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ABSTRACT. The constitutive androstane receptor (CAR) enhances transcription of specific target genes
that regulate several metabolic pathways. CAR functions as an obligate heterodimer &R with

the retinoid X receptor (RXR). Also part of the active receptor complex is the steroid receptor coactivator-1
(SRC-1) which interacts with the receptor complex via specific receptor interaction domains (RIDs). A
peptide derived from SRC-1 RID2 is used to study the thermodynamic properties of the interaction with
the CAR-RXR ligand binding domain (LBD) complex. In the absence of ligands for both CAR and
RXR, binding of coactivator peptide to the CAIRRXR heterodimer is characterized by a favorable enthalpy
change and an unfavorable entropy change. The addition of the CAR agonist, TCPOBOP, increases the
affinity for coactivator by decreasing the unfavorable entropy and increasing the favorable intrinsic enthalpy
of the interaction. The RXR ligand, @s-RA, generates a second SRC-1 site and increases the affinity by
improving the entropic component of binding. There is an additional increase in affinity for one of the
two sites in the presence of both ligands. The change in heat capaCiyi€ also investigated. A 2-fold
difference inAC, is observed between liganded and unliganded ERRR. The observed thermodynamic
parameters for binding of SRC-1 peptide to liganded and apo-€RRR as well as the difference in the

AC, data provide evidence that the apo CARXR heterodimer is conformationally mobile. The more
favorable enthalpic contribution for TCPOBOP-bound CARXR indicates that preformation of the
binding site improves the complementarity of the coactivateceptor interaction.

Activated nuclear receptors (NRsgcruit p160 transcrip- A. PN
tional coactivators such as SRC-1/NCoA-1 and TIF2/GRIP/ A 28'1/3’_" HATS
NCoA-2 and other coactivator proteins (Figure 1A).( LN T SN
These p160 coactivators, in turn, can interact with CBP/p300 [RXR | CAR| ek
and associated molecules with histone acetyltransferase ' ‘// J
activity and activate the basal transcription machinery of the JDE\ ’Eﬁ W
cell (2). When the NR binds agonist ligand, there is a [ Re | GENE \
conformational change in the C-terminus that results in a B.
hydrophobic docking site for coactivator proteins such as ERHKILHRLLQEG

SRC-1 @). There are four unique receptor interaction _ .
domains (RIDs) in SRC-1 that can interact with the NIR ( Ficure 1: (A) Nuclear receptors are modular proteins containing

. . . . . an N-terminal DNA binding domain (DBD) which binds specific
Each RID contains a core amino acid motif that includes og,onse elements (REs) upstream of the target gene and a

the sequence LXXLL (X being any amino acid). Since an c-terminal ligand binding domain (LBD) which binds small

NR can bind only a single RID at once, specificity of NRs molecule ligands and recruits coactivator proteins such as SRC-1.
for a particular RID on SRC-1 is determined by the amino The coactivator protein interacts with proteins which possess histone
acids that flank this LXXLL motif £). Short peptides of up acetyltransferase activity (HATSs) as well as the basal transcriptional

. . machinery for enhancing transcription of the target gene. (B)
to 13 amino acids based on the sequence of the RID haveseqyence of the 13-residue peptide from SRC-1 used in the binding

been observed to bind NRs through specific apolar, hydrogenstudies. The LXXLL motif is underlined.
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framework. When the agonist binds, the C-terminal helix vator interactions. Our data provide a detailed thermodynamic
(H12) undergoes the largest conformational change, therebyprofile of the interactions of CARRXR with SRC-1 peptide,
activating the ligand-dependent activation function 2 (AF2) including the changes in free energy, enthalpy, entropy, and
domain. In the agonist-bound active conformation, H12 is heat capacity. We have determined that the improved binding
packed against the body of the LBD. In this position, H12 of SRC-1 peptide to agonist-bound CAR in the heterodimer
and residues from helix H3 create the hydrophobic cleft that has both enthalpic and entropic components. We also show
interacts with the coactivator RIOLQ). that the thermodynamic basis for agonist-mediated enhance-
The constitutive androstane receptor (CAR) belongs to the ment of coactivator recruitment is different in the CAR
NR superfamily and plays key roles in the clearance of both monomer and CARRXR. Evidence of allosteric com-
xenobiotics 11, 12) and endogenous toxins such as bilirubin  munication between LBDs when both ligands are present is
(13). CAR is largely expressed in the liver and intestine provided. Finally, heat capacity changes and structural
where it controls the transcription of specific genes, including energetics are used to demonstrate that apo €RRR is
P450 monooxygenases, phase Il conjugating enzymes, andnore conformationally mobile than CAR(TCPOBGHBXR.
xenobiotic transporters. This activity of CAR can also be
deleterious as CAR-mediated metabolism of acetaminophenEXPERIMENTAL PROCEDURES
results in a toxic reactive quinone metabolité-gcetylp-
benzoquinone). While classical NRs are inactive in the
absence of ligand, CAR displays strong ligand-independent
activity which implies that the H12/AF2 conformation in apo i .
CAR is in the active-state conformation. As with many NRs, CT). TCPOBOP was purchased_ from Qalb iochem, aok:o-
CAR functions as a heterodimeric partner of the retinoid X RA Was purchased from MP Biomedicals.
receptore. (RXRo) and in the active state can recruit the ~ Protein Expression and PurificationThe murine CAR
coactivator protein SRC-1 by interacting specifically with LBD (residues 117358) was subcloned into pET15b with
RID2 of SRC-1 (4). CAR activity can be reversed by an N-terminal hexahistidine tag from mCAR cDNA kindly
inverse agonists such as androstenal-ghdrost-16-en-@- provided by B. M. Forman. The human RXRLBD
ol) (15). Although constitutively active, CAR activity can  (residues 225462) was subcloned into the pACYC184
be enhanced by agonist ligands such as 1,4-bis[2-(3,5-vector and was a kind gift from B. Wisely (Glaxo Smith-
dichloropyridyloxy)]benzene (TCPOBOP)L®) and 6-(4- Kline, Inc.). The two plasmids were cotransformed into
chlorophenyl)imidazol[2, b][1,3]thiazole-5-carbaldehyde ~ Escherichia coliBL21(DE3) Gold cells (Novagen). After
O-(3,4-dichlorobenzyl)oxime (CITGOLY) that are selective  being induced with 0.5 mM IPTG, the cells were grown for
for murine and human CAR, respective|y_ CARXR 18—22 h at 20°C and harvested by Centrifugation. The cells
heterodimer (CARRXR) activity is also increased by the were lysed with a French press (two passes at 20 000 psi).
binding of RXR agonists such ascs retinoic acid to RXR The CAR-RXR heterodimer was first purified from the
(18). cleared lysate using Ni-NTA affinity (Qiagen) and subse-
Crystal structures of CAR LBDs reveal that binding of quently by size-exclusion chromatography using Superdex
ligand alters the conformation of helix 12 (AF2). The inverse 75 resin (GE Healthsciences). The concentration of the
agonist, androstenol, disrupts the interactions of H12/AF2 protein was quantified using the Bio-Rad protein assay kit
with the LBD, while the agonists TCPOBOP and CITGO with bovine serum albumin as the standard. For use in ITC
stabilize the active-state conformation of H12/AF2 so that €xperiments, a more stable form of the CAR LBD was
coactivator binding is favored, in mCAR and hCAR, obtained by mutating a surface cysteine, distal from the
respectively 7, 19, 20). Although mutagenesis has shown SRC—llbi.nding site, to a serine residue. From cell-based
that the same structural elements are required for ligand-transcription assays, this mutant form of CAR appears to
independent recruitment of coactivator proteins by CAQ,( have a transcriptional prOﬁIe identical to that of Wlld-type
less is known about the differences between coactivator CAR (data not shown). Henceforth, the CAR protein used
binding to apo versus agonist-bound CARXR het-  in the assays below is the C221S mCAR LBD.
erodimer. Because CAR can recruit coactivator without Isothermal Titration CalorimetrylTC experiments were
bound agonist, this nuclear receptor provides the rare performed using a VP_ITC microcalorimeter from Microcal,
opportunity to compare binding of coactivator proteins in Inc. Purified CAR-RXR complex was dialyzed extensively
the presence and absence of ligands. Here, we describe thagainst the buffer used in the ITC experiments. The following
thermodynamics of binding of a thirteen residue peptide buffers were used: 50 mM HEPES, 0.1 M NaCl, and 1 mM
based on RID2 of SRC-1 to the CARRXR heterodimer TCEP; and 50 mM Tris-HCI, 75 mM NaCl, 1 mM TCEP,
using isothermal titration calorimetry (ITC) (Figure 1B). 50 mM Phosphate, and 1 mM TCEP. The variation in NaCl
RID2 has been shown to be critical for binding fo SRC-1to concentration maintained a constant ionic strength for
CAR and also binds RXR in the presence of RXR agonist comparison of binding in different buffers. Stock ligand
(14, 21). ITC has been commonly used to analyze protein  solutions were prepared in dimethyl sulfoxide (DMSO).
peptide R2—24), protein—protein @5—27), and proteir- Ligand concentrations were in 5-fold molar excess of CAR
ligand or —substrate interaction®®). Previously, thermo-  RXR, which is at least 10 times the liganteceptor
dynamic properties of binding of the coactivator to the dissociation constant in all titrations. Equivalent amounts of
androgen receptor have been determined using peptidesigand were added to both protein and peptide solutions, and
derived from coactivator protein2®). In this study, the  the DMSO concentration was adjusted to 3.5% for all
MCAR—hRXR LBD heterodimer is used as the model titrations, including those in the absence of ligand. Titrations
system to characterize the thermodynamics of-dBacti- consisted of 29 injections of 160L and were separated by

Reagents. Purified SRC-1 peptide SERHKILHR-
LLQEG?%) was purchased from the W. M. Keck Biotech-
nology Resource Center at Yale University (New Haven,
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240 s. Each titration contained-20uM CAR—RXR in the and Spolar et al.34)

sample cell. Concentrations of SRC-1 peptide in the injection

syringe ranged from 90 to 55@M. For titrations using the AC, = 0.32AASA 55— 0.14AASA ., (4)

CAR monomer, the sample cell contained-2® uM protein

and the injection syringe contained from 0.40 to 1.0 mm Wwere used. _ _ o

SRC-1 peptide. For all titrations, thevalues £ = KM, In the equations given abov&ASA is the change in either

whereM, is the concentration of macromolecule binding sites @polar or polar solvent accessible surface area in square

(30)] ranged from 8 to 32. These values are within the ideal @ngstroms andC is the change in heat capacity in calories

range for determining binding constants by ITC. In early Per kelvin per mole.

experiments, gel filtration was performed to verify that the

quaternary state of the protein had not been altered duringRESULTS AND DISCUSSION

the titration (Figure S1 of the Supporting Information). In this study, ITC was used to characterize the binding of
All data were fit using Origin 5.0 (Microcal, Inc.) to the coactivator to the LBDs of various CAFRRXR com-

determine the binding constartJ), apparent stoichiometry  plexes, including apo CARRXR, CAR(TCPOBOP}RXR,

(N), and changes in binding free energy@), enthalpy AH), CAR—RXR(9<is-RA), CAR(TCPOBOP)RXR(9is-RA),

and entropy AS) (30). monomeric CAR and CAR(TCPOBOP). Titrations in the
The extent of binding-linked protonation is calculated presence of the inverse agonist, androstenol, could not be
using the equation performed because of precipitation in the sample cell even
at low ligand concentrations. Since the SRC-1 peptide binds

AHgps= AH;y + NyAH,, 1) both CAR and RXR, a total of two possible binding sites

for this peptide are present on the CARXR heterodimer.
where AHops is the observed enthalpy changein is the Peptides similar in length have been cocrystallized with other
intrinsic enthalpy ChangENH is the net number of pI’OtonS NRs (7, 9)’ and the pepude used in this Study has been
taken up during the binding process, aidHi, is the  cocrystallized with the human CARRXR heterodimerZ0).
ionization enthalpy of the buffer from r&l. Extrapolation  Amino acids flanking the 13-residue core do not appear to
of AHops to a value of zero buffer ionizatiory{ntercept)  pjay a significant role in CARRXR binding since a SRC-1

givesAHiw. o . . RID2-based 21-amino acid peptide containing this 13-residue
The change in heat capacity is determined using the core exhibits no difference in affinity or enthalpy from the
equation 13-amino acid peptide (data not shown). Representative

titrations for the 13-amino acid residue peptide binding to

_ OAH;y, ) CAR—RXR complexes are shown in Figures 2 and 3. The
P oT data are summarized in Tables 1 and 2.

Binding-Linked ProtonationThe observed enthalpy change

The ionization enthalpies for the individual buffers at each gye to binding contains contributions from the protonation

temperature were obtained from previous studgss 82). or deprotonation of the buffering syster85( 36). In this
The extent of proton transfer antH;; was determined at study, binding of the SRC-1 peptide to CARXR can result
each temperature using eq 3, and the resullihly, values iy 3 K, shift for a residue on the peptide or macromolecule.
were plotted as a function of temperature to finG,. To accommodate this change iKpprotons are either taken

cal AG,. Theaccess_surprogram within the NMR_Refine  of this phenomenon in the interaction between SRC-1 peptide
module of Insight Il (Accelrys) was used to calculate solvent and CAR-RXR heterodimer, the titrations were performed
accessible surface area (1.4 A solvent radius) from thein three separate buffers, each with a different heat of
structure of the CARRXR heterodimer with TCPOBOP,  jgnjzation. The observed enthalpy was plotted versus the heat
9-cis-RA, and coactivator peptides bound (PDB entry 1XLS). of jonization of each buffer and the net uptake of protons
Surface areas were calculated for each atom and added tQjetermined from the slope (Figure 4). The net uptake is close
obtain the total polar and apolar solvent-exposed surfacetg zero in the presence of either TCPOBOP (0.079) ois9-
areas. First, the solvent accessible surface area was computegia (0.033). In contrast, there is a small net release of protons
for the entire Complex of ”ganded protein and bound when the SRC-1 pep“de is titrated into apo CARXR
coactivator peptides. Next, the solvent accessible surface areg—0.18) (Table 3). This net release is due to changes in the
for the coactivator-free protein complex was computed by Kk, of one or more ionizable groups on either SRC-1 peptide
simply omitting the coordinates of the coactivator peptide or CAR. Since the net uptake is different for apo versus
from the structure. Finally, the solvent accessible surface aregjganded CAR, the contribution from buffer ionization to total

of the free peptide was determined by omitting the coordi- enthalpy must be considered when one is comparing binding
nates of CAR(TCPOBOP)RXR(9<is-RA). The change in o the different CAR-RXR complexes.

polar and apolar solvent accessible surface area was deter- Comparison of Energetics of Binding of SRC-1 to Apo and
mined by subtracting the values obtained frqm free het- Holo CAR in the CARRXR HeterodimeiThere is evidence
erodimer and free peptide from the values obtained from the that the CAR-RXR heterodimer can recruit SRC-1, leading
heterodimer-peptide complex. For computation of the tg transcription of genes, in the absence of agoi®g}. (In
developed by Murphy and Freir83) we have used ITC to characterize the recruitment of the
. SRC-1 13-amino acid peptide by the LBDs of apo CAR
AC, = 0.54AASA p1ar— 0-26AASApgyr ©) RXR. As expected, the data for titrations of SRC-1 peptide
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FiIGURE 2: Representative titrations of SRC-1 peptide into CARXR in the absence of ligand (left), in the presence of TCPOBOP (middle),

and in the presence of @s-RA (right). Titrations contained 50 mM

into the apo heterodimer fit well to the one-site binding

phosphate buffer and 1 mM TCEP at pH 7.2.

mobility is accumulating38). The most significant changes

model and the apparent stoichiometry for the interaction is upon ligand binding are observed in the conformation of helix

one peptide molecule per CARRXR heterodimer (Figure
2). The affinity Kq) ranges from 4.9 to 6.8M, depending

H12/AF2 (10). Binding of SRC-1 peptide can also restrict
CAR mobility, resulting in a decrease in entropy (unfavorable

on the buffer system that was used (Table 1). Furthermore, TAS). Thus, the net loss in degrees of freedom in the CAR

we note that the binding is enthalpically favorable (negative
AH) but entropically unfavorable (negativeAS). The
measured enthalpy values 8.2, —10.0, and—11.1 kcal/
mol most likely reflect the contributions from the four
charged residues on CAR which directly interact with the
coactivator 7). Lysine 187 of helix H3 and glutamate 355
of helix H12/AF2 in mCAR bind to residues at either end
of the short,a-helical, coactivator peptide. These “charge
clamp” interactions are a common feature in-Neactivator
complexes J). In the crystal structure, the E355 side chain
forms a hydrogen bond with the backbone amide of the
leucine immediately preceding the LXXLL motif (position
—1) in TIF2 (7). In SRC-1, this residue is an isoleucine.
The K187 side chain H bonds with the backbone carbonyl
of the leucine in thet-5 position of the LXXLL motif (Figure
S2A of the Supporting Information). This residue is con-
served in both TIF2 and SRC-1. Additionally, E198 and
K193 in CAR (helices H4 and HBform salt bridges with
arginine (-2) and aspartic acid{6) in TIF2, respectively
(7). Positionst2 and+6 are histidine and glutamine in SRC-
1, respectively, which can also H bond with E198 and R193

SRC-1 complex is larger than the favorabieSfrom burial
of the apolar faces of CAR and the SRC-1 peptide.

Although CAR is constitutively active, its transcriptional
activity can be enhanced by TCPOBOP approximately 3-fold
with an EGg of 0.1 uM (39). The role of the CAR agonist
on SRC-1 recruitment was studied by performing the titration
in the presence of saturating amounts of TCPOBOP. In this
titration, the SRC-1 peptide is expected to interact only with
CAR since RXR is in the unliganded inactive form. As
anticipated, this data fit well with the single-site binding
model with a stoichiometry of one SRC-1 peptide molecule
per CAR(TCPOBOP)RXR complex. There is an almost
10-fold increase in affinitylq = 0.6 M) compared to that
of apo CAR-RXR, a consequence of both favorable
enthalpy and favorable entropy (Figure 2 and Table 1). The
seemingly more favorablAH for apo versus liganded
CAR—RXR results from contributions of buffer ionization.
The intrinsicAH is most favorable for CAR(TCPOBOP)
RXR (AHiyx = —10.2 kcal/mol) compared to apo CAR
RXR (—9.1 kcal/mol) (Figure 4 and Table 3).

In all three buffers that were used, the presence of

on CAR. ITC measures the global thermodynamic parametersTCPOBOP results in a decrease in the entropic penalty for

of a system so the nétH is not merely the sum of these
four hydrogen bonds, changes in protegolvent and
peptide-solvent interactions, and changes in bonding within

the formation of the CARSRC-1 peptide complex. From
a thermodynamic perspective, the binding of TCPOBOP
reduces the difference in entropy between free EAXR

the protein and peptide also contribute. Nevertheless, theand CAR:SRC-+RXR. Thus, the increased levels of

formation of these four hydrogen bonds will contribute
significantly to AH. Besides these H bonding interactions,

transcription upon binding of TCPOBOP may result pre-
dominantly from the stabilization of the CARRXR complex

the interface of the SRC-1 peptide and CAR is predominantly with an additional contribution from a more favorable
apolar. While the burial of such exposed hydrophobic faces enthalpy.

is expected to result in favorable entropy (positiv&S),

Effect of 9-cis-RA on Binding of SRC-1 to the Apo and

the observed change in entropy in our titration appears to TCPOBOP-Bound CARRXR Heterodimein the presence

be unfavorable<2.8 kcal/mol). The observebAScan arise
from two events, the burial of apolar surfaces (favorable
TAS) and a restriction of CAR mobility (unfavorableAs).

of 9-cisRA, the RXR AF2 domain adopts the active NR
conformation and can recruit coactivator protei@) (NR—
RXR heterodimers respond differently to concurrent activa-

Evidence that NRs exist in a continuum of conformationally tion of both the NR and RXR and can be grouped into three
mobile states and that the presence of ligand restricts thisbroad categories. A permissive NRXR heterodimeric
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Ficure 3: (A) Titration of SRC-1 peptide into CARRXR in the
presence of both TCPOBOP ancti&-RA. Data points represent
the integration of the raw data for the titrations. Titrations of peptide
into buffer and ligands were performed to determine background.
(B) Data points resulting from subtraction of background and
subsequent curve fitting to the data.

Wright et al.

Table 1: Thermodynamic Parameters for Binding of SRC-1 Peptide
to CAR—RXR in the Presence of the Indicated Ligahds

Kqg AH —TAS AG
ligand (uM) (kcal/mol)  (kcal/mol) (kcal/mol) NP
HEPES Buffer
TCPOBOP 0.66:0.1 —10.0+0.3 15 —8.5 0.98+ 0.07
9-cisRA 15+02 -7.9+03 0.0 -7.9 2.04+ 0.09
none 4.9+0.7 —10.0+0.4 2.8 —7.2 1.03+ 0.06
Phosphate Buffer
TCPOBOP 0.62-0.1 —10.1+0.2 1.6 —8.5 1.01+0.03
9-cisRA 17401 -75+01 0.4 -7.9 1.98+ 0.05
none 6.3:05 —-9.2+04 21 -7.1 1.04+ 0.05
Tris Buffer
TCPOBOP 0.63:0.1 —9.3+0.2 1.2 —8.5 0.96+ 0.09
9-cisRA 21+03 -8.1+04 0.4 —7.7 2.03+0.09
none 5405 —11.1+0.2 3.9 -7.2 1.02+ 0.05

aDetermined at 25C and pH 7.2 as described in Experimental
Procedures. The reported values are the average of three experiments,
and the errors are the standard deviatfofihe apparent stoichiometry
from the curve fitting data.

Table 2: Thermodynamic Parameters for Binding of SRC-1 Peptide
to CAR—RXR in the Presence of &issRA and TCPOBOP

AH —TAS AG
Kg (uM) (kcal/mol)  (kcal/mol) (kcal/mol) NP
siteone 0.16:0.04 —-59+0.4 —-3.7 -9.6 0.93+ 0.06
sitetwo  1.2+£0.2 —9.2+0.5 1.0 —8.2 1.04+ 0.08

@ Determined at 283C and pH 7.2 in 50 mM HEPES, 0.1 M NacCl,
and 1 mM TCEP. The reported values are the average of five
experiments, and the errors are the standard devidtibine apparent
stoichiometry from the curve fitting data.

agonist alone has been shown to enhance transcription via
CAR(apo)-RXR (18). To determine the effect of 8issRA

on coactivator recruitment, SRC-1 peptide was titrated into
the CAR-RXR(9-cis-RA) complex. This SRC-1 peptide also
has a high affinity for RXR with a dissociation constant of
1.92uM in the RAR—RXR heterodimerZ1). As anticipated,

the presence of the RXR agonist increases the apparent
stoichiometry to two peptide molecules per CARXR(9-
cisRA) heterodimer complex, and the data fit well to a
noninteracting sites model indicating that both NR LBDs
can bind the SRC-1 peptide independently (Figure 2). Since
the two sites have similaky values for the peptide, their
individual thermodynamic parameters cannot be determined
and the results reflect contributions from both sites. While
the overall enthalpic contribution is less favorable here than
with either the apo or TCPOBOP-bound CARXR com-
plexes, the entropic contribution is nearly neutral (close to
zero) in CAR-RXR(9-is-RA) (Table 1). Unlike CAR which
makes four H bonds with the coactivator, RXR forms only
two H bonds with the coactivator peptid® (K284 and E453

in RXR H bond with the residues at each end of dhkelical
coactivator peptide (Figure S2B of the Supporting Informa-

complex can be activated by agonists for either the NR or tion) (7). The remaining interactions between the peptide and

RXR, and the agonist activity is additive with both agonists

RXR are apolar. Although thAH is less favorable in the

present. Conditional heterodimers are activated by either theRXR—SRC-1 interaction which is most likely due to the fact

NR agonist or both NR and RXR agonists but are unrespon-

sive to RXR agonist alone. Nonpermissive heterodimer

it has fewer H bonds than CARSRC-1, the comparabley
can be explained by the compensating neuite® contribu-

association occurs when the complex is activated by NR tion.

agonist alone41). The CAR constitutive activity makes it
difficult to be categorized in the groups listed above. The
effect of 9¢issRA on CAR activity in the absence of

Titrations were also performed in the presence of saturating
concentrations of both TCPOBOP anai8-RA (Figure 3).
The isotherm from these titrations has a unique shape relative

TCPOBOP depends on the nature of the response elemento those of the other titrations with CARRXR complexes

on the target DNA. In ER-6-type response elements, RXR

(Figure 3A). As with the CAR-RXR(9-is-RA) complex
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Ficure 4: Enthalpy plotted as a function of the heat of ionization
of phosphate, HEPES, and Tris-HCI buffers at pH 7.2 to determine
the extent of binding-linked protonation.

Table 3: Amount of Net Proton Uptake by the CARXR
Complexes Resulting from SRC-1 Peptide Binding and the Intrinsic
Enthalpy of the Reactions

kcal/mole of injectant

complex N AHint (kcal/mol)

CAR—RXR —-0.18 -9.1 s s B
CAR(TCPOBOPY-RXR 0.079 -10.2 ez 8o
CAR—RXR(9<is-RA) 0.033 -8.0 Molar Ratio
Ficure 5: Binding of SRC-1 to monomeric CAR in the absence
above, the stoichiometry indicates two SRC-1 peptide ©f ligand in 50 mM HEPES, 100 mM NaCl, and 1 mM TCEP
molecules per CAR(TCPOBOPRXR(9-cis-RA) complex. (pH 7.2).
Of the several models that were considered, the data fit best bie 4. Th q - tor Binding of id
to a two-sets-of-sites model, where each site has its own;acié; Thermodynamic Parameters for Binding of SRC-1 Peptide
binding characteristics (Figure 3B). Interestingly, in the
presence of both ligands, one of the sites has a significantly Ka (M) (kcﬁ,Hmm) (kc_J,Amsm) (kcﬁﬁnm) NP
increased affinity for the SRC-1 peptide relative to the TCPOBOP 8.2 08 —64+05 —04 68 095009
affinity with either single ligand. A similar pattern in the  apo 21.3t2.4 —-58+07 —06 —6.4  0.95+£0.10
binding of the coactivator to the two agonist-bound RAR 2 Determined at 25C and pH 7.2 in 50 mM HEPES, 0.1 M NaCl,
RXR heterodimers has been reported previously where aand 1 mmM TCEP. The reported values are the average of three
larger SRC-1 fragment with two intrinsic RIDs was used experiments, and the errors are the standard devigtibne apparent
(42). The increase in the level of coactivator recruitment by Stoichiometry from the curve fitting data.
the RAR-RXR heterodimer was proposed to be mediated
by the unimolecular nature of the coactivator fragment as CAR—RXR heterodimerky = 4.9uM) (Figure 5 and Table
binding of one RID to one receptor brings the second RID 4). In the presence of saturating amounts of TCPOBOP, the
into greater proximity to bind the partner NR. However, in CAR—SRC-1 binding improves = 8.7 uM), as in CAR-
this study, the titrations are performed with independent (TCPOBOPY»RXR (Table 4). This affinity for SRC-1
peptide molecules which are capable of binding each receptorpeptide in the presence of TCPOBOP is lower than with both
separately. Therefore, the improved binding observed hereapo CAR-RXR and CAR(TCPOBOP)RXR in the same
must be mediated by conformational changes within the buffering system. Also, the improvement in SRC-1 binding
CAR—RXR heterodimer. This binding data may also explain from apo to TCPOBOP-bound monomeric CAR is primarily
the additive increase in the level of transcription measured enthalpic, and the difference ixH is significantly large ¢ 3
in the presence of agonists for both CAR and RXR using kcal/mol). This is in contrast to the effect of TCPOBOP on
DR-4-type response elements8]. However, the additive = CAR—RXR, where entropic changes play a significant
effect is not observed with other response elements. (unfavorable) role in SRC-1 peptide recruitment. Also in
Allosteric Contribution of RXR: Binding of SRC-1 to the contrast to CAR-RXR, both the CAR-SRC-1 and CAR-
CAR MonomerRXR, the dimerization partner of CAR, has (TCPOBOP)-SRC-1 complexes are associated with favor-
been shown to be critical for CAR activity. In two-hybrid able changes in entropy. It is likely that in monomeric CAR,
assays, while only a very weak association is observeddistal regions of the protein can undergo conformational
between uncomplexed CAR and SRC-1, the addition of changes to compensate for the loss of entropy that ac-
exogenous RXR increases the level of recruitment of SRC-1 companies binding to SRC-1 peptide. In the more confor-
by CAR more than 3-fold 14). Indeed, RXR has been mationally restricted CARRXR heterodimer, these regions
observed to allosterically regulate the activity of other may be restricted by RXR and the loss in entropy upon
heterodimeric partners, notably the retinoic acid receptor, binding SRC-1 peptide is not adequately offset by confor-
RAR (43, 44). To examine the role of RXR in CARSRC-1 mational changes in CAR.
interactions, we monitored global heat changes upon titration The overall lowelKq for binding of SRC-1 to monomeric
of the SRC-1 peptide into monomeric CAR. The binding CAR, compared to the CARRXR heterodimer, is largely
isotherm suggests that the monomeric CARRC-1 interac- a consequence of a significantly less favorahle (Table
tion (Kq = 21.3 uM) is substantially weaker than in the 4). Thus, it is likely that the presence of RXR results in an




868 Biochemistry, Vol. 46, No. 3, 2007 Wright et al.

-5.0- capacity change for this complex can be explained largely
by the burial of solvent-exposed surface at the interface of
CAR, and peptide and conformational changes distal to the
\\. SRC-1 binding site have a minimal effect on the binding
-10.07 + 9-cis RA energetics of the liganded complex. Binding of the SRC-1
peptide to apo CARRXR yields a significantly largeAC,

N
2
]

AH (kcal/mol)

1289 + TCPOBOP (=320 cal K'* mol™1). The absence of an apo CARXR
15.04 apo structure complexed with the coactivator peptide precludes
a similar structural analysis and comparison. The 2-fold
7.5 : : : increase iNAC, when SRC-1 peptide binds the apo het-
20 30 40 erodimer compared to CAR(TCPOBOMRXR suggests
Temperature (°C) significant differences in the conformations of the two

Fiure 6: Observed enthalpy plotted as a function of temperature COMPIeXes prior to coactivator binding. Since the surface area
to determineAC, for binding of SRC-1 peptide to apo CARRXR buried upon binding of SRC-1 peptide is likely to be similar
(AC, = —320+ 30 cal mot* K1), CAR(TCPOBOP)-RXR (AC, in apo and CAR(TCPOBOP), the significantly large€,
= —1604 20 cal mof* K%, and CAR-RXR(9<isRA) (AC, = for binding of SRC-1 apo CAR reiterates earlier observations
~120 £ 20 cal mot® K ). Titrations contained 50 mM HEPES, that unliganded CAR is substantially more conformationall
100 mM NacCl, and 1 mM TCEP, and the pH was adjusted to 7.2 unilg y o Y
at each temperature. mobile than CAR(TCPOBOP). SRC-1 binding presumably
induces changes in structure such that apolar surfaces distal
optimal geometric orientation of the CAR binding site for to the coactivator binding site that were once exposed to
the SRC-1 peptide, resulting in a higher affinity between solvent are buried upon binding the peptide. The theoretical
CAR and coactivator in the CARRXR heterodimer. values derived using eq 3 would require an alternate

Structural Energetics and Change in Heat Capacity explanation. However, the entropy values described in Table
Associated with Coaatator Binding The change in heat 1 support the model described using eq 4.
capacity AC,) in a protein-peptide interaction is analogous The net energetic effects of structural changes within the
to that of protein unfolding and proteiligand and proteir free peptide and the bound, five-residue helical SRC-1
DNA interactions and depends primarily on the change in peptide should be similar in all titrations.
hydration due to the binding evends); from AC,, the The calculated values for binding of coactivator peptide
change in solvent exposure of polar and nonpolar surfacesto RXR are as follows: AASAgpor = —814 A and
can be estimated38, 46, 47). To determineAC, for the AASAoar = —467 A2 These values lead to theoreticeC,
binding of SRC-1 peptide to apo and liganded CARXR values 0f—318 and—195 cal K'* mol™* using egs 7 and 8,
heterodimers, titrations were performed at four different respectively. The experimental value faC, is —120 cal
temperatures in HEPES and phosphate buffers. The heak ! mol~* which is also closer to the value predicted by eq
capacity was determined from the slope of the linear 8. However, the experimentally determin&g, in this case
regression fit whed\H is plotted against the temperature at reflects two events, binding of SRC-1 to CAR and RXR in
which the titration is performed (Figure 6). the heterodimer. This lower experiment&C, cannot ac-

A negative AC, is observed in the formation all three commodate the substantial changes in heat that accompany
CAR—RXR:coactivator complexes (Figure 6). There is very the relatively large conformational changes proposed by the
little change in affinity fAG/OT < 0.1 kcal Kt mol™?) AC, observed in binding of SRC-1 peptide to apo CAR
between the SRC-1 peptide and the CARXR heterodimer ~ RXR. This observation raises the interesting possibility that
at the different temperatures. The effect of temperature onthe RXR ligand can induce CAR into a conformation with
binding energetics is manifested in the change in the a preformed coactivator binding site. In this scenario,
thermodynamic parametersH andTAS As the temperature  coactivator recruitment of the CAR(TCPOBGHXR(9-
is increased, there is a proportionate increase in the favorablecis-RA) complex will not differ significantly from that of
AH, which is compensated by a decreasing favorable entropyapo CAR-RXR(9-Cis-RA). Cell-based transcriptional assays
(Figure S3 of the Supporting Information). showing the effect of &issRA on CAR—RXR-mediated

Using the published structure of the CAR(TCPOBOP)- transcription activation in the absence of CAR agonist also
(TIF2)—RXR(9-is-RA)(TIF2) complex (PDB entry 1XLX) support this model1().

(7), we have estimated thé\C, upon binding of the Conclusions With respect to coactivator recruitment by
coactivator to this complex. The two peptides that were used,the CAR-RXR heterodimer, our results imply that while
the TIF2-derived peptide in the structure and the SRC-1 the specific interactions in the CARSRC-1 assembly are
peptide in our titrations, are highly homologous and share similar, the enhanced transcriptional activity of CAR-
the LXXLL motif; thus, theAASA calculated here should (TCPOBOP) over apo CAR arises from a more effective
provide a very reasonable approximation of the apolar and recruitment of SRC-1 by a less conformationally ambiguous
polar exposed surface area. The calcul2t&$A values for CAR(TCPOBOP). Additionally, the significance of RXR in
binding of coactivator peptide to CAR(TCPOBOP) are as coactivator recruitment is evident from the difference in the
follows: AASAspoiar= —765 A2 andAASAoar = —394 A2, Kq andAH values in the monomeric CAR versus the CAR
Using eqgs 3 and 4, the theoretical values A, are—310 RXR heterodimer.

and—189 cal K'* mol™?, respectively. Our experimentally The observed allosteric effect of the ligand of one receptor
determined value foAC, appears to agree with the theoreti- on the affinity at the coactivator binding site on the other
cal treatment summarized in eq 4. The agreement of NR in the heterodimer demonstrates that the increased level
theoretical and experimental results suggests that the heabf transcription with both agonists is mediated by interactions
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receptor-coactivator, are remarkably conserved. Further
studies with larger SRC-1 fragments and full-length NRs in

the presence of specific RE-derived DNA fragments may
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Ficure 7: Effect of ligand and RXR on the affinity and stoichi-
ometry of SRC-1 peptide. The short helix represents the bound
peptide. The filled shapes indicate the presence oERA (M)

reveal the mechanism of coactivator recruitment in even
greater detail.
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SUPPORTING INFORMATION AVAILABLE

Chromatograms showing oligomeric states of CARXR

and monomeric CAR after ITC titrations (Figure S1), the
hydrogen bonds formed between the peptide and €ERRR
(Figure S2), and graphs &G and —TAS as a function of
temperature (Figure S3). This material is available free of

and TCPOBOP £). The numbers to the right of the diagrams charge via the Internet at http://pubs.acs.org.

indicate the dissociation constant for the interaction(s).
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