E. DLPC expands the width at the mouth of the pocket by approximately 3 A
compared to RR-RJW100. The width was measured from T341 to N419 (alpha carbons). F.
Superposition of four PL-bound LRH-1 crystal structures (PDBs 4DOS (20), 1YUC (46), 4RWV (18),
and 4PLE (21), purple) and three structures of LRH-1 bound to synthetic agonists (PDB 3PLZ (23) and
the two structures from this paper, grey) showing the shift of helix 6 by the PL ligands. One PL ligand is
shown to illustrate that the shift of H6 is likely due to a stearic clash with the PL headgroup. The number
in the top right corner indicates the average distance that H6 shifts when PLs are bound relative to LRH-1
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in the apo state or when synthetic ligands are bound (+/- SEM, determined by measuring distances
between S418 alpha carbons). The apo LRH-1 structure used for measurements was PDB 4PLD (21).

Figure 3. Differential effects on LRH-1 dynamics when RR-RJW100 is bound versus DLPC. A.
HDX was used to probe differential effects on protein dynamics by the two ligands. The scale refers to
the difference in percent deuterium incorporation for RR-RJW100-bound LRH-1 minus DLPC-bound
LRH-1). The scale reflects the difference in average percent deuterium incorporation for RR-RJW100-
versus DLPC- bound LRH-1 LBD. For example, negative numbers reflect slower deuterium incorporation
(less motion) for RR-RJW100 versus DLPC. Results are mapped onto PDB 4DOS (20). B. DSF curves
showing that RJW100 increases overall LRH-1 thermostability compared to DLPC. Each point represents
the mean +/- SEM of values for three independent experiments, each conducted in triplicate.

Figure 4. A very different binding mode of RR-RJW100 compared to a closely related synthetic
agonist. A. Close-view of the bottom of the receptor, showing the shift in H3 induced by both synthetic
agonists compared to Apo LRH-1. B. Superposition of coordinates for GSK8470 (cyan, from PBD
3PLZ) and RR-RJW100 (yellow). C. The RR-RJW100 hydroxyl group was predicted to interact with
residues H390 and R393, but it is over 6 A away from these residues in our structure.

Figure 5. Crystal structure of LRH-1 bound to an RJW100 enantiomer with endo stereochemistry.
A. The overall structure of the LRH-1 ligand binding domain with SR-RJW100 (violet) and a peptide
derived from the Tif2 coactivator (green). Dotted line, region of disorder in the protein backbone that
could not be modeled. B. Omit map (Fo-Fc, contoured at 2.5 o) showing that a single enantiomer of
RJW100 is bound in the structure. C. Superposition of SR-RJW100 with RR-RJW100 (yellow) showing
a very similar position in the binding pocket.

Figure 6. Residues interacting with LRH-1 agonists. Close views of the binding pockets from the
structures of LRH-1 bound to (A) RR-RJW100 or (B) SR-RJW100, depicting sidechains of amino acid
residues that interact with each ligand. In A, residues that also interact with GSK8470 are shown in cyan,
while unique interactions made by RR-RJW100 are shown in grey. Portions of the electron density maps
are shown to highlight the interactions with T352 through water (Fo-Fc, contoured to 1o).

Figure 7. m-m-stacking with residue H390 differs among agonists. A-C. Left, views of the different
types of m- stacking utilized by (A) GSK8470, (B) RR-RIW100, and (C) SR-RJW100. Right, MDS
monitoring the distances between ring centroids (x-axis) and angle between the ring planes (y-axis) for
the ligand phenyl group and H390 at each time increment of the 200 ns MDS. The red and blue boxes
indicate when face-to-face and edge-to-face n-n stacking occurred, respectively. The numbers in the top
right corners indicate the percentage of time spent n-x stacking during the MDS.

Figure 8. Importance of protein-ligand inte ractions on ligand binding and activity. A. The analog
18a, lacking the hydroxyl group, does not stabilize wild-type LRH-1in DSF assays. B. Introduction of the
T352V mutation to LRH-1 ablates the stabilizing effects of RR-RJWO00 and Endo-RJW100. Purified
LRH-1LBD, initially bound to DLPC for homogeneity, was incubated with either DMSO (control) or
synthetic agonist dissolved in DMSO. C. Compound 18a, is a significantly weaker agonist in luciferase
reporter assays. D-F. Luciferase reporter assays measuring LRH-1 activity, using the SHP-luc reporter.
Values have been normalized to constitutive Renilla luciferase signal and are presented as fold change
versus wild-type LRH-1+ DMSO. The A349F mutation introduces a bulky aromatic side chain, which
blocks the binding pocket and prevents binding of synthetic ligands (47). This was used as a negative
control. G. Snapshots from MDS using T352V LRH-1 with GSK8470 bound. H. Plot of distances
between ring centroids (x-axis) and angle between the ring planes (y-axis) for the GSK8470 phenyl group
and H390 at each time increment of the 200 ns with T352V LRH-1 (as described for Figure 7). For A-F,
each bar (or point, for panels D-F) represents the mean +/- SEM for three independent experiments, each
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conducted in triplicate. * p <0.05 (significance was determined by two-way ANOVA followed by
Tukey’s multiple comparisons test).

Figure 9. Impaired =-x stacking of the RR-RJW100 styrene group in MDS. A. RR-RJW100 (yellow)
was artificially aligned with GSK8470 (cyan) for MDS to study its ability to n-r-stack with residue H390.
Red dotted lines indicate water molecules that are within hydrogen bonding distances of the ligand or
residue T352. B. Plot of distances between ring centroids (x-axis) and angle between the ring planes (y-
axis) for the ligand phenyl group and H390 at each time increment of the 200 ns MDS for the styrene
phenyl ring of repositioned RR-RJW100 and residue H390 over the course of the simulation. The red and
blue boxes indicate when face-to-face and edge-to-face n-n stacking occurred, respectively. The numbers
in the top right corners indicate the percentage of time m-m stacking during the MDS.
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Figure 8
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Figure 9
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