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ABSTRACT: The interaction of retinoid X receptar with 9-cis-retinoic acid was studied using stopped-

flow fluorescence spectroscopy. Transient kinetic analyses of this interaction suggest a two-step binding
mechanism involving a rapid, enthalpically driven pre-equilibrium followed by a slower, entropically
driven reaction that may arise from a conformational change within the ligand binding domain of the
receptor. The assignment of this kinetic mechanism was supported by agreement between the overall
equilibrium constantK,,, derived from kinetic studies with that determined by equilibrium fluorescence
titrations. Although these analyses do not preclude ligand-induced alteration in the oligomerization state
of the receptor in solution, the simplest model that can be applied to these data involves the stoichiometric
interaction of 9eis-retinoic acid with retinoid X receptom monomers.

Naturally occurring retinoic acids exert diverse effects on particular orientation in which RXR occupies thé Half-
various developmental and cellular differentiation processessite, whereas RAR binds to thé 3alf-site in the context of
(2). These pleiotropic effects are mediated by retinoic acid a direct repeat spaced by 2 or 5 [§-(L1). However, this
(RAR)! and retinoid X (RXR) receptors, both of which polarity is reversed in the context of a direct repeat spaced
belong to the steroid and thyroid hormone receptor super-by 1 bp (L1). Although it has been previously reported that
family of ligand-dependent transcription facto8y.(RARs RXR was unable to bind ligand and/or activate transcription
and RXRs are differentially activated by naturally occurring in the context of an RXHRAR heterodimeric complex bound
isomers of retinoic acid (RA)transRA, which activates  to RA response element$@, 12), other groups have since
only RAR family members, and 8is-retinoic acid (9cRA), demonstrated the contrary3—16). In addition, the function
which activates both classes of recept@s4). Members of the RXR ligand binding domain (LBD) appears to be
of the two families of retinoic acid receptors heterodimerize regulated allosterically by the RAR LBD such that ligand
in solution and on all known RA response elemefisg). binding by the RAR LBD facilitates ligand binding of and/
Gene deletion studies have strongly suggested that the RXRor transcriptional activation mediated by the RXR LBD
RAR heterodimeric complex is the functional unit of both (14, 15).
retinoic acid signaling pathway3)( RA response elements Ligand binding by RARs and RXRs, and possibly all

are generally composed of direct repeats of the hexanucle-” ot "
. gand-activated nuclear receptors, appears to stabilize a LBD
otide sequence, AGG/TTCA, separated by 1, 2, or 58p ( conformation that is unfavorable for interaction of the

RXR-RAR heterodimeric complexes bind to RAREs With @ - o cei0r with corepressor complexes and promotes interaction
of the receptor with transcriptional coactivator complexes
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Although a great deal is known concerning the structural kDa), and carbonic anhydrase (31 kDa, Sigma). Protein
detail of apo and holo retinoic acid receptors, a kinetic elution from the column was monitored by absorbance at
analysis of ligand binding by these receptors is lacking. Thus, 280 nm using an in-line detector (Beckman System Gold).
we have utilized stopped-flow fluorescence spectroscopy and Native Gel Analysis of RXiR The method for native gel
transient kinetic analyses to examine the mechanism of 9cRAanalyses was described by Chen and colleag8®8swith
binding to purified mouse RX& These kinetic data suggest minor modifications. Purified RXR (5—10 ug in TD150)
that 9cRA interacts with RXR in a two-step binding was incubated with vehicle (ethanol) or z®1 9cRA for 60
mechanism with an overall equilibrium constant that is in min at 0°C and then appliedota 4 to 20%acrylamide
good agreement with equilibrium binding data. The first step gradient gel (5 cnx 8 cm; Bio-Rad) equilibrated in 60 mM
of the binding reaction appears to be enthalpically driven, Tris/40 mM CAPS (pH 9.6) with or without 1M 9cRA.
whereas the second step is dominated by a large andGels containing liganded RXRwere developed with 10M
favorable entropic change. To our knowledge, these data9cRA in both top and bottom buffer reservoirs. Electro-
provide the first kinetic analyses of ligand interactions with phoresis was carried at°€ for approximatet 2 h under 10
any nuclear receptor on a millisecond time scale and shouldmA constant current conditions. RXRspecies and protein
be useful in the development of a molecular framework for standards (apoferritin, phosphorylase b, and carbonic anhy-
modeling the interaction of various agonist and antagonist drase) were visualized by Coomassie blue staining. Protein

ligands with nuclear receptors. standards were used to estimate Meof RXRo. species
and to align gels run in the absence and presence of 9cRA.
EXPERIMENTAL PROCEDURES Data AnalysisStern—Volmer constants for fluorescence

guenching of RXR by acrylamide, NaNg) and Kl were
derived by linear regression analysis of collisional quenching
ata:

Plasmid Construction and Protein PurificationThe
construction, expression ikscherichia colistrain BL21
(DE3) plysS, and purification by nickel chelate chromatog-
raphy of mouse RXRAAB-His (RXRa) were described Fo
previously 6, 20). = 1+ KQ Q)

Fluorescence Quenching Experimerfkiorescence mea-
surements were taken at various receptor concentrations invhereF, andF represent the fluorescence emission of RXR
3.0 mL of buffer containing 10 mM Na/Hepes (pH 7.8), 10% in the absence and presence of a chemical quencher at
glycerol, 150 mM NaCl, 0.5 mM DTT, and 0.1 mM EDTA  concentratiorQ, respectively, anK is the Stera-Volmer
(buffer TD150). All experiments were performed on a SLM constant 36).
8000C spectrofluorometer using excitation and emission slit  All other data were analyzed using the equation fitter
widths of 8 nm. The excitation and emission maxima of Scientist (Micromath Scientific Software, Salt Lake City,
RXRaAAB-His were empirically determined to be 280 and UT). Results from equilibrium experiments for determining
337 nm, respectively. For 9cRA binding experiments, the overall dissociation constant for 9cRA binding to RXR
samples were allowed to equilibrate for 1 min in the dark were analyzed by fitting the percent fluorescence quenching
after addition of ligand prior to fluorescence determinations. as a function of 9cRA concentration where the percent
Additions from concentrated stock solutions of 9cRA were quench was corrected for 9cRA absorption according to
made sequentially to a single sample, and the fluorescenceLakowicz @6) and for the loss of fluorescence due to
emission was corrected for dilution. photolysis of the receptor:

Transient Kinetic ExperimentStopped-flow experiments

were carried out using a Biologic SFM-4 stopped-flow % fluorescence quenching

fluorometer having an estimated dead time ranging from 4.5 (100)(1— 2)(2,) 2)
to 2.3 ms depending on the drive sequence that was used. 2
The temperature was maintained using a circulating water (Ro+ 1o+ Ky + ‘/(RO +lo+K9™ = 4R,

temperature bath. Excitation was at 280 nmhwdt 1 mm

slit width using a 150 W mercury/xenon lamp, and emission
was followed using an Oriel 51125 band-pass filter. Each
experiment consisted of three to seven kinetic traces with

2501 data points per trace. Data files were transferred to a e
i complex divided by that for the uncomplexed receptor.
Gateway 4DX2-66V computer for analysis (see below). Single-exponential curves describing a decrease or increase
HPLC Analysis of RX& The method used for HPLC i fluorescence as a function of time were fit to eqs 3 and 4,
analysis of RXR. was similar to that described by Chen regpectively:
and co-workers35). RXR preparations (4.2M, purified

In eq 2,lp andR, are the total concentrations of 9cRA and
RXRo. monomer, respectivel¥ is the overall dissociation
constant for 9cRA binding to RX& andZ represents the
ratio of fluorescence enhancement for the RXSCRA

by nickel chelate chromatography) were dialyzed against 10 y(t) = A, + Aze*tff (3)
mM Tris-HCI (pH 7.8), 1 mM DTT, 500 mM NacCl, and
0.05% w/v CHAPS (TDN buffer35) and applied to 1.6 cm y(t) = A + A1 — e ") + kot 4)

x 60 cm Superdex 200 gel filtration column (Pharmacia)

equilibrated in TDN buffer with or without aM 9cRA. The In eq 3, which was used to analyze 9cRA binding to RXR
HPLC column, eluted at 22C and at a rate of 0.4 mL/min,  y(t) is the fluorescence at timie A, is the fluorescence at
was calibrated using apoferritin (443 kD&yamylase (200  equilibrium, and the exponential curve is characterized by
kDa), alcohol dehydrogenase (150 kDa), phosphorylase ban amplitudeA; and a reciprocal relaxation time z1Kinetic

(97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 experiments in which the rate for dissociation of 9cRA from
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RXRa by displacement with the RXR-selective agonist 60
SR11246 was measure8l/( 38) were analyzed using eq 4.
A slower, steady state fluorescence increase which can  so0
tentatively be attributed to photochemical reactions involving
SR11246 at longer times was superimposed on the single-
exponential increase describing 9cRA dissociation. In eq 4,
A; is the fluorescence at time zer®; is the amplitude of
the exponential increase in fluorescence, dadis the
additional steady state rate of fluorescence increase.

Data describing the hyperbolic dependence obty 9cRA
concentration were analyzed according to a two-step kinetic
mechanism:

)
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where the formation of complex,@vas assumed to be rapid  Ficure 1: Fluorescence quenching of R¥Ry 9cRA. RXRu (40
and the fluorescence quenching was attributed to the slowermnM) was titrated with 9cRA as described in Experimental Proce-
kinetic step forming @ For this mechanism under conditions dures. Data from three independent experiments were fit to eq 2,

where total 9cRAIg) is in excess over RX& concentration: %i‘i”g Zhse j:o(l)l%v;ing parameter estimatelly = 7.6+ 3.8 nM and

1_ k, + % (6) fluorescence emission. 3 and Trg'%are located in LBD

0 helices 3 and 5, respectively, both of which are within regions
lining the ligand binding pocket and/or previously demon-
strated to undergo ligand-induced conformational alterations
(25—27). To address the solvent accessibility of RXR
tryptophan residues, collisional quenching experiments were
conducted with three different quenchers: acrylamide,
NaNG;, and KI. Free tryptophan, which has a very high
solvent accessibility, was used as a reference compound for
all chemical quenching experiments. Linear Stevtolmer

plots were observed for all three quenchers (Figure-ZA

In the fitting procedurek,, which was determined indepen-
dently from dissociation experiments, was constrained to
calculate values fok; andK (eq 6).

The dependence df,, k;, and K on temperature was
analyzed according to either Arrhenius plots (for rate
constants) or van't Hoff plots for the pre-equilibrium constant
K, K1 = ko/k;, and the overall equilibrium constakt, =
K(ko/ky).

E Stern—Volmer constants for acrylamide and Nahquench-
Ink=InA- R_?I' (7 ing of RXRa differed by only a factor of 2 or 3 from those
constants derived using free tryptophan (Figure 2A,B).
InK= AH° e ®) However, the SteraVolmer constant for KI quenching of
RT RXRa fluorescence was approximately 10-fold lower than

that determined for quenching of free tryptophan (Figure 2C).
For the Arrhenius plots (eq 73 is the pre-exponential factor, \whereas both acrylamide and oxygen-type quenchers, such
Ea is the energy of activationR_is the universal gas constant, a5 NaNQ, partition into the hydrophobic core of proteins
C is a constant term ,and is the absolute temperature anq effect fluorescence quenching, the large and hydrated
(kelvin). The van't Hoff plot (eq 8) was used to calculate jodide anion does so with much less efficien@g)( Thus,
the values for the change in standard enthalpii®, for a relatively low Sterr-Volmer constant for quenching of
either step in the reactioi(or Ky = kx/ky) or for the overall  tryptophan fluorescence by KI can be diagnostic of a lack
binding reaction Ko,). In fitting to egs 7 and 8, the data  of solvent accessibility by one or both RXRryptophan
were weighted by 1 where weighting factors were residues. If the low SterAVolmer constant for quenching
renormalized for the semilogarithmic fits according to of RXRa fluorescence by Kl were due to limited solvent
Bevington @9). accessibility, the magnitude of this constant should be
RESULTS sensitive to the folded state of the protein. To test this
hypothesis, we carried out KI quenching studies using native

In agreement with results from other laboratori2 @2, RXRa and receptor that was denaturediwét M guanidine
35), the addition of 9cRA resulted in a quenching of RXKR  HCI. Two differences were noticed between unfolded and
tryptophan fluorescence without an obvious change in the native RXRu. First, the emission spectra of unfolded RXR
shape of the emission spectrum (data not shown). Thewere red shifted relative to those of the native receptor
dependence of RX& fluorescence intensity at 337 nm on (Figure 3A). Second, the Sterivolmer constant for quench-
9cRA concentration is shown in Figure 1. The fit of the data ing of the unfolded protein by KI was increased 3.5-fold
to eq 2 was consistent with a single class of binding sites relative to that of the native receptor (Figure 3B). Both
having aKp equal to 7.6 nM and a relative fluorescence findings are consistent with increased solvent accessibility
enhancement for the 9cRRXRo. complex compared to free  of RXRa tryptophan residues in the unfolded protein.
RXRa of 0.45. Stopped-flow experiments under pseudo-first-order condi-

RXRo. possesses two tryptophan residues, either of which tions with a 9cRA concentration in excess over that of RXR
may be involved in 9cRA-induced quenching of RXR  were fit to the single-exponential decay curve given in eq 3
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A 25 | T T T T T Table 1: Temperature Dependence of Kinetic Constants
' K () ) o - .
|#Tryptophan 148205 T(°C) K2 (uM) ke (s7%) ke (s79)
ORXAuaAB 83203 13 0.544 0.07 8.02+ 0.55 0.18+ 0.01
2.0 4 d 1 18 0.65+ 0.07 21.3t1.2 0.25+ 0.01
w 25 2.34+ 0.46 82+ 14 0.23+0.01
g 30 2.11+ 0.57 192+ 104 0.50+ 0.01
1.5 4 1 aExperimental values calculated from eq 5 where the valulk; of
4 was constrained to the experimentally determined véletermined
from a fit of the data for SR11246 displacement of 9cRA to eq 4.
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Ficure 3: (A) Emission scans of wild-type mRXRin the absence
and presencef® M guanidine HCI. Note that the unfolded protein
14 : . ‘ exhibits a fluorescence emission maximum near that of free
0 04 02 03 tryptophan (357 nm) in contrast to that of the native protein (337
(KIl (M) nm). (B) Stern-Volmer plot of KI quenching of native and unfolded

mRXRa. The Sterr-Volmer constants for native and unfolded

FiGURE 2: SterrVolmer plots of collisional quenching experi- receptor, determined as described in the legend of Figure 2, were
ments using wild-type mRX& and acrylamide (A), NaN©(B), 35 :?: 0.1 and 0.94+ 0.05 M1, respecti%/ely. Sho?Nn is a

and Kl (C). Stera-Volmer constantsK) were obtained by fitting ; : : :
data to eq 1, giving the indicated values. Receptor and tryptophanremesentat've experiment that was replicated twice.

concentrations were AM. Shown are representative experiments . ,
that were rep"cated three to six times. C (Table 1) Arrhenius and van't Hoff p|OtS of the data are

) ) _ o . shown in Figure 7. From the Arrhenius plots, the activation
(F|gurle.4). To estimate the d|ss_OC|at|o_n rate, a solution energies ) in the forward k) and reversekg) directions
containing RXRu and 9cRA was mixed with an excess of a  for the isomerization step were calculated from eq 7 to be

competitive ligand, SR1124@7, 38), that does not affect 33 329 and 10 223 cal/mol, respectively, whiiél® in the
RXRo fluorescence emission (data not shown). The observedyapigly equilibrating binding reaction was calcluated to be
time-dependent fluorescence increase (Figure 5) was fit t0equal to—17537 cal/mol from the fit of the temperature
eq 4, giving a value of 0.23 $for the observed rate constant dependence df to eq 8. From the value &, AH*, AS™,

for 9cRA dissociationk, at 25°C. The plot of 1 versus  5nq AG®* for the isomerization step were calculated at 25
9cRA concentration obtained at 9cRA concentrations of up oc from egs 9-11 (40):

to 3 uM was hyperbolic in shape (Figure 6). The simplest
mechanism consistent with this concentration dependence AH*=E — RT ©)
is the two-step binding mechanism described by eq 5. The a

data were fit to eq 6 (Figure 6), giving a value farof 82 N kN
st and aK of 2.34uM at 25°C. Calculation of the overall AS” =Rin— (10)
equilibrium constantkK,, = K(ko/k;), from the kinetic data
gave a value of 6.4 nM which agreed quite well with the AG** = AH* — TAS? (11)
value determined from equilibrium binding data (7.6 nM;
Figure 1). In eq 10,k is the value of the rate constant at 25, Ny is

The temperature dependencekafwas determined over  Avogadro’s numberh is Planck’s constant, and the value
the temperature range of 438 °C, and the values of; of the transmission coefficient is assumed to be 1. The values

andK were calculated from fits of the hyperbolic dependence of K, k;, andK,, at 25°C were then used in eq 12 to calculate
of 1/t on 9cRA concentration to eq 6 at 13, 18, 25, and 30 AG°® and AS® values at 25°C, assuming thatAH® is
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Ficure 4: 9cRA binding to RXR. Final concentrations of RX& Ficure 5: Displacement of 9cRA by SR11246 at 26. 9cRA-

and 9cRA were 20 and 350 nM, respectively, and the experiment liganded RXRx was mixed with SR11246, giving final concentra-
was carried out at 28C. The data were fit to eq 3, giving the tions of 50 nM and M, respectively. Data were fit to eq 4, giving
following values: A; = 4.073+ 0.001 V,A; = 0.308+ 0.001 V, the following values:A; = 6.866+ 0.001 V,A, = 1.25+ 0.01 V,
andz™! = 10.8 + 0.1 s'%; the theoretical line is based on these 1/r = 0.225+ 0.002 s?, andk, = 0.073+ 0.001 V/s. The line
parameter estimates. The lower panel shows a plot of the residualshrough the data represents the fitted curve, and the lower panel

derived from this fit vs time. shows a plot of the corresponding residuals vs time.
temperature-independent from 18 to 3D, to map the free SO T T T T T
energy changes over the pathway of 9cRA binding to BRXR

(Figure 8): 40 4
AG®° =RTInK=AH° — TAS (12)

30
Gel filtration chromatography and native gel electrophoresis
experiments were carried out to determine the physical state
of RXRa in the presence and absence of 9cRA toward the
goal of identifying the species responsible for ligand-induced ]
fluorescence quenching. Both types of analyses indicated 0T
that, in the absence of ligand, RX¥Rexisted as a heteroge-

neous population of monomeric and tetrameric species S . .
(Figure 9A-C), in agreement with the data of Chen et al. 0.0 0.5 10 15 2.0 25 3.0
(35). Gel filtration analysis (Figure 9A) suggested that

approximately 20% of the RX& population existed in the .
. ; . Ficure 6: Dependence of #/on 9cRA concentration at 2%C.
tetrameric form, whereas the fraction of tetrameric receptor - "rom experiments in which 9cRA was in excess over BXR

as determined by native gel experiments was at least 50%ere fit to eq 6 withk, fixed at 0.23 s (see Figure 3), giving the
(Figure 9C, lane 1). The basis for this descrepancy is following values: k; = 82 + 14 s andK = 2.344 0.46 uM.
unknown but may be related to the presence of 0.05% ) ) )

CHAPS in the gel filtration buffers, differential staining €t al- 85). Again, a dimeric form of RXi& was not detected
properties of monomeric and tetrameric forms of the receptor IN the presence of 9cRA in either gel filtration or native gel
in acrylamide gels, or both. The presence of dimeric RXR  €xPeriments (Figure 9B,C).

species could not be ruled out by gel filtration chromatog-

raphy due to a lack of resolution (Figure 9A); however, a DISCUSSION

dimeric population of RX was undetectable in the native RXRo. fluorescence emission arises from two tryptophan
gel experiments performed in the absence of 9cRA (Figure residues, Trf” and Tr°. The results of chemical quenching
9C, lane 1). Addition of 9cRA converted all tetrameric experiments presented herein suggest that one or both of
species into RXB. monomers as revealed by both types of these tryptophan residues may be buried within the hydro-
analyses (Figure 9B,C), consistent with the results of Chen phobic core of the native protein and have limited solvent

20 4

1/Tau (1/sec)

9-cis Retinoic Acid (nM) x 10°°
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Ficure 7: Temperature dependence of kinetic parameters. Arrhe-
nius plots ofk; (A) andk, (B) and a van't Hoff plot ofK (C) vs

1/T were fit to either eq 7 (A and B) or eq 8 (C). Fitted values
were as follows: fork;, In A=59.04+ 0.7 andE; = 32.3+ 0.4
kcal/mol; fork,, In A= 16.3+ 1.7 andE; = 10.24+ 1.0 kcal/mol;

and forK, C = 37 + 11 andAH® = —17.5+ 6.5 kcal/mol.

accessibility. On the basis of the crystal structure of the ligand
binding domain of human RX& Trp?®” and TrF*° would

be similarly positioned withim-helices 3 and 5, respectively
(25—27), of the mouse RXR protein used in these studies
(6). Helices 3 and 5, together with residues from helices 1
and 11, loops 67 and 1112, and thes-turn, are believed

to form the lining of the RXR ligand binding pocketZ5—

27). Thus, both Tr@” and TrF!° are well-positioned to
function as “sensors” of ligand binding by RXRBecause
the dissociation constant we obtained for 9cRA binding to
RXRa was nearly identical to that previously reported for
[®H]9cRA binding to this recepto3( 41), these fluorescence
measurements appear to reflect the ligand binding activity

Biochemistry, Vol. 38, No. 21, 199%737

of the receptor accurately. PreviodslJ9cRA binding studies
have typically employed gel filtration as a means of
separating bound from free radioligan® @1). As shown

in Figure 5, the magnitude of the rate const&gtfor 9cRA
dissociation from RXR at 25°C was determined to be 0.23
s1, which corresponds to a half-time of dissociation of
approximately 3 s. Thus, the time required to accomplish
the separation of bound from free radioligand by gel filtration
would result in significant dissociation of bountH]9cRA

and an underestimation of the total amount of bout]-[
9cRA. In contrast, fluorescence quenching experiments do
not involve perturbation of equilibrium conditions, thus
facilitating a more accurate determination of the maximum
binding capacity of the receptor and the affinity of RXR
for 9cRA. In agreement with previous studiedl(22), the
stoichiometry of 9cRA binding to the multiple preparations
of purified RXRo used in these studies was found to be 1:1,
suggesting that the active fraction of receptors in these
preparations approaches unity.

9cRA-mediated quenching of RXR intrinsic tryptophan
fluorescence may result from the spectral overlap of tryp-
tophan emission and 9cRA absorption, the corresponding
maxima of which are 337 and 348 nm, respectively.
Alternatively, 9cRA-mediated quenching of R¥Rluores-
cence may arise from ligand-induced alterations in the
microenvironment surrounding one or both tryptophan
residues. Such a ligand-induced R&XRconformational
change is consistent with crystallographic d&a<27) and
the results of differential proteolytic sensitivity assagd, (

20). These two possibilities were distinguished by the high-
affinity agonist SR11246, which displace${[9cRA from
purified RXRa and promotes a receptor conformational
change that appears to be identical to that induced by 9cRA
as detected by differential proteolytic sensitivity assays (V.
J. Peterson et al., unpublished data). However, SR11246 does
not absorb light in the range of RXRiryptophan emission
(M. Leid et al., unpublished data), and thus, fluorescence
guenching induced by this agonist could arise only from the
induced RXRx conformational change. The maximal am-
plitude of fluorescence quenching induced by SR11246 is
approximately!/;o of that induced by 9cRA (5 and 50%,
respectively; Figure 1 and data not shown), suggesting that
absorption of photons may represent the major mechanism
by which 9cRA quenches the intrinsic tryptophan fluores-
cence of RXR. If this is true, the conformational change
that follows ligand binding must provide the correct orienta-
tion of 9cRA in the binding pocket and/or reduce the distance
between the donor RX&R tryptophan residues and the
acceptor 9cRA moiety such that fluorescence energy transfer
can occur.

Ligand-induced conformational change may play multiple
roles in the signaling pathways of nuclear receptors. Ligand
binding has been shown to induce dissociation of receptor-
associated heat shock proteind2)( and transcriptional
corepressor proteins such as NCoR and SMER7). (How-
ever, RXRx does not appear to associate significantly with
any of the heat shock proteins or transcriptional corepressors
that have been identified to date. Second, ligand-induced
receptor conformational change appears to promote interac-
tion of nuclear receptors with transcriptional coactivator
proteins. Liganded RX® has been shown to interact with
TIF-1 (43), TIF-2 (44), SUG-1 @5), SRC-1 46), and p300/
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Ficure 8: Reaction coordinate for 9cRA binding to R¥Rt 25°C. Data from the temperature dependence of the kinetic parameters were
used to calculatéAH°*, AS*, and AG°* for k; andk; (eqs 9-11) andAG® andAS’ for K andK,, (eq 12).

CBP @7). Thus, ligand-induced RX& conformational tion data (Figure 5) were fit to eq 3 to obtain a value Kar
change may serve as a molecular switch that promotes theThis value was then constrained to calculet@ndK from
formation of a receptor-containing, multiprotein complex that the dependence ofdbn [9cRA] from eq 6 (Figure 6). For

is competent to activate transcription of target genes. It is the mechanism described in eq 4, the fractional saturation,
currently unknown if RXR, like estrogen receptax (48), Y, is given by

can exist in two (or more) conformations that are stabilized

by structurally distinct ligands. However, it is tempting to | __ | (13)
speculate that the differential activity of two RXR ligands, KK, I+ Ky,

LGD10268 and LGD1075416), may arise from induction I+ 1+ K
and/or stabilization of different conformations of the receptor. 1
In this respect, it will be of interest to determine if these o )
two ligands differentially quench the intrinsic tryptophan From the kinetic data, it can be seen tha, = K, < 1,
fluorescence of RXR in transient kinetic studies. Finally, ~2and the value for the overall dissociation constkat, equals
binding of 9cRA by RXR. has been demonstrated to KK;. The yalue ofK,y from the fit to_the kinetic data (6.4
modulate the oligomeric state of the protein in solution and "M) was in excellent agreement with that found from the
on DNA response element3, 49—51), suggesting another equilibrium .fluorescence titrations (7.6 nM), an indication
possible role of ligand-induced RXReonformational change.  ©f the consistency between the two methods.

The simplest kinetic mechanism consistent with the = Two mechanisms that are not compatible with the hyper-
hyperbolic dependence ofilén 9cRA concentration under  bolic dependence of #/on [9cRA] are (1) a simple
conditions where [9cRA} [RXRa] is given by eq 4. The  biomolecular association mechanism that predicts a linear
mechanism consists of two steps: a binding step which dependence of tion [9cRA] and (2) the case where a slow
equilibrates rapidlyK) followed by a slow conformational  protein isomerization step precedes rapid ligand binding
change k andk,). The change in fluorescence intensity is which predicts that Z/should decrease as [9cRA] increases
attributed to the formation of the final complexp,@n the (52). The possibility of a kinetic mechanism involving
slow step. Such a mechanism would be consistent with the subunit association and dissociation steps was also consid-
electrostatic field guidance model proposed by Moras and ered. Because most of these mechanisms do not exhibit
colleaguesZb) in which trans-RA is directed to the ligand  exponential behavior or are not analytically solvable, a
binding pocket of hRAR by ionic interactions between the complete analysis was not feasible. However, two experi-
carboxylate group of the ligand and basic amino acids at mental observations were made. First, under psuedo-first-
the entrance of the cavity. The ligand is then tunneled toward order conditions ([9cRA¥ 1 uM), varying the concentration
the hydrophobic ligand binding cavity by electrostatic of RXRa from 25 to 100 nM had no effect on the observed
attraction between both?® and K?3¢ and the carboxylate  value of 1f. Second, when the dissociation rate of 9cRA
group oftransRA which serves to anchor the ligand in the was measured (final concentrations for SR11246 and 9cRA
binding pocket 25). of 1 uM and 100 nM, respectively) at RXRconcentrations

Control experiments in which a change in fluorescence ranging from 40 nM to uM, no effect of varying protein
was observed after SR11246 was mixed with buffer showed concentration was observed. These observations are most
a slow increase in fluorescence with an observed rate equaleasily reconciled with a mechanism in which subunit
to that found for the steady state componégk i the 9cRA association or dissociation is not required or at least not rate-
dissociation experiments. Therefore, the SR11246 competi-limiting. It was possible to analyze a simplified mechanism

<!
Il
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conditions wherk, > k,> (k' + ko) = 1,g=r = 0 and
eqg 15 reduces to

A

-+—400
-+—200
-«+—150
--—97
--—66
--—45
-—31

0.034 k.' .
C2 = klll_:?okz[l - e(kl +k2)t] (16)

0.02-] (-) 9cRA

A280

giving rise to the same kinetic behavior as eq 5. If it is
assumed that analysis of transition state thermodynamic
parameters by Arrhenius plots can be applied in this system,
the temperature dependence of kinetic parankeis, and
k> and the calculated values fii (=ko/ki) andKoy, (=KK3)
were used to propose a reaction coordinate diagram for the
binding of 9cRA to RXRx at 25 °C (Figure 8). The
_ association step to form;Grom free RXRx and 9cRA is
1’ driven by a favorable enthalpy change which is used to
overcome an unfavorable entropic contribution to binding
due, at least in part, to reducing the degrees of freedom of
the system. The isomerization step from @ G, is
enthalpically unfavorable, but the dominant entropy term
results in a negative value &G for this step of the reaction
as well. Such a large entropy change might result from loss
of protein-associated water molecules occurring in conjunc-
tion with a rearrangement of the tertiary structure of the
' protein. The overall reaction is enthalpically unfavorable and
is driven to the right by the large and favorable entropy
change caused by the; @ C, isomerization step. This
observation would be consistent with the notion that because
RXRa. may associate with either itself or other RXR
subtypes, numerous heterodimerization partners, transcrip-
tional coactivators, scaffolding proteins, and DNA response
elements, it is a conformationally flexible molecule and
ligand binding most likely causes large structural rearrange-
ments reflected in the entropic component of the overall
binding mechanism.

0.01+

O ——
200 250
TIME (min.)

T

--—400
-—200
--+—150
-+—97
-+—66

0.03

0.02 (+) 9cRA

A280

0.01+

T T T T T
200
TIME (min.)

— (RXR)s
H
S g

1 2

Ficure 9: Gel filtration analysis of RXR in the absence (A) and
presence (B) of M 9cRA. Purified RXRx (500 uL, 4.2 uM in
TDN buffer) was incubated with vehicle (0.5% v/v ethanol, A) or

9cRA (final concentration of @M, B) for 60 min onice and then  mouse RXR: expression vector from which RXR\AB-

chromatographed as described in Experimental Procedures. The : }

elution positions of molecular mass standards (determined prior toq_!Is was derived, and_ we _gratefully ac_knowledge t_he as
sistance of the Nucleic Acid and Protein Core Facility of

and following RXRx chromatography in the absence and presence ‘ \ ' k

of 9cRA) are denoted by downward arrow8) (\ative gel analysis the Oregon State University Environmental Health Sciences
of RXRa in the absence (lane 1) and presence (lane 2) @15 Center.

9cRA. Lanes 1 and 2, which were derived from two different gels,

were aligned by the migration of the indicated marker proteins. REFERENCES
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K Ky
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If it is assumed that the fluorescence change is duesto C

formation, the above model predicts a three-exponential ¢
equation:

C,=k,/'R[p— ge " +re "'+ se Wt (15) 7.
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