
Hormone Binding and Co-regulator Binding to the
Glucocorticoid Receptor are Allosterically Coupled□S

Received for publication, January 26, 2010, and in revised form, March 9, 2010 Published, JBC Papers in Press, March 24, 2010, DOI 10.1074/jbc.M110.108118

Samuel J. Pfaff ‡ and Robert J. Fletterick§1

From the ‡Graduate Group in Biophysics and the §Department of Biochemistry and Biophysics, University of California,
San Francisco, California 94143

The glucocorticoid receptor initiates the cellular response to
glucocorticoid steroid hormones in vertebrates. Co-regulator pro-
teins dock to the receptor in response to hormone binding and
potentiate the transcriptional activity of the receptor bymodifying
DNA and recruiting essential transcription factors like RNA
polymerase II.Hormones andco-regulatorsbindatdistinct sites in
the ligand binding domain yet function cooperatively to mediate
transcriptional control. This study reveals andquantifies energetic
coupling between two binding sites using purified components.
Using a library of peptides taken from co-regulator proteins, we
determinethepatternofco-regulatorbindingtotheglucocorticoid
receptor ligand binding domain. We show that peptides from co-
regulators differ in their effects on hormone binding and kinetics.
Peptides from DAX1 and SRC1 bind with similar affinity, but
DAX1 binding is coupled to hormone binding, and SRC1 is not.
Mechanistic details of co-regulator binding and coupling to the
hormone binding pocket are uncovered by analysis of properties
endowed by mutation of a key residue in the allosteric network
connecting the sites.

Vertebrate endocrine signaling by steroids is primarily medi-
atedby the steroid receptor (SR)2 classofnuclear receptors (1). SRs
affect biological outcomes by regulating target gene mRNA levels
through transcriptional activation and active repression. The glu-
cocorticoid (GC) steroids are the primary stress hormones
released by hypothalamic-pituitary-adrenal axis in humans and
regulate numerous physiological processes, including homeo-
stasis, cell differentiation, apoptosis, andmetabolism (2, 3). Dis-
ruption of GC signaling is a component ofmany diverse disease
states, including depression, leukemia, and asthma. Natural
and synthetic GCs are among the most prescribed drugs for
their anti-inflammatory and immune-suppressive profiles.
However, long term GC treatment may result in severe side
effects including diabetes, glaucoma, and osteoporosis (2–4).
The first localized step in translating a glucocorticoid signal

toward a genomic outcome is the binding of GC to the glu-

cocorticoid receptor (GR) in the cytosol. In the absence of hor-
mone, GR is sequestered outside the nucleus where it is stabi-
lized by regulatory complexes of chaperone proteins, which
includeHsp90, Hsp70, Hsp40, HOP, and p23 (5–7). Interaction
with this complex is required for high affinity ligand binding to
GR and all other SRs (8, 9). After ligand binding, GR is trans-
ported to the nucleus (9–13), where it initiates a multistep
series of events that are cell- and tissue-specific programs of
gene activation and repression (14–19).
GR is a modular scaffolding protein, consisting of three

major functional domains. The N-terminal 400 residues com-
prise a mostly unstructured region that harbors a transcrip-
tional activation region dubbed activation function 1 (AF-1).
AF-1 can bind co-regulator proteins, and its transcriptional
activity is not ligand-dependent (20, 21). Residues 430–500
compose a direct DNA binding domain that is the most well
conserved domain across all nuclear receptors (NRs) (22–24).
GR forms homodimers through this domain and uses zinc fin-
ger motifs coded in this region to recognize and bind specific
glucocorticoid binding sequences associated with target genes
on DNA (25). Interestingly, a recent study elucidated a role for
the DNA binding domain and the specific glucocorticoid bind-
ing sequence to which it is bound in allosteric, interdomain
communication through the receptor (26).
The C-terminal 250 residues of GR encompass the ligand

binding domain (LBD), which initiates the cell response toGCs.
GR preference for its natural hormone cortisol evolved through
mutations in the LBD �400 million years ago when it diverged
from the mineralocorticoid receptor (27). Interestingly, the
molecular basis of its evolved specificity involves mutations at
the receptor-hormone interface as well as sets of permissive
mutations to other regions of the LBD shown to be critical in
stabilizing a functional receptor conformation (27–29). Well
conserved through the nuclear receptor superfamily, the LBD is
a three-layered �-helical sandwich structure whose hydropho-
bic core is completed by lipophilic hormone binding to the pro-
tein interior (30–32). The surface of the nuclear receptor LBD
typically contains at least two protein-protein interaction sites;
they are a dimerization surface, more prevalent in the class II
receptors (thyroid hormone receptor, vitamin D receptor, ret-
inoic acid receptor) that are regulated by forming heterodimers
with retinoid X receptor (33), and a co-regulator protein dock-
ing site, termed activation function-2 (AF-2). Composed of res-
idues from helices 3, 4, 5, and 12, AF-2 is a shallow, mainly
hydrophobic groove surrounded by polar residues that allows
for specific docking of co-regulators to the LBD surface
(34–36).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2.
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Co-regulators are essential players in the transduction of
hormone signals through nuclear receptors (37–39). Canoni-
cally, ectopic expression of co-activators, including the p160
family (40–42), leads to an enhancement of target gene expres-
sion upon hormone treatment, whereas co-repressors such as
NCoR and SMRT silence hormone-induced gene expression
(43). The intrinsic functionality of co-regulators is varied, with
many implicated in chromatin remodeling and recruitment of
the basal transcription machinery (44, 45). As their docking to
nuclear receptors typically follows ligand binding and subse-
quent localization to the nucleus, co-regulators represent a
vital, cell-specific layer of control that can be employed tomod-
ify the cellular response to hormone.
Both co-activators and co-repressors interact with NR LBDs

by docking short, amphipathic, helical segments at the AF-2
surface (34, 46).Many co-regulators contain several of theseNR
interaction sites, referred to henceforth as NR boxes. The
canonical co-activator NR box is composed of the sequence
LXXLL, where L is leucine, and X is any amino acid. The most
well characterized co-activators, the p160 family (40–42,
47–49), each contain at least three NR boxes that share the
LXXLL core but differ in the residues at the �2 and �3 posi-
tions in addition to the flanking sequence. These residues have
been shown to be key determinants of selectivity between co-
regulators and the wide array of NRs with which they interact
(50). Several studies have determined patterns of co-regulator
binding to NR LBDs by structural, biochemical, or cell-based
methods (51–56). Interestingly, manyNRs assayed show differ-
ent patterns of co-regulator binding based on the identity of the
ligand in the binding pocket, implying allosteric coupling
between the two sites.
This report presents the first quantitative assessment of

coupling between GR LBD key functional sites. Allosteric
modulation of ligand binding kinetics by co-regulators at the
AF-2 surface is revealed and characterized using fluorescence
polarization (FP). A similar technique is applied to determine
and quantify the pattern of co-regulator binding to agonist-bound
GRLBDusinga libraryof 18NRboxpeptides fromphysiologically
important co-regulators.Additionally, themechanismof actionof
a recently discovered mutation with profound functional conse-
quences in the cell is elucidated (57). Together these results repre-
sent a first step in thedevelopmentof aquantitative framework for
the description of coupling between the co-regulator docking site
and the ligand binding site.

MATERIALS AND METHODS

Protein Expression and Purification—Human GR LBD (520–
777, F602S, C638D with/without M752I) was expressed as a His6
fusion protein from amodified pACYCDuet vector in Escherichia
coli strain BL21Star. The encodedGR sequencewas optimized for
expression in E. coli (GeneArt, Burlingame, CA). Expression and
purificationwerecarriedout asdescribed (58).Thrombincleavage
of the His6 tag was carried out during dialysis into storage buffer
containing 20mMHEPES, pH7.4, 150mMNaCl, 10% glycerol, 0.2
mMTCEP, 0.04% CHAPS, 10 �M dexamethasone.
Ligand Removal—Ligand-free GR for fluorescence studies

was prepared in twomanners. ForGRSD (F602S,C638D), ligand
removal was accomplished by passage over a NAP-25 desalting

column (GEHealthcare). For GRM752I (F602S, C638D,M752I),
dialysis into storage buffer without dexamethasone followed by
passage over a NAP-25 column was necessary.
NR Box Peptide Library—NR box peptides were obtained

from Elim Biopharmaceuticals (Hayward, CA) with the
exception of SRC1-3 and SRC3-3, which were generous gifts
of Dr. R. K. Guy. SRC1-3 and SRC3-3 each contain a non-
native N-terminal cysteine residue to allow for easy coupling of
fluorescent probes. All other NR box sequences are wild type.
Peptide sequences are as follows: SRC1-2, CPSSHSSLTERHK-
ILHRLLQEGSPS; SRC1-3, CESKDHQLLRYLLDKDEKDL;
SRC1-4, AQQKSLLQQLLTE; SRC2-1, SKGQTKLLQLLTCSS;
SRC2-2, KHKILHRLLQDSS; SRC2-3, KENALLRYLLDKDD;
SRC3-3, CKKENNALLRYLLDRDDPSD; PGC1�-1, EPSLLKK-
LLLAPAN; ARA70-2, TSEKFKLLFQ; Hsp90-1, NLCKIMKDI-
LEK; Hsp90-2, GWTANMERIMKAQ; DAX1-1, QWQGSILY-
NMLMSAK; DAX1-2, PRQGSILYSMLTSAK; DAX1-3, PRQ-
GSILYSLLTSSK; SHP-1, ASHPTILYTLLSPGP; SHP-2, APVP-
SILKKILLEEPNS; SMRT-1, RVVTLAQHISEVITQDYTR;
SMRT-2, TNMGLEAIIRKALMGKYD.
Fluorescence Polarization Kinetics—All fluorescence polar-

ization experiments were carried out in black, non-binding sur-
face, 384-well plates (Corning) in a buffer containing 20 mM

HEPES, pH 7.4, 150 mM NaCl, 0.2 mM TCEP, 0.04% CHAPS at
room temperature. Kineticmeasurementswere performed on a
SpectraMax M5 plate reader (Molecular Devices). For associa-
tion measurements, GR was incubated with the specified pep-
tide for 15min at room temperature followed by the addition of
dexamethasone-fluorescein (Invitrogen) at t� 0. Final concentra-
tions of components were 1 �M GR, 10 �M peptide, and 20 nM
dexamethasone-fluorescein. Timed measurements were taken
typically every 30 s or 1 min until after the reaction had reached
equilibrium. Dissociation was initiated by the addition of 50 �M

unlabeled dexamethasone, and measurements were taken until
equilibriumwas reached. Data were fit using nonlinear regression
to one-phase association or one-phase decay models in Prism 5
(GraphPad Software). All values reported represent the mean �
S.E. of at least three independent experiments.
Fluorescence Polarization Affinity—All fluorescence polar-

ization experiments were carried out in black, non-binding sur-
face, 384-well plates (Corning), in a buffer containing 20 mM

HEPES, pH 7.4, 150 mM NaCl, 0.2 mM TCEP, 0.04% CHAPS at
room temperature. 1 �M GRSD or 500 nM GRM752I was incu-
bated with 40 nM fluorescein-labeled dexamethasone (dex-fl)
until equilibrium was reached. GR�dex-fl was diluted 1:1 into
samples of peptide from 200 �M to 30 nM prepared by serial
dilution. Final concentrations of components were 500 nM
GRSD, 20 nM dex-fl, 100 �M–15 nM peptide or 250 nM GRM752I,
20 nM dex-fl, 50 �M–7.5 nM peptide. Steady-state affinity mea-
surements were performed on an Analyst AD, Analyst HT, or
SpectraMaxM5 plate reader (Molecular Devices). Data were fit
by nonlinear regression to a one-site saturation binding model
in Prism 5 (GraphPad Software). All values reported represent
the mean of at least three independent experiments.
Fluorescent NR Box Probes—SRC1-3 and SRC3-3 peptides

were synthesized with a non-native cysteine at the N terminus
to allow easy coupling to fluorescent probes (51). Maleimide-
Alexa Fluor 555 (Invitrogen) was coupled to each peptide in 20
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mMHEPES, pH 7.1, 0.4 mM TCEP at room temperature for 3 h.
The reaction was quenched with �-mercaptoethanol, and the
peptides were separated from free probe using a Superdex Pep-
tide column on an Akta Explorer FPLC (GE Healthcare). Pep-
tide concentration was determined using � � 280 nM absor-
bance, with the appropriate correction factor applied to
account for the Alexa Fluor 555 contribution to the signal.
Binding measurements were made in either FP buffer (20 mM

HEPES, pH 7.4, 150mMNaCl, 0.04%CHAPS, 0.2 mMTCEP) or
FP plus 10 �M dex at room temperature on a SpectraMax M5
plate reader (Molecular Devices). NR box-fluor, present at 20
nM in all wells, was titrated with GR from 10 �M to 4.5 nM.
Isotherms were analyzed and fit by nonlinear regression to a
single-site saturation binding model in Prism 5 (GraphPad
Software). All values reported represent the mean � S.E. of at
least three independent experiments.

RESULTS

GRLigand Binding Kinetics—Crystal structures show a spec-
trum of physical interactions of GR LBD with peptides, drugs,

and self (59–63). However, quantitative evaluation of these
interactions and their relationships is scant. Biochemical inter-
rogation of GR LBD and its various interaction partners has
long been hindered by difficulty in obtaining stable, functional
receptors for in vitro studies. The majority of published work
using recombinantly expressed GR LBD, including this study,
has been aided by incorporation of solubility-enhancing muta-
tions discovered by yeast screens of GR activity (58, 59, 64),3
and GR containing the mutations F602S and C638D will be
referred to henceforth as GRSD.

To assess the functionality of purified GR LBD, binding
kinetics of dex-fl (Fig. 1A) were measured using fluorescence
polarization (Fig. 2). dex-fl is a fluorescent analogue of the
potent, synthetic GC dexamethasone that has been shown to
bind GR with a similar affinity (65). To facilitate this ligand
binding study, unlabeled dex remaining from the protein prep-
aration was removed from solution through dialysis or desalt-

3 B. Darimont, unpublished results.
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FIGURE 1. A, dexamethasone (left) and dexamethasone-fluorescein (right) are shown. B, schematics depicting the interactions observable by fluorescence
polarization with dex-fl are shown. dex-fl (ring structure) binds GR (large shape) yielding high polarization. Co-regulator peptide (gray oval) binds GR�dex-fl, and
binding is affected through allostery, further increasing dex-fl polarization.
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ing. Previous studies (58, 60, 64) have shown that recombi-
nantly expressed GR LBD can readily exchange ligand under
non-denaturing conditions, in sharp contrast with the andro-
gen receptor,4 suggesting ligand binding pocket accessibility
may be a feature of GR. Fig. 2, A and B, shows association and
dissociation of the GRSD�dex-fl complex monitored to equilib-
rium. Both processes were fit to a single exponential model that
yielded half-times of 41 and 160 s at 25 °C for association and
dissociation, respectively.
NRBox Peptides Slow LigandBinding—Previous studies have

shown NR box peptides have a stabilizing effect on the AF-2
regions of NRs (66–69). Reflecting this, several NRs, including
GR andmineralocorticoid receptor, require addition of NR box
peptides to obtain complexes stable enough for crystallo-
graphic study (61, 70). Helix 12 and other structural elements
that form the AF-2 binding site have been postulated to form a
lid on the ligand binding pocket (71). This encouraged us to
evaluate the functional interplay between NR box binding to
GRs AF-2 and dex-fl binding to the ligand binding pocket using
FP kinetics.
GR was incubated with a 10� molar excess of each of 18

physiologicalNRbox peptides andwas then assayed for binding
to dex-fl (Fig. 3, Table 1). Association of the GRSD�dex-fl com-
plex in the presence of peptides from the DAX1 co-repressor
and SRC2 co-activator are shown in Fig. 3A. Both peptides alter
two components of the exponential association process; the
binding plateau is heightened, and time to equilibrium is
extended, 5-fold for SRC2-3 and 6-fold for DAX1-3. Fig. 3C
shows t1⁄2 values for GRSD�dex-fl complex formation in the pres-
ence of peptides from our NR box library. Many NR box pep-

tides showed little influence on the
on-rates of the hormone analog, but
large changes in rates were found
for SRC1-4, SRC2-3, SRC3-3,
PGC1�-1, DAX1-2, DAX1-3, and
SHP-2, indicating that peptide resi-
dence at AF-2 affects the ligand
binding pocket. To confirm the
binding through a direct mea-
sure, isothermal titration calorime-
try experiments were carried out
with interacting peptide SRC1-4
and GR showing a strong interac-
tion (data not shown). A more dra-
matic effect was observed during
dissociation of the GR�dex-fl com-
plex (Fig. 3,B andD), initiated by the
addition of 50 �M unlabeled dex. In
this library SRC2-3 and DAX1-3
slowed ligand dissociation by 10-
and 27-fold, respectively (Fig. 3B).
This biased modulation of dissocia-
tion kinetics was apparent for all NR
box peptides that affected ligand
binding (Fig. 3, C and D, Table 1).
M752I Throttles GR Ligand Bind-

ing—In a recent study Ricketson et al. (57) identified several
mutations of the GR LBD that increase responsiveness to dex
while also reducing the receptor dependence on ubiquitous
molecular chaperone Hsp90. One of the mutations identified
was M752I, which in addition to the aforementioned effects
was shown to increaseGR affinity for co-regulator SRC2. Struc-
turally, Met-752 is positioned at a key location for inter- and
intraprotein interactions (59). At the N terminus of helix 12, it
directly contacts bound NR box peptides at its �1 position, a
conserved hydrophobic residue, and packs against hydropho-
bic side chains from residues in neighboring helices of the
receptor. Methionine side chains are both hydrophobic and
flexible. Receptors naturally possessing amore constrained Leu
at this position, including those for thyroid hormone, retinoic
acid, and vitamin D, typically do not depend on Hsp90 in the
unliganded state. These receptors are localized to the nucleus in
the absence of ligand and are regulated by the nuclear receptor
RXR through heterodimerization (33, 72–74). Fig. 2, C and D,
shows association and dissociation of dex-fl from GRM752I.
Both processes were fit to a single exponential model that
yielded half-times of 170 and 2172 s, respectively, for associa-
tion and dissociation. Thus,mutation of a flexible, hydrophobic
surface residue 10 Å from the dex-fl molecule slowed both pro-
cesses, with a greater impact being observed on dissociation,
suggesting the amino acid residue at position 752 affects ligand
binding pocket stability through a mechanism likely similar to
that shown by NR box binding.
M752I AF-2 Binding Preferentially Slows Hormone Asso-

ciation—NRboxmodulation of dex-fl binding kinetics was also
explored with GRM752I. Interacting NR box peptides produced
highly stable complexes, with t1⁄2 association as high as 9,400 s
(DAX1-3; Fig. 4, A and C) and t1⁄2 dissociation reaching 74,000 s4 S. J. Pfaff and R. J. Fletterick, unpublished results.

FIGURE 2. GR�dex-fl binding kinetics. A, 1 �M GRSD (F602S, C638D), 20 nM dex-fl association is monitored by
fluorescence polarization. B, 1 �M GRSD, 20 nM dex-fl dissociation induced by the addition of 50 �M unlabeled
dex is shown. C, 1 �M GRM752I, 20 nM dex-fl association is shown. D, 1 �M GRM752I, 20 nM dex-fl dissociation. All
data fit to one-phase exponential models to yield half-times.
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(DAX1-3; Fig. 4, B and D). Dex-fl dissociation was not moni-
tored to equilibrium for reactions with strong interacting pep-
tides, as the time required to reach a lower plateau was too long
to ensure high protein quality for the duration of the assay. To
acquire an estimate of the t1⁄2 in this situation, we measured the
reaction for typically at least 50,000 s and extrapolated the fit
curve to a lower polarization plateau of 20 mP. Data sets for

SRC1-4, SRC2-3, PGC1�-1, DAX1-2, and DAX1-3 were
treated this way. Strikingly, the effect of NR box on ligand asso-
ciation and dissociation rates was reversed from GRSD in the
context of M752I, with the peptide having greater influence on
dex-fl association (Table 1).
To test the hypothesis that NR box peptides havemore affin-

ity for unligandedGRM752I, SRC3-3 was covalently labeled with

FIGURE 3. NR box binding is coupled to ligand binding kinetics. A, 1 �M GRSD, 20 nM dex-fl association in the presence of 10 �M SRC2-3 (circles), DAX1-3
(squares), and no NR box (gray circles) is shown. Base-line-subtracted data fit to one-phase exponential model. Error bars are omitted for clarity. B, half-times of
GRSD�dex-fl association in the presence of 10 �M NR box are shown. C, 1 �M GRSD, 20 nM dex-fl dissociation in the presence of 10 �M SRC2-3 (circles) and DAX1-3
(squares) is shown. D, half times of GRSD�dex-fl dissociation in the presence of 10 �M NR box are shown.

TABLE 1
Half-times of association and dissociation of the GR�dex-fl complex
Bold numbers represent -fold half-time increase over no peptide condition.

NR box peptide
GRSD GRM752I

t1⁄2 on -Fold increase t1⁄2 off -Fold increase t1⁄2 on -Fold increase t1⁄2 off -Fold increase

s s s s
No peptide 41 1 160 1 170 1 2172 1
SRC1-2 33 1 206 1 301 2 3931 2
SRC1-3 54 1 392 2 668 4 6326 3
SRC1-4 211 5 2152 13 3078 18 41069 19
SRC2-1 100 2 418 3 471 3 4887 2
SRC2-2 54 1 222 1 312 2 3455 2
SRC2-3 192 5 1692 11 3143 18 29273 13
SRC3-3 138 3 910 6 2265 13 18907 9
PGC1�-1 159 4 1325 8 2341 14 31007 14
ARA70-2 64 2 207 1 281 2 2444 1
Hsp90-1 64 2 215 1 292 2 2613 1
Hsp90-2 53 1 175 1 188 1 1622 1
DAX1-1 48 1 198 1 264 2 2790 1
DAX1-2 170 4 1506 9 3193 19 28890 13
DAX1-3 259 6 4288 27 9452 56 73949 34
SHP-1 99 2 368 2 1432 8 10301 5
SHP-2 141 3 683 4 2295 13 17496 8
SMRT-1 47 1 165 1 244 1 2021 1
SMRT-2 41 1 150 1 225 1 1588 1
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Alexa Fluor 555 through its N-terminal cysteine for direct-
binding fluorescence polarization measurements (Fig. 5) (51,
52). In the presence of 10�Mdex, GRM752I bound SRC3-3-fluor
with a KD � 349 � 22 nM (Fig. 5B). GRM752I that had been
stripped of ligand bound SRC3-3-fluor with a nearly identical
KD of 327 � 33 nM, indicating that both holo- and apoGRM752I
present interaction-competent AF-2 surfaces. For comparison,
the analogous experiments were carried out with GRSD SRC3-
3-fluor-bound apo- and holo-GRSD similarly, with a KD �
676 � 61 nM for apo- and a KD � 741 � 61 nM for dex-bound
GRSD (Fig. 5A). Thus, each GR binds this peptide nearly as well
with or without hormone but the stronger interaction is with
GRM752I.

Determination of NR Box Bind-
ing Affinities by FP—NR box bind-
ing to AF-2 alters the plateau in
polarization in addition to the
kinetics of GR�dex-fl complex for-
mation (Fig. 3A). This finding
allowed determination of NR box
binding affinities using dex-fl
polarization as a readout. A major
source of this enhanced polariza-
tion signal is likely an increase in
the affinity of dex-fl for GR as a
function of co-regulator peptide
bound at AF-2. As polarization is a
composite signal influenced by

physical and chemical factors affecting the fluorophore, the
potential contributions of other sources to the enhanced
polarization observed cannot be discounted. Titrations of
NR box peptide were performed against constant concentra-
tions of GR and dex-fl, yielding KD values for 8 of 18 peptides
tested (Table 2, supplemental Fig. S1). Example titration
curves representing the various binding modes observed are
shown in Fig. 6.
NR box binding to GR occurred in six distinct modes: high

plateau saturable binding (a), low plateau saturable binding (b),
non-saturable binding (c), weak binding (d), no binding (e), and
co-repressor binding (f). As expected, NR box peptides identi-
fied as having the greatest effect on ligand binding kinetics were

FIGURE 4. GRM752I�dex-fl binding kinetics in the presence of NR box peptides. A, 1 �M GRM752I, 20 nM dex-fl association in the presence of 10 �M SRC2-3
(circles) and DAX1-3 (squares) is shown. Base-line-subtracted data fit to a one-phase exponential model. B, half-times of GRM752I�dex-fl association in the
presence of 10 �M NR box are shown. C, 1 �M GRM752I, 20 nM dex-fl dissociation in the presence of 10 �M SRC2-3 (circles) and DAX1-3 (squares) is shown.
D, half-times of GRM752I�dex-fl dissociation in the presence of 10 �M NR box are shown.

FIGURE 5. GR binding to SRC3-3-fluor with and without dex. A, GRSD titrated against 20 nM SRC3-3 conju-
gated to Alexa-Fluor 555 in the presence (circles) or absence (squares) of 10 �M dex is shown. B, GRM752I titrated
against 20 nM SRC3-3 conjugated to Alexa-Fluor 555 in the presence (circles) or absence (squares) of 10 �M dex
is shown.
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primarily those that displayed saturable binding behavior. KD

values for these peptides are listed in Table 2. Of these NR box
peptides, four belong to the p160 family of co-activators
(SRC1-3, SRC1-4, SRC2-3, SRC3-3), whereas the others
(PGC1�-1, DAX1-2, DAX1-3, and SHP-2) represent different
families of co-regulators. PGC1�-1 is derived from a co-activa-

tor, whereas the remaining NR box peptides come from the
unusual nuclear receptors/co-repressors DAX1 and SHP. SHP
contains a putative LBD and has no identified ligand; the struc-
ture of DAX1 C-terminal 230 amino acids shows a nearly com-
plete LBD with no hormone binding pocket (74). Both are
implicated in GR signaling in an NR box-dependent manner
(75, 76). DAX1 and SHP are thought to silence NR-mediated
transcription by competing with co-activators for binding to
AF-2, and each appears to contain multiple NR box peptides
with affinity for GR. In the case of the nuclear receptor LRH-1,
DAX1NRboxeswere not implicated in repression of transcrip-
tion, and a different motif was identified (74). SHP-1 peptide
showed non-saturable binding behavior (Fig. 6C) yet had a sig-
nificant effect on ligand binding, suggesting moderate (�10
�M) affinity for GR (Table 1). DAX1-3 bound well to GR with
KD of 1–2 �M. However, its relative advantage in KD does not
appear great enough to explain its exaggerated effect on dex-fl
binding kinetics (Figs. 3 and 4 and Table 1). Together these
observations imply either a unique binding mode or multiple
binding sites for this peptide.

Half-times of association and dis-
sociation of the GR�dex-fl complex,
which are NR box-dependent, in
both GR contexts were used to clus-
ter the kinetic data for the 18 NR
box peptides in our library (Fig. 7).
In agreement with the equilibrium
data, two primary clusters consist-
ing of 6 binders and 11 non-binders
result, with two notable exceptions;
DAX1-3, whose exaggerated effects
make it an outlier, whereas SRC1-3,
found to have a strong affinity for
GR in our equilibrium assay, clus-
ters with non-binders due to its
weak effect on ligand binding kinet-
ics (Table 1).
SRC1-3 is grouped in the unique

low plateau saturable binding mode
(Fig. 6B). This novel binding mode,
characterized by strong affinity (1–2
�M) with a diminished maximum
binding signal, can be attributed to
SRC1-3weak effects on ligand bind-
ing kinetics (Table 1). By increasing
GR�dex-fl association and dissoci-
ation half-times only 1- and 2-fold,
the tight binding SRC1-3 shows the
weakest coupling to the ligand bind-
ing pocket. This suggests a transient
or passive docking to AF-2 that fails
to stabilize this region of the recep-
tor, in stark contrast to the other
seven saturable binders, most nota-
bly DAX1-3. As previous studies
using two-hybrid or peptide compe-
tition approaches have reported
either moderate (54) or very weak

FIGURE 6. GR binding to NR box peptides by allosteric FP reveals six binding modes. NR box peptides
titrated against 500 nM GRSD, 20 nM dex-fl are shown. A, SRC3-3, high plateau saturation is shown. B, SRC1-3,
low-plateau saturation is shown. C, SHP-1, non-saturable binding is shown. D, SRC2-2, weak binding is shown.
E, Hsp90-2, no binding is shown. F, SMRT-2, corepressor binding is shown. All data fit to one-site saturation
binding model. Residuals shown in the inset graphs.

TABLE 2
NR box peptide dissociation constants
Confidence interval (CI) values were determined by fitting to a one-site saturation
binding model. Values reported are the averages of at least three independent
experiments.

NR box GRSD KD, 95% CI GRM752I KD, 95% CI -Fold decrease

�M �M

SRC1-3 1–2 0.6–2.0 1
SRC1-4 1–3 0.2–0.7 5
SRC2-3 2–4 0.2–0.5 7
SRC3-3 2–5 0.2–1.0 6
PGC1�-1 2–3 0.2–1.0 4
DAX1-2 2–3 0.3–1.8 2
DAX1-3 1–2 0.2–0.4 5
SHP-2 3–9 0.7–1.4 6
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(61) interactions between GR and SRC1-3, it is likely that these
techniques were not sensitive to the binding mode of SRC1-3.
Theco-repressorNRboxSMRT-2displayedadifferentbinding

mode (Fig. 6F). SMRT-2, not thought to interact with agonist-
bound GR, contains the putative co-repressor motif
�XX��XXX�, where � is a hydrophobic residue. Co-repres-
sors bind to a structurally modified AF-2 region in which helix
12 is displaced from its active agonist-bound position (77, 78).
In contrast with the LXXLL-containing NR box peptides, titra-
tion of SMRT-2 caused a dose-dependent decrease in polariza-
tion of the GR�dex-fl complex. Although saturation was not
reached in the assayed concentration range, SMRT-2 appears
to act as a low affinity, non-competitive inhibitor of ligand
binding. Due to its weak affinity (IC50 � 25 �M), the biological
relevance of this interaction is questionable. However, the abil-
ity of GR to interact with SMRT-2 in an agonist-bound context
indicates that the receptor has enough intrinsic flexibility to
sample conformations capable of binding co-repressors (78).
M752I Increases NR Box Affinity—In addition to its alter-

ation of GR interactions with hormone and Hsp90, the M752I
mutation was also shown to produce qualitatively tighter bind-
ing of co-activator SRC2 in a pulldown assay (57). The peptides
identified as binders to GRSD (Fig. 8) were assayed for binding
to GRM752I using a similar experimental setup (supplemen-
tal Fig. S2, Table 2). A lower concentration of GR (250 nM as
opposed to 500 nM)was usedwithGRM752I as the binding signal

was empirically found to be optimal at this concentration. Two
distinct behaviors were seen across the eight peptides tested for
binding (Table 2). In agreement with the previous study, 7 of 8
NR box peptides showed at least a 2-fold increase in binding
affinity as comparedwithGRSD,whereas the affinity for SRC1-3
remained unchanged. SRC2-3 interaction with GRM752I
strengthened most dramatically, with a 7-fold decrease in KD
from GRSD, whereas the strongest interaction remained the
DAX1-3-GR interaction, with a KD of 0.2–0.4 �M.
Characterization of the GR-SRC1-3 Interaction—SRC1-3

emerged as anNRbox peptidewith novel properties by display-
ing a relatively strong interaction with GRSD (KD � 1–2 �M)
that did not strengthen upon mutation of Met-752 to Ile but
showed weak coupling to ligand binding kinetics, seemingly
incongruouswith its high affinity (Fig. 3, Table 1). Tomore fully
probe the GR-SRC1-3 interaction, an Alexa Fluor 555-conju-
gated SRC1-3 peptide was created for direct binding, fluores-
cence polarization studies. Kinetics of peptide binding were
impossible to measure with our assay setup, as the reaction
between GR and NR box peptides reached equilibrium within
30 s (data not shown). This finding is in line with surface plas-
mon resonance-derived kinetics of androgen receptor binding
NRboxpeptides.5 Steady-state equilibriumbinding assayswere
carried out with both GR constructs and SRC1-3-fluor in the
presence of 10 �M dex (Fig. 9). As can be appreciated from
the isotherms and accompanying error bars, the interaction
between GR and SRC1-3-fluor appears much less stable than
the interaction between GR and SRC3-3-fluor (Fig. 5). The
high variance observed between duplicate wells is indicative
of rapidly shifting molecular populations, which may be the
defining feature of the GR-SRC1-3 interaction. SRC1-3
appears to passively dock at the AF-2 surface without cou-
pling to the ligand binding pocket, whereas other interacting
NR box peptides dock and effectively register the receptor
for ligand binding.
The biological significance of the SRC1-3 binding mode

remains to be explored. Few studies have investigated the spe-
cific role of SRC1 in GR biology. SRC1a is a splice variant that
contains the more typical tight-binding SRC1-4 in addition to
SRC1-3 and is an ideal candidate for comparative and muta-

5 K. Kuchenbecker, unpublished results.

FIGURE 7. Hierarchical clustering of NR box peptides. NR box peptides
were clustered using half-times shown in Figs. 3 and 4.

FIGURE 8. Core sequences of GR binders. GR binding NR box core sequences
with conserved residues are highlighted. LXXLL Leu residues are in black, and
GR-specific conserved positions are in gray.

FIGURE 9. GR binding to SRC1-3-fluor. GRSD (open circles) and GRM752I (closed
squares) were titrated against 20 nM SRC1-3 conjugated to Alexa-Fluor 555 in
the presence of 10 �M dex. Data are fit to a one-site saturation binding model.
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tional studies. Glucocorticoid-dependent global expression
analysis of multiple, relevant cell lines in the context of SRC1a
with mutations to its NR box regions could provide a valuable
clue as to which genes these specific NR boxes are involved in
regulating.

DISCUSSION

GR Ligand Binding Pocket and AF-2 Are Allosterically
Coupled—An integral step in signal transduction through
NRs is the formation of the AF-2 co-regulator binding sur-
face in response to hormone binding. Energetic coupling of
these two functional sites has primarily been explored bio-
chemically by manipulating the bound ligand and observing
perturbations in the subsequent recruitment pattern of co-
regulators to AF-2 (51, 52, 79). In this study we examined the
coupling between two of the GR LBD functional sites by
fluorescence polarization from the opposite perspective
using a fluorescein-labeled GR agonist (dex-fl, Fig. 1) and a
library of unlabeled co-regulator NR box peptides. The pat-
tern of co-regulator binding to AF-2 was determined using
kinetic and equilibrium polarization measurements of dex-fl
binding in the ligand binding pocket (Figs. 3, 4, and 6 and
supplemental Fig. S1). Of the 18 NR box peptides we exam-
ined, 7 showed significant ability to decrease the rates of
GR�dex-fl association and dissociation, effectively limiting
access to the ligand binding pocket through a kinetic mech-
anism (Table 1). GRSD�dex-fl association and dissociation
were slowed as much as 6- and 27-fold, respectively, in the
presence of 10 �M peptide. GR hormone binding in cells is
regulated by interactions with Hsp90 chaperone complexes
in the cytosol. Co-regulators are not thought to influence the
initial hormone binding event, only binding GR after it is
transported to the nucleus. However, the observed cooper-
ativity between binding sites reveals a specific functionality
of the molecular architecture comprising and connecting
AF-2 and the ligand binding pocket. The degree to which this
mechanism is shared among NR superfamily members
remains mostly unknown and may help to inform future
models of differential NR activity. It is also possible that
factors regulating other aspects of GR biology are able to
exploit the coupling between sites to maintain a hormone-
bound state.
DAX1-3 showed by far the greatest effect on hormone

binding kinetics, slowing dex-fl dissociation 2-fold more
than any other peptide in our library (Table 1). By competing
with co-activators for binding at AF-2, DAX1 has been
shown to preferentially repress GR-mediated gene activa-
tion and not repression (75), a desirable pharmaceutical pro-
file referred to as dissociated. The unique binding mode
employed by its third NR box suggests mechanistic details of
repression and may represent a new direction for discovery
of GR antagonists.
Pattern of Co-regulator Binding to GR AF-2—To more

quantitatively assess NR box binding to GR, we employed an
equilibrium peptide binding assay, again using unlabeled NR
box peptides and dex-fl polarization as the readout (Figs. 6,
supplemental Figs. S1 and S2 and Table 2). Binding of the NR
box at AF-2 induced a dose-dependent increase in dex-fl

polarization, resulting from the ability of the peptide to slow
both ligand association and dissociation. Six distinct binding
modes were observed among the 18 NR box peptides in our
library, with 8 of the peptides showing saturation binding
behavior (Figs. 6, supplemental Fig. S1 and Table 2). The
core sequences of these eight NR box peptides, for whichKDs
could be determined, are shown in Fig. 8. Aside from the
conserved leucine residues of the LXXLL motif, these pep-
tides show significant conservation at three additional sites,
suggesting a more complete consensus sequence for high
affinity binding to GR AF-2. The conserved hydrophobic
residue at the �1 position, directly preceding LXXLL, has
been appreciated as a key component of NR box binding to
several NRs (50), and indeed all eight binders contain Leu or
Ile here. The data presented here reveal that 7 of 8 binders
have Ala or Ser at the�2 position, indicating a preference for
residues with small side chains at this position. As structural
alignments of GR�NR box complexes do not indicate a role
for this residue in direct AF-2 recognition, it may contribute
to binding by allowing the NR box to attain a conformation
appropriate for docking. Interestingly, the non-canonical
binder SRC1-3 has a Gln here, which may contribute to the
novel binding mode employed by this NR box. The �4 posi-
tion is also well conserved, with a branched, polar residue
(Glu, Gln, Asp, Asn) appearing in seven of eight binders.
These four amino acid side chains would be expected to be
solvent-exposed as they are among the most polar of side
chains. In the GR�dex�SRC2-3 crystal structure, this residue
favorably packs against Asn-759, Asp in the most closely
related mineralocorticoid receptor, Ala and Val, respec-
tively, in the progesterone and androgen receptors, indicat-
ing a role for the �4 position in specific co-regulator recog-
nition of the corticosteroid sub-class of SRs.
M752I Alters Both Ligand and Peptide Interactions with GR—

Themechanism of co-regulator binding was also determined
for GR with the mutation M752I (Figs 4, supplemental Fig.
S2, and Tables 1 and 2). This mutation was shown to increase
GR affinity for co-regulators binding at AF-2 while decreas-
ing the receptor dependence on Hsp90 (57). The results of
our equilibrium binding assay verify this finding, with seven
of eight GRSD-binding peptides showing increased affinity
for GRM752I (Table 2). SRC1-3 was the lone NR box peptide
whose affinity failed to increase, solidifying its status as an
atypical binder. Co-regulator modulation of dex-fl binding
kinetics was also observed for GRM752I (Fig. 4, Table 1).
Interestingly, the two versions of GR behaved differently.
Our analysis of peptide regulation of GRM752I�dex-fl com-
plex formation showed interacting NR box peptides to have
a similar effect on both on and off rates for the ligand,
whereas for GRSD�dex-fl we found that NR box peptides pref-
erentially influenced off rates (Figs. 3 and 4, Table 1). These
results suggest two mechanisms, one direct, the other indi-
rect, underlying the binding to M752I. In the direct mecha-
nism (1) the strategically positioned Ile increases peptide
affinity for the unliganded receptor, with a kinetic effect
solely dependent on peptide residence time at AF-2. In the
indirect mechanism (2) the Ile alters the coupling between
AF-2 and the ligand binding pocket by introducing a more
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rigid side chain into the allosteric network. We demon-
strated by direct measurement of peptide binding that a rep-
resentative NR box, SRC3-3, has nearly identical affinities
for dex-bound and apoGR suggesting mechanism (2) (Fig. 5).
This leads to a view of Met-752 as a two-way molecular

sensor whose flexible side chain allows hormone association
at a reduced rate to GR with an NR box, or presumably a
co-regulator, bound at AF-2. Mutation to Ile strengthens the
GR interactions with NR box peptides while dramatically
slowing hormone association with peptide bound, indicating
that the ligand binding pocket can no longer signal that it is
empty. It is likely that disruption of this vital intraprotein
communication mechanism in this manner would greatly
compromise signaling through GR by effectively eliminating
hormone binding as a prerequisite for receptor function.
The AF-2 surface and its surrounding residues are well

conserved throughout the nuclear receptor superfamily.
Sequence alignment of the SR family with representative
NRs from the other classes reveals several AF-2 residues that
are conserved across the superfamily and six, including Met-
752, that are conserved among SRs with the exception of ER
(Fig. 10). At these six positions, the only residue that is con-
served in the non-SRs as well is Leu at the position corre-
sponding to Met-752 in GR. Receptors containing Leu here,
including ER, vitamin D receptor, thyroid hormone recep-
tor, and retinoic acid receptor, are regulated in a dramati-
cally different fashion from the canonical SRs. Typically,
they do not depend onHsp90 and are localized to the nucleus
in the absence of hormone, two behaviors induced by the

M752I mutation in GR (57). ER is
the only receptor bearing a Leu
here to show dependence on
Hsp90. However, the Hsp90-ER
interaction is less dependent on
the ER LBD than other SRs, and ER
can readily translocate to the
nucleus in the absence of hormone
(80, 81). Our results indicate the
752 position as a key regulator of
the allosteric network connecting
hormone and co-regulator bind-
ing sites in GR LBD. Conservation
of this residue among Hsp90-de-
pendent receptors and the func-
tional consequences of mutations
that rigidify the position suggest
evolutionary pressure toward flex-
ibility at this site in SRs. The
mechanisms by which this flexibil-
ity is recognized and exploited by
Hsp90 and other regulatory ele-
ments remain unclear.
GR is a finely tuned molecular

switch capable of carrying out a
myriad of critical functions at the
organismal level. As a ligand-regu-
lated scaffoldingmolecule, GRmust
translate extrinsic hormone signals

into a meaningful conformational change to promote interac-
tions with chaperones, DNA, and a variety of co-regulator
proteins. These interactions, across all of GR domains, deter-
mine the outcome of a GC signal. This study and others have
aimed to provide a quantitative framework for the description
of these interactions and the allosteric mechanisms by which
they are enabled (26). Recent advances in the purification and
structural characterization of multidomain NR constructs
should enable this work to be extended into molecules of abso-
lute biological relevance and increasing complexity (82, 83).
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