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Steroidogenic factor 1 (SF-1) is an orphan nuclear receptor with no known ligand. We showed previously that
phosphorylation at serine 203 located N�-terminal to the ligand binding domain (LBD) enhanced cofactor
recruitment, analogous to the ligand-mediated recruitment in ligand-dependent receptors. In this study,
results of biochemical analyses and an LBD helix assembly assay suggest that the SF-1 LBD adopts an active
conformation, with helices 1 and 12 packed against the predicted alpha-helical bundle, in the apparent absence
of ligand. Fine mapping of the previously defined proximal activation function in SF-1 showed that the
activation function mapped fully to helix 1 of the LBD. Limited proteolyses demonstrate that phosphorylation
of S203 in the hinge region mimics the stabilizing effects of ligand on the LBD. Moreover, similar effects were
observed in an SF-1/thyroid hormone LBD chimera receptor, illustrating that the S203 phosphorylation effects
are transferable to a heterologous ligand-dependent receptor. Our collective data suggest that the hinge
together with helix 1 is an individualized specific motif, which is tightly associated with its cognate LBD. For
SF-1, we find that this intramolecular association and hence receptor activity are further enhanced by
mitogen-activated protein kinase phosphorylation, thus mimicking many of the ligand-induced changes ob-
served for ligand-dependent receptors.

To date, just under 50 members of the nuclear receptor gene
superfamily have been identified (27, 42). Cognate ligands
have been identified for about half of these receptors, leaving
the remaining members of this family as orphans. Whether all
of these orphan receptors are activated by bona fide in vivo
ligands is still unclear. One such orphan, steroidogenic factor 1
(SF-1; officially referred as NR5A1), is known to regulate a
wide variety of genes in multiple endocrine cell types and is
also required for early endocrine organogenesis (reviewed in
references 10 and 33). In contrast to ligand-dependent recep-
tors, whose activity is controlled by ligand binding, SF-1 is
constitutively active in the apparent absence of ligand in many
cellular contexts.

While no regulatory ligand has been identified for SF-1,
indirect evidence suggests that extracellular signaling events
may modulate SF-1 activity. This suggestion stems from the
fact that many SF-1 target genes are stimulated by peptide
hormone signaling via the second messenger cyclic AMP
(cAMP). More importantly, cAMP-induced up-regulation of
these target genes is mediated primarily through SF-1 (13, 15,
24). However SF-1 does not appear to be phosphorylated di-
rectly by the cAMP/protein kinase A pathway but, rather, is
phosphorylated by the mitogen-activated protein kinase
(MAPK) at a single serine residue (S203) located in the large
central hinge region between the DNA binding domain (DBD)
and the ligand binding domain (LBD) (11, 26). Activation of

the MAPK pathway modulates SF-1 transcription activity by
increasing cofactor recruitment and thus may provide a ligand-
independent method of regulating SF-1 activity (11). In the last
several years, evidence has directly linked cAMP/PKA signal-
ing to the Ras-Raf-MEK-ERK/MAPK pathway via activation
of Ras-related small GTPases (23, 41), thereby supporting our
hypothesis that peptide hormone receptor signaling may mod-
ulate SF-1 activity via an Erk2-like phosphorylation. Indeed, at
least two peptide hormone signaling events upstream of SF-1
are mediated through MAPK signaling, including the gonado-
tropin-releasing hormone and the adrenocorticotropic hor-
mone pathways (20, 38).

In addition to S203 phosphorylation, deletion analyses of
SF-1 have mapped an activation function domain in the vicinity
of the hinge and N�-terminal region of the LBD (residues 185
to 260), which overlaps with the MAPK phosphorylation site
(6, 11). This activation domain (referred to as AF1 or proximal
activation region), together with the classical activation func-
tion 2 (AF2), located at the C� terminus of the LBD, are
required for coactivator enhancement of SF-1 activity (6, 15,
16, 22). In certain contexts, the hinge region of SF-1 also
exhibits an independent repressor domain (31), which resem-
bles closely a motif found in the glucocorticoid receptor (GR)
that mediates repression at dimeric sites (14). The close prox-
imity between an activation domain and a MAPK site identi-
fied in SF-1 can also be found in other ligand-dependent nu-
clear receptors where the AF1 and MAPK site(s) are located
in the N� terminus or A/B domain. For these nuclear receptors,
phosphorylation is implicated in modulating both ligand-de-
pendent and ligand-independent activity (18, 46, 56).

The hinge domain of nuclear receptors has been loosely
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defined as the region between the DBD and LBD. Prior to
structural information revealing that the LBD is an alpha-
helical bundle, the C�-terminal boundary of the “hinge” region
was assigned to the beginning of helix 3 of the LBD; in SF-1
this corresponds to residue 260 (see Fig 1A). Subsequently,
high-resolution crystal structures of the thyroid hormone
(TR�) and retinoic acid nuclear receptors incorporated the
proximal portion of the hinge region into the LBD structure as
the first and second helices (40, 52, 53). The so-called hinge
region was reassigned to residues adjacent to helix 1 and has
been viewed as a flexible unstructured region. More recently,
Pissios et al. showed that the highly divergent helix 1 is specific
to each receptor and assembles in trans with the remainder of
the LBD only after addition of either hormone or corepressor
NcoR peptides (34). Since ligand does not interact directly
with helix 1, assembly of helix 1 with the remainder of the LBD
in trans was proposed to stabilize the overall structure of the
LBD. Taken together, these results suggest that the hinge is
more than a simple flexible connector between the LBD and
DBD and, instead, may participate in conjunction with helix 1
to promote an active conformation.

Our previous work established that phosphorylation of the
hinge region modulates SF-1 activity by indirectly influencing
the LBD (11). In this study, we investigated the role of the
hinge-helix 1 region and asked how S203 phosphorylation
might affect the structural integrity of SF-1. To do this, we used
biochemical and cellular studies to indirectly assess the protein
stability of the LBD before and after S203 phosphorylation.
Similar analyses were performed with a SF-1/TR� chimera to
determine if modification of the SF-1 hinge region would in-
fluence a heterologous LBD. Our findings suggest that the
hinge-helix 1 region is specific for each receptor and that mod-
ification of this hinge region by phosphorylation enhances the
overall stability and transcriptional activity of SF-1.

MATERIALS AND METHODS

Plasmids. Glutathione S-transferase GST– and Gal4–SF-1 fusions plasmids
were constructed by subcloning of the PCR-amplified EcoRI-XbaI fragments
into pGEX-4T1 and pM vectors (Clontech). Following amplification of the
SF-1/TR� chimera construct by PCR, fragments were subcloned into pM with
EcoRI-SalI and in pGEX-4T1 with EcoRI-XhoI. VP16–SF-1 and VP16–SF-1/
TR� constructs were obtained by subcloning PCR products into pVP16 (Clon-
tech) with EcoR1-XhoI. For all pcDNA3 constructs, PCR fragments containing
an in-frame ATG for either SF-1–LBD or TR�-LBD were subcloned into
pcDNA3 (Invitrogen) with EcoRI-XhoI. Mutations of SF-1 helix 1 were obtained
with the Quickchange site-directed mutagenesis kit as specified by the manufac-
turer (Stratagene). The SF-1 PCR fragments were subcloned into the bacterial
expression plasmid pBH4 (donated by W. Lim, University of California San
Francisco) which contains an in-frame N�-terminal six-histidine tag. The E202
TR� expression plasmid was a generous gift from J. Baxter, University of Cali-
fornia San Francisco.

Cell culture, RT-PCR, and Western blot analyses. NIH 3T3 �Raf-1:ER and
Y1 mouse adrenal cortical cells were grown in Dulbecco modified Eagle medium
supplemented with 10% bovine calf serum. For transfections, �Raf-1:ER or Y1
cells were plated the day before into 24-well dishes at 50% density. Transfections
were performed by Fugene (Roche) treatment for 24 hs. Typically 200 ng of
Gal4-luciferase reporter construct (54), 100 ng of �-galactosidase expression
vector, and 100 ng of expression vectors were used. To activate the MAPK
pathway, cells were treated with 10 �M �-estradiol for 5 h before being harvested
and assayed for luciferase (PharMingen International) and �-galactosidase ac-
tivity to monitor for transfection efficiency. In experiments using the wild-type or
the S203A mutant SF-1/TR� constructs, 1 �M T3 hormone dissolved in dimethyl
sulfoxide was added before harvesting the cells. All experiments were performed
in triplicates and repeated at least three times.

For reverse transcription-PCR (RT-PCR), total RNA from NIH 3T3 �Raf-
1:ER cells transfected with the Gal4–SF-1 or Gal4–SF-1/TR� fusion constructs
were isolated using the RNeasy protocol (Qiagen). PCRs were conducted with
Gal4 primers or actin-specific primers. RT-PCR of actin transcripts served as a
reference to normalize the Gal4 PCR reactions, as well as controlling for
genomic DNA contamination. Western blot assays of Y1 cells transfected with
MKP-1 or not transfected were performed using a S203 phosphospecific SF-1
antibody (Phospho-SF-1) at a 1:1,000 dilution on whole cellular extracts. Total
SF-1 was detected with SF-1 antibody (provided by K. Morohashi).

Protein expression and purification. All GST fusion proteins were expressed
from the parent pGEX-4T1 vector, containing mSF-1, hTR�, SF-1/TR�, SF-1
helix 1, or the SF-1–hinge/TR�-helix 1, in BL21DE3 (pLysS) at 30°C and in-
duced for 4 h with 0.4 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at an
optical density at 600 nm of 0.6. Bacterial pellets were resuspended in 10 mM
Tris-HCl (pH 8.0)–150 mM NaCl–1 mM EDTA–1 mM dithiothreitol–1 mM
phenylmethylsulfonyl fluoride protease inhibitors (Roche), frozen-thawed, incu-
bated with 0.1 mg of lysozyme per ml, and lysed by sonication. N-Sarcosyl was
added to lysates (final concentration, 1.5%), and debris was removed by centrif-
ugation. Samples were incubated with 100 �l of a 50% slurry of glutathione-
agarose 4B beads (Pharmacia) for 1 h at 4°C, after which the beads were washed
extensively and analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (12% polyacrylamide). His-tagged recombinant SF-1
(residues 179 to 462) proteins were expressed in BL21DE3(pLysS) and induced
with IPTG. Harvested bacteria were frozen-thawed in 50 mM Tris-HCl (pH
8.0)–100 mM NaCl–5% glycerol–protease inhibitors, and cleared lysates were
subjected to Talon (Clontech) chromatography. His6-tagged proteins were
eluted with imidazole and subsequently cleaved with recombinant tobacco etch
virus protease (TEV) (2 h at 4°C). Purified SF-1 protein was further resolved on
a MonoQ column. The purity and homogeneity of expressed SF-1-LBD proteins
were assessed using both SDS-PAGE and native PAGE, and determined to be
�99% pure.

GST pulldown and helix assembly assays. For in vitro kinasing of GST fusion
proteins, bound proteins were incubated with recombinant Erk2 kinase, under
conditions recommended by the manufacturer (New England Biolabs). Bound
proteins were washed extensively in buffer containing 20 mM Tris-HCl (pH 8.0),
0.1 M NaCl, 0.01% NP-40, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail before be-
ing incubated with in vitro-transcribed and -translated GRIP for 2 h at 4°C. For
all GST pulldown assays, GST-protein fusions were incubated with in vitro-
transcribed and translated products for 16 h at 4°C in the buffer described above
except that it contained 20% glycerol and 2 mg of bovine serum albumin per ml
without NP-40. Bound proteins were washed four times with their respective
buffers supplemented with 0.01% NP-40 in the helix assembly assay. The proteins
were eluted and analyzed by SDS-PAGE and autoradiography.

In vitro transcription and translation, limited proteolysis. In vitro-translated
proteins were generated from in vitro-transcribed pSG5-GRIP, pcDNA3–SF-1-
helix 2-12, and pcDNA3–SF-1/TR�-helix 2-12, using the TNT T7-coupled re-
ticulocyte lysate system in the presence of [35S]methionine as specified by the
manufacturer (Pharmacia). For limited proteolysis experiments of SF-1 hinge-
helix 1, purified His6-tagged SF-1 protein spanning residues 179 to 462 was
incubated in the absence or presence of Erk2 and then with Talon beads and
extensively washed to eliminate residual Erk2 prior to digestion with chymotryp-
sin (0.125 �g) for 5 to 15 min, all reactions were stopped, and the products were
analyzed by SDS-PAGE (15% polyacrylamide), blotted onto a polyrinylidene
difluoride Immobilon filter, and stained with Ponceau S. Edman degradation
sequencing was used to identify the N�-terminal sequence of all visibly stained
peptides. In vitro-transcribed and -translated [35S]methionine-labeled HA
epitope-tagged full-length SF-1 and SF-1/TR� proteins were immunoprecipi-
tated using an HA antibody (Babco) and then incubated with protein A-Sepha-
rose (Sigma). Bound proteins were washed and incubated in control buffer with
either hormone or recombinant Erk2. Following treatments, bound proteins
were washed and equilibrated in chymotrypsin buffer (80 mM Tris-HCl [pH 7.8],
10 mM CaCl2) and then incubated with increasing amounts of chymotrypsin for
1 h at 30°C. Reactions were stopped, and the products were analyzed by SDS-
PAGE and autoradiography.

Multiple sequence alignment and modeling. All sequences were obtained from
the nuclear receptor database NucleaRDB (12) and selected based on their
amino acid similarity to the mouse SF-1 sequence. The mouse SF-1 sequence was
corrected at amino acid 256 (R for G) according to the original published
sequence. Multiple sequence alignment was performed with an iterative profile-
based alignment procedure using the WHAT IF sequence alignment module
(50). The profile was created based on an optimal alignment of the sequence of
mouse SF-1, with high gap penalties assigned in the region spanning all 12
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putative helices. The Meta server of PredictProtein (43) was used to run several
programs for prediction of secondary structure, PHDSec (44), PROF (32), SAM-
T99 (17), and Sspro (35). The three-dimensional model of the mSF-1 LBD was
constructed with the WHAT IF program (50) based on the structure of the
hRXR� receptor: sequences of mSF-1 were aligned against the sequence of the
PDB entry of the crystal structure of the liganded LBD, chain A (7). Models were
built using the previously described protocol (51).

RESULTS

Position of helix 1 or the activation function domain in a
three-dimensional model of the SF-1 LBD. To assess how the
SF-1-proximal activation function relates to the LBD and helix
12 (AF2), we used multiple algorithms to model the secondary
structure of the hinge and N�-terminal regions of the LBD
region, as well as the LBD. Secondary-structure predictions
indicate that the proximal activation function region and the
MAPK site reside in an unstructured hinge region, which ex-
tends into the first of 12 putative alpha-helices within the LBD
of SF-1 (residues 220 to 462, Fig. 1A). The high sequence
similarity to RXR� also allowed us to generate a three-dimen-
sional model of SF-1 based on the crystal structure of RXR�
bound by 9-cis-retinoic acid (7). Although this model lacks
predictive information about the hinge region, it supports the
assumption that helices 1 through 12 are in the active config-
uration similar to a ligand-dependent receptor when bound by
an agonist and pack tightly against the LBD helical bundle, as
would be observed for a liganded receptor (Fig. 1A). More-
over, a modest-size hydrophobic cavity (340 Å) is predicted to
be formed by residues located on the second beta-turn and
helices 3, 5, 7, and 11 with three polar side chains projecting
into this cavity (S304 and R314 from helix 5 and Y439 from
helix 11) (Fig. 1). We also note that a moderate degree of
conservation (36%) exists between side chains lining the pre-
dicted ligand binding pocket of SF-1 and those found in
RXR�, including a conserved arginine 314 in helix 5 (R316 in
RXR�) positioned opposite to helix 12. Similar to previous
findings that helix 1 is tightly associated with the LBD when
bound by ligand or corepressor peptides (34), our best-fit
model of SF-1 predicts that the proximal activation function
domain, including helix 1, is tightly associated with the LBD.

Finer mapping of the previously defined proximal activation
function (residues 185 to 260) (11, 31) using a standard Gal4
DBD system showed that the activation function mapped fully
to helix 1 of the LBD (Fig. 2). In contrast, the hinge region
(residues 179 to 219) of SF-1 was inactive. As predicted, dis-
ruption of helix 1 attenuated the activation function, as shown
by the presence of L229G and L227G mutants (Fig. 2B and
data not shown). Replacing helix 1 of SF-1 with that of TR�
fails to recapitulate these results, suggesting that an alpha-
helical motif is not sufficient to confer activity. The observed
differences in the intrinsic activity of SF-1 helix 1 and TR�
appear not to stem from differential expression levels, since all
Gal4 constructs transcripts were expressed equivalently (Fig.
2B). Therefore, in SF-1, the predicted helix 1 contains an
activation function domain, and we have now modified our
original nomenclature and refer to this activation function
domain as activation function helix 1. (AFH1).

Helix 1 of SF-1 assembles with helices 2 to 12 in the appar-
ent absence of ligand. Our three-dimensional model assumes
that SF-1 adopts an active conformation that is similar to a

liganded LBD. To experimentally address this assumption, we
asked if helix 1 of SF-1 would assemble with helices 2 to 12, as
shown previously for ligand-dependent receptors (34). Indeed,
GST pulldown experiments showed that the hinge and helix 1
of SF-1 (residues 179 to 240) specifically recruited helices 2 to
12 (238 to 462) of SF-1 but not helices 2 to 12 of TR� (Fig. 3A
and data not shown). These in vitro results were confirmed in
cellular transfection experiments in NIH 3T3 cells, using a
similar two-component system consisting of Gal4 DBD fused
to the hinge-helix 1 region of SF-1 and helices 2 to 12 of SF-1
fused to the activation domain of VP16 (Fig. 3B). Similar to
results obtained in GST pulldown assays, we observed an as-
sociation of hinge-helix 1 and helices 2 to 12 as judged by
increased reporter activity. No association was observed be-
tween helix 1 of SF-1 with either unrelated helices 2 to 12
(TR�; Fig. 3B) or helices 1 to 12 of SF-1 (data not shown).
Two mutations predicted to disrupt helix 1, L227G and L229G,
failed to exhibit appreciable assembly in trans (Fig. 3B and data
not shown). For SF-1, the ability of helix 1 to assemble in trans
with the remainder of the LBD in the apparent absence of
ligand supports our assumption that SF-1 adopts an active
conformation and illustrates that, similar to other receptors,
helix 1 of SF-1 is specific for its cognate LBD.

Phosphorylation of the hinge region modulates activity of
the SF-1 LBD. In addition to the activation function associated
with the hinge-helix 1 region, our previous work showed that
phosphorylation of S203 in the hinge region modulates SF-1
activity by increasing cofactor recruitment (11). We hypothe-
sized that S203 phosphorylation would enhance the helix as-
sembly of SF-1, similar to the stabilizing effects of ligand for
other receptors. To induce the MAPK cascade and increase
S203 phosphorylation in SF-1, we used an inducible Raf1 NIH
3T3 cell line (�Raf-1:ER) (45). We first showed that activation
of the MAPK cascade does not increase the activity of the
AFH1 alone (data not shown). However, assembly of hinge-
helix 1 and helices 2 to 12 of SF-1 increased significantly after
activation of the MAPK cascade. This MAPK-induced in-
crease was not observed when using a nonphosphorylatable
S203A mutant, thus confirming that SF-1 S203 is the major
residue targeted by the MAPK pathway (Fig. 3C). We also
tested the effect of a MAPK-specific phosphatase, MKP-1, in
Y1 adrenocortical cells. Helix assembly of SF-1 was consis-
tently higher in these cells than in �Raf-1:ER cells, and co-
transfection of the MAPK-specific inhibitor, MKP-1, markedly
reduced helix assembly (Fig. 3C). Using a phosphospecific
SF-1 S203 antibody (M. Desclozeaux and H. A. Ingraham,
unpublished data), Western blotting demonstrated that the
level of phospho-SF-1 decreased when MKP-1 was transfected
in the Y1 cells (Fig. 3C, right panel). Conversely, the degree of
SF-1 phosphorylation increased when the MAPK pathway was
activated in the �Raf:ER cells (data not shown). We noted that
phosphorylation of S203 by Erk2 did not increase the recruit-
ment of helices 2 to 12 by hinge-helix 1 SF-1 in GST pulldown
assays (data not shown). This result may reflect the inability to
exceed the already high levels of in vitro helix assembly ob-
served for SF-1 or, alternatively, may suggest that the S203
phosphorylation increases the activity of the assembled recep-
tor complex. Nonetheless, our collective data suggest that
phosphorylation of the hinge domain (S203) enhances the as-
sembled LBD activity.
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FIG. 1. Predicted secondary structure of the hinge-LBD region of SF-1. (A) Sequence alignment of SF-1 hinge-LBD is shown for two
mammalian species and the other member of subclass V family of nuclear receptors, LRH1. Included in this alignment are human and mouse
sequences of SF-1 and LRH1 and the human sequence of RXR�. The sequence numbering is indicated at the beginning of every new line.
Predicted alpha-helices and beta-turns are indicated in bold and above in rainbow-colored boxes (rectangles and triangles, respectively) ranging
from 1 to 12 for the alpha-helices. (B) Modeling of SF-1 predicts a helical bundle with a ligand binding polar pocket. A three-dimensional model
of the SF-1 LBD was obtained using the WHATIF program (50). Helices are indicated in rainbow colors and numbered corresponding to the
coloring shown in panel A, with blue lettering used to depict the hinge region.
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MAPK phosphorylation of S203 modulates a heterologous
LBD. To test whether the effects of S203 phosphorylation
observed for SF-1 could be transferred to a heterologous LBD,
we created a chimera that included the SF-1 hinge region and
the TR� LBD. This SF-1-hinge/TR�-LBD chimera (referred
to as SF-1/TR�) was fused at conserved residues PEP, which
are located N�-terminal to their respective helices 1 (Fig. 4A).
In vitro phosphorylation of the SF-1/TR� chimera using re-
combinant Erk2 kinase was observed only when the SF-1 hinge
containing S203 was present (Fig. 4B). GST pulldown experi-

ments showed that this SF-1/TR� chimera was capable of
recruiting the nuclear receptor coactivator GRIP-1 in a ligand-
dependent manner (Fig. 4C). Moreover, phosphorylation of
the SF-1/TR� chimera increased cofactor recruitment, as re-
ported for SF-1 (Fig. 4C, lower panel) (11). GST pulldown
experiments showed that helix assembly of this SF-1/TR� chi-
mera was ligand dependent, in contrast to the ligand-indepen-
dent assembly of SF-1 (Fig. 4D). These results are similar to
those obtained previously with just the TR� hinge-helix 1 and
TR� helices 2 to 12 (34). Furthermore, assembly of the SF-1/

FIG. 2. Helix 1 of SF-1 contains an activation function AFH1 domain. (A) A schematic diagram of the major domains of the SF-1 protein is
shown, with the amino acid sequence of the hinge-helix 1 region presented below. (B) Activities of constructs diagrammed in panel A are shown
after cotransfection into NIH 3T3 cells with the luciferase reporter containing four tandem Gal4 binding sites, pGAL-RE-TK (54). Luciferase
activity is expressed as fold activation, with the empty Gal4-DBD expression vector taken to be 1. To monitor for gross differences in expression
levels of each Gal4 construct used, RT-PCR was performed using primers for both the Gal4 DBD present in all constructs and for actin; the results
are shown in the lower panel for all corresponding constructs transfected (upper panel).
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TR� chimera is specific for the LBD of TR�; no assembly was
observed with helices 2 to 12 of SF-1 (data not shown). In
contrast to the inherent transcriptional activity of the helix 1
region of SF-1, the chimera SF-1 hinge/TR� helix 1 displays no
basal transcription activity (Fig. 4E). Assays performed with
the �Raf-1:ER cells confirmed that assembly in trans is abso-
lutely dependent on T3 (Fig. 4E). As with SF-1, activation of
the MAPK pathway increased the helix assembly of the SF-1/
TR� chimera to a similar extent to that observed for SF-1 (Fig.
4E). However, slightly less assembly was observed with the
corresponding S203A mutant. This result is markedly different
from the dramatic reduction in assembly observed for the SF-1

S203A mutant (Fig. 3C) and suggests that secondary effects
such as cofactor phosphorylation participate in the assembly of
the SF-1/TR� chimera in the cellular context. We conclude
that phosphorylation of the SF-1 hinge region modulates co-
factor recruitment of a heterologous LBD.

Hinge phosphorylation stabilizes both SF-1 and a SF-1/TR�
chimera. To determine if phosphorylation of the SF-1 hinge
domain promotes a conformational change in the LBD, as
inferred from the increased activity of assembled helices and
increased cofactor recruitment, we performed limited proteol-
ysis on the SF-1 hinge-LBD before and after S203 phosphor-
ylation. We hypothesized that phosphorylation would stabilize

FIG. 3. Phosphorylation of SF-1 enhances recruitment of the LBD. (A) In vitro assembly of increasing amounts of purified recombinant
GST–SF-1 hinge-helix 1 protein with the in vitro-transcribed and translated [35S]methionine-labeled remainder of the LBD protein (SF-1 H2–12)
were assessed by a standard GST pulldown assay. Ten percent of the labeled input is shown as indicated (10% input), along with a single pulldown
with control GST protein (GST). (B) Association of SF-1 hinge-helix 1 with the remainder of the LBD was tested in a mammalian two-hybrid
experiment using NIH 3T3 �Raf-1:ER cells. The activation domain VP16 fused to SF-1 helices 2 to 12 (VP16-SF-1 H2–12) and the SF-1 hinge-helix
1 fused to the Gal4 binding domain were cotransfected with the Gal4-responsive luciferase reporter pGAL-RE-TK in �Raf-1:ER cells for 24 h.
VP-16 fused to helices 2 to 12 of TR� was also used in these experiments in the presence of T3 (1 �M). Similar results were obtained with the
mouse Y1 adrenocortical cell line, and assembly was shown to be dependent on VP16 (data not shown). (C) MAPK pathway activation increases
helix assembly of SF-1 in vivo. The luciferase activity of the pGAL-RE-TK (Gal4 reporter) is shown for a mammalian two-hybrid expression system
containing VP16-SF-1 H2–12 with different deletions, and mutants of SF-1 hinge-helix 1 fused to Gal4 DBD were cotransfected in the �Raf-1:ER
or in Y1 cells for 24 h. Activity was also measured in an S203A mutant harboring a nonphosphorylatable alanine residue. To activate the MAPK
pathway, �Raf-1:ER cells were treated with 10�5 M �-estradiol for 5 h. To inhibit the MAPK pathway, the MAPK inhibitor MAPK phosphatase
(MPK-1) expression vector was cotransfected in Y1 cells grown in standard growth media. The degree of SF-1 phosphorylation was evaluated by
using an S203-phosphospecific SF-1 antibody compared with signals obtained with a SF-1 antibody, with (�) our without (�) transfection of the
MPK-1. A representative Western blot is shown in the far-right panel.
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FIG. 4. MAPK phosphorylation modulates SF-1/TR� chimera. (A). A schematic representation of different domains of the SF-1/TR� chimera
protein is shown, with detailed sequence and secondary structure of the hinge-helix 1 region indicated below the diagram. (B) Erk2 phosphorylates
the SF-1/TR� chimera in vitro. GST fusion proteins containing the SF-1 hinge-LBD, the SF-1 hinge/TR� LBD, or the TR� LBD were
phosphorylated in vitro by Erk2, as described in Materials and Methods. (C) Phosphorylation increases recruitment of the nuclear receptor
coactivator pGRIP by SF-1/TR� only in the presence of the T3 ligand (�T3). Associations were assessed by GST pulldown assays using the
GST–SF-1 hinge/TR� LBD recombinant protein and in vitro-transcribed and translated [35S]methionine-labeled GRIP1 in the absence or
presence of 1 �M T3 (top panel). The bottom panel shows the same experiment done with in vitro-phosphorylated GST–SF-1 hinge/TR� LBD
protein. (D) Effects of SF-1 hinge region on the helix association of SF-1/TR� in vitro. In vitro assembly assays were performed with purified
recombinant GST–SF-1 hinge/TR� helix 1 protein and the in vitro-transcribed and -translated [35S]methionine-labeled remainder of the TR� LBD
protein (TR� H2–12). (E) In vivo helix assembly of the SF-1/TR� chimera using mammalian two-hybrid expression constructs. In the �Raf-1:ER
cells, Gal4–SF-1 hinge/TR� helix 1 or S203A mutant and VP16-TR� helix 2–12 were cotransfected with pGAL-RE-TK for 24 h in the presence
of 1 �M T3 or vehicle alone. The MAPK pathway was activated using 10�5 M �-estradiol for 5 h, and the luciferase activity was measured.
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SF-1, making it less accessible to proteases akin to the ligand-
induced conformational changes observed for ligand-depen-
dent receptors (1, 9, 21, 48). Limited proteolysis was carried
out on purified phosphorylated hinge-LBD SF-1 protein (res-
idues 179 to 462) (Fig. 5A). For nonphosphorylated SF-1 pro-
tein, we observed four major fragments after limited chymo-
trypsin digestion. Identical peptide fragments were obtained as

judged by Edman sequencing following Erk2 phosphorylation;
however, both the dynamics and ratios of the fragments
changed dramatically. Specifically, we noted that the full-
length hinge-LBD SF-1 fragment persisted much longer
whereas cleavage in the hinge region was altered significantly,
as evidenced by the reduced proteolytic products beginning at
residues 202 or 219, just N�-terminal of helix 1 (Fig. 5A, right

FIG. 5. Phosphorylation of SF-1 or an SF-1/TR� chimera reduces protease sensitivity. (A) Purified recombinant SF-1 hinge-helix 1 protein
spanning residues 179 to 462 (12.5 �g per point) was phosphorylated with recombinant Erk2 and then incubated with chymotrypsin for 5, 10, or
15 minutes. The four major proteolytic fragments identified by protein sequencing, as described in Materials and Methods, are shown relative to
the hinge and LBD regions in SF-1 (left panel). In the right panel, results of chymotrypsin cleavage are shown, with the N�-terminal residue
corresponding to each peptide indicated. (B) In vitro-transcribed and -translated [35S]methionine-labeled full-length SF-1 protein was incubated
with increasing amounts of chymotrypsin protease in the presence or absence of 25-OH hydroxycholesterol (�25-OHC) (left and middle panels),
or after phosphorylation with Erk2 (�Erk2) (right panel). Full-length protein is indicated (black arrowheads). (C) Limited proteolysis with
chymotrypsin was carried out on a chimeric protein containing the SF-1 DBD-hinge region fused to the TR� LBD (full-length SF-1/TR�) in the
absence (left panel) or presence (�T3, middle panel) of T3 and after Erk2 phosphorylation with no T3 (�Erk2, right panel). Full-length protein
is indicated (black arrowheads).
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panel). Interestingly, while more potential chymotrypsin sites
can be identified in the SF-1 hinge region (at residues 184, 186,
198, 213, and 215), these sites are not cleaved in either the
unphosphorylated or phosphorylated SF-1 protein. Taken to-
gether, these data imply that the hinge is not completely ex-
posed to solvent and that the protease sensitivity of the hinge
is reduced further after S203 phosphorylation.

Limited proteolysis was also used to determine the effects of
phosphorylation on full-length SF-1. A dramatic decrease in
protease sensitivity was observed with in vitro-phosphorylated
SF-1, as evidenced by the persistence of slower-migrating pep-
tide fragments (Fig. 5B, right panel). By contrast, addition of
the candidate SF-1 ligand, 25-hydroxycholesterol, had minimal
effect on the proteolytic pattern (Fig. 5B) (5). The lack of an
SF-1 ligand precludes a direct comparison of proteolytic pat-
terns generated from phosphorylated and liganded receptors.
To circumvent this problem, we used a full-length SF-1/TR�
chimera, which can be phosphorylated at S203 and can also
bind the T3 ligand. As predicted from previous analyses of
TR� (34), addition of T3 resulted in marked reduction of the
protease sensitivity (Fig 5C). More importantly, in the absence
of T3, Erk2 phosphorylation of the SF-1/TR� chimera exhib-
ited reduced protease sensitivity with an almost identical pat-
tern to that observed for the liganded chimera. The decreased
protease sensitivity observed for Erk2-treated SF-1 and SF-1/
TR� implies that S203 phosphorylation induces a conforma-
tional change in the LBD, similar to the stabilizing effects of
ligand for ligand-dependent receptors. Melting-temperature
profiles of purified hinge-LBD SF-1 protein showed that the
hinge-LBD of SF-1 unfolds as a single entity with a higher
melting temperature (48°C) than that observed for unliganded
TR� (45.8°C) (data not shown). Melting-temperature profiles
obtained for three independent preparations of highly en-
riched S203 phosphorylated protein showed a modest but re-
producible increase in the thermal transition temperature
(49.8°C), supporting the hypothesis that S203 phosphorylation
increases the overall stability of the LBD.

DISCUSSION

In contrast to the well-defined molecular events that trigger
ligand-dependent receptor activation, it is not well understood
how constitutively active orphan receptors, such as SF-1, are
regulated. In this study we found that the LBD of SF-1 is
compact and assembles in trans without addition of ligand,
suggesting that this orphan receptor normally assumes an ac-
tive conformation, with helices 1 and 12 packed against the
LBD helical bundle. These studies extend our previous work
on SF-1 phosphorylation (11) and show that S203 phosphory-
lation in the hinge contributes to the stabilization of the LBD,
analogous to ligand-induced stabilization for ligand-dependent
receptors. These stabilizing effects can be transferred to a
ligand-dependent LBD, as illustrated in experiments con-
ducted with the SF-1–hinge/TR�-LBD chimera. Our collective
data suggest that the hinge together with helix 1 is an individ-
ualized specific motif, which is tightly associated with its cog-
nate LBD. For SF-1, we found that this intramolecular asso-
ciation and hence receptor activity are further enhanced by
MAPK phosphorylation, thus mimicking many of the ligand-
induced changes observed for ligand-dependent receptors.

Activation of SF-1 versus ligand-dependent receptors. The
structural consequences of ligand binding to the LBD are now
well understood for many receptors (39). Ligand acts by sta-
bilizing and remodeling the helical structure of the LBD, with
the predominant change being seen in the position of helix 12.
Despite some obvious differences between SF-1 and other
members of the nuclear receptor gene family, secondary-struc-
ture prediction of the SF-1 hinge-LBD region shows it to be
remarkably similar to other receptors from helices 3 to 12. Our
choice to use liganded RXR� as a template to model SF-1 is
partially validated by the fact that assembly of helix 1 with
helices 2 to 12 takes place in the absence of ligand and that our
proteolysis experiments show helix 12 to be protected. These
data agree with our model of SF-1, in which helices 1 and 12
are tightly associated with the LBD helical bundle rather than
being loosely associated, as shown for unliganded receptors
(34). Our findings cannot exclude the possibility that a small
molecule occupies the ligand binding pocket in our experi-
ments, as has now been shown by solved LBD structures of
other orphan nuclear receptors (3, 4, 47). However, we con-
clude that SF-1 exhibits many features of ligand-dependent
receptors in the apparent absence of a ligand.

Hinge-helix 1 in nuclear receptor function. For many nu-
clear receptors, the N�-terminal AF1 acts synergistically with
the AF2 domain in achieving full transcription activity, and
together they simultaneously interact with either one coactiva-
tor or a coactivator complex (2, 8, 19, 49, 55). However, genetic
dissection of these two activation functions show that AF1 and
AF2 act independently of one another in vivo, as shown by the
distinct development effects following their isolated disruption
(28). This finding is consistent with the fact that some nuclear
receptor cofactors exhibit specificity for either AF1 or AF2
(reviewed in reference 36). In SF-1, an AF2-independent ac-
tivation domain is found in helix 1 of the LBD (see above) (11,
31). In this respect, the AFH1 domain in SF-1 is reminiscent of
other non-AF-2 activation function domains found in several
steroid receptors. For the estrogen receptor alpha (ER�) and
GR, this unconventional activation function is referred to as
AF2a or tau (	)2, respectively (29, 30). While helix 1 of SF-1
has very little identity to this 	2 region, it does contain an
LXXLL cofactor interaction motif that may facilitate its inter-
action with the p160 cofactor family, other nuclear receptors,
and unidentified cofactors. It will be of interest to determine if
there are AFH1-specific coregulators, as shown for the 	2 of
GR (58).

Phosphorylation and stabilization of the LBD. Whether the
integration of extracellular signal and nuclear receptor activity
plays a more prominent role in regulating SF-1 than for ligand-
dependent receptors is not clear. In work described in this
paper, we have established that SF-1 is phosphorylated in the
Y1 cells using a phospho-S203 SF-1 antibody. The close prox-
imity of phosphorylated S203 to the putative helix 1 suggests
that these two regions might participate in stabilization of the
LBD. This arrangement is conserved between SF-1 and its
closest homologue, the liver-related homologue (LRH1) re-
ceptor, with a potential MAPK phosphorylation site located at
PYASPP in the hinge region (Fig. 1A). Interestingly, two other
orphan receptors, Nurr1 and Nor1, have a potential MAPK
site in the hinge region just adjacent to helix 1. Our hypothesis
that phosphorylation stabilizes the LBD is supported by the
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fact that phosphorylation changes the dynamics of proteolysis,
increases the activity of an assembled SF-1 LBD, and repro-
ducibly increases the melting transition. Thus, the effects of
hinge phosphorylation in SF-1 appear to render the LBD more
stable and compact, similar to ligand-dependent receptor ac-
tivation.

Experiments with the SF-1/TR� chimera protein demon-
strate that phosphorylation of the SF-1 hinge domain further
enhances ligand-induced cofactor recruitment and helix assem-
bly. Decreased protease sensitivity was observed after phos-
phorylation of the SF-1/TR� chimera in the absence of ligand.
We noted that in our helix assembly assays, the SF-1/TR�
chimera receptor requires larger quantities of T3 than does
TR�. Unexpectedly then the loss of the small TR� hinge
region precludes maximal ligand potency (M. Desclozeaux and
I. N. Krylova, unpublished data). Although further experi-
ments are needed to examine this effect, these preliminary data
suggest that both helix 1 and the very distal hinge region are
essential for maximal receptor function. This is consistent with
recent results showing that enhanced assembly of TR� by the
coactivators GRIP1 and SRC1 is dependent on helix 1 (57).
Because MAPK-induced helix assembly remained intact in the
S203A SF-1/TR� mutant, we speculate that coactivator phos-
phorylation may indirectly enhance the assembly of the SF-1/
TR� mutant in a cellular context (25). By contrast, the MAPK-
induced assembly was absent in the S203A SF-1 mutant,
suggesting that MAPK-induced assembly in SF-1 is due pri-
marily to SF-1 phosphorylation.

While the precise structural impact of phosphorylation on
the LBD has yet to be determined, it is tempting to speculate
that S203 phosphorylation induces conformational changes in
the adjacent unstructured hinge region similar to that found
when phosphorylated CREB binds to p300 (37). For instance,
in SF-1, S203 phosphorylation could nucleate one or two prox-
imal helices in the hinge, allowing the hinge to simultaneously
bind and stabilize the LBD. In addition, S203 phosphorylation
could induce a change in the AFH1 and thereby modulate
specific cofactor recruitment, possibly in an AF2-independent
manner, as shown previously for estrogen receptor on MAPK
phosphorylation (49). In the present study, we found that the
AFH1 activity, by itself, is not enhanced by activation of the
MAPK pathway but instead requires the full LBD, suggesting
a codependency of AFH1 and AF2 in mediating full SF-1
activity. Further experiments are needed to address both the
structural and physiological consequences of SF-1 S203 phos-
phorylation.
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