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Abstract

Ligand binding to nuclear receptors leads to a conformational change that increases the affinity of the receptors to coactivator proteins.
We have developed a ligand sensor assay for farnesoid X receptor (FXR) in which the receptor—coactivator interaction can be directly
monitored using surface plasmon resonance biosensor technology. A 25-mer peptide from coactivator SRC1 containing the LXXLL
nuclear receptor interaction motif was immobilized on the surface of a BIAcore sensor chip. Injection of the FXR ligand binding domain
(FXRLBD) with or without the most potent natural ligand, chenodeoxycholic acid (CDCA), over the surface of the chip resulted in
a ligand- and LXXLL motif-dependent interaction. Kinetic analysis revealed that CDCA and its conjugates decreased the equilibrium
dissociation constankKg) by 8—11-fold, indicating an increased affinity. Using this technique, we found that a synthetic bile acid sulfonate,
3a, 7a-dihydroxy-5-cholane-24-sulfonate, which was inactive in a FXR response element-driven luciferase assay using CV-1 cells, caused
the most potent interaction, comparable to the reaction produced by CDCA. This method provides a rapid and reliable in vitro ligand assay
for FXR. This kinetic analysis-featured technique may be applicable to mechanistic studies.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction The classic radio-ligand binding assay, which detects
direct interactions between ligands and receptors, is com-
Farnesoid X receptor (FXR) is a nuclear receptor that monly used for the in vitro screening of nuclear recep-
functions as a heterodimer with the retinoid X recep- tor (NR) ligands[11,12] While a broad range of natural
tor (RXR) [1-4]. FXR is activated by natural ligand bile molecules are candidate ligands for NRs, the classic binding
acids[5-7] resulting in the down-regulation of cholesterol assay requires the use of specific radio-labeled ligands with
7a-hydroxylase, the rate-limiting enzyme of the classic path- a high affinity. To overcome this limitation, the coactivator
way for bile acid synthesis in the liv§s,8]. The conversion  recruitment assay has been develofig]. Ligand binding
of cholesterol to bile acid is the major pathway for eliminat- to a NR leads to a conformational change, resulting in an
ing cholesterol from the body®,10]. Thus, FXR is thought  increased affinity to coactivator proteins, such as SRC1
to play a key role in cholesterol and bile acid homeostasis [14,15] The formation of this multimeric complex aug-
and ligands that manipulate FXR activity is expected to offer ments target gene transcription. Ligand-dependent coactiva-
novel therapeutic strategies for lipid metabolism disorders. tor recruitment has been detected using an electrophoresis
mobility shift assay[13] and has been measured using flu-
orescence methods, such as fluorescence resonance energy
"+ Corresponding author. Division of Biosignaling. transfgr_ (FRET)[5,6,161 or ﬂuoresce_nce polarizatidrf.l_?].
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intact cells[18]. However, these techniques that have been ligands were dissolved in DMSO, and the final DMSO
used for in vitro assay are limited by their requirements for concentration was adjusted to 0.5%. After the injection
radio isotopes or interference with fluorescent compounds. was completed (120s), the formed complex was washed
In the present study, we employed a surface plasmon reso-with buffer for an additional 120s. The chip surfaces were
nance (SPR) biosensor to directly detect receptor—coactivatoregenerated down to the peptide level by the subsequent ap-
interactions induced by ligands. This technique has beenplication of a thirty-second pulse of 0.1% SDS and 10 mM
used in the studies for interaction between several nuclearNaOH.
receptors, including estrogen receptors and thyroid recep- The association rate constari,) and the dissociation
tors, and coactivatofd9—21] With this system, the macro- rate constantky) of SRC1 for FXRLBD were determined
molecular interactions on the surface of the sensor chip canusing non-linear regression analysis for the initial parts of
be quantitatively detected as changes in the refractive index.the association and dissociation phases on the sensorgram,
The real-time monitoring in this technique also permits the respectively, using PRISM software (Graph Pad Software,
rapid analysis of kinetic parameters in a single experiment San Diego, USA). Briefly, the initial part of the association
[22]. phase was subjected to non-linear regression analysis, based
on the assumption that the association would conform to the

_ one-phase exponential association model expressed by the
2. Materials and methods fo”owing equation:

2.1. Materials [Response}= [Plateault- [Span]1 — exp(—K(t — t0)))

o . where [Plateau] was the base line level before association,
Biotinylated peptides (>95% pure) were purchased from [Span] was the level of the steady-state respoksts)

Biologica (Nagoya, Japan).o37a-Dihydroxy-53-cholane- 55 the apparent association rate constangs time, and
24-sulfonate (CDC-sul) was synthesized as previously de- \yas the time at the start of the association readts.

scribed[23]. The concentration of the free FXRLBD was assumed to
be constant and the same as the total FXRLBD concentra-
tion since an excess amount of FXRLBD was applied to
) ) o _ the system, compared to the amount of immobilized SRC1
DNA encoding the human FXR ligand binding domain  pentide. Therefore, the apparent association rate constant
(FXRLBD) (244 to 472; GenBank U68233) was inserted g was equal tkaC + kg, whereC was the total FXRLBD
into the pGEX-6P-3 expression vector (Pharma<_:ia Biotech, concentration in the system and tkevalue was obtained
Uppsala, Sweden). GST-fused FXRLBD protein was eX- from the equatiort, = (K — kq)/C [26]. To determine the
pressed in BL21(DE3) pLysEscherichia coli cells (Takara  , value, the concentration of free FXRLBD was rapidly
Shuzo, Shiga, Japan) and purified on Glutathione Sepharosgeqyced to 0. Then, the dissociation phase in the sensogram
4B. After cleaving with PreScission protease (Amersham), \vas subjected to non-linear regression analysis, assum-
the FXRLBD protein was purified on glutathione beads and jng that the dissociation could be fitted to the one-phase
dialyzed against the SPR running buffer, described below. exponential decay model expressed by the equation:

2.2. Preparation of FXR ligand binding domain

2.3. Surface plasmon resonance (SPR) assay [Responsel= [Bottom] + ([Plateau]

All measurements were performed using a BlAcore [Bottom) exp(—ka(r = f0))
3000 (BlAcore AB, Uppsala, Sweden), as described earlier where [Plateau] and [Bottom] were the maximum and min-
[22], operating at 25C in a running buffer consisting of ~ imum responses for each curve, respectively, tgivaas the
50mM Tris—HCI (pH 7.4), 150 mM NaCl, 1mM EDTA, time at the start of the dissociation reaction. Tgevalue
0.05% Tween 20, and 0.5% DMSO. Streptoavidin chips Of the best-fitted curve was chosen for calculating ke
(BlAcore AB) were first treated with three one-minute and equilibrium dissociation constay (= kd/ka). Theka
pulses of 50mM NaOH containing 1M NaCl at a flow andkq values were also calculated by plotting tkeval-
rate of 1Qul/min. Wild-type peptide from human SRC1 ues against th€ values, as the slope and intercept of the
(WISRC1, CPSSHSSLTARHKILHRLQEGSPS-CONH2, regression line for these plots represent the association and
residues 676-700)f24] containing the consensus nu- dissociation rate constants, respectively. Data are presented
clear receptor interaction motif (LXXLL)[25] and the  asthe mean: S.D.
consensus-mutated SRC1 peptide (NSRC1, CPSSHSSLT-
ARHKIAHRAL QEGSPS-CONH2) were biotinylated and 2.4. Luciferase reporter assay
immobilized on individual surfaces to 122 resonance units
(RU) and 124 RU, respectively. FXRLBD was preincubated = The monkey kidney cell line, CV-1 cells, were obtained
with the ligand at room temperature for one hour and then from JCRB Cell Bank (Tokyo, Japan) and maintained in
injected over the surfaces at a flow rate ofy20nin. The DMEM containing 10% fetal calf serum. The cells were
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co-transfected with 187.5ng of luciferase reporter plas- action, we subtracted the sensorgrams produced by the mu-
mid (pFXRE-tk-Luc) containing four copies of the FXR tated peptide (3 and 4) from those produced by the wild-type
response element from the phospholipid transfer protein peptide (1 and 2). The resulting sensorgrams (1 and 2 in
promoter[27] upstream of the thymidine kinase (tk) pro- Fig. 1B) clearly showed that the specific binding of the lig-
moter, 62.5ng each of the expression vectors for FXR anded FXRLBD to the SRC1 peptide was 80 RU, four-fold
(pcDNA3.1-FXR) and RXR (pcDNA3.1-RXRy), and higher than that of unliganded FXRLBD. Since the BIA-
187.5ng of pSVB-Galactosidase control vector (Promega) core system allows the simultaneous detection of interaction
by PolyFect (Qiagen) in 24-well plates. Three hours af- events in four flow cells, the sensorgram detected for the
ter transfection, the cells were treated withp2@ of bile wtSRC1-immobilized cell was routinely corrected with that
acids for 24 h. Cell extracts were prepared using a cell from the mSRC1-cell to eliminate any possible responses
lysis buffer (Promega), and the activities of luciferase and caused by nonspecific interactions.
B-galactosidase were determined. The luciferase activity To measure ligand-dependent changes in the affinity be-
was normalized to that of tigzgalactosidase in each sample. tween FXRLBD and wtSRC1, 1M of FXRLBD was
preincubated with 10QM of CDCA for 1 h at room temper-
ature and then injected over a wtSRC1-coated surface. As
3. Results shown inFig. 2 the FXRLBD-CDCA complex bound to the
SRC1 peptide in a FXRLBD- concentration dependent man-
First, we examined whether ligand binding to FXR could ner. The initial parts of the association (17-26 s) and disso-
increase the interaction of the receptor with SRC1. A 20-mer ciation (135-165s) phases were subjected to an analysis of
peptide containing the LXXLL nuclear receptor interaction the association and dissociation rate constants, respectively.
consensus motif25] from SRC1 (WwtSRC1) was immobi-  The initial parts of the association phaséy; 2B, solid line)
lized on the sensor chip surface. FXRLBD was injected were subjected to non-linear regression analysis after assum-
over the surface, causing a small response (sensorgram 2ing that the phase conformed with the one-phase exponential
Fig. 1A). The response was markedly enhanced by preincu-association model. The value of the apparent association rate
bating the FXRLBD with chenodeoxycholic acid (CDCA), constantK) calculated by fitting the curves fordv LBD
a known FXR agonist (sensorgram 1). In a control study, we (Fig. 2B, dotted line) was 364-0.13x 10~ s™1. The initial
used a SRC1 peptide (MSRC1) containing alanine substitu-part of the dissociation phasEi¢. 2C solid line) was sub-
tions in the core motif (AXXAL). The signal generated by jected to non-linear regression analysis after assuming that
non-liganded FXRLBD on this mutant peptide surface was the phase conformed with the one-phase exponential decay
markedly lower than that produced by the wtSRC1 peptide model. Thek, andKq values were #84+0.14x 10°M~1s1
(sensorgrams 2 versus 4), and no enhancement was observeahd 336+ 0.08 M, respectively. The standard deviation of
after preincubation with CDCA (sensorgrams 3 versus 4). each parameter was less than 5% of the mean, indicating that
Thus, this data demonstrates that the ligand induced the asthe results of the assay system were highly reproducible. As
sociation of FXRLBD and the SRC1 peptide in a manner another approach to determining the kinetic parameters, the
that was strictly dependent on the LXXLL motif. To ob- K values were plotted against the injected concentrations of
tain sensorgrams showing the LXXLL motif-specific inter- FXRLBD (Fig. 2D). A linear regression line of the plots
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Fig. 1. Chenodeoxycholic acid (CDCA) causes a specific interaction between FXR and a SRC1 peptide containing the consensus LXXLL motif. (A)
FXRLBD (0.8.M) preincubated with or without 100M of CDCA was injected over surfaces containing immobilized wild-type SRC1 peptide (WtSRC1)

or mutated peptide (MSRC1). The sensorgrams shown here have been corrected for bulk and background effects using the results of an unimmobilized
surface. The arrow and the double arrow indicate the beginning and end points of the injections, respectively. (B) Subtraction of the sensdugeins pro

by the mutated peptide (3 and 4 Kig. 1A) from those produced by the wild-type peptide (1 and 2, respectively), results in sensorgrams that depict

the consensus-specific interaction of FXRLBD with the SRC1 peptide in the presence (curve 1) or absence (curve 2) of chenodeoxycholic acid. RU,
resonance units.
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Fig. 2. Kinetic analysis of CDCA-liganded FXRLBD binding to SRC1 peptide. (A) Overlaid sensorgrams showing the injectiong.bf &F-EXRLBD
preincubated with 10QM CDCA over a surface immobilized with wtSRC1. The sections in the gray zones were used to analyze the association and
dissociation rate constants. (B) The non-linear regression analysis assumed that the association phase (solid line) conformed to the ameepliake exp
association model (dotted line). (C) The non-linear regression analysis assumed that the dissociation phase (solid line) conformed to the one-phas
exponential decay model (dotted line). (D) The values of the apparent association rate cok3tevet® (plotted against the concentrations of the injected
FXRLBD (C). The rate constants for associatidg)(and dissociationky) were obtained from the equatiati = kaC + kg.

indicated that thé, (slope) andky (intercept) values were  jugates with taurine (taurochenodeoxycholic acid, TCDCA)
5014+ 0.19 x 10*°M~1s1 and 170+ 0.03 x 10 1s71, or glycine (glycochenodeoxycholic acid, GCDCA), potently
respectively. Thekqy value calculated from this regression activate FXR in a transient transfection assay using FXR
line was 340+ 0.19uM. These values were consistent with response element-driven luciferase constrietble J. In
those calculated using the previous method. contrast, As shown irfrig. 3, the interaction of FXRLBD
We next tested the ability of the SPR assay system to dis-with the SRC1 peptide was greatly enhanced with TCDCA
tinguish several known agonists from related compounds. or GCDCA. The kinetic analysis showed that the conjugates
Consistent to previous studifs-7], CDCA, but not its con- of CDCA increased thé&, values by 7-8-fold, while thiy

Table 1
Affinity, rate constants for FXR/SRC1 interactions induced by various bile acids and their effective concentrations determined by FRET askageat cell
luciferase assay

ka (M~1s71) ke 57D Kg (uM) EC50 (M) from Relative luciferase
literaturé (FRET assay) activity?

No ligand 0.58x 10* 210 x 101 36.2 1.0

CDCA 5.01x 10* 1.70 x 107t 3.40 45 18.7+ 3.56
TCDCA 4.18x 10* 2.00x 101 4.78 10 1.13+ 0.07
GCDCA 4.33x 10* 1.90 x 107t 4.39 10 1.28+ 0.11
CDC-sul 4.60x 10 1.78 x 107t 3.93 0.83+ 0.09
UDCA 1.05 x 10* 3.30x 101 31.4 ND 1.45+ 0.10
CA 1.11 x 10* 3.70x 101 33.3 ND 1.40+ 0.46
LCA 0.93 x 10* 3.10x 101 33.3 ND 4.47+ 0.43

ND: not detected.
2See Parks et al. (1999%].
bRelative luciferase activity determined in the presence qii0bile acids by cell-based reporter assay.
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350 CDC-sul CV-1 cells[5-7], possibly because they penetrate the cells
300 + €bcA by passive diffusion. In contrast, cholic acid or conjugated
250 | TCDCA CDCA requires the coexpression of bile acid transporters,
GCDCA such as the sodium taurocholate cotransporter (NTCP) or
the ileal bile acid transporter (IBAT), for transactivation of
the FXR reporter gene in non-hepatic cgs7].

The in vitro radio-ligand assay is another classical
method for detecting direct interactions between ligands

200 1
150

Response (RU)

100
50 [

lLJ(DEA and their receptors; in this assay, neither metabolism nor
0 0 20 s(; 14'0 CA cell permeability affect the results. However, the affinity
Time (sec) control of known natural ligands for FXR is unlikely to be suf-

ficiently high to distinguish their specific activity from
Fig. 3. FXR/SRCL1 interactions caused by various bile acids. FXRLBD honspecific binding, as the half-maximal effective concen-
(4pM) preincubated with bile acids (1QM) was injected over the  tration (EC50) of the most potent CDCA has been shown
surface immobilized with wtSRC1. The sensorgrams shown have been g pe 10-2@M in cell-based or in vitro assa)[s 6]. Thus
corrected for non-specific binding using mSRC1 data. coactivator-recruitment assays using gel—sl[ml, FRET

values were marginally affecteddble 7). As reported ear-  [5,6], or fluorescence polarizatid@8] have been employed
lier [5—7], lithocholic acid (LCA) exhibited a modest activ-  to evaluate potential FXR ligands in vitro.
ity, whereas urosodeoxycholic acid (UDCA) and cholicacid ~ In this study, we utilized SPR biosensor technology
(CA) were inactive in cell-based luciferase assagtle J). to directly and quantitatively detect ligand-dependent
In this SPR assay, UDCA, CA, and LCA had little effect on FXR/coactivator interactions. Real-time monitoring of in-
the interactionsKig. 3). Although thek, values were slightly ~ teractions in this system allows kinetic parametégs K,
increased by these bile acids, increases inkthealues re-  andKg) to be determined using a single injection. This ad-
sulted in an unaltered affinity. These observations were well vantage is a remarkable feature of this technique, since in-
correlated with the previously reported data obtained using dependent experiments are required for the measurement of
a FRET assay6] (Table 1. each kinetic parameter in the classic ligand-binding assay.
Using this SPR assay, we evaluated the ability of a syn- In our assay system, interactions between FXRLBD
thetic sulfonate-derivative of CDCA (CDC-sul) to promote and the SRC1 peptide immobilized on the surface of the
SRC1 recruitment to FXR. We found that this compound, as biosensor chip were successfully detected as changes in
well as the CDCA-conjugates, did not transactivate FXR in the refractive index. The sensorgramsfig. 3 and the
a cell-based luciferase assaiable 7). However, this com- kinetic rate constants iffable 1 show that CDCA and

pound was shown to increase FXR/SRC1 interactidg. 3 its conjugates greatly increased the affinity between the
and decrease th€y value {Table 9 as potently as CDCA receptor and the SRC1 peptide. In contrast, UDCA, CA,
in the SPR system. and LCA had marginal effects. The inactivity of CA in

coactivator-recruitment has also been shown using the

FRET detection systeifs,6], but this finding is inconsistent
4. Discussion with the ability of CA to transactivate FXR in the lucifease

assay using transporter-expressed déljg]. Our findings,

The luciferase reporter assay is widely used to evaluatetogether with those of previous studifs-7], support the

potential nuclear receptor ligands. To employ this method hypothesis that the activation of FXR by CA requires an
for FXR ligand screening, the transfection of expression unknown factor other than SRC1. We expect that our SPR
vectors encoding FXR and RXR as well as the luciferase system may serve as a useful tool for identifying this un-
reporter vector containing the FXRE sequence in the upperknown factor. Other possibilities exit that CA binding to
site of the luciferase coding region is necessary; the cellu- FXR requires relevant RXR-FXR heterodimer, or that CA
lar luciferase activity must then be measured for use as anis converted intracellularly to a potent FXR agonist.
index of ligand transactivation. Although this method has  CDC-sul is a synthetic, non-hydrolyzable model of
the advantage of being able to monitor the transactivation taurine-conjugated CDCA23] that competes with the
almost in vivo, the luciferase activity may not necessarily re-absorption of bile acid from the intestif9] and exerts
reflect the direct binding of the ligand to the receptor, as sig- a hypocholesterolemic effe§80]. Our SPR assay showed
nificant transactivation by metabolites of the ligand cannot that this compound caused a strong response, comparable
be ruled out. Moreover, the efficiency of ligand introduc- to that of CDCA, but did not activate FXR in a cell-based
tion into the cell is thought to vary because of differences luciferase assay, probably because it cannot permeate cell
in the charge and conformation of the ligand and the trans- membranes Table 1. This compound has been shown
porter expression level. Indeed, several endogenous ligandgo cause a down-regulation of cholesteral-ffydroxylase
for FXR, including the most potent activator, CDCA, are [29]. Our findings in this study indicate that this effect is
able to increase luciferase expression even in non-hepaticmediated through FXR activation.
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In conclusion, we have established an in vitro ligand sen- [14] C.K. Glass, D.W. Rose, M.G. Rosenfeld, Nuclear receptor
sor assay for FXR using SPR. This convenient method for coactivators, Curr. Opin. Cell Biol. 9 (1997) 222-232.

. L . . : " [15] S.A. Onate, S.Y. Tsai, M.J. Tsai, B.W. O’'Malley, Sequence and
performlng kinetic analySIS prowdes unique opportunities characterization of a coactivator for the steroid hormone receptor

for ligand screening and mechanistic studies. superfamily, Science 270 (1995) 1354-1357.
[16] K.A. Drake, J.H. Zhang, R.K. Harrison, G.M. McGeehan,
Development of a homogeneous, fluorescence resonance energy
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