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ABSTRACT: Retinoid X receptors (RXRs) are ligand-dependent nuclear receptors, which are activated by the
potent agonist 9-cis-retinoic acid (9cRA). 9cRA binds to the ligand binding domain (LBD) of RXRs and
recruits coactivator proteins for gene transcription. Using isothermal titration calorimetry, the binding of a
13-mer coactivator peptide, GRIP-1, to the hRXRR-LBD homodimer complex containing 9cRA (hRXRR-
LBD:9cRA:GRIP-1) is reported between 20 and 37 �C. ΔG is temperature independent (-8.5 kcal/mol), and
GRIP-1 binding is driven by ΔH (-9.2 kcal/mol) at 25 �C. ΔCp is large and negative (-401 cal mol-1 K-1).
The crystal structure of hRXRR-LBD:9cRA:GRIP-1 is reported at 2.05 Å. When the structures of hRXRR-
LBD:9cRA:GRIP-1 and hRXRR-LBD:9cRA (1FBY) homodimers are compared, E453 and E456 on helix 12
bury and form ionic interactions with GRIP-1. R302 on helix 4 realigns to form new salt bridges to both E453
and E456. F277 (helix 3), F437 (helix 11), and F450 (helix 12) move toward the hydrophobic interior. The
changes in the near-UV spectrum at 260 nm of the hRXRR-LBD:9cRA:GRIP-1 support this structural
change. Helix 11 tilts toward helix 12 by ≈1 Å, modifying the ring conformation of 9cRA. Hydrogen-
deuterium exchangemass spectroscopy indicates GRIP-1 binding to hRXRR-LBD:9cRA significantly decreases
the exchange rates for peptides containing helices 3 (F277), 4 (R302), 11 (F437), and 12 (E453, E456). The
structural changes and loss of dynamics of the GRIP-1-bound structure are used to interpret the energetics of
coactivator peptide binding to the agonist-bound hRXRR-LBD.

Nuclear receptors (NRs)1 are an important class of signaling
molecules that bind lipophilic ligands and lead to ligand-induced
gene transcription (1, 2). NRs are tightly regulated in a ligand-
and coregulator-dependentmechanism.Class IINRs such as per-
oxisome proliferator-activated receptors (PPARs), liver oxysterol
receptors (LXRs), retinoic acid receptors (RARs), and the vita-
minD receptor (VDR) are active as heterodimers in complexwith
the retinoid X receptors (RXRR, RXRβ, and RXRγ) (3). RXRs
also form transcriptionally silent tetramers which convert to tran-
scriptionally active homodimers or heterodimers in the presence
of agonist (4). There are many RXR-signaling pathways, which

control cellular proliferation, differentiation, and growth in epi-
thelial tissue as well as maintain proper lipid and glucose homeo-
stasis (5, 6). 9-cis-Retinoic acid (9cRA, Figure 1A) is a potent
ligand forRXRs andRARs even though its role as a high-affinity
agonist in vivo is questioned (7, 8). 9cRA is approved clinically for
the topical treatment of Kaposi’s sarcoma, but it displays signifi-
cant toxicity with oral administration to humans (9). To reduce
the side effects of the pan-agonist 9cRA, agonists selective for
RXRs over RARs have been designed and evaluated. Targretin,
an RXR-selective agonist approved for the oral treatment of
cutaneous T-cell lymphoma, displays significantly fewer dose-
limiting toxicities than 9cRA (7, 10). To understand how agonists
enhance RXR signaling at the molecular level requires an under-
standing of how agonists induce structural and/or dynamical
changes in RXRs to recruit coactivators and displace core-
pressors.

The structural domains of RXRs include the N-terminal A/B
domain, a highly conserved DNA binding domain (DBD), a
flexible hinge region, and a ligand binding domain (LBD) that
includes a ligand-dependent activation function-2 (AF-2) site and
the dimer interface. Helix 12 (H12) of the LBD contains many
core residues needed for ligand-dependent induction of transcrip-
tion. Indeed, when residues on H12 are mutated or the helix
is truncated, the mutant RXR loses its capability to induce tran-
scription, but mutant RXRs still bind 9cRA and hetero-
dimerize (11). Normal development is significantly impaired in
mice expressing mutant RXRR with H12 truncated (11, 12). In
the crystal structure of hRXRR-LBD homodimer reported by
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Moras et al., H12 is extended from the rest of the LBD in the
absence of ligand (13). Potent agonists like 9cRA bind to
hRXRR-LBD homodimers and induce a substantial conforma-
tional change toH12 and other helices in this domain. BothH11
and H12 in the structure of the homodimer complex bound to
9cRA (hRXRR-LBD:9cRA) are folded to a compact structure
and interact with the core of the hRXRR-LBD (14). Moras and
co-workers proposed themouse trapmodel (15), which suggests a
potent agonist-bound NR complex is sufficient to lock H12 into
a single conformation ready for coactivator binding. However,
H12 residuesmake nodirect interactionwith theRXRagonist. The
most direct contact occurs between the hydrophobic trimethyl-
cyclohexenyl ring of 9cRA (Figure 1B) and hydrophobic residues
of H11. The X-ray structure of hRXRR-LBD:9cRA homodimer
without coactivator supports the view that 9cRA is sufficient to
induce H12 to change conformation and form a cleft capable of
binding the LxxLL motif contained in NR coactivator proteins/
peptides. However, there are numerous solution studies indicating
H12 in hRXRR-LBD homodimer complexes with agonists but
without coactivator is dynamic and not fixed in a single conforma-
tion to the core of the LBD.Using hydrogen-deuterium exchange
coupled to mass spectrometry (HDX MS), the amide exchange
rates of H12 in apo-hRXRR-LBD are fast and not significantly
slowedwhen 9cRA is bound to this domain (16). Similar results are
reported for other NRs (17). Li and co-workers demonstrated by
use ofNMR that hRXRR-LBD:9cRAwithout coactivator peptide
exists as a dynamic ensemble of conformations (18). These studies
are consistent with fluorescent anisotropic measurement of dyes
labeling the carboxyl terminus of hRXRR-LBD (19).

NR signaling is influenced not only by agonist binding but
also by the type and abundance of coactivators and corepressors
in a cell (20, 21). Cells dosed with potent agonists lose their
capability to induce transcription as the abundance of coacti-
vators decreases or corepressors increases (21, 22). In most
models of ligand-induced gene transcription of NRs, the co-
activator binds to the surface of the holo-LBD, which has

a hydrophobic cleft stable and ready to recognize the LxxLL
motif and anchored by flanking residues constituting the charge
clamp (23). While this may be a reasonable description of how
coactivators bind to NRs containing agonists that directly
interact with H12 (and thus directly stabilizing the struc-
ture of the coactivator binding site), this may not be a valid struc-
tural model to describe the recruitment of coactivators to the
surface of NRs like RXRs. Without direct contact between the
agonist andH12 residues,RXRagonistsmust communicate their
presence by changing the conformation and/or dynamics of resi-
dues in the ligand binding pocket (LBP) to enhance binding
of coactivators. In this report we evaluate RXR-ligand and
RXR-coactivator interactions by determining the structure of
hRXRR-LBD:9cRA bound to the coactivator peptide GRIP-1,
and we compare this structure to hRXRR-LBD:9cRA without
coactivator (24). These structural studies are complemented by
HDX MS and thermodynamic analysis of the binding of the
coactivator peptide GRIP-1 to hRXRR-LBD homodimers con-
taining 9cRA. A model emerges for how GRIP-1 binds to the
agonist-bound hRXRR-LBD. Coactivator peptide binding in-
duces structural changes in the LBDwhich significantly reduces the
dynamics of residues that are important for coactivator binding as
well as those that make no direct contact with the coactivator but
are near the agonist-bound LBP.

MATERIALS AND METHODS

Materials. 9cRA was provided by Dr. Grubbs at UAB, and
its structure and purity were confirmed by NMR and LC-MS. A
13-mer peptide derived from residues 686-698 of the glucocorti-
coid receptor interacting protein-1 (GRIP-1) was synthesized by
AnaSpec Inc. (KHKILHRLLQDSS) with a molecular mass of
1575.9 Da (sequence in Figure 1C). The concentration of peptide
was determined by 1HNMR spiked with a known concentration
of tryptophan. The 1D 1H NMR spectrum of the peptide was
obtainedwith long delays between pulses to ensure accurate proton
integration. The methyl peaks of the peptide were integrated
and compared to the downfield resonances of tryptophan.
Protein Expression and Purification. The hRXRR-LBD

(T223-T462) expression vector was kindly provided by Dr. Ellen
Li of Washington University in St. Louis (18). Overexpression
and purification of the His6-tagged hRXRR-LBD fusion protein
were performed as described by Egea and Moras (25) with a few
modifications. BL21-(DE3) Escherichia coli bacteria (Invitrogen,
Carlsbad, CA) containing the expression plasmid for hRXRR-
LBDwere grown in Luria broth (LB) medium at 20 �C, and pro-
tein expression was induced with 1 mM isopropyl β-D-thio-
galactopyranosidewhen theOD600 reached 0.6. After 18 h, the cells
were harvested by 30min centrifugationwith a speed of 2500 rpm
and resuspended in buffer A (20 mM Tris-HCl, 500 mM NaCl,
pH 8.0). Cells were lysed by a French press under a pressure of
1500 psi and then centrifuged at 25000 rpm for 30 min. The
clarified supernatant containing the His6-tagged hRXRR-LBD
was loaded on a Ni-chelating column (GE Health, Piscataway,
NJ), washed with buffer A (20 mM Tris, 500 mM NaCl, 10 mM
imidazole, pH 8.0, 30 CV), and then eluted with buffer B con-
taining 300 mM imidazole, 500 mM NaCl, and 20 mM Tris,
pH8.0. The eluted hRXRR-LBD fractionswere dialyzed in 2Lof
buffer C (50 mM NaCl, 10 mM Tris, 0.5 mM EDTA, 2 mM
DTT, pH 8.0) for at least 6 h. Human R-thrombin (Novagen,
Madison, WI) was added at 4 �C and allowed to hydrolyze the
His6 tag for 16 h. An additional Ni-chelating purification was

FIGURE 1: (A) The structure and numbering scheme of 9-cis-retinoic
acid. (B) The two half-chair conformations of the trimethylcyclohex-
enyl ring of 9cRA: the pseudoaxial orientation of the C-17 methyl
group in the C-2 down conformation (left) and the pseudoequatorial
orientation of C-17 methyl in the C-2 up conformation (right).
(C) The peptide sequences of GRIP-1 NR-box I and SRC-1 NR-
box I and II coactivator peptides.
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used to separate hRXRR-LBD from any remaining His-tagged
protein. The hRXRR-LBD, which did not bind the Ni-chelating
column, was separated by a HiLoad Superdex 75 gel filtra-
tion column (GE Health, Piscataway, NJ) at 4 �C in buffer C at
1.0 mL/min, and the fractions containing hRXRR-LBD homo-
dimerswere pooled. SDS-PAGEandMALDImass spectrometry
were used to establish a purity of >97% and mass of the mono-
mers (m/z=26433.1 Da), and native PAGE confirmed the oligo-
meric state of the pooled fractions was hRXRR-LBD homodimers.
Crystallizationof thehRXRR-LBD:9cRA:GRIP-1Ternary

Complex. Prior to forming the ternary complex, the affinity of
hRXRR-LBD for 9cRAwasmeasured using fluorescence quench-
ing at 334 nm. The Kd of 9cRA binding to hRXRR-LBD was
determined to be 14( 3 nM (data not shown), which agrees with
the binding constant of 13 nM reported byMoras et al. (13). The
ternary complex was prepared by adding a 4-fold excess of 9cRA
in methanol into a solution of hRXRR-LBD homodimers fol-
lowed by adding a 4-fold excess of GRIP-1. The protein complex
solution was then concentrated to 10-15 mg/mL by centrifuga-
tion using Millipore Amicon Ultra-15 5000 MWCO centrifugal
filter units. Crystals of hRXRR-LBD:9cRA:GRIP-1 complexes
were obtained at 22 �C by use of a vapor diffusion method in
hanging drops (24). All sample manipulations and the crystal-
lization were performed under dimmed red light. Reservoir solu-
tions contained 4-20% PEG4000, 4-16% glycerol, and 0.1 M
Bis-Tris, pH 7.0. Crystals of the hRXRR-LBD:9cRA:GRIP-1
complexes with suitable diffraction size preferred lower PEG4000
(4-10%) and glycerol (4-8%) concentration. These crystals be-
longed to the tetragonal space groupP43212. Twomonomerswere
present in each asymmetric unit. The crystals had two shapes. The
one with tetrahedral shape diffracted while the second with an
elliptical shape did not diffract.
DataCollection, StructureDetermination, andRefinement.

Crystals were flash frozen in liquid nitrogen using a reservoir
cryoprotectant solution containing glycerol. The crystals were
placed in stepwise increasing concentrations of glycerol (10%,
12.5%, 15%, 17.5%, 20.0%, 22.5%, and 25.0%) in order to avoid
any damages to the crystals due to a sharp concentration change
of glycerol. Diffraction data were collected using a Rigaku IVþ
with a rotating copper anode. Diffraction data were processed
using the HKL2000 program (26). The structure was solved by
molecular replacement using theMOLPREPprogram in theCCP4
suite (27). The structure of the hRXRR-LBD:DHA complex
(PDB ID 1MV9) with its ligand deleted was used as a search
model. The ligand file and its associated topology and parameter
files were created by the PRODRGprogram (28). The molecular
replacement solutionwas refined in the Crystallography &NMR
System (CNS) software (29), and interactive sessions of model
building were performed in Quanta (Molecular Simulations Inc.,
Burlington,MA). The ligand was clearly identified by its electron
densitymap. The protein and ligand files weremerged inQuanta,
and the structure of the hRXRR-LBD:9cRA:GRIP-1 complex
was further refined in CNS. The refined structure of the hRXRR-
LBD:9cRA:GRIP-1 complex had an R factor of 20.5% and a
freeR of 24.2%. The complete summary of data for this structure
is given in Table 1.
Analysis of hRXRR-LBD Contacts with 9cRA or GRIP-1

Peptide. The interactions between hRXRR-LBD and 9cRA or
the interactions between the surface of the hRXRR-LBD and
GRIP-1 peptide were determined using the programLigand-Pro-
tein Contacts (LPC) (30) (Weizmann Institute of Science; http://
bip.weizmann.ac.il/oca-bin/lpccsu). LPCs with an atom-to-atom

distance less than 4.2 Å or a van der Waals surface area greater
than 8 Å2 were examined (14). Contacts of Structural Units
(CSU) (30) were also used to analyze interactions between
GRIP-1 and hRXRR-LBD:9cRA. The volume of the LBP
was calculated using VOIDOO (31) from Uppsala Software
Factory of Sweden, and a readable format of LBP was created by
the program MAPMAN (32).
Hydrogen-Deuterium Exchange Experiments. Deuterium

content was determined by comparing the molecular masses of
undeuterated (control) and deuterated peptic peptides. For con-
trol experiments, a 10-fold dilution of purified hRXRR LBD
homodimer (50 μM, 50 pmol) was incubated at 25 �C in buffer C
in the presence and absence of ligand (500 μM in methanol). Li-
gand was added at a 10-fold excess of protein to ensure satura-
tion; an equal volume of methanol was used for unbound experi-
ments (1 μL in 11 μL of total deuterium on-exchange reaction).
Hydrogen-deuterium exchange experiments were initiated by a
10-fold dilution of hRXRR-LBD homodimer in the same buffer
described abovemadewithD2O.Time points were initiated upon
addition of protein, samples taken at 15 s, 30 s, 120 s, 900 s, and
3600 s performed in triplicate. Deuterium on-exchange reactions
were quenched with 1% (v/v) formic acid (final pH=2.5) and
immediately flash frozen in liquid nitrogen. Samples were stored
at -80 �C until time of analysis.
Peptide Sequencing. Proteolytic digestion allowed regional

monitoring of deuterium incorporation. Identification of hRXRR-
LBD peptides was achieved by use of positive ion electrospray
ionization (ESI) liquid chromatography (LC) tandemmass spec-
trometry (MS/MS) on a hybrid linear quadrupole ion trap 7 T
Fourier transform ion cyclotron resonance mass spectrometer
(LTQFT) (Thermo Fisher Scientific, San Jose, CA) . Pilot exper-
iments optimized protein digestion conditions (described below)
and identified by data-dependent tandem LC MS/MS as pre-
viously described (33). Precursor ionswere identified by use of the

Table 1: Crystallographic Data Collection and Refinement Statistics for

the hRXRR-LBD:9cRA:GRIP-1 Complex

unit cell parameters

a, b, c (Å) 65.83, 65.83, 111.86

R, β, γ (deg) 90, 90, 90

space group P43212

resolution (last shell) (Å) 50-2.05 (2.12-2.05)

no. of total/unique reflections 229000/16156

Rmerge (last shell) (%) 0.071 (0.324)

redundancy (last shell) 14.2 (14.1)

completeness (last shell) (%) 100.0 (99.9)

I/σ (last shell) 13.2 (9.3)

refinement

no. of residues 213

no. of protein atoms 1791

no. of water molecules 144

no. of ligand atoms 22

Rcryst (%) 20.5

Rfree (%) 24.2

rms deviation from ideality

bond length (Å) 0.0057

bond angles (deg) 1.135

Ramachandran plot, residues in

most favored regions (%) 94.98

additionally allowed regions (%) 3.20

generously allowed regions (%) 1.82

average B factor (Å2) 30.85

non-hydrogen protein atoms (Å2) 29.78

non-hydrogen ligand atoms (Å2) 39.79

water molecules (Å2) 37.72
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TurboSEQUEST algorithm available from Bioworks 3.2 soft-
ware (ThermoElectron) filteredwith a peptidemass accuracy limit
of 5 ppm. All peptide ion assignments were verified by manual
sequencing.
FT-ICRMS of HDX Samples and HDXData Analysis.

ESI LCMS analysis of HDX samples was performed under con-
ditions optimized to preserve exchange information (0 �C, pH
2.5) (34). At the time of analysis, samples were rapidly thawed for
30 s at ambient temperature. Upon addition of pepsin (10 μL,
0.68 mg/mL, 0.05% formic acid) samples were immediately in-
jected into a manual six port valve held in the load position and
allowed to digest for 60 s in a 20 μL loop under ice bath condi-
tions. Peptic peptides were then loaded onto a desalting C8 phase
trap column (MichromBioresources, Inc.) and elutedwith a rapid
5 m 5-95% (v/v) acetonitrile gradient, flow rate 50 μL/min as
previously described (33). To determine the levels of deuterium
incorporation for the peptic peptides, rawdata fileswere converted
toMxZML format and submitted for processing by The Deuter-
ator data processing software (35).
IsothermalTitrationCalorimetryMeasurement ofGRIP-1

Binding to hRXRR-LBD. ITC experiments were performed on
aMicrocal VP-Isothermal titration calorimeter (36). The concen-
trationof hRXRR-LBDhomodimerswas determined by the absor-
bance at 280 nmusing an extinction coefficient of 16.9mM-1 cm-1

per hRXRR-LBD monomer. 9cRA was dissolved in degassed
DMSO and added to the hRXRR-LBD solution at a ratio of 2:1
(retinoid:hRXRR-LBDmonomer). Each titration experiment con-
sisted of 30 injections of 8μLofGRIP-1 peptide (0.4-1.5mM) into
the sample cell containing 1.34 mL of hRXRR-LBD:9cRA (40-
60 μM) in buffer C at 20, 25, 30, and 37 �C. Background reaction
enthalpy was determined from injection of buffer into protein or
from each peptide into buffer. The background enthalpy values
were subtracted from the raw titration data prior to curve fitting.
Titration curves were fit to a single-site binding model provided by
the ORIGIN 7 software (Microcal, Northampton, MA). The C
value (C=PTKa, whereKa is the association constant andPT is the
total protein concentration) was kept in the range of 30-60 to opti-
mize Ka measurements (37). The heat capacity change for GRIP-1
binding was determined bymeasuring the enthalpy change at three
temperatures and fitting the corrected enthalpies versus tempera-
ture by linear regression.
Far-UVCDSpectroscopy.TheCDspectra of hRXRR-LBD

homodimers (5 μM) were obtained with a Jasco J-815 spectro-
polarimeter in buffer C at 25 �C. Spectra were acquired in a
0.1 cm cell every 1 nm with a 1 nm bandwidth and a 4 s response.
The spectra were baseline-corrected by subtraction of the buffer
spectrum. The CD spectra of the hRXRR-LBD:9cRA homo-
dimer complex (prepared with a 4-fold excess of 9cRA to achieve
>99% saturation) were measured with or without 20 μMGRIP-
1 (37). The far-UVCDspectrawere analyzed usingCDSSTR(38)
and SELCON3 (39) programs.A solution of hRXRR-LBD:9cRA
homodimers (5 μM) was titrated with 0.5 mMGRIP-1 solution.
Near-UV-Vis Absorption Spectra. Near-UV absorbance

spectra were collected using a Cary 100 Conc UV-vis spectro-
meter (Varian) or by converting the dynode voltage of a Jasco J-815
spectropolarimeter to absorbance. 9cRA (4.2 mM in methanol)
was added to 30 μM hRXRR-LBD homodimers in buffer C to
achieve 95% saturation based on the Kd of 14 nM. The spectra
(average of four scans) of hRXRR-LBDhomodimers or hRXRR-
LBD:9cRAhomodimersweremeasured between 250 and 450 nm
in 0.5 nm increments with an averaging time of 4 s using a 1 cm
quartz cell. The difference spectrum between hRXRR-LBD:9cRA:

GRIP-1 and hRXRR-LBD:9cRA homodimers was measured in
buffer C at 25 �C. Identical preparations of hRXRR-LBD:9cRA
were placed in sample and reference cells to establish a baseline.
Then, 54 μL of a 7.0 mMGRIP-1 solution in buffer C was added
to 3.0 mL of the protein (2.5-fold excess) in the sample cell, an
equal volume of buffer was added to the reference cell, and the
difference spectrum was obtained as an average of four scans.

The near-UV-vis difference spectrum was simulated by first
measuring the near-UV-vis spectra of the aromatic amino acids
in buffer C. UsingMicrosoft Excel, the λmax and εmax of the com-
ponent amino acid spectra were summed according to aromatic
amino acid composition of hRXRR-LBD: εcalc=2εmax(W) þ
4εmax(Y) þ10εmax(F) (40). The sum of square of error (SSE)
between calculated and observed spectra was minimized to fit the
hRXRR-LBD homodimer near-UV spectrum. Next, the absorp-
tion spectrum of 9cRA bound to hRXRR-LBD was obtained by
subtracting the spectrum of hRXRR-LBD:9cRA from the apo
spectrum.Gaussian functions were used to fit the twoπ-π* tran-
sitions from 9cRA (trans and cis bands). (Different bandwidths
were used for the long-wavelength and short-wavelength side of
the asymmetric absorption band centered near 334 nm.) The cal-
culated absorption spectrumof hRXRR-LBD:9cRAhomodimers
was obtained by optimizing the extinction coefficients of the aro-
matic residues and the 9cRA transitions. The calculated spectrum
of hRXRR-LBD:9cRA:GRIP-1 was fit to the experimental dif-
ference spectrumbynonlinear optimization of the extinction coef-
ficients for the aromatic residues to minimize the SSE between
calculated and measured spectra.

RESULTS

Binding of GRIP-1 Peptide to hRXRR-LBD:9cRA. Vogel
et al. demonstrated the overexpression of peptides corresponding
to GRIP-1 (Figure 1C) significantly enhanced RXRR-mediated
gene expression when 9cRAwas present (41). The 13-merGRIP-1
NR-box II peptide facilitated the crystallization of hRXRR-LBD
homodimers (24) andwas used inNMR experiments on hRXRR-
LBD homodimers (37). Based on these previous studies, this
peptide sequence was chosen for our studies. The far-UV CD
spectrum of the GRIP-1 peptide was measured in solution at
pH 8. As displayed in Figure 2, the CD spectrum was near base-
line with a small negative band appearing at wavelengths less
than 210 nm. In contrast, the far-UV CD spectrum of the

FIGURE 2: Far-UV CD spectrum of hRXRR-LBD:9cRA homodi-
mers in the absence (solid) and presence (dashed) of a 3-fold excess of
GRIP-1 coactivator peptide. The far-UV CD spectrum of GRIP-1
coactivator peptide in solution is presented. Inset: The change in
mean molar ellipticity at 223 nm for the titration of GRIP-1 into
hRXRR-LBD:9cRA homodimers.
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hRXRR-LBD:9cRA homodimer displayed significant negative
bands at 209 and 223 nm, consistent with high helical content
(calculated helical content was 65% versus 61% from X-ray
studies).WhenGRIP-1was added in 3-fold excess, the intensity of
the negative bands at 209 and 223 nm increased in magnitude
by -1850 deg 3 cm

2
3 decimol-1, which is consistent with induced

helical structure of GRIP-1 bound to hRXRR-LBD:9cRA or
increased helical secondary structure of hRXRR-LBD. The
spectroscopic change was used to measure the binding affinity
of GRIP-1 to hRXRR-LBD:9cRA homodimers. A titration of
GRIP-1 produced a binding isotherm which was fit to a Kd

of ≈0.9 ( 0.1 μM at 25 �C (see inset, Figure 2).
The energetics ofGRIP-1 binding to hRXRR-LBD:9cRAhomo-

dimers were measured by ITC using similar conditions to those
used in the CD experiment. The binding of GRIP-1 to hRXRR-
LBD:9cRA was nearly stoichiometric for each GRIP-1 binding
site on the hRXRR-LBD (Table 2). The isothermswere fit to aKd

of 0.55 ( 0.02 μM at 25 �C. Isotherms for GRIP-1 binding to
hRXRR-LBD:9cRAwere alsomeasured using ITCat three other
temperatures with little change in Kd (Table 2). At 25 �C, the
GRIP-1 binding was driven by enthalpy with little entropy con-
tribution. At 37 �C, even though the free energy of binding was
essentially temperature independent, GRIP-1 binding was highly
exothermic to overcome a significant entropy contribution oppos-
ing coactivator peptide binding. The heat capacity change (ΔCp)
forGRIP-1 bindingwas determined from the temperature depen-
dence of ΔH at 20, 25, and 30 �C. The heat capacity change was
large and negative (ΔCp=-401( 18 cal mol-1 K-1). To judge if
buffer ionization significantly affected the binding enthalpy, these
experiments were repeated in HEPES and phosphate buffer at
pH 8. No significant change in enthalpy was observed (Support-
ing Information Figure S2).
X-rayCrystal Structure of the hRXRR-LBD:9cRA:GRIP-1

Complex. To identify structural changes due to coactivator
binding toNR homodimer, the hRXRR-LBD:9cRA homodimer
was crystallized with the GRIP-1 peptide. The X-ray struc-
ture was determined to 2.05 Å resolution using the molecular
replacement method. The asymmetric unit contained two mono-
mers with GRIP-1 bound to each. The tertiary structure of each
monomer displayed very similar R-helical sandwich structure
found in most NR LBDs (Figure 3A). Residues for 11 out of the
12 helices were resolved (H2 missing). GRIP-1 adopted a two-
turn helix and was bound to the hydrophobic cleft formed by
H3, H4, and H12 residues (Figure 3A). This structure was
compared directly to the hRXRR-LBD:9cRA complex without
coactivator peptide (PDB ID 1FBY) (14). Backbone atoms of
helices that did not undergo large conformational changes upon
GRIP-1 binding were overlaid (H5, H6, H7, H8, H9, H10,
and the beta structure, 75 residues in total). The rmsd of the
229 residues of the peptide backbone was 0.157 Å. GRIP-1
binding induced tertiary structural changes which occurred
near theGRIP-1 binding site (H3,H4, andH12 residues) but also

extended toH11 residues that interacted with the trimethylcyclo-
hexenyl ring of 9cRA.

Residues onH3,H4, andH12 of hRXRR-LBD form the coac-
tivator binding site on (23). From structural studies of coacti-
vator binding to hRXRR-LBD homodimers using other rexi-
noids (20, 42) or hRXRR-LBD:9cRA heterodimers (43-45),
coactivators bind the LBD surface by interacting with both
hydrophobic and hydrophilic residues. As reported by Nolte et
al. (23), the LxxLL motif of SRC-1 NR-box I and NR-box II
(sequences compared in Figure 1C) was positioned in the PPARγ
LBD binding site by charge clamps. The N-terminus of SRC-1
(K632, L633 of NR-box I, and K688, I689, and L690 of NR-box
II) formed a charge clamp with E471. Similarly, the C-terminal
of SRC-1 (L636, T639 on NR-box I, L693, L694 on NR-box
II) formed another charge clamp with K301. For the hRXRR-
LBD:9cRA:GRIP-1 homodimer presented here, two charge
clamps were also observed at the N- and C-terminal ends of
GRIP-1 (Figure 3B). E453 on H12 was solvent exposed in
hRXRR-LBD:9cRA without coactivator peptide (1FBY).
Upon GRIP-1 binding, the carboxylate group of E453 moved
towardGRIP-1 and formed three hydrogen bondswith theN-H
amides of K688, I689, and L690 (2.8-3.2 Å). The alkyl-
ammonium side chain of K284 of H3 moved from a solvent-
exposed environment to one that formed strong hydrogen
bonds to GRIP-1. This residue formed the second charge
clamp with the amide carbonyl oxygen atoms of L693 and
D696 of GRIP-1 (≈2.5 Å). In addition to these ionic interac-
tions, the carboxylate of E456 on H12 formed a charge-charge
interaction with the imidazole ring nitrogen of H687 of GRIP-1
(4.3 Å). This salt bridge was not observed in holo-hRXRR-LBD/
hPPARγ-LBDheterodimers bound to SRC-1 (1FM6) (Supporting
Information Figure S3).

In each monomer of the hRXRR-LBD:9cRA:GRIP-1 homo-
dimer, three leucine residues (L690, L693, L694) in LxxLLmotif
of GRIP-1 and I689 at the-1 position in the LxxLLmotif made
hydrophobic contacts with several residues on H3 (F277, V280,
andK284),H4 (L294, Q297, V298, L301, R302), andH12 (T449,
F450). The hydrophobic surface area contacts between GRIP-1
and hRXRR-LBDwere significant (33.7 Å2 for I689, 115.4 Å2 for
L690, 84 Å2 for L693, 118 Å2 for L694). In addition to these
hydrophobic interactions, significant hydrophobic interactions
occurred between I689 andT449 andF450 onH12 andwithF277
on H3. (Table S1 of the Supporting Information summarizes
closest atom-to-atom distances between GRIP-1 residues and
hRXRR-LBD and the total van der Waals contact surface area.)
The phenyl group of F450 on H12 was in van der Waals contact
with the sec-butyl and isobutyl side chains of I689, L690, and
L693 of GRIP-1. F450 changed conformations upon GRIP-1
binding and moved from a solvent-exposed environment toward
the interface of the hydrophobic residues of the amphipathic
GRIP-1 helix (Figure 3B). F277 on H3 rotated from a surface-
exposed environment toward the interior of the protein to form

Table 2: Thermodynamic Parameters for the Binding of GRIP-1 Coactivator Peptide to hRXRR-LBD:9cRA Homodimersa

temp (�C) Kd (μM) ΔH (kcal/mol) -TΔS (kcal/mol) ΔG (kcal/mol) n ΔCp (cal mol-1 K-1)

20 0.47( 0.02 -6.78( 0.02 -1.71( 0.03 -8.49( 0.02 0.98 -401( 18

25 0.55( 0.02 -9.15( 0.03 0.61( 0.02 -8.54( 0.03 0.92

30 0.72( 0.01 -11.13( 0.03 2.61( 0.03 -8.52( 0.03 0.95

37 1.00( 0.05 -13.65( 0.04 5.11( 0.04 -8.53( 0.08 0.93

aThe ITC data were fit to a single-site binding model (assuming independent binding sites for GRIP-1 on each hRXRR-LBD monomer). The ITC
experiments were repeated three times for 20, 25, and 30 �C. The enthalpies for these temperatures were used to calculate ΔCp.
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newhydrophobic interactionswithL694ofGRIP-1.The twophenyl
rings of F277 andF450 were oriented at a 72� dihedral angle, and
the distance between the two phenyl ring centroids was 5.3 Å
(Figure 3B), suggestive of a Caro-H-π interaction (46).

The polar side chain of R302 on H4 was solvent-exposed
in the hRXRR-LBD:9cRA structure withoutGRIP-1. In the struc-
ture reported here, GRIP-1 binding to hRXRR-LBD:9cRA in-
ducedR302 to flip∼90� towardH12 in order to avoid steric inter-
actionwith the coactivator peptide (Figure 3C). The guanidinium
nitrogen atoms of R302 were coordinated to the carboxylate
oxygens of E453 (5.54 Å) and E456 (6.42 Å) on H12, consistent
with the formation of two salt bridges. Additionally, the guani-
dinium group of R302 and the carbonyl oxygens of E453 (3.13 Å)
and E456 (2.74 Å) were in close contact and consistent with two
hydrogen bonds formed between the nitrogen atoms on R302
and the amide backbone of GRIP-1.

GRIP-1 Binding Induces Structural Changes in the LBP.
Three residues onH12 (F450, E453, and E456) and two residues
on H3 (F277, K284) were solvent exposed in the hRXRR-LBD:
9cRA homodimer but were found to interact with GRIP-1 in the
hRXRR-LBD:9cRA:GRIP-1 homodimer. The carboxyl end of
H12 moved 2 Å toward GRIP-1. In response to this change, the
position ofH11wasmoved closer toH12. The phenyl ring of F437
onH11 rotated froma solvent-exposed environment towardL455
on H12 (Figure 3D). H11 residues interact with 9cRA near the
trimethylcyclohexenyl ring. The change in the orientation ofH11
in the GRIP-1-bound structure influenced the structure of 9cRA
in the LBP. When coactivator was not bound to hRXRR-LBD:
9cRA, the C-16 methyl of 9cRA had contact with C269 (28 Å2)
and I268 (7 Å2) on H3. Smaller contacts occurred for the
C-16 methyl with residues H435 and L436 on H11. The C-17
methyl group made contacts with H11 residues: C432 (10 Å2),

FIGURE 3: The structure of hRXRR-LBD homodimers bound to 9cRA and to GRIP-1. (A) The tertiary conformation of one monomer of the
hRXRR-LBD homodimer containing 9cRA (dark blue) and coactivator peptide GRIP-1 (green). Helices 1 through H11 are numbered (H2
missing) and shown in gray. H12 is colored red. The amino acid sequences of the helices are H1 (P231-E243), H3 (D263-R285), H4 (L294-
A303),H5 (G304-V320),H6 (R334-S339),H7 (V342-M360),H8 (D363-F376),H9 (N385-K407),H10 (R414-L419),H11 (L422-G443),
and H12 (T449-L455). (B) A comparison of hRXRR-LBD:9cRA:GRIP-1 (PDB ID 3OAP) and hRXRR-LBD:9cRA (PDB ID 1FBY). The
structure of hRXRR-LBD:9cRA:GRIP-1 is displayed in dark blue for all residues except forH12which is shown in red. The structure of hRXRR-
LBD:9cRA is displayed in light blue. Significant changes occur forF450, E453, andE456onH12 (red) and forF437onH11 andF277onH3 (dark
blue). Yellow dashes refer to new ionic or hydrogen-bonding interactions. (C) The structural changes of R302 onH4 (dark blue) and E453 and
E456 onH12 (red). New ionic interactions/hydrogen bonds are shown in yellow. (D) The structural change of the trimethylcyclohexenyl ring of
9cRA in hRXRR-LBD:9cRA:GRIP-1 (dark blue) and hRXRR-LBD:9cRA (light blue). The trimethylcyclohexenyl ring inverts from one half-
chair conformation to the other.Hydrophobic interactions withH11 residues are shown in dark blue dashes for theGRIP-1-bound structure and
in light blue dashes for the structure without GRIP-1.
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H435 (32 Å2), and F439 (5 Å2). In the GRIP-1-bound struc-
ture, the C-16 methyl group of 9cRA did not interact with H3
residues (C269 and I268), but formed new interactions the
H11 residues, C432 (23 Å2) and H435 (13 Å2). The contacts
between the C-17 methyl on 9cRA and H435 on H11 were
reduced. However, the contact between C-17 and C432 on H11
increased by 18 Å2, and a new contact appeared between C-17
with I345 of H7 (20 Å2). Changes occurred in the interactions
for other carbons in the trimethylcyclohexenyl ring of 9cRA
and residues in the LBP. The C-18 methyl group lost contact
between V349 on H3 and C432 on H11 in the GRIP-1-bound
structure. C-2 formed new interacts with V342 on H7 (15 Å2)
and F439 on H11 (9 Å2), while the contacts between C-3 and
C-4 and H3 and H7 residues were weakened. Due to these
significant changes in LBP contacts with 9cRA, the conforma-
tion of trimethylcyclohexenyl ring switched from one half-
chair conformation (with C-2 pointed toward H7 and C-3
pointed toward H11) to the alternate half-chair conformation
(Figure 1B, Figure 3D). In the GRIP-1-bound structure, the
contact surface area of 9cRAwithH11 residues increased from
118 to 140 Å2.

The change in trimethylcyclohexenyl ring interactions with H3,
H7, and H11 residues also altered the orientation of the retinoid
ring with respect to tetraene chain of 9cRA. The C6-C7 torsional
angle of 9cRA was -70� without GRIP-1 and decreased to -20�
with GRIP-1 (data not shown). The L-shaped conformation was
still presentwithGRIP-1.The interactions of themethyl-substituted
tetraene chain of 9cRA with residues in the LBP were substantial
for both structures, and the differences in contacts between these
residues were small (<8 Å2) for all carbons except for the C-19 and
C-20 methyl groups and the C-15 carboxylate. In the GRIP-1-
bound structure, the C-19 methyl of 9cRA formed a stronger
contact with L436 on H11 (increased by 18 Å2), while the contact
between C-20 methyl and I268 was reduced by 14 Å2. A small
change was observed in the interaction of the C-15 carboxylate
group of 9cRA with residues A271, R316, and L326 and A327.
C-15 moved 0.6 Å away from R316 in the structure with GRIP-1
bound.The surface area contactsbetweenC-15andR316,A327, and
L326 decreased by about 30% in the GRIP-1-bound structure.
Near-UV-Vis Spectroscopic Studies. To provide evi-

dence that the structural changes observed in the X-ray struc-
tures occurred in solution, the near-UV spectrum of hRXRR-
LBD:9cRA homodimers was measured in the presence and
absence of GRIP-1. 9cRA was added to apo-hRXRR-LBD to
achieve 95% saturation. At these protein concentrations, the
amount of free 9cRA was less than 1% based on our measured
Kd of 14 nM. The near-UV spectrum of hRXRR-LBD:9cRA dis-
played two intense absorbance bands with λmax values at 334 and
280 nm (Figure 4A). The spectrum of 9cRAwas revealed by sub-
tracting the spectrum of apo-hRXRR-LBD from the spectrum of
hRXRR-LBD:9cRA (Figure 4B). In the subtracted absorption
spectrum, a cis band arising from 9cRA was revealed at 267 nm.
In order to evaluate the spectral differences due to the addition of
GRIP-1, the difference spectrumwasmeasured between hRXRR-
LBD:9cRA with GRIP-1 (2.5-fold excess) and without GRIP-1
(Figure 4C). In this spectrum, the long-wavelengthπ-π* of 9cRA
shifted to the blue by about 1 nm, resulting in a difference spec-
trum containing a negative band centered at 370.5 nm, a posi-
tive band at 322.5 nm, and a crossover at 342 nm. In addition to
these spectral changes, the near-UV spectrum in the 280 nm range
also changed. Negative bands appeared at 285 and 292 nm, and
a positive band was centered at 259 nm (with less intense maxima

at 254 and 265 nm). Second derivative spectra of the near-UV
region (250-300 nm) demonstrated the wavelength maxima
of the near-UV absorbance (280 nm band) did not change when
GRIP-1 was added. This indicated the observed spectral changes
in the near-UV region were due to changes in the extinction
coefficients of the transitions. In contrast, the second deriva-
tive data clearly showed a 1 nm shift to the blue for the 334 nm
band of 9cRA when GRIP-1 was added.

A simulated near-UV region difference spectrum was con-
structed to gain further insight into our difference measurement.
Using the spectra for apo-hRXRR-LBDand hRXRR-LBD:9cRA,
the simulated near-UV-vis difference spectrum was calculated
for hRXRR-LBD:9cRA and hRXRR-LBD:9cRA:GRIP-1
by summing the constituent spectra as detailed in Materials
and Methods. The simulated difference spectrum agreed remark-
ably well with the experimentally measured difference spectrum
(Figure 4C). The best-fit simulation yielded three notable changes
in the near-UV-vis absorption spectra of hRXRR-LBD:9cRA
upon GRIP-1 binding: (a) the long-wavelength π-π* of 9cRA
was shifted to the blue by∼1 nmwithout a change in εmax, (b) the
εmax of tryptophan residues and tyrosine were decreased by 1%
without change inwavelengthmaximum, and (c) the εmax of phenyl-
alanine residues were increased by 22% without change in wave-
length maximum. Solvent effects on the intensity and wavelength
position of phenylalanine absorption demonstrated nonpolar
solvents increased the extinction coefficient of the phenylalanine
relative to polar ones (47). The change in solvent-exposed surface
area was calculated for the R groups of each phenylalanine resi-
due from the two crystal structures. The solvent-exposed surface
area of three phenylalanines, F437, F450, andF453, decreased by
18%, 71%, and 36%, respectively, with little change for other aro-
matic residues (Figure 3B). The phenyl ring of F450 was nearly
completely buried from solvent by GRIP-1. The 285 and 292 nm
absorbances were attributed primarily to tryptophan absorbance.
Two tryptophan residues are present in hRXRR-LBD. W305
is near 9cRA, 3 Å from the C-19 methyl group, and W282 is
located on H3 8 Å away. Even though both tryptophan residues

FIGURE 4: (A) Near-UV-vis spectrum of apo-hRXRR-LBD homo-
dimer (black), hRXRR-LBD:9cRAcomplex in the absence ofGRIP-1
(red), and hRXRR-LBD:9cRA:GRIP-1 complex (blue). (B) Differ-
enceUV-vis spectrum of hRXRR-LBD:9cRA complex (red) or the
hRXRR-LBD:9cRA:GRIP-1 complex (blue)minus the spectrum of
apo-hRXRR-LBD. (C) Difference UV-vis spectrum of hRXRR-
LBD:9cRA:GRIP-1minus the spectrumofhRXRR-LBD:9cRA(black)
versus the computer-fitted difference spectrum (green).
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were completely buried in both X-ray structures, the C-19 methyl
of 9cRA moved about 0.5 Å away (and displayed 7 Å2 less
contact) with the indole ring of W305 in the GRIP-1-bound
structure.
HDXMS Analysis of hRXRR-LBD Complexes. The in-

solution dynamics of these hRXRR-LBD complexes in the pre-
sence andabsence of theGRIP-1 coactivator peptidewere further
analyzed by HDX MS. The backbone amide hydrogen-deuter-
ium exachange rates were measured for four hRXRR-LBD
homodimer complexes: hRXRR-LBD, hRXRR-LBD:GRIP-1,
hRXRR-LBD:9cRA, and hRXRR-LBD:9cRA:GRIP-1. All pre-
parations were pepsin digested prior to mass spectrometry analysis,
allowing regional assessment of hydrogen-deuterium exchange
events. Thirty-eight peptic peptides comprising 88% of hRXRR-
LBD were identified with high confidence (<2 ppm) by FT
MSMS. Deuterium incorporation for all peptides was calculated
by monitoring centroid mass shifts across a series of time points
for the four different homodimer preparations. Deuterium
incorporation increased as a function of time for hRXRR-LBD
in all observed states. The averaged differences in deuterium in-
corporation percentages for five on-exchange time points prepared
in triplicate (15, 30, 120, 900, 3600 s) relative to apo-hRXRR-
LBD are shown in Table 3 for 24 peptic-peptides from the three
different preparations (apo-hRXRR-LBD:GRIP-1, hRXRR-
LBD:9cRA, hRXRR-LBD:9cRA:GRIP-1) and mapped onto the
hRXRR-LBD amino acid sequence in Figure 5. The remain-
ing 14 observed overlapping peptides (Supporting Information
Table S4) served to corroborate these 24 peptides in Table 3. A
negative percentage value represents a reduction in the number of
hydrogen-deuterium exchange events compared to the number
observed for the unbound domain, which is an indication of an
increased level of protection for that region. Values shaded in
increasing intensities of blue indicate increasing levels of protection
for each peptide. Our data clearly demonstrated 9cRA and/or
GRIP-1 binding caused region-specific reductions in deuterium
incorporation. Nine peptides representing 23% of the domain
showed no significant change in deuterium incorporation (<5%)
across all complexes (shaded in gray in Table 3).
Dynamic Changes Induced by GRIP-1 Coactivator Pep-

tide Binding to hRXRR-LBD:9cRA. HDX MS of hRXRR-
LBD was performed in the presence of a 10-fold excess of 9cRA
(>99% saturation). Ligand binding elicited the greatest suppres-
sion in deuterium incorporation in peptides with residues directly
involved or surrounding the ligand binding pocket (H3,H5,H7,
H10 and H11). All peptides containing residues that make
contact with 9cRA demonstrated a significant reduction in
deuterium incorporation in the presence of 9cRA. Peptide
L419-C432 (H10-H11) demonstrated the largest degree of protec-
tion (36%) andcontainedone residue (C432) that is directly involved
in 9cRA binding. Surprisingly, peptide V354-M362 (H7) had no
residues that made contact with 9cRA, but displayed a signif-
icant reduction in deuterium incorporation with 9cRA binding.

To investigate the dynamical effects of the binding of the co-
activator peptide GRIP-1, we performed HDX MS of hRXRR-
LBD:9cRA in the presence of a 3-fold excess of GRIP-1 (>95%
saturation based on Kd of 1 μM). Compared to the HDX MS
analysis of the hRXRR-LBD:9cRA complex, GRIP-1 binding
resulted in further suppressions in deuterium incorporation for
many of the same peptides (Table 3). An additional 5-12% reduc-
tion in deuterium incorporation was observed in peptides from
H3, H4, H7, H10, and H11. Four distinct peptides also showed
significantly reduced deuterium incorporation compared to the

hRXRR-LBD:9cRA complex. Peptide L433-F438 (H11) dis-
played little change in deuterium incorporation in the presence of
9cRA alone (-1%), but was significantly altered upon addition
of GRIP-1 (-10%). The plot of deuterium incorporation versus
time for this peptide shows the exchange of deuterium for the
apo-hRXRR-LBD homodimer complex was fast and reached
>80% deuterium incorporation by 90 s (Supporting Informa-
tion Figure S4C). Addition of 9cRA did not alter the rate of
deuterium incorporation for this region, but addition of GRIP-1
induced a significant decrease in the early time points. This
reflected an altered level of solvent accessibility for the
C-terminal end of H11 when GRIP-1 was bound to hRXRR-
LBD:9cRA. This same trend was also observed for the N-term-
inal region of the hRXRR-LBD spanning F450-T462 (H12). In
ours and previous HDX MS analysis (16), H12 remained a
fast exchanging region with unaltered rates of incorporation
in both apo-hRXRR-LBD and hRXRR-LBD:9cRA homodi-
mer complexes. However, our current results demonstrate that
addition of GRIP-1 significantly altered the solvent accessibility
of H12.

In the GRIP-1-bound state, deuterium incorporation signifi-
cantly decreased for the peptides located outside of the LBP or
theGRIP-1 binding site. Twopeptides fromH3, including F277,
demonstrated an increase in protection upon binding of
GRIP-1. The X-ray structures demonstrated tertiary structural
changes for F277 on H3 interacting with F450 on H12, which
was supported by the near-UV difference spectra (Figure 4).
Consistent with these observed changes, HDX MS peptides
including F277 (A271-T278, A271-L279) and another containing
F450 (F450-M454) displayed a decrease in deuterium incorpora-
tion, indicating further stabilization of theAF-2 recognition helix
upon coactivator peptide binding. This latter peptide also
included E453, which was essential for formation of the charge
clamp between several residues in the amino end of GRIP-1 and
H12. Another region of the LBDwhich changed dynamics due to
GRIP-1 binding was in H10 and H11. Four peptides in this
region showed substantial decreases in deuterium incorporation.
These helices contained several residues that interacted with the
trimethylcyclohexenyl ring of 9cRA (C432, H435, and L436),
and was observed to move from a water-exposed environment
(without GRIP-1 bound) toward L455 on H11 (Figure 3B).
HDX MS of Apo-hRXRR-LBD:GRIP-1 Complexes.

HDX MS of apo-hRXRR-LBD in the presence of GRIP-1 was
performed for complete analysis (Table 3). Our results demon-
strated thatGRIP-1 caused hRXRR-LBDhomodimers to under-
go differential structural dynamics even in the absence of ligand.
While reductions in deuterium incorporation were considerably
smaller compared to the complexes discussed above, several
peptides in the same regions within the hRXRR-LBD were
altered. This included the H11 peptide L433-F438 and the
N-terminal peptide F450-M454 that were only altered when
GRIP-1 was present. These results suggested that interactions
between apo-hRXRR-LBD homodimers and GRIP-1 were simi-
lar (yet not as strong) to those observed between GRIP-1 and
hRXRR-LBD:9cRA.

DISCUSSION

In this study, we provide important structural, dynamical, and
thermodynamic information on the binding of a coactivator
peptide, GRIP-1, to the LBD of hRXRR homodimers containing
the potent agonist 9cRAby use of severalmethods.Upon binding,
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the 13-residue GRIP-1 adopts a helical structure involving 10
residues of its sequence centered on the ILHRLL hydrophobic
motif. The GRIP-1 peptide binds stoichiometrically to each
monomer of the hRXRR-LBD homodimer, with a Kd ≈
1 μM (ΔG∼-8.5 kcal/mol). Even though there are significant
interactions between the ILxxLLmotif on GRIP-1 and the hydro-
phobic residues inH3,H4, andH12 of hRXRR-LBD, the binding
of GRIP-1 to hRXRR-LBD is strongly driven by enthalpy
especially at 37 �C.Burying the ILxxLL sequence to a hydrophobic
pocket on the surface of hRXRR-LBD:9cRA certainly is entro-
pically favorable, but this favorable entropymust be compensated
by other entropically unfavorable events. The large negative en-
thalpy contribution to the binding free energy is a result of many
factors. An N-terminal charge clamp is observed between four
N-H residues of the peptide bonds of H687, K688, I689, and
L690 on GRIP-1 residues and E453 onH12 (Figure 3B,C), and a
C-terminal charge clamp is present between D696 on GRIP-1
and K284 on H3 (Figure 3B). These interactions were nearly

identical to those reported for other NRs and coactivator peptides
(24, 48). In addition to these electrostatic interactions, a new ionic
interaction was identified in this study. E456, which is close to
E453 on H12, forms an ionic interaction with H687 on GRIP-1
(Figure 3B). This interaction is not observed in hPPARγ-LBD:
SRC-1 complexes (23). R302 on H4 also changes its side chain
conformation upon GRIP-1 binding. Two salt bridges and two
hydrogen bonds between this residue onH4 with E453 and E456
onH12 lock in these two helices (Figure 3C, yellow dashes) (49).
Our HDX MS data verified that GRIP-1 binding produces a
significant decrease in HD exchange rates of peptides containing
R302 (H4/H5) and E456 (H12) (Table 3, L301-L308 and L450-
T454). Previous mutational studies indicate R302 is an important
residue in preventing the binding of corepressor SMRT-ID2
and promoting the recruitment of coactivator (50).

GRIP-1 binding to hRXRR-LBD:9cRA alters the tertiary
structure of the NR LBD.Most significantly, the phenyl rings of
three phenylalanine residues (F277, F437, F450) onH3,H11, and

Table 3: Averaged Differences in Deuterium Incorporation Percentages for 24 hRXRR-LBD Peptic Peptides Relative to Apo-hRXRR-LBD for Three

Conditionsa

aValues reflect differences in percent deuterium incorporation for each peptic peptide averaged across five time points (15, 30, 120, 900, 3600 s) relative to apo-
hRXRR-LBD (column 3). Negative values indicate an increased level of protection for that peptide under the indicated conditions and are color coded in increasing
shades of blue. Differences<5%are considered insignificant (shown in gray). Peptides are listed fromN- to C-terminus; holo structural element indicated in column
2. Observed hRXRR-LBD amino acid contacts with 9cRA are in red. Observed hRXRR-LBD amino acid contacts with GRIP1 are underlined.
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H12 bury and become less solvent exposed (Figure 3 B). The
near-UV difference spectral studies (Figure 4) support that this is
not consequence of different crystallization conditions reported
here for the hRXRR-LBD:9cRA:GRIP-1 homodimers versus
those of Moras and co-workers for the hRXRR-LBD:9cRA
without coactivator peptide (14). The conformational changes in
hRXRR-LBD:9cRA upon GRIP-1 binding are also reflected in
the dynamics of this region of the structure. OurHDXMS results
indicate the backbone amide exchange rates are slowed for
H3 and H11 peptides containing these phenylalanine residues
(Table 3). These findings support the concept that GRIP-1
binding to the NR LBD surface stabilizes not only its interface
but also the secondary structure one layer inward toward the
retinoid binding site. Noy and co-workers previously demon-
strated F437 on H11 is an important residue in communicating
transcriptional activation (51). This study supports the role F437
plays in the transmission of the conformational change toward
the LBP of theNRLBD.The helical axis ofH11 containing F437
on the carboxy end moves toward the GRIP-1 binding site when
coactivator peptide is bound to theNRLBD.While themovement
is small, it is significant enough to alter the conformation of the
binding pocket of the retinoid especially near the trimethyl-
cyclohexenyl ring. The ring of 9cRA flips between alternate half-
chair conformations (C-2 up in hRXRR-LBD:9cRA, C-2 down in
hRXRR-LBD:9cRA:GRIP-1). Numerous ligand-protein con-
tacts change for the 9cRAespecially for the gem-dimethyl groups,
C-16 and C-17. The number of surface area contacts between
trimethylcyclohexenyl ring atoms and H11 residues increases
(Table S2 of the Supporting Information). The HDX MS data
are consistent with these structural changes; three peptides
containing F437 become significantly more protected when
GRIP-1 is bound (Table 3). The smallest of these overlapping
peptides spanning L433-H438 was protected only when GRIP-1 is
bound. Taken together, these data reflect that the dynamics of
H11 residues are reduced due to two factors: increased hydro-
phobic interactions with 9cRA and increased hydrophobic/
hydrophilic interactions with residues that form the GRIP-1
binding site. These data establish a structural model for how
retinoid agonists interact with the LBP residues on H11 to
positively aid in recruitment of coactivators.

The HDX MS studies reveal the helical structure of
hRXRR-LBD:9cRA:GRIP-1 homodimers are less dynamic than
hRXRR-LBD:9cRA. As presented in this study, the addition
of GRIP-1 reduces the overall number of deuteriums incorpo-
rated compared to data from hRXRR-LBD:9cRA without
coactivator (Table 3). The HDXMS protection factors reported
here for apo-hRXRR-LBD and for hRXRR-LBD:9cRAwithout

coactivator are very similar to studies done by Deinzer and co-
workers (16). These studies each reveal that theH11 peptide (on
the carboxyl end starting fromL433) and theH12 peptide (F450-
M454) are exchanging rapidly with solvent in both apo and holo
complexes, even though the X-ray structure reported by Moras
and co-workers reveals a compact structure with H11 and H12
folded into an active conformation.NMRsolutionmeasurements
on hRXRR-LBD:9cRA homodimers also support the dynamical
nature of the carboxyl-terminal helices of hRXRR-LBD. Even
with 9cRA bound, the NMR signals from H11 residues are
undetectable (18). Many residues on H11 (I428-T449) including
the three phenylalanine residues identified by Noy and co-
workers (F437, F438, and F439) cannot be resolved (51).
HDX MS studies support this finding especially for residues in
the carboxy end of this sequence. 9cRA binding induces reposi-
tioning ofH11 and is a key structural change needed for themove-
ment ofH12 into the active conformation. TheHDXMSanalysis
demonstrates a significant reduction in deuterium incorporation
for peptides from H12 only when GRIP-1 is bound. While the
changes inH10 and H11 peptides are apparent in Table 3, com-
parison of the peptides that span this region in percent deuterium
vs time plots for overlapping peptides in this region provides
more insight into the dynamical changes (Supporting Informa-
tion Figure S4). The deuterium incorporation of H11 peptide
L419-F438 is reduced by >20% following 15 s of deuterium
incorporation in the presence of 9cRA alone (Figure S4C).
Addition of GRIP-1 to the complex further reduces the incor-
poration an additional 10% for the longer time points (2 min,
15 min, and 1 h). The P423-F438 H11 peptide follows this
same pattern (Figure S4D). In contrast, the overlapping H11
C-terminal peptide (L433-F438) is different. Addition of 9cRA
slightly increases the deuterium incorporation for the longer
time points (2 and 15 min), indicating a slight increase in
dynamics for this portion of H11 after repositioning upon
binding 9cRA. The resulting averaged difference is small
(Table 3). Upon binding ofGRIP-1, the deuterium incorporation
for this peptide is reduced 10%. In the case ofH12, the influence
in deuterium incorporation is exclusively influenced by GRIP-1
binding (Table 3 and Supporting Information Figure S4D). The
analysis of the HDXMS data indicates the carboxyl ends ofH11
and H12 of hRXRR-LBD:9cRA are much more dynamic and
may contain multiple conformations. When coactivator peptide
is bound, H11 and H12 are considerably stabilized.

Comparison of the X-ray crystal structures also reveals
GRIP-1 binding induces the formation of a Caro-H-π interac-
tion between residues F277 and F450. There is a dramatic
reduction in deuterium incorporation for peptide F450-M454

FIGURE 5: HDX MS peptides. The 24 HDX MS peptides in Table 3 are mapped onto the hRXRR-LBD protein sequence. Structural features
of the hRXRR-LBD are shown above the sequence. Arrows below the sequence correspond to the observed HDX MS peptides in Table 3.
An additional 14 overlapping peptides that were observed are provided in Supporting Information Table S4.
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(H12 peptide) when GRIP-1 is bound. Additionally H3 and
H4 peptides are significantly protected.Deuterium incorporation
for peptide A271-L279 (H3) is reduced by greater than 25%
following 1 h of exchange in the presence of GRIP-1 (Supporting
Information Figure S4A). This peptide contains four residues
involved in ligand or coactivator binding. Peptide L301-L308

(H4) shows 20% reduction in deuterium incorporation upon the
addition of GRIP-1 compared to 12% reduction in the presence
of 9cRA alone (Table 3). This observation is supported by the
X-ray crystal structure reported here which reveals the
involvement of residue L301 in coactivator binding. Reduced
deuterium incorporation forH3,H4, andH11 peptides indicates
the structure is less dynamic in solution, which is in good
agreement with structural changes found in X-ray crystal struc-
tures that identify new interactions involving residues in these
peptides. Further, HDXMS studies reveal regions of hRXRR-
LBD which are protected from deuterium incorporation in the
presence ofGRIP-1 (e.g., peptide L419-C432 inH10) even though
the crystal structure of this region in the holo complex does not
show significant change in the presence or absence of GRIP-1.

X-ray crystal structures, spectroscopic studies, and HDX MS
measurements provide structural and dynamical views ofGRIP-1
binding to hRXRR-LBD:9cRA. The ITC titrations establish
GRIP-1 binding to hRXRR-LBD:9cRA is driven by a large
negative enthalpy change with a large negative heat capacity
change (-401 ( 18 cal mol-1 K-1, Table 2) at pH 8. The ΔCp

value we measure for GRIP-1 binding to hRXRR-LBD:9cRA
homodimers is significantly larger than that measured for SRC-1
coactivator peptide binding to hRXRR-LBD:9cRA hetero-
dimers withCARat pH7.2 (52). OurΔCp is similar inmagnitude
to that found for SCR-1 binding to apo-hRXRR-LBD:CAR
heterodimers (36). The largest contribution to ΔCp from ligand
binding is a result of the changes of the surface area between
the ligand-bound complex and the surfaces of unbound
protein and free ligand (53). Polar and nonpolar atoms con-
tribute differently. Burying nonpolar atoms lead to a negative
ΔCp while polar atoms that lose contact with water result in a
positive ΔCp. Burying the hydrophobic residues of ILxxLL or
hydrophobic residues (e.g., F277, F437, F450) leads to a large
negative term in ΔCp, while burying the hydrophilic residues of
the peptide (K686, H687, K688) and the residues involved in the
charge clamp onH12 (E453, E456) opposes this trend. The large
negative ΔCp is consistent with the importance of the hydro-
phobic forces involved with GRIP-1 recognition of hRXRR-
LBD:9cRA.

Why isGRIP-1 binding to hRXRR-LBDnot entropically driven
given the amphipathic nature of GRIP-1 and obvious burial of
nonpolar residues on the surface of hRXRR-LBD? In the absence
of ionization effects for ligand binding as demonstrated here and
with SRC-1 binding to RXR:CAR heterodimers (52), the most
significant contributions to the entropy change of binding arise
from three terms: (1) ΔSsolv, the increase in entropy from burial of
hydrophobic groups in the complex away from the aqueous solvent,
(2) ΔSrt, the decrease in entropy from loss of rotational and
translational degrees of freedom in the complex, and (3) ΔSconf,
the decrease in entropy from reduction of conformational freedom
in the complex relative to the free peptide and hRXRR- LBD (54).

ΔSbinding ¼ ΔSsolv þΔSrt þΔSconf

The ΔSsolv can be estimated by ΔCp ln(T/385), which is þ102 cal
mol-1 K-1 at 25 �C. Estimates for ΔSrt for 1:1 binding are -8 cal

mol-1 K-1 (54). The contributions of ΔSconf are more difficult to
estimate.However,Gomez andFreire (52) established parameters
for amino acids based on the work of Lee et al. (55). These
authors successfully calculated the binding energetics (including the
binding entropy) of a small peptide inhibitor (pepstain A) to
endothiapepsin (Table 2) (52). Using a similar approach and their
published parameters, we estimate no more than a -50 cal mol-1

K-1 change in entropy for an unstructured GRIP-1 in solution to
adopt a single helical conformation bound to hRXRR-LBD (freez-
ing the polypeptide backbone) and for the loss of entropy due to the
burial of side chains from both GRIP-1 and hRXRR-LBD on the
surface of the protein. The negative entropy terms (ΔSrt,
ΔSconf) are only about 50% of the solvation entropy term, sug-
gesting that GRIP-1 binding should also be strongly entropically
driven. However, the ΔSconf term may be underestimated given the
data provided in the HDX MS exchange studies. As presented in
Table 3, GRIP-1 binding produces significant protection of amide
hydrogens in regions beyond the immediate coactivator peptide
binding site (peptides in H3, H5, H7, H10, H11, and the beta
strands). Figure 6 highlights the changes observed in the HDX
MSstudies bymapping themon the structure.Upon9cRAbinding,
several observed peptides around the ligand binding pocket of
hRXRR-LBDbecome significantlymore protected fromdeuterium
incorporation (10-37% change relative to apo-hRXRR-LBD,
highlighted in yellow and orange) as previously reported by Yan
et al. (16).WhenGRIP-1 (green) is added to the complex, a subset
of these same peptides (those in orange) become further protected
or stabilized (>7% additional change relative to hRXRR-LBD:
9cRA), demonstrating the allosteric influence of GRIP-1 binding
on the LBP helices. Finally, HDX MS analysis of the hRXRR-
LBD:9cRA:GRIP-1 complex clearly identified peptides including
H11 andH12 (in red) that were not protected (remained dynamic)
in the presence of 9cRA but become more protected when
GRIP-1 was added. This increased protection is expected to
result in a reducedmobility and increased stability of hRXRR-LBD
helices involved in GRIP-1 binding and between the coactivator
binding site and the LBP. This loss of mobility would significantly
add to the negative entropy term ΔSconf. Thus, our results indicate
that GRIP-1 binding to hRXRR-LBDs involves a small change in
the conformation of the LBD resulting in a larger decrease in the
dynamics of the domain.

In summary, our study integrates X-ray crystallography
with dynamical HDX MS analysis to understand the ener-
getic effects of the binding of GRIP-1 coactivator peptide
to hRXRR-LBD:9cRA. Our structural and dynamical studies
of the complexwith andwithout coactivator peptide clearly exhibit
a translational movement of H11 and H12 toward GRIP-1
and the formation of new hydrophobic and hydrophilic interac-
tions to stabilize the fluctuating complex. The binding of coac-
tivator peptide to hRXRR-LBD:9cRA induces effects which
propagate to the terminal end of the retinoid agonist and are
mediated by residues at the interface between agonist and
coactivator peptide (especially H11). While ligand-mediated NR
activation and coactivator recruitment are well-studied pro-
cesses, the structural features that allow a range of NR-specific
ligands to produce a variety of responses in different tissues are still
not well-defined (an agonist in one tissue versus an antagonist in
another). The process of coactivator recruitment (and corepressor
displacement) must be addressed when evaluating ligand-induced
gene expression and biological responses. This work provides
insight into the structural, dynamical, and allosteric changes that
occur in one example of NR coactivator recruitment.
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SUPPORTING INFORMATION AVAILABLE

ITC measurements of GRIP-1 coactivator peptide binding to
hRXRR-LBD:9cRA at 20, 25, 30, and 37 �C (Figure S1), ITC
measurement of -1 coactivator peptide binding to hRXRR-
LBD:9cRA at 25 �C in HEPES buffer (Figure S2), the interaction
betweenE456 ofRXRandH688 ofGRIP-1 observed in our crystal
structure (Figure S3), deuterium incorporationmeasurements of all
peptide fragments (Figure S4), contact measurements between
hRXRR-LBD and GRIP-1 coactivator peptide or 9-cis-retinoic
acid (Tables S1 and S2), optimized extinction coefficients used in
our near-UV-vis difference simulation in Figure 4 (Table S3), and
the complete list of 38 HDX MS peptides and their observed
differences in the various complexes (Table S4). This material is
available free of charge via the Internet at http://pubs.acs.org.
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