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ABSTRACT: The liver receptor homologue 1 (LRH-1 (NR5A2)) belongs to the orphan nuclear receptor
family, indicating that initially no ligand was known. Although recent studies have shown that ligand
binding can be obtained, the biological relevance remains elusive. Here, we modify the observed X-ray
ligand into a biologically more significant phospholipid (phosphatidylserine, PS) present in human, to
study, by molecular dynamics (MD) simulations, the impact of the ligand on the receptor and the interaction
with different cofactor peptides. Furthermore, we characterize the interactions between receptor and the
cofactor peptides of DAX-1 (NR0B1), Prox1 and SHP LXXLL box 1 and 2 (NR0B2) in terms of specificity.
Our MD simulation results show different interaction patterns for the SHP box2 compared to DAX-1,
PROX1 and SHP box1. SHP box2 shows specific interactions at its more C-terminal end while the other
investigated peptides show specific interactions at several positions but particularly at the +2 site. The
peptide +2 side chain interacts with a charged amino acid of the receptor, in hLRH-1 Asp372. Together
with the charge clamp residues Arg361 and Glu534, Asp372 forms a triangle shaped charge clamp
responsible for peptide orientation and increased affinity. The binding of the PS ligand causes no overall
structural changes of the receptor but affects the interactions with cofactor peptides. The cofactor peptides
from SHP decrease its interaction with the receptor upon ligand binding while DAX-1 and PROX1 are
unchanged or increase. The diverse ligand binding response of the cofactor provides an opportunity for
drug design with the possibility to create agonist ligands to modify cofactor interaction.

In the mid-1970s nuclear receptor research entered into a
new era (1). Steroids were identified as fat soluble molecules;
hence they could be transported through a lipid bilayer cell
membrane to interact with their target receptor. This result
became the platform for the classical model of steroid
hormone action, in which the binding of a hormone induces
an allosteric change in the receptor, transforming it into a
state which is able to bind to DNA and modulate transcrip-
tion. Further on, the first cloning of a nuclear receptor was
performed. This opened for the possibility to understand the
nuclear receptor action on a molecular level. It was shown
that distinct ligands interact with structurally similar recep-
tors. Nuclear receptors have a conserved modular structure,
described in an A-E manner: The A/B domain often holds
the ligand independent activation function-1 (AF-11); the C

domain contains the highly conserved DNA-binding domain
(DBD); the D domain is the flexible hinge region, and the E
domain constitutes the ligand binding domain (LBD) includ-
ing the ligand dependent activation function-2 (AF-2). In the
early 1990s the discovery of the retinoid X receptor (2)
modified the view of hormone signaling, identifying a
heteropartner for the receptors. Additionally a new subfamily
of NRs was found, the orphan receptors. This group initially
lacked natural agonist ligands. In the absence of ligand
activation other possible mechanisms were investigated,
showing that the mechanism of action of the NRs is more
complex than initially suggested. Both the receptor type, post-
translational modifications and its location (environment) will
affect the individual receptor mechanism. Nuclear receptors
constitute one of the largest groups of the transcriptional
factors: 48 members have been identified in the human
genome and divided into seven subfamilies (NR0-NR6) (3).
Vertebrate members of the subfamily NR5A including the
orphan receptor liver receptor homologue-1 (LRH-1, NR5A2)
regulate important steps of development, endocrine homeo-
stasis and metabolism (4-6). Its closest mammalian homo-
logue is the steroidogenic factor-1 (SF-1, NR5A1), a
regulator of development and steroidogenesis.

LRH-1 acts via a non-“classical” regulatory NR mecha-
nism (7). Since LRH-1 is an orphan receptor, it does not
show a transition between distinct conformations in response
to a ligand. Instead other signals, like post-translational
modifications, have been shown to affect LRH-1 activity (8).
Although the LRH-1 regulatory mechanism is nonclassical
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and other signals than ligand can be utilized, a possible ligand
function cannot be excluded (9). The available hLRH-1 X-ray
structure results demonstrate that the receptor forms an active
conformation both with and without a ligand bound to
it (9-11). The bound phosphatidylethanolamine ligand in
the X-ray structure is however likely a trace of the X-ray
crystal preparation; hence its biological importance can be
discussed. Biochemical studies of the ligand binding also
indicate that a bound ligand has a dissociation rate constant
similar to the rate of the LBD denaturation, thus a bound
ligand would not be exchanged during the receptor lifetime
(9). On the contrary, biochemical and structure biological
experiments found that the mouse LRH-1 (sequence identity
89%) had a true ligand independent mechanism where the
LBD closes at the lower part, leaving the ligand binding
pocket inaccessible for ligands (10). These two extremes can
be compared to the close homologue hSF-1 (65% sequence
identity in LBD) where studies reveal a phospholipid ligand
bound and also readily exchanged, indicating that the ligand
plays a regulatory role (12). Altogether, the ligand binding
of hLRH-1 remains elusive. What will happen if the observed
ligand in the X-ray structure is modified into a biologically
relevant phospholipid ligand present in humans (13)? How
does the receptor complex, with different cofactor peptides,
respond to the presence of a ligand?

The transcriptional activity levels of the NRs can be
modified by cofactors which can be regarded as molecular
sensors that respond to a cellular context (8). The cofactor
proteins work as mediators and recruit members of a larger
protein complex which can either promote or repress
transcription. Cofactors work in a combinatorial way and
specific combinations can be found for particular NRs
depending on the context. Coactivators bind the receptor and
increase transcriptional activity of the target gene by recruit-
ment of the basal transcriptional machinery (8, 14). The
coactivators interact with the receptor agonist conformation
in which AF-2 is available and recognizes an R-helical
LXXLL core motif, where L is a leucine and X any amino
acid (8, 15, 16). The major regulatory effect of LRH-1 is
however achieved through the corepressors, which can turn
off the constitutively active receptor. The corepressors
binding LRH-1 differ from the Class I corepressors (CoR I)
in the mechanism of molecular recognition (N-CoR, SMRT).
CoR I repressors contain a longer interaction motif (LXX
I/H IXXX I/L) (8), and they bind to a receptor conformation
when the AF-2 surface is not available. The constitutively
active LRH-1 conformation excludes the CoR I group from
interaction, but allows corepressors that can form interactions
with the agonist conformation. This second group of core-
pressors, here referred to as Class II Corepressors (CoR II),
share features with the coactivators. The CoR IIs bind the
AF-2 surface of the receptor with a LXXLL-motif. This
creates a competition for the AF-2 surface where both
coactivators and corepressors can bind. The high resemblance
on a molecular basis between the coactivators and corepres-
sors, as well as their interaction with NRs, has been
demonstrated with biochemical and stereochemical ap-
proaches (17). Although the cofactors show a high general
similarity, molecular studies have revealed that specificity
is obtained on both molecular and tissue levels. Amino acids
adjacent to the core motif have been suggested to be
important for specificity. Early reports suggested that cofactor

peptide C-terminal residues hold the specificity (18), while
others have proposed residue positions -2, -1 and +6
(numbering the first L in LXXLL as +1) (18, 19). Attempts
have been made to classify the cofactors into groups
according to sequence similarity, which revealed a group with
conserved residues at position -2 (serine/threonine) and -1
(hydrophobic amino acid) (20). This group of cofactors lacks
a charged residue before the LXXLL-core, thus the receptor
AF-2 interaction surface does not need the charge clamp to
orient the cofactor to the receptor. Additionally it was
suggested that this group of cofactors only comprises
corepressors, due to the observation that SHP and DAX-1
fit into the group (20).

Here, we investigate the interaction between the hLRH-1
and 4 different peptides, each containing 14 amino acids,
derived from three relevant corepressors (21-24): SHP
(NR0B2) LXXLL-box1 (SHP box1) available in the X-ray
structure of LRH-1 (9), the biologically active SHP box2
(SHP box2), DAX-1 (NR0B1) box3 (DAX-1) and PROX1
box1 (PROX1). The corepressor peptides are modeled to
the receptor complex, with and without the ligand PS
bound to it.

METHODS

Simulations. The modeled LRH-1 complex was based on
the coordinates from the Protein Data Bank (25) entry 1YUC,
including the human LRH-1 (chain A), a phospholipid, a
cofactor peptide (SHP) and 140 crystallographic water
molecules (9). The LRH-1 protein contains 7 titratable
histidine residues, of which 6 point to the exterior and one is
located at the protein interior. All of the His residues were
protonated at the NE2 atom (26). Hydrogen atoms were
added as previously described (27) using the program
CHARMM (28). Amino acid numbering is set according to
hLRH-1, used in the studies of Ortlund et al. (9).

The different cofactor peptide sequences of SHP box2,
PROX1 and DAX-1 (Table 1) were modeled into the
complex by using the backbone coordinates of the peptide
in the SHP box1 X-ray structure and the side chains added
in an extended conformation. The phospholipid L-R-phos-
phatidyl-�-oleoyl-γ-palmitoyl-phosphatidylethanolamine (EPH)
present in the X-ray structure was modified to phosphati-
dylserine (PS) by exchanging the headgroup carbon, to a
serine (Figure 1). The ligand parameters were picked from
the CHARMM protein and lipid parameter files. The
complexes were solvated in a 35 Å radius sphere of TIP3P
(29) water, where all water molecules within 2.8 Å of the
solute were removed. With the protein complex and water
sphere oriented to the same origin, a water shell around the
protein of >5 Å is obtained (Figure 2).

Table 1: Simulated LRH-1 Systemsa

simulation name peptide sequence

SHP box1 A S R P A I L Y A L L S S S
SHP box2 A P V P S I L K K I L L E E
DAX-1 P R Q G S I L Y S L L T S S
PROX1 G E K S N V L R K L L K R A

a Simulations with a ligand present are named with an addition of ps
(e.g., SHP box1-ps). The LXXLL motif is indicated by boldface. The
peptide amino acid numbering starts with +1 at the first L in the
LXXLL motif, and -1 at the amino acid to the left of the LXLLL.
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The simulations were performed with stochastic deform-
able boundary conditions (28) in a sphere geometry of 35 Å
radius with a friction coefficient � ) 50 ps-1 applied to all
water oxygens. The potential energy and forces of nonbonded
interactions were smoothly shifted to zero at 12 Å, and at
14 Å a nonbonded list generation cutoff was used. The
hydrogen and nonbonded list were updated heuristically. The
temperature was set to 300 K and allowed to vary in a region
of (5 K. SHAKE (30) was used to constrain X-H bonds
during the MD simulations, allowing a time step of 2 fs to
be used. The structure was relaxed to the CHARMM22 all-
atom force field (26) by 50 steps of steepest descent
minimization and 50 steps of adopted-basis Newton-Raphson
minimization, while the R carbons of LRH-1 and peptide
were highly restrained (force constant 50.0 kcal/mol/Å2). The
restraints were released and the minimized complexes were
simulated for 10 ns and coordinates saved every ps. We did
not apply any position restraints during the MD simulation
since only small structural changes (backbone rmsd ∼0.5
Å) were observed in the cofactor binding region of the
receptor during the first 100 ps of the simulation.

Analysis. All analyses were performed on a merged
trajectory where overall rotation and translation were re-
moved based on the LRH-1 minimized coordinates. As a
comparative structure for the analysis, the initial minimized
structure was used, unless otherwise noted. The analysis was
performed on time windows of 1-10 ns.

A hydrogen bond interaction is defined as a connection
between a hydrogen and acceptor within 2.4 Å without
application of any angular criterion (31). The hydrogen bond
occupancy is calculated over the 10 ns simulation time, and
only hydrogen bonds with occupancies >5% are presented.
Hydrogen bond average lifetime was calculated as the total
time a given hydrogen bond was present in the simulation
divided by the number of hydrogen bonding events. Hydro-
gen bonds detected at the peptide terminal atoms HT and
OT are not considered in the result and discussion although
they are presented in Table 2. The atoms HT and OT are
used as terminal atoms in our model and thus an artificial
construct.

The solvent accessible surface area is calculated with a
probe radius of 1.4 Å (32).

The root-mean-square fluctuations (rmsf) were calculated
for backbone or side chain over the last 5 ns of the
simulation. Overall rotation and translation was removed
before calculation by least-squares superposition of the
backbone atoms on the starting structure. The consistency
of the rmsf calculations was investigated by calculating the
rmsf over 5 different time windows (1 ns each). The
individual data from each 1 ns window compared well with
the 5 ns window (data not shown).

RESULTS

OVerall Structure. No major changes of the overall LRH-1
structure are observed in any of the 8 different simulated
complexes. The secondary structure elements are preserved
and are kept in the same positions. This is reflected in the
root-mean-square deviation (rmsd) from the starting structure
of the LRH-1 backbone alpha carbons, which remains stably
at ∼1.5 Å during the whole simulation time (data not shown).
A small increase in rmsd is observed for the SHP box1-ps
simulation at around 8 ns. This shift is due to a movement
of the h1-h3 loop toward h6. The root-mean-square fluctua-
tions (rmsf) of the receptor backbone show larger fluctuations
in the loop regions compared to the more ordered secondary
structure elements (data now shown). The rmsf does not
change significantly due to the introduction of the PS ligand
in either of the complexes. Furthermore, the receptor
backbone dihedral angles fall in the allowed regions of the
Ramachandran plot (data not shown). The R-helix content
of the cofactor peptides ranges from 8 residues (SHP box1-
ps) to 11 residues (PROX1-ps) (Figure 3a-h). Since this is
a relatively short helix, the observed length variation may
just be a random end effect. The rmsf of the peptide
backbones shows a stable core of about 10 amino acids while
the N- and C-terminal ends show larger fluctuations (Fig-
ure 4).

Generally, there is only little movement in the tails of the
PS ligand and some more in the PS head. In the SHP box1
simulation the ligand head moves in between h7 and h11.
The ligand seems to favor a position toward h7 but shifts
position between h7 and h11 several times during the
simulation. In the SHP box2 simulation the ligand stabilizes
toward the h6-h7 loop, while in the DAX-1 simulation the
ligand flips between the h1-h3 and h6-h7 loops. An even
more flexible positioning is observed in the PROX1 simula-
tion, where the ligand head moves around between the
receptor loops h1-h3, h6-h7 and h11-h12. No particular
conformation seems to be favored in this simulation. Due to
the conformational changes of the PS ligand at the bottom
loop region of the receptor, some influences are observed
on the receptor structure. Particularly the h1-h3 loop is
affected; in the SHP box1-ps simulation the h1-h3 loop
shifts from toward h11 (at 3 ns) to the middle and finally
toward h6 (at 8 ns). SHP box2-ps shows some displacement
of h6, and the DAX-1-ps simulation shows a twist in the
h1-h3 loop. In the PROX1-ps simulation both a twist in
the h1-h3 loop and some unwinding of h6 N-terminal is
observed.

Interactions between the Receptor and Cofactor Peptide.
In the hLRH-1 receptor five amino acid participate in cofactor
peptide hydrogen bond interactions: Glu358, Arg361, Asp372,
Gln379 and Glu534 (Table 2). The charge-clamp residues
Arg361 and Glu534 (16, 33) are found to interact with the
peptide in all simulations apart from SHP box1-ps and SHP
box2. In addition to the charge-clamp, Asp372 interacts with
all peptide sequences. Asp372 either serves as an extra
hydrogen bond interaction site for the peptide or, as in the
simulation with SHP box1-ps, takes the Glu534 interaction
position in its absence. Asp372 only forms specific hydrogen
bond interactions with the peptides, whereas Gln379 acts
exclusively as a nonspecific interaction partner for the
N-terminal part of the peptide, further stabilizing this region.

FIGURE 1: PS ligand with serine headgroup and fatty acid tail.

Interaction of hLRH-1 and Cofactors in the Context of Ligand Biochemistry, Vol. 47, No. 18, 2008 5207



The specific Glu358 interaction is only observed in the
PROX1-ps simulation. The total number of protein residues
involved in hydrogen bonds to the peptide varies from 2
(SHP box1-ps) to 5 (PROX1-ps).

The interaction sites of the peptides range from the first
residue to the last. In general the interactions from the charge-
clamp residues go to the peptide N-terminal and C-terminal
regions. In addition the positive side chain of a central residue
(+2) interacts with Asp372 in all peptides but not in the
simulation SHP box2 although the peptide SHP box2 has a
positive lysine at this position.

Cofactor Peptide-hLRH-1 Interaction upon Ligand Bind-
ing. In the SHP box1 simulations the total hydrogen bond
occupancy and number of interactions involved in hydrogen
bonds decrease when PS is introduced to the complex.
However, it is mostly the nonspecific interactions that are
lost. Two of 3 specific interaction residues are kept in the
SHP box1-ps, and the total specific occupancy is unaffected:
149% in SHP box1 and 147% in SHP box1-ps. SHP box2
simulations show the weakest hydrogen bond interactions
compared to the other simulated peptides. SHP box2-ps
exhibit a lower total hydrogen bond occupancy (SHP box2,
185%; SHP box2-ps, 48%) but additional interactive peptide
residues (SHP box2, 2; SHP box2-ps, 4). The specific
interactions are kept. Interestingly, the DAX-1 simulations
show a various pattern. Here, the total occupancy is decreased
with PS (DAX-1, 502%; DAX-1-ps, 281%) as well as the
total number of hydrogen bond interactions (DAX-1, 8;
DAX-1-ps, 6), but the specific hydrogen bond interactions
are increased (DAX-1, 2; DAX-1-ps, 4). In the PROX1
simulations a similar trend is observed. Here the total
occupancy slightly decreases with PS (Prox, 639%; PROX1-
ps, 568%) but both total and specific interactions are
increased (PROX1, 7; PROX1-ps, 10; PROX1, 2, PROX1-
ps, 4) as well as the specific occupancy (PROX1, 239%, to
PROX1-ps, 457%).

Ligand Binding. The pattern of hydrogen bonds between
the receptor and the ligand differs in all simulations (Table

3). However, the receptor amino acids Thr341 (h3), Gln419
and Gly421 (h6-h7 loop), Tyr516 and Lys520 (h11) are
frequently observed PS hydrogen bond partners in all
complexes. Additional hydrogen bond partners are found in
amino acids adjacent to these. The hydrogen bond partners
are located in a structural element described to be contacted
by the ligand in the overall structural analysis.

LRH-1 Packing. The canonical folding of the secondary
structure elements of nuclear receptor is frequently described
as completed with the binding of a ligand (34). Therefore
the receptor packing is often discussed in the context of
orphan receptors, since these receptors lack the extra
contribution of structural stability obtained from a ligand.
In the LRH-1 structure the helix h2 is suggested to contribute
to the unliganded receptor stability. We have studied the
accessible surface area (ASA) of h2 and the radius of
gyration of LRH-1 (Table 4). Comparing the average ASA
values of the liganded and empty simulations, both SHP
simulations show lower ASA with ligand bound, and the
opposite is valid for DAX-1 and Prox 1. However, the
differences described are within the standard deviations.
The average values of the radius of gyration also differ
between the liganded and unliganded simulation, with lower
values for the liganded SHP box2 and Prox and higher for
SHP box1 and DAX-1. As in the ASA analysis, the variations
of the average radius of gyration values are found within
the standard deviations.

DISCUSSION

General. The model of the hLRH-1 bound to a peptide
sequence and ligand shows a high degree of stability during
a 10 ns simulation time. The receptor structure has a low
deviation from its original conformation (rmsd), and the
residues fluctuate little (rmsf). No abnormal strains are found
in the receptor backbone, and the secondary structure
elements are preserved. Comparing the analysis of receptor
stability (rmsd, rmsf, Ramachandran plot and visual structural

FIGURE 2: Initial conformation of hLRH-1 with cofactor peptide and ligand PS bound to it. The sphere around the complex indicates the
outer line of the solvent sphere. The helices of LRH-1 are labeled h1-h12, and the direction of the peptide sequence is indicated with the
first (-6) and the last (+8) residue. The ligand PS is shown in balls and sticks. The PS ligand fatty acid tails are covered by the LRH-1
receptor, and the serine headgroup is located at the receptor bottom and solvent exposed.
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analysis) of the SHP box1 simulation to the other simulations
reveals no differences. We can therefore conclude that the
docking of the different peptide sequences to the receptor
and the insertion of a human ligand were successful. The
results also indicate that the receptor can preserve its active
agonist conformation while bound to the different peptide
sequences and ligand PS.

Specificity of Corepressor Binding. According to our 10
ns simulations the hLRH-1 and peptides SHP box1 and 2,
DAX-1 and PROX1, show interactions with several con-
tributing partners. The hydrophobic interface between the
peptide leucine residues and receptor surface makes it
possible to form a network of van der Waals contacts. The
stability of this interaction is reflected in the low rmsf values
for the residues involved (Figure 4). In addition to this stable
core interaction, polar or charged amino acids adjacent to
the LXXLL motif frequently form hydrogen bonds with

LRH-1. Hydrogen bonds between the cofactor peptide and
receptor can be obtained with different degree of specificity;
a hydrogen bond to the peptide backbone can be considered
as less specific than a hydrogen bond to the amino acid side
chain. In general both specific and nonspecific hydrogen
bonds were observed. From the LRH-1, the Gln379 is
exclusively involved in nonspecific interactions. Arg361
forms nonspecific interactions in all simulations except SHP
box2, and Glu534 forms both types of interactions. Asp372
is almost entirely involved in specific contacts. Residues
Arg361, Asp372 and Glu534 seem to be the ones responsible
for orienting the cofactor peptide and increase the affinity
between the receptor and peptide. Residues Arg361 and
Glu534 have previously been reported to form charge-clamp
in LRH-1 (33). Therefore it is not surprising that these
charged residues form hydrogen bonds to the ends of the
cofactor peptides. Met375 has been reported as an additional

Table 2: Hydrogen Bond Analysisa

cofactor peptide aa receptor aa occupancyb (%) av timec (ps) cofactor peptide aa receptor aa occupancyb (%) av timec (ps)

SHP Box1

Arg3 sc Asp372 70 (88) 98 Leu11 bb Arg361 5 (5) 10
Ala5 bb Glu534 29 (54) 16 Ser13 bb Arg361 16 (16) 19
Ile6 bb Glu534 18 (31) 19 Ser14 sc Arg362 5 (5) 140
Leu7 bb Glu534 9 (9) 43 Ser14 tm Arg361 27 (83) 34
Tyr8 sc Asp372 47 (56) 29 TOTAL 319 (149)
Leu10 bb Arg361 48 (55) 97

SHP Box1-ps

Arg3 sc Asp372 39 (120) 64 Ser13 bb Arg361 19 (25) 7
Tyr8 sc Asp372 18 (27) 29 Ser14 tm Arg361 6 (6) 23
Leu10 bb Arg361 59 (64) 89 TOTAL 254 (147)
Leu11 bb Arg361 18 (18) 21

SHP Box2

Ala1 tm Asp372 17 (29) 78 Glu13 sc Arg361 48 (116) 32
Ile10 bb Arg361 69 (69) 38 TOTAL 185 (116)

SHP Box2-ps

Ala1 tm Asp372 17 (29) 104 Ile10 bb Arg361 8 (8) 6
Pro2 bb Gln379 14 (14) 24 Glu13 sc Arg361 12 (19) 108
Val3 bb Gln379 7 (7) 55 TOTAL 48 (19)

DAX-1

Arg2 bb Gln379 66 (66) 24 Leu10 bb Arg361 53 (92) 111
Arg2 sc Glu534 58 (197) 124 Leu11 bb Arg361 36 (36) 24
Gln3 bb Gln379 13 (13) 9 Ser13 bb Arg361 9 (17) 8
Ser5 bb Glu534 5 (5) 20 Ser14 tm Arg361 8 (22) 25
Tyr8 sc Asp372 40 (76) 23 TOTAL 502 (273)

DAX-1-ps

Arg2 bb Gln379 8 (8) 30 Gln3 sc Lys376 19 (55) 29
Arg2 sc Glu534 12 (21) 118 Tyr8 sc Asp372 51 (100) 21
Gln3 bb Gln379 55 (55) 26 Ser14 tm Arg361 73 (205) 79
Gln3 sc Asp372 21 (42) 20 TOTAL 281 (218)

PROX1

Ser4 sc Glu534 90 (90) 128 Leu10 bb Arg361 59 (59) 339
Asn5 bb Glu534 95 (118) 9 Arg13 bb Arg361 8 (8) 8
Val6 bb Glu534 90 (119) 79 Ala14 tm Arg361 9 (17) 33
Leu7 bb Glu534 96 (96) 213 TOTAL 639 (239)
Arg8 sc Asp372 40 (149) 70

PROX1-ps

Glu2 bb Gln379 5 (5) 17 Val6 bb Glu534 8 (8) 19
Lys3 bb Gln379 7 (7) 15 Arg8 sc Asp372 98 (272) 612
Lys3 sc Asp372 18 (47) 115 Leu11 bb Arg361 46 (59) 26
Ser4 bb Gln379 23 (23) 29 Arg13 sc Glu358 17 (52) 39
Ser4 sc Glu534 56 (86) 166 Ala14 tm Arg361 12 (38) 24
Asn5 bb Glu534 9 (9) 46 TOTAL 568 (457)

a Hydrogen bonds with an occupancy >5% are presented. Specific hydrogen bond interactions (sc) are shown in bold. Peptide numbering starts with
1 from at the N-terminal residue. b The maximum occupancy for a single atom pair in % and within parentheses is the sum of occupancies between the
residues in %. c Average binding time (ps) is presented for the hydrogen bond with the maximum occupancy.
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important interaction site to lock the peptide -3 position
and stabilizing the +2 position (9). In our simulations,
Met375 is within van der Waals distance to the ligand and
contributes to the shape of the cofactor peptide binding site,
but more important for residue +2 stabilization is the
adjacent and charged Asp372, which often interacts with
residues -3/-4 and the side chain of +2. The interaction
with Asp372 was also observed in the X-ray structure model
of mLRH-1 and SHP box2 (35) where it interacts with the
peptide +2 residue. Interaction to the peptide +2 site was
also suggested together with +6, to form an extra charge-
clamp in glucocorticoid receptor and constitutive androstane
receptor (36,37).Apart fromthesestudies theAsp372-cofactor
peptide interaction is not extensively discussed in the
literature. We therefore performed a structural comparison
of available X-ray structures in the Protein Data Bank (25)
of each nuclear receptor type in agonist conformation with
a cofactor peptide binding the AF-2 site, and the results
reveal an interesting pattern. Apparently the interaction at
peptide +2 site can contribute to the stability of the
receptor-peptide interaction for several receptors. Hydrogen
bonds between an aspartate located in the same position as
hLRH-1 Asp372 could likely be formed to the peptide +2
site in RXRR and � (38, 39), AR (40), VDR (41) and HNF4R
(42). The same interaction but with another receptor amino
acid could be formed in LXRR and � (39, 43), ERR (44),
TR (45), FXR (46), PPARR and γ (47, 48). However, the

possibility of hydrogen bond formation may depend on the
peptide sequence. As seen in the hLRH-1 simulations SHP
box1, DAX-3 and PROX1 can form interaction to Asp372,
but not SHP box2. The distances between Asp372 and the
peptide +2 site range from 2.7 Å in SHP box1 to 11.6 Å in
SHP box2, which reflects that large distances can be bridged
by side chain movement (Figure 5). We therefore predict
that other receptors also can adopt a conformation where
the cofactor peptide +2 site can be hydrogen bonded. This
can be exemplified with mLRH-1, which shows a distance
of 9.4 Å between Asp391 and the +2 site of the SHP box1
peptide, but has been reported to form a hydrogen bond to
this site in complex with SHP box2. In the close homologue
SF-1 the Asp-site is located on the opposite side of helix 4
compared to the cofactor binding site, and hydrogen binding
to this site is unlikely (Figure 5f). The second charge clamp
interaction to the peptide +6 residue could not be observed
in any of the investigated structures. Frequently either the
+6 receptor interaction partner was absent in this location
or the receptor side chain orientation pointed away from the
+6 site. The X-ray structure of the peptides often shows a
+6 side chain orientation out from the receptor. In a full
length folded cofactor, the orientation of the +6 residue may
differ and allow other interactions, but according to the
comparison of receptor-peptide X-ray structures the +6
interaction is of minor importance for the interaction stability.
Based on these structural comparisons, data from the

FIGURE 3: Hydrogen bond contact map of the cofactor peptides and the LRH-1 receptor: (a) SHP box1; (b) SHP box1-ps, ligand present;
(c) SHP box2; (d) SHP box2-ps, ligand present; (e) PROX1; (f) PROX1-ps, ligand present; (g) DAX-1; (h) DAX-1-ps, ligand present.
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literature and the results from our simulations, Asp372 site
is suggested to play an important role for the molecular
recognition of cofactors by hLRH-1 and possibly other NRs.
Evidently, the hLRH-1 uses residue Asp372 to extend the

two-site charge-clamp to a three-site triangle shaped charge-
clamp (Figure 6).

Residues of the peptide involved in specific interaction
were also identified. At the peptide N-terminal part, residues
from -5 to -3 (counting from the LXXLL motif) are
observed as hydrogen bond partners. SHP box1 and DAX-1
show a preference for a -4 hydrogen bond while PROX1
shows hydrogen bond at -3 although the -4 position
contains a positively charged amino acid as SHP box1 and
DAX-1. The peptides of SHP box1, DAX-1 and PROX1 also
show a strong and specific interaction at the +2 position.
The +2 interaction is not observed in the SHP box2
simulations even though the position holds a positively
charged amino acid. This can be due to the relatively low
free energy gain of such a saltbridge formation (49).
Surprisingly, the SHP box2 simulations form a specific
interaction at the +7 position. To conclude, SHP box1,
DAX-1 and PROX1 show a similar pattern with specific
interactions at -3 or -4 and +2, while SHP box2 only binds
specifically at the +7 site.

The terminal interactions (labeled “tm” in Table 2) are not
included in the peptide binding discussion since these interac-
tions is a result of an artificial modeling setup (see Methods).
However, it is possible that in the simulation these terminal
atoms compete with other hydrogen bonding atoms, such
as the backbone atoms NH and O. This would cause an
underestimation of the number hydrogen bonds and the
occupancy at the terminal residues, although some of these
terminal hydrogen bond interactions might in reality be
replaced by a backbone interaction at that site.

FIGURE 4: rmsf values of the cofactor peptides backbone (bb) and side chain (sc).

Table 3: PS Ligand Hydrogen Bond Interactionsa

simulation receptor residue (ligand atom)

SHP box1-ps Thr341(OT), Tyr516(O6/O7/OG), Lys520(O7/O8/OG)
SHP box2-ps Gln419(HT), Gly421(OT), Ala422(OT), Tyr516(OG),

Lys520(O7)
DAX-1-ps Lys338(OT), Ser340(O6), Thr341(O4), Phe342(O3),

Gln419(O6)
PROX1-ps Gly421(O7), Tyr516(O6), Lys520(O8,OG),

Asp528(HT)
a For each simulation the hydrogen bonding receptor residue is given

with its interaction partner atom within parenthesis. An OT/HT atom
corresponds to atoms on the serine head ends, the OG atom is the
oxygen at the serine sidechain. The O5-O8 atoms are found in the
phosphate group and O3 atoms on one of the carboxyl oxygens close to
the fatty acid tail.

Table 4: Accessible Surface Area (ASA) for LRH-1 h2 and Radius of
Gyration (RGYR) of LRH-1a

simulation ASA ( SD (Å2) RGYR ( SD (Å)

SHP box1 2118 ( 62 18.5 ( 0.1
SHP box1-ps 2044 ( 57 18.6 ( 0.1
SHP box2 2154 ( 39 18.7 ( 0.1
SHP box2-ps 2123 ( 44 18.6 ( 0.1
DAX-1 2098 ( 48 18.5 ( 0.1
DAX-1-ps 181 ( 74 18.6 ( 0.1
PROX1 2102 ( 38 18.8 ( 0.1
PROX1-ps 2105 ( 45 18.6 ( 0.1

a Simulation averages with standard deviations in parentheses.
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Ligand Binding. Ligand-protein hydrogen bond interac-
tions are observed in the regions where the ligand head
moves. The SHP box1-ps, SHP box2-ps and the PROX1-ps
simulations show the ligand phosphate oxygens bound to
h11. This was also observed in the X-ray structure where
Tyr516, Lys520 and the amide of Gly501 interact with the
phosphate oxygen. Even though no stabilization is observed
in any of our simulations, the ligand in each complex tends
to prefer a certain region. This observation can be a result
of intermolecular communication, meaning that a certain
peptide sequence might cause a typical ligand conformation,
but it can also be due to insufficient molecular dynamics
sampling, if this change of conformation is connected with

such a high energy barrier that the transition does not occur
in the 10 ns simulation.

H2 Packing. Structurally, the conserved N terminal part
(h1-h3) is suggested to be responsible for the LRH-1 LBD
stability. The extended h2 of LRH-1 forms an additional
fourth layer of the LBD canonical fold and further stabilizes
the AF-2 region and h12. The X-ray structure of the liganded
receptor shows no major change of h2 conformation (9)
compared to the unliganded (10). In our study, we were able
to study 10 ns dynamics of 4 different receptor complexes
under the influence of a bound ligand. The trajectory analysis
of the packing of h2 (ASA in Table 4) shows no evidence
that h2 is affected by the binding of a ligand. Neither does

FIGURE 5: Interaction of cofactor peptide +2 site and receptor Asp-site. Plausible interactions are shown with dashed lines, and distances
are given in angstroms (Å) The selected representation of hLRH-1 is snapshots from simulations, and mLRH-1 (10) and mSF-1 (12) show
X-ray structures. The receptor surface is colored red for oxygen and blue for nitrogen, and the peptides are shown in yellow cartoons with
the +2 site shown in sticks.
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the analysis of the receptor radius of gyration reveal any
changes due to the introduction of a ligand (Table 4). Our
results confirm the X-ray structure data and verify that the
packing of h2 and LRH-1 is not affected by binding of a
ligand.

Cofactor Peptide-Receptor Interaction and Ligand Bind-
ing. The cofactor peptide-receptor interaction responds
differently upon ligand binding according to our simulations.
The SHP box1 and box2 simulations show a decrease in total
and specific hydrogen bond occupancy (Table 2). The rmsf
of the SHP box1 and 2 peptide backbone and side chains
also reveal a more flexible peptide when bound to ligand
(Figure 4). This indicates that upon ligand binding the
hLRH-1 interactions with SHP box1 and box2 peptides are
weakened. The DAX-1 peptide shows a decrease in hydrogen
bonds and occupancy, but an increase in specific binding
and no change in specific occupancy. The decrease of the
total occupancy is highly affected by the Arg361 interaction.
In DAX-1 the Arg361 binds the backbone of the peptide
C-terminal part, whereas in the DAX-1-ps the Arg361 is
oriented toward the C-terminal atoms not included in the
occupancy summation. In a full length DAX-1 cofactor it is
probable that the Arg361 interaction present in the DAX-1
simulation would be repeated for DAX-1-ps. The peptide
becomes less flexible upon ligand binding according to the
rmsf calculations. Thus the interaction between the DAX-1
cofactor peptide and hLRH-1 is likely strengthened upon
ligand binding. The PROX1 interactions and specific oc-
cupancy are increased upon ligand binding. The rmsf
calculations also show a stable peptide when ligand bound.
Notable is the drop of rmsf in the PROX1-ps +2 site. This
site holds the Tyr (+2) which is involved in a specific
hydrogen bond. Tyr (+2) hydrogen bond occupancy in-
creases from 40% to 98% and the average hydrogen bond
time (Table 2) increases from 70 to 612 ps, when a ligand
is introduced, which explains the difference in side chain

fluctuations. Thus, a bound ligand seems to strengthen the
hLRH-1 interaction with peptide PROX1.

Orphan Receptors and Ligands. Why is it so important to
find ligands for orphan receptors? Experimental data actually
suggest that the hLRH-1 is truly ligand independent (14).
The constitutively active conformation found with X-ray
where the ligand binding pocket is empty indicates that no
natural ligand is needed. Additionally, mutational studies
introducing bulky side chains into the LBP do not affect
LRH-1 activity (10). These findings have led to the conclu-
sion that ligands are not important for the basal activity.
However, ligand binding cannot be totally excluded. The
constitutively active conformation of hLRH-1 with an empty
ligand binding pocket triggers the idea to reach a “superac-
tive” LRH-1 conformation. This could be achieved by the
binding of a ligand. Steps in this direction have recently been
made, when a small ligand was found to bind LRH-1 (50)
and increase its activity. Phospholipids as ligands are not
suitable lead targets for the pharmaceutical industry, but
binding of these ligands might provide information of the
receptor’s biological activity. X-ray studies show evidence
that a phospholipid can bind to the receptor, and biochemical
studies reveal that the dissociation from the receptor is on
the same time scale as receptor degradation. Therefore it is
not likely that the hLRH-1 phospholipid ligands serve as
regulatory on-off switches as seen in steroid nuclear
receptors. However, our results show that even though the
hLRH-1 receptor structure is rather unaffected by the binding
of a ligand, the interactions with the cofactors change upon
ligand binding. Also, the different cofactor peptides respond
differently to ligand binding. Therefore the regulatory effect
of a phospholipid ligand bound to hLRH-1 could be in its
modification of cofactor interactions. Based on the resem-
blance of the molecular recognition of coactivators and
corepressors of hLRH-1, it is therefore likely that also
coactivators would be affected by ligand binding.

Interactions with peroxisome proliferator-activated receptor
γ coactivator-1R (PGC-1R) have been investigated, and
PGC-1R was shown to interact with LRH-1 in human breast
preadipocytes but not in other tissues of postmenopausal
women (51). Disruption of the PGC-1R-hLRH-1 interaction
would inhibit aromatase activity in breast and thus create a
target for development of a more specific antiestrogen
therapy for breast cancer. It would therefore be of exceptional
interest to see how binding of a ligand would affect the
interaction between PGC-1R-hLRH-1. Given the diversity
and importance of the possible LRH-1 targets it is encourag-
ing to see the progress made in the work with SF-1, where
an inverse agonist was found to repress activity (52). The
same compound was also tested on LRH-1 without effects,
indicating that a natural ligand might be able to distinguish
between SF-1 and LRH-1.

CONCLUSION

MD simulations of hLRH-1 and the cofactor peptides SHP
box1 and box2, DAX-1 and PROX1 were performed in the
presence of a human phospholipid ligand. All our simulations
show a stable receptor conformation, both with an empty
ligand binding pocket and with a ligand bound over a 10 ns
time scale. The packing of the receptor and its interaction
with h2 is unchanged in all our simulations. We conclude

FIGURE 6: Interaction of hLRH-1 and SHP box1. Snapshot from
simulation, showing LRH-1 surface colored red for oxygen, blue
for nitrogen, orange for sulfur and gray for carbon. The SHP box1
peptide is shown in green cartoon manner. The charge-clamp
residues Arg361 and Glu534 together with the additional interaction
from Asp372 and its peptide interaction partners are shown in sticks.
Together these LRH-1 residues forms a triangle shaped charge-
clamp, indicated by yellow lines.
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that the receptor can maintain the agonist conformation with
the PS ligand and the cofactors bound to it.

The receptor-peptide interactions respond differently to
the binding of a ligand. The SHP box1 and SHP box 2
peptides reduce their interaction with hLRH-1 upon ligand
binding while DAX-1 and PROX1 peptides maintain or
increase LRH-1 interaction. The peptides also exhibit dif-
ferent specific binding patterns. SHP box1, PROX1 and
DAX-1 form specific hydrogen bonds at -4 or -3 and +2
site while SHP box2 only binds specific at the +7 site. The
receptor orients the cofactor peptides with the charge clamp
residues Arg361 and Glu 534. Additionally Asp372 was
frequently seen to form specific hydrogen bonds to the
cofactor peptide +2 site. A structural comparison of NRs in
agonist conformation with a cofactor peptide bound to it
revealed that the Asp-site might form hydrogen bonds in
several receptor types upon given cofactor binding. We
suggest that the Asp-site is important for cofactor peptide
binding and forms a third corner in a triangle shaped charge
clamp. The results obtained imply that ligand binding can
be used to modify the cofactor-receptor binding. This gives
an opportunity to design drugs which can in a very specific
way interact with a cofactor-receptor complex and affect
transcription.
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