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Introduction

Retinoic acid receptors (RARs) and retinoid X receptors (RXRs)
[1, 2] are members of the nuclear receptor superfamily and act
as ligand-dependent transcription factors.[3] The modulation of
RARs and RXRs by retinoids contributes to the well-known bio-
logical activities of these small-molecule ligands on cell growth
and differentiation, carcinogenesis, homeostasis, and develop-
ment.[4] As a consequence, RAR and RXR ligands (also termed
rexinoids) have become important drugs not only for cancer
therapy and prevention,[5] but also for the treatment of meta-
bolic diseases through modulation of the heterodimers formed
between RXR and other nuclear receptors.[6–9]

Comprehensive structural information is available on both
RARs and RXRs including the particular features of the RARa,
b, and g subtypes.[1, 2] The ligand-binding domain of RAR de-
fines a linear I-shaped pocket, which can easily accommodate
both all-trans-retinoic acid 1 and 9-cis-retinoic acid 2
(Scheme 1) with the latter ligand adopting a trans-like confor-
mation.[10] On the contrary, RXR harbors an L-shaped ligand-
binding pocket with a shorter maximal length.[11] To bind RXR,
natural retinoids must adopt a sharp bend or a twist of the
side-chain, which is feasible for the 9-cis but unlikely for the
more extended all-trans isomers.

Whereas all of the amino acids in contact with the ligand in
the ligand-binding domain (LBD) are the same in the RXR sub-
types, there are differences in the identity of three amino acids
in contact with the ligand in the RAR subtypes. Extensive stud-
ies on ligand specificity have provided a reasonable under-
standing of the structural principles that govern subtype selec-
tivity, and therefore structure-guided design of novel subtype-
selective RAR ligands is now feasible.[12]

A series of synthetic derivatives, termed arotinoids[13] replace
some of the polyene double bonds of the classical retinoids by
arenes. Compared to the flexibility of natural retinoids, these
analogues are forced to adopt defined shapes, which are pri-

Heterocyclic arotinoids derived from central-region dihalogen-
ated pyrazine scaffolds have been synthesized by consecutive
halogen and/or position-selective palladium-catalyzed cross-
coupling reactions. Pyrazines were further functionalized as
alkyl ethers or methylamines prior to the last Pd-catalyzed re-
actions. Transient transactivation studies with the retinoic acid
receptor (RAR) a, b, and g subtypes and with retinoid X recep-

tor (RXR) a revealed distinct agonist, antagonist, and inverse
agonist activities for these compounds. Of interest are the
RARa,b-selective inverse agonists with pyrazine acrylic acid
structures, in particular 14 c, which is RARb-selective, and 14 d,
a pan-RAR/RXR inverse agonist with more affinity for the RAR
subtypes that enhance the interaction of RAR with cognate
corepressors.

Scheme 1. Structure of natural retinoids (1, 2) and the pyrazine arotinoids
that are reported in this work, together with the retrosynthetic analysis.
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marily determined by the substitution pattern of the
arenes or heteroarenes, in particular in cases in
which these fragments are the central linkers be-
tween the hydrophobic and polar termini of the reti-
noid skeleton. For example, although the para-sub-
stituted benzene derivatives are linear and the meta
isomers of the extended retinoid skeletons are inher-
ently bent, these two families of ligands are likely
to selectively target either RAR or RXR,
respectively.[14]

The beneficial effect of heteroatoms on the physi-
cochemical properties of retinoids has been fre-
quently claimed.[15] Notably, heterocyclic and hetero-
aryl scaffolds have replaced the hydrophobic ring
and the polar terminus of the retinoid skeleton.[12]

Heteroaromatic rings have been included as central
retinoid linkers less frequently.[14, 16–19] We therefore
set out to design, synthesize and assess the ligand
binding of a collection of retinoids that have a pyra-
zine heterocycle as a central connecting unit. To
meet the structural requirements for RAR or RXR se-
lectivity, we focused on two series of positional iso-
mers that are derived from 2,3,6- and 2,3,5-trisubsti-
tuted pyrazines (Scheme 1). The relevance of the
heterocyclic ring on the design is reinforced by its
synthetic role as a central scaffold to which the
flanking fragments are attached. The development
of contemporary methods for C�C bond formation
by using Pd-catalyzed reactions[20] called for the mul-
tiple functionalization of the heteroaryl ring with hal-
ogens. We describe herein the implementation of
these principles to the preparation and biological
evaluation of a family of retinoids and rexinoids with
a central pyrazine ring.

Results

A concise and convergent synthetic scheme
(Scheme 1) for the preparation of the novel ret(x)-
inoids was conceived based on the availability of di-
halogenated pyrazines 16 and 18, which were easily
synthesized from commercially available 2-aminopyr-
azine.[21, 22] Two consecutive Pd-mediated cross-cou-
pling reactions were planned, the success of which would rely
on the anticipated differential reactivity of the halogens on the
heterocycle. Previous studies had demonstrated halogen and
position-selective reactions of dihalopyrazines similar to 16
and 18.[22–26]

The retinoids with linear substitution of the pyrazine core
were derived from 2-alkoxy-6-bromo-3-iodopyrazines 18
(Scheme 2 and 3). The Suzuki coupling of model dihalopyra-
zine 18 a and aryl boronic acids 3 and 4 took place at 70 8C in
the presence of Pd ACHTUNGTRENNUNG(PPh3)4 and aqueous Na2CO3.[22] The desired
products 5 a and 6 were obtained in good yield, but were ac-
companied by small amounts of the bis-coupled derivatives 7
and 8 (2 % and 10 % yield, respectively; Scheme 2). Use of
lower temperatures led to partial recovery of starting material

and reduced yield of the desired arylpyrazine. A Suzuki cou-
pling with 4-carboxyphenylboronic acid and a Heck reaction
with methyl acrylate followed by saponification allowed us to
incorporate two of the most common polar retinoid end-
groups, a benzoic acid and an acrylic acid, respectively. Due to
the electron-withdrawing nature of the carboxylic acid, the
coupling with boronic acid 9 to afford arotinoids 10 and 11 re-
quired forcing reaction conditions (Pd ACHTUNGTRENNUNG(PPh3)4, aqueous Na2CO3,
MeOH/dioxane, 130 8C, 15 h). Only by using the Jeffery modifi-
cation of the Heck reaction, in the presence of nBu4NCl and
under strictly anhydrous conditions, could 5 a and 6 efficiently
react with methyl acrylate to produce the desired product
(12 a and 13).[27] Hydrolysis (LiOH·H2O) afforded carboxylic
acids 14 a and 15 (Scheme 2).

Scheme 2. Reagents and conditions: a) Pd ACHTUNGTRENNUNG(PPh3)4, aq Na2CO3, MeOH, benzene, 70 8C, 16 h
(5 a, 81 %; 7, 2 %; 6, 74 %; 8, 10 %). b) Pd ACHTUNGTRENNUNG(PPh3)4, 9, aq Na2CO3, MeOH, dioxane, 130 8C,
15 h (10, 75 %; 11, 76 %). c) Pd ACHTUNGTRENNUNG(OAc)2, nBu4NCl, NaHCO3, 4 � MS, DMF, 70 8C, 17 h (12 a,
94 %; 13, 86 %). d) LiOH·H2O, THF/H2O (1:1), 25 8C, 2 h (14 a, 99 %; 15, 77 %).

Scheme 3. Reagents and conditions: a) ROH, NaH, THF, MW (200 W), 15 min (17 b, 60 %;
17 c, 75 %; 17 d, 70 %; 17 e, 75 %). b) aq HI, NaNO2, CH3CN, H2O, 60 8C, 15 h (18 b, 50 %;
18 c, 66 %; 18 d, 45 %; 18 e, 50 %). c) Pd ACHTUNGTRENNUNG(PPh3)4, aq Na2CO3, MeOH, benzene, 70 8C, 16 h
(5 b, 76 %; 5 c, 48 %; 5 d, 51 %; 5 e, 63 %). d) Pd ACHTUNGTRENNUNG(OAc)2, nBu4NCl, NaHCO3, 4 � MS, DMF,
70 8C, 17 h (12 b, 94 %; 12 c, 77 %; 12 d, 87 %; 12 e, 89 %). e) LiOH·H2O, THF/H2O (1:1),
25 8C, 2 h (14 b, 64 %; 14 c, 95 %; 14 d, 99 %; 14 e, 95 %).
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A similar synthetic sequence was used in the preparation of
novel cinnamic acids that incorporate bulkier alkoxy substitu-
ents on the pyrazine ring. Treatment of 2-amino-3,5-dibromo-
pyrazine 16 with the sodium salts (prepared in situ) of a series
of alcohols in anhydrous THF under microwave irradiation[28, 29]

afforded alkyl ethers (17 b–e) in moderate-to-good yields
(Scheme 3). Conversion of the amino to the iodopyrazines
(compounds 18 b–e) relied on the formation of the intermedi-
ate diazonium salt and was affected by treatment with aque-
ous HI in the presence of NaNO2. The differential reactivity of
the halogens[22] allowed for the application of sequential Pd-
catalyzed reactions with aryl boronic acid 3 and methyl acry-
late, as described for the methoxy analogue 12 a (Scheme 2).[27]

The Suzuki reaction to afford alkyl ethers 5 b–d could not be
taken to completion under the optimized reaction conditions,
and considerable amounts of starting material were recovered
(18 b, 18 %; 18 c, 30 %; 18 d, 26 % respectively). The Heck reac-
tion provided good-to-excellent yields of the final pyrazine aro-
tinoids 12 b–e. Finally, saponification of esters 12 b–e yielded
the desired acids 14 b–e.

Lastly, to construct central-region-pyrazine arotinoids with a
bent overall shape, we selected the position-selective Suzuki
reaction of 2-amino-3,5-dibromopyrazine 16[26, 30–32] and boronic
acid 3 to prepare 19 (81 %). A subsequent Suzuki coupling
with 4-carboxyphenylboronic acid led to 20 in low yield (39 %,
Scheme 4); this low yield was due to the compound’s instabili-
ty during the purification step. In addition, a Heck reaction of
bromopyrazine 21 (obtained by methylation of the amino
group of 19 in 93 % yield) produced compound 22 in 66 %
yield, which was finally saponified to 23 (96 %).

We used a reporter assay with a genetically engineered
HeLa cell line[33] that had been stably cotransfected with a chi-
meric receptor construct and the cognate reporter gene to
evaluate the effects of the described retinoids on RARa, RARb,
RARg, and RXRa-mediated transactivation. (There are no differ-
ences among the amino acid residues that constitute the
ligand-binding pockets of the RXR subtypes). Two types of cel-
lular reporter systems were used that gave virtually identical
results on the transactivation characteristics and potency of
the various ligands. Both systems contained a stably expressed
receptor chimera with a heterologous DNA-binding domain,

and the cognate luciferase reporter gene (see the Experimental
Section).

For the description of the activity of RAR ligands we have
adopted the Monod, Changeux and Wyman model,[34] which
assumes that in the absence of ligand, receptors are in equilib-
rium between the inactive or resting state (R) and the active
state (A). A constant is then determined to measure the affinity
of the molecule for each state of the receptor.[35] Kd A represents
the dissociation constant of the ligand for the receptor in the
active state and Kd R represents the dissociation constant of the
ligand for the receptor in the resting state. The apparent Kd

(Kd app) normalizes the values due to the fluctuations of the
basal activity and receptor expression levels. To determine
these constants, “crossed curves” of the test product (ten con-
centrations) against a reference agonist (seven concentrations)
are performed in 96-well plates. In each well, the cells are in
contact with a concentration of the test product and a concen-
tration of the reference agonist. These experimental crossed
curves are then compared to theoretical curves obtained by
modeling the mathematical equations governing the equilibri-
um between the two receptor states in the presence of various
ligands (see the Experimental Section). A Kd R/Kd A ratio that is
significantly larger than two is characteristic of full agonists
(RXRa, RARa and RARb full agonists, Kd R/Kd A�200; RARg full
agonists, Kd R/Kd A�50 (RARg presents a higher basal activity,
which results in a lower Kd R/Kd A ratio for full agonists). A Kd R/
Kd A ratio equal (or very close) to one (0.5 to 2) is characteristic
of antagonists, and a Kd R/Kd A ratio lower than 0.5 describes in-
verse agonists. Note that the term “inverse agonist” used here
is deduced from transactivation studies (see the Experimental
Section); these data do not allow one to draw conclusions
about the underlying mechanistic basis, which might or might
not be related to the ability of certain inverse agonists to stabi-
lize corepressor–receptor complexes (vide infra).[36]

All compounds were tested for their RARa,b,g activity and
RXRa activity. The Kd A and Kd R values of the ligand of interest
resulting in the best fit between experimental and theoretical
curves are reported in Table 1.

In general, the pyrazine-based arotinoids are inactive on
RARg but are good RARa,b inverse agonists, in particular the
pyrazine acrylic acid derivatives (14 a–e). The length and size

of the alkoxy groups has a
minor, but noticeable influence
on the activity levels, with 14 b
and 14 c (OR = OEt and OnBu,
respectively) showing high affin-
ity, and the latter in particular
being a more selective RARb in-
verse agonist. Compound 14 b,
which exhibits the same affinity
for RARa and RARb, is nonethe-
less able to reduce the basal ac-
tivity of RARb in preference to
RARa. The benzoic acid deriva-
tives 10 and 15 are a low-affini-
ty inverse agonist and antago-
nist, respectively.

Scheme 4. Reagents and conditions: a) 3, Pd ACHTUNGTRENNUNG(PPh3)4, aq Na2CO3, MeOH, benzene, 70 8C, 16 h (81 %). b) Pd ACHTUNGTRENNUNG(PPh3)4,
aq Na2CO3, MeOH, dioxane, 130 8C, 15 h (39 %). c) NaH, MeI, DMF, 15 min. 25 8C (93 %). d) Pd ACHTUNGTRENNUNG(OAc)2, nBu4NCl,
NaHCO3, 4 � MS, DMF, 70 8C, 17 h (66 %). e) LiOH·H2O, THF/H2O (1:1), 25 8C, 2 h (96 %).

1254 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1252 – 1259

H. Gronemeyer, �. de Lera et al.

www.chembiochem.org


Compound 20 with an amine substituent is a full pan-ago-
nist with some RARb selectivity. Pyrazine arotinoid 23 is active
on RARs but concomitant RXR activity precluded the exact de-
termination of the dissociation constant.

To directly address the question of whether the presently
observed inverse agonism could be due to altered corepressor
interaction, we performed transient two-hybrid experiments
using recombinants that express fusions of the GAL4 DNA-
binding domain (DBD) and the corepressors NCoR or SMRT as
transcription activators of a cotransfected cognate 17-mer
globin promoter–luciferase reporter gene. In addition, a
second fusion protein comprising a RAR ligand-binding
domain (LBD) that is linked to the acidic activation domain of
VP16 is coexpressed. In the absence of ligand the corepressor
interacts with the RAR LBD and the VP16 transcription activa-
tion is tethered to the GAL4 DBD; this results in the activation
of luciferase expression (Figure 1, lane EtOH). Agonists dissoci-
ate corepressors and this leads to a decreased luciferase ex-
pression (lane TTNPB). Provided that an inverse agonist stabiliz-
es the interaction between RAR LBD and the corepressor, in-
creased luciferase expression is expected. This is indeed the
case for both 14 d and 14 e, which increase luciferase reporter
activity by about 50 to 100 % for both the RARa and RARb

LBDs (lanes 14 d, 14 e). A similar stabilization of corepressor
binding is seen also with the RXR LBD (data not shown). It is
worth pointing out that the latter two inverse agonists en-
hance the binding of NCoR and SMRT similarly, but known in-
verse agonist BMS493 (compound 27, Figure 2) interacts differ-
ently with the two corepressors and stabilizes predominantly
the NCoR binding (lanes 493). Together these results strongly
support the notion that the observed inverse agonism of 14 d
and 14 e is due to allosteric effects on the RAR LBD and this re-
sults in stabilization of corepressor interaction.

Although in general the pyrazine-based arotinoids with a
linear shape do not bind to RXRa (with the exception of 14 d),
those analogues with a bent shape seem to have a potential
for binding to RXRa : compound 23 is an agonist (500 nm and
strong RAR over-activation through synergy), whereas 20 and
14 d, which has an isoamyl ether as substituent, are antagonist

and inverse agonist, respective-
ly. The profile of 14 d is unique,
because it is at the same time
an inverse agonist of RXRa and
of all RAR subtypes.

We have described that fluo-
rescence anisotropy measure-
ments of a fluorescein moiety
that had been attached selec-
tively to the C terminus of RXR
helix H12 of a RARa–RXRa LBD
heterodimer allows us to corre-
late the pharmacological activi-
ty of RXR modulators and their
impact on the structural dynam-
ics of the activation helix H12.[37]

As shown in Figure 3 A, com-
pounds 20 and 14 d increase

the mobility of helix H12 as revealed by the decreased aniso-
tropy values that were measured in the presence of these li-
gands as compared with those that were obtained with the
full-agonist 24 (Figure 2). However, this destabilizing effect is
smaller than that observed with the full antagonist 25
(UVI3003); this suggests a partial antagonism/inverse agonism
behavior of ligands 20 and 14 d. Addition of increasing con-
centrations of a 13-residue peptide corresponding to the nu-
clear receptor box two region of the transcriptional intermedi-
ary factor two (TIF-2 NR2) led to an increase of anisotropy
values; this indicates holo-H12 stabilization (Figure 3 B); how-
ever, the peptide effect greatly varied according to the bound
ligand. In the presence of the agonist 24, low TIF-2 NR2 con-
centrations suffice to fully stabilize holo-H12, whereas with
compound 14 d, the fluorescence anisotropy values remain
very low; this demonstrates the strong antagonist/inverse ago-
nist nature of this compound. Ligands 20 and 25 display inter-
mediary profiles with a slow increase of anisotropy values
upon peptide addition. However, even the highest dose of
TIF-2 NR2 failed to stabilize holo-H12, and accordingly UVI3003
(25) has been functionally characterized as a full RXR antago-
nist.[37, 38] Based on these dynamic data, compound 20 can be
classified as a weaker antagonist, in line with the above trans-
activation study.

Discussion

Klein et al. reported the first examples of inverse agonism in
the nuclear receptor field.[39] The series of acetylenic arotinoids
with small substituents at the C1 position of the aryl dihydro-
naphthalene ring (26, Figure 2) did not transactivate the RARs,
but instead they functioned as effective antagonists. Whereas
the compounds with the smaller substituents (26, R = H, F) be-
haved as RAR-neutral antagonists, analogues with larger sub-
stituents (26, R = CH3, CF3, Cl) repressed even the basal activity
of RARs and were thus classified as inverse agonists. Functional
analysis in cultured human keratinocytes revealed the distinct
mode of action of these ligands in modulating MRP-8
expression.[39]

Table 1. Transcriptional activities of pyrazine arotinoids.[a]

Compd.
No.

RARa RARb RARg RXRa

Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A Kd app [nm] Kd R/Kd A

11 1000 10 500 5 200 2 n.a.[b] n.a.
10 250 0.2 500 0.2 500 1 n.a. n.a.
15 2000 1 2000 1 n.a. n.a. n.a. n.a.
14 a 30 0.1 10 0.1 200 1 n.a. n.a.
14 b 2 0.1 2 0.02 1000 0.1 n.a. n.a.
14 c 15 0.01 4 0.01 500 0.3 n.a. n.a.
14 d 8 0.02 4 0.05 1000 0.1 2000 0.2
14 e 1 0.01 1 0.01 1000 0.2 n.a. n.a.
20 250 500 15 500 500 100 2000 1
23 n.d.[c] n.d. n.d. n.d. n.d. n.d. 500 250

[a] For RXRa, RARa and RARb values of Kd R/Kd A�200 indicate full agonists and lower values indicate partial ag-
onists ; for RARg values of Kd R/Kd A�50 indicate full agonists and lower values indicate partial agonists. For all
subtypes values of Kd R/Kd A�2 and�0.5 indicate antagonists, and values of Kd R/Kd A<0.5 indicate inverse ago-
nists. [b] n.a. not active. [c] n.d. not determined (experimental data do not fit the theoretical model).
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The active repression (or inverse agonism) induced by cer-
tain ligands in the absence of added RAR agonist has been re-
examined in the light of the knowledge that has been gained
in the last few years about the principles of transcriptional
modulation[40] by nuclear receptors and retinoid receptors in
particular.[12, 41, 42] In the absence of a ligand the functional RAR–
RXR heterodimer expresses a surface on RAR that allows inter-
action with corepressors (CoRs), which in turn recruit histone
deacetylases (HDACs) thereby establishing HDAC–CoR com-

plexes that might contain additional factors and collectively
act as epigenetic silencing machineries.[40, 43–46] The addition of
RAR agonists induces a conformational switch of the LBD
mediated primarily by the repositioning of the amphipathic
helix H12. This ligand-induced conformational change affects
the surfaces involved in both coactivators (CoA) and CoR inter-
action.[41, 42, 47] As a result, CoR–HDAC complexes are released,
and positively acting complexes that contain coactivators of
the p160 class and their associated histone acetyltransferases
(HATs, such as the CREB-binding protein CBP) are recruited.
This large protein complex induces local histone acetylation
and chromatin decondensation over the target gene promoter
regions, thus preparing the gene for subsequent interaction
with the chromatin-remodeling and transcription-activating
machineries. Neutral antagonists, on the other hand, not only
induce dissociation of CoRs but also decrease the affinity of co-
activator interaction below the level that is seen with the non-
liganded receptor. Inverse agonists, such as AGN193,109 26
and BMS204,493 27 (Figure 2) in turn repress the basal activity
of RARs by strongly enhancing the interaction with nuclear
CoRs in the context of the heterodimer.[36, 39]

From the structural point of view, inverse retinoid agonists
are more similar to neutral antagonists than to agonists, as
shown by the series of antagonists/inverse agonists described
in the literature (Figure 2).[48, 12] Acetylene and stilbene aroti-
noids such as 27 and 26 are endowed with antagonist proper-
ties when large substituents are added to the C8’’ position of
the dihydronaphthalene hydrophobic core structure.[49] These
large groups are known to interfere with the repositioning of
H12 that is associated to the conformational switch triggered
by the agonist.[50, 51]

As a complementary structural approach, we designed novel
arotinoids that share a central trisubstituted pyrazine ring and
differ in the connections to the hydrophobic and polar end-

Figure 1. A) Mammalian two-hybrid assays, with (17 m)5 � -G-Luc reporter
and GAL-NCoR or GAL-SMRT as bait and VP16-RAR as prey, were performed
in HeLa cells. B) RARa ; C) RARb.

Figure 2. RXR agonist CD3254 24 and RXR antagonist UVI3003 25 that were
used as control in the fluorescence anisotropy studies and structures of the
RAR/RXR inverse agonists.
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groups of the retinoid skeleton. By taking advantage of the
availability of regioisomeric dihalogenated pyrazines, we were
able to synthesize positional isomers of the arotinoids that
have a different overall shape to guide the alternative target-
ing of RAR (pyrazine C3 and C6 connections) or RXR (pyrazine
C3 and C5 connections). In addition, the C2 position of the pyr-
azine ring was functionalized with ether or amine groups.
Through modification of the size and length of these groups,
we expected to be able to modulate the activities of the reti-
noid receptors. The straightforward synthesis of the pyrazine
arotinoids was based on sequential and halogen-selective pal-
ladium-catalyzed cross-coupling reactions.[20] Benzoic and acryl-
ic acids were incorporated to a monohalogenated pyrazine
after replacement of the more reactive halide by the hydro-
phobic tetrahydro-tetramethylnaphthalene ring by using a
Suzuki coupling.

One of the most important outcomes of this study is the
finding that some pyrazine-based arotinoids are potent RARa,b
inverse agonists, in particular the acrylic acid derivatives (14 a–
e). 14 c showed the greatest discrimination in favor of RARb

while keeping the same affinity for RARa and RARb. For the

bent structures, a gain of RXR binding is generally observed.
Compound 20, which has an amine substituent, is a pan-RAR
agonist with some RARb selectivity and a low-affinity RXR an-
tagonist, whereas pyrazine arotinoid 23 is active on RARs and
RXR. Pyrazine acrylic acid with an isoamyl ether chain 14 d
showed the unexpected property of being an inverse agonist
also for RXR. This is an interesting observation because in con-
trast to RAR, the H12 helix of RXR masks corepressor access.[52]

Provided that the basis of RXR inverse agonism is linked to in-
creased corepressor interaction, this result implies that 14 d
exerts an allosteric effect on RXR H12, which allows for a co-ACHTUNGTRENNUNGrepressor interaction.

Fluorescence anisotropy studies of a heterodimer containing
the LBD of both RARa and RXRa with a fluorescein label at-
tached to the C-terminal (H12) region of RXRa was used to
monitor ligand-induced RXRa helix H12 dynamics. Consistent
with the transactivation assays, compound 20 was character-
ized as a weak antagonist because the induced fluorescence
anisotropy decreased relative to the full agonist CD3254 (24)
[albeit moderately compared to the full antagonist UVI3003
(25)] , but increased in the presence of the TIF-2 NR2 peptide.
Compound 14 d showed the same reduced fluorescence aniso-
tropy values as 20, but these were not significantly increased
by addition of the TIF2 coactivator peptide.

Conclusions

Potent inverse agonists based on a central pyrazine “linchpin”
unit that exhibit selectivity for the RARa and RARb subtypes
have been discovered.[53] Structural modifications within the
family of analogues can provide a gain of selectivity for RARb,
as shown by the replacement of a methyl by an ethyl group at
the alkyl aryl ether (compounds 14 a and 14 b). Moreover, the
pyrazine acrylic acid 14 d displays the unusual profile of a dual
RARa,b/RXR inverse agonist. These are the first RAR (and RXR)
inverse agonists with structural modifications at a central het-
erocyclic core. From a mechanistic standpoint, our studies
reveal that the inverse agonism of 14 d and 14 e is due to the
stabilization of the RAR complexes with the corepressors NCoR
and SMRT. Although dissimilar in structure, it is conceivable
that the alkyl/benzyl substituents of the pyrazine arotinoids
14 a–e are oriented towards the same region of the RAR
ligand-binding domain than the aryl (26) and phenylethynyl
(27) substituents of the previously described inverse agonists.
Efforts towards the structural characterization of inverse ago-
nists/retinoid receptor complexes to derive general principles
of inverse agonism are underway.

Experimental Section

Cell lines, cell cultures and transactivation assays : The activity of
the synthesized ligands has been measured in transactivation
assays in two complementary systems. Both systems are based on
fusion proteins, which consist of the ligand-binding domain of the
corresponding receptor and the DNA-binding domain of either the
human estrogen receptor (ER DBD) or the yeast GAL4 transcription
factor. The cells also contain stably integrated luciferase reporters

Figure 3. Ligand-induced RXRa helix H12 dynamics monitored by fluores-
cence anisotropy. A) Anisotropy values in the presence of saturating concen-
trations of the series of mixed agonists/antagonists 20 and 14 d. For com-
parison, we also measured the effect of the full-RXR agonist CD3254 (com-
pound 24) and the previously reported full antagonist UVI3003 25. B) Similar
experiments were carried out in the presence of increasing concentrations
of the NR interaction motif 2 peptide of the coactivator TIF2.
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controlled by estrogen responsive elements (for ER DBD chimeras)
or five GAL4 response elements (for GAL4 DBD chimeras) in front
of a minimal b-globin promoter; these are referred to as “ERE–
bGlob-Luc-SV-Neo” or “ACHTUNGTRENNUNG(17 m)5-bG-Luc”.[36, 54]

The cells were seeded into 96-well plates at a rate of 10 000 cells
per well in 100 mL Dulbecco’s Modified Eagle Medium (DMEM)
without phenol red and supplemented with 10 % of defatted calf
serum. The plates were then incubated at 37 8C and 7 % CO2 for
4 h.

For the “ERE–bGlob-Luc-SV-Neo” system the various dilutions of
test compounds and reference ligands (ref. 100 % (CD0193
100 nm) ; ref. 0 % (CD4899 500 nm)) were added in a volume of
5 mL per well. Plates were then incubated at 37 8C, 7 % CO2. The
culture medium was removed by turning over and a 1:1 PBS/luci-
ferin reagent (100 mL) was added to each well. After 5 min, the
plates were read by using the luminescence reader Microbeta
Trilux (Wallac, Perkin Elmer, Courtaboeuf, France). To determine
KdA and KdR, “crossed curves” of the test product against a refer-
ence agonist were performed in 96-well plates. The test product
was used at ten concentrations and the reference agonist at seven
concentrations. In each well, the cells were in contact with a con-
centration of the test product and a concentration of the reference
agonist. The experimental crossed curves were compared to theo-
retical curves that were obtained by modelling the mathematical
equations governing the equilibrium between the two receptor
states in the presence of the two ligands:

Signal ¼ BkgþMax=ð1þ ðð1þ ðL0 �
1þ X1

K d R1

þ X2

K d R2

1þ X1

K d A1

þ X2

K d A2

ÞÞ= ½Rtot�
K d eff
ÞnÞ

where L0 was the ratio of the receptor in resting state and active
state in the absence of the ligand ([R]/[A]). Bkg was the back-
ground signal that corresponds to the signal (theoretical) in the
absence of active receptor. To experimentally approach the value,
the background signal at saturating dose of inverse agonist was
used. Max was the maximum response that corresponds to the
state where all receptors are in active state (theoretical). To experi-
mentally approach the value, the response at saturating dose of
full agonist was used; X1(or 2) was the concentration of ligand 1 (or
2) ; Kd R1(or 2)

was the dissociation constant of ligand 1 (or 2) for the
resting state; Kd A1(or 2)

was the dissociation constant of ligand 1 (or 2)
for the active state; n was an empirical power factor; [Rtot] was the
concentration of receptor in total ; and Kd eff was the dissociation
constant of the effector. The following parameters were used:
RARa : L0 = 500, [Rtot]/Kd eff = 15, n = 1; RARb : L0 = 350, [Rtot]/Kd eff = 15,
n = 1; RARg : L0 = 70, [Rtot]/Kd eff = 15, n = 1; and RXR: L0 = 600 [Rtot]/
Kd eff = 15, n = 1. The Kd A and Kd R values of the ligand of interest are
a result of the best fit between experimental and theoretical
curves. The Kd app corresponds to the AC50/IC50 value of the theoreti-
cally modeled curve of the product of interest in the absence of
reference compound, with the exception of full antagonists, where
Kd A = Kd R = Kd app. Because the theoretically modeled curves were
determined by curve-fitting based on all the experimental data of
the crossed curves experiments (70 data points), the Kd app and Kd A/
Kd R values more precisely represented the real values than classical
AC50/IC50 values that were determined based on a single dose–re-
sponse curve.

The effects of the described retinoids on RARa, RARb, RARg, and
RXRa-mediated transactivation was confirmed by using a related
reporter assay based on the generation of a fusion protein, which
consisted of the ligand-binding domain of the corresponding re-

ceptor and the DNA-binding domain of the yeast GAL4 transcrip-
tion factor. The cells also contained a stably integrated luciferase
reporter, which was controlled by five GAL4 response elements in
front of a b-globin promoter and this was termed “ACHTUNGTRENNUNG(17 m)5-bG-Luc”.

Two-hybrid assays : GAL-SMRT and GAL-NCoR have been previous-
ly described.[36] VP16-hRARa ACHTUNGTRENNUNG(DEF) and VP16- hRARbACHTUNGTRENNUNG(DEF) plasmids
correspond to a fusion between the activation domain VP16 and
residues 153 to 448 of hRARa, and residues 146 to 462 of hRARb,
respectively. For two-hybrid assays, 1.2 � 105 HeLa cells were
seeded in 24-well plates. After attachment, cells were cotransfected
with GAL4 chimera (50 ng), VP16 chimera (40 ng), (17mer)5 � -
bglob-luc (200 ng), and CMV-bGAL (50 ng), according to the jet-
PEITM (Polyplus Transfection, New York, USA) protocol. After 18 h,
cells were treated with vehicle or ligand at 1 mm. After a further
16 h, cells were lysed in 1 � passive lysis buffer (Promega, Charbon-
ni�res-les-Bains, France). Reporter gene activity was analyzed with
a standard protocol for the luciferase assay and quantified by
using a luminometer from Berthold Technologies (Bad Wildbad,
Germany). The results were normalized to the b-galactosidase
activities.

Steady-state fluorescence anisotropy : The RARa-RXRa LBD fluo-
rescent heterodimer was prepared as previously described.[37] Fluo-
rescence anisotropy assays were performed by using a Safire2 mi-
croplate reader (TECAN, Lyon, France) at a protein concentration of
0.117 mm in buffer A (10 mm Tris-HCl, pH 8.0, 150 mm NaCl, 5 mm

DTT, 1 mm EDTA, 10 % glycerol). The excitation wavelength was set
at 470 nm, and emission was measured at 530 nm. The TIF-2 NR2
coactivator peptide (686-KHKILHRLLQDSS-698, final concentration
of 10 mm) was added to protein samples containing ligand (10 mm),
and then the sample was diluted successively with buffer A that
was supplemented with heterodimer (0.117 mm) and ligand
(10 mm). At least three independent measurements were made for
each sample.
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