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The pleiotropic effects of retinoic acid on cell differentiation and proliferation are mediated by two
subfamilies of nuclear receptors, the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs).
Recently the synthetic retinoid Ro 41-5253 was identified as a selective RARa antagonist. As demonstrated by
gel retardation assays, Ro 41-5253 and two related new RARa antagonists do not influence RARcWRXRa
heterodimerization and DNA binding. In a limited trypsin digestion assay, complexation of RARca with retinoic
acid or several other agonistic retinoids altered the degradation of the receptor such that a 30-kDa proteolytic
fragment became resistant to proteolysis. This suggests a ligand-induced conformational change, which may be
necessary for the interaction of the DNA-bound RARorRXRc heterodimer with other transcription factors.
Our results demonstrate that antagonists compete with agonists for binding to RARaL and may induce a
different structural alteration, suggested by the tryptic resistance of a shorter 25-kDa protein fragment in the
digestion assay. This RARe conformation seems to allow RARW/RXRcr binding to DNA but not the subsequent
transactivation of target genes. Protease mapping with C-terminally truncated receptors revealed that the
proposed conformational changes mainly occur in the DE regions of RARa. Complexation of RARI3, RARy,
and RXRe, as well as the vitamin D3 receptor, with their natural ligands resulted in a similar resistance of
fragments to proteolytic digestion. This could mean that ligand-induced conformational changes are a general
feature in the hormonal activation of vitamin D3 and retinoid receptors.

Retinoic acid is known to play a critical role in many
aspects of vertebrate development and homeostasis (11, 27,
36). Retinoic acid and synthetic retinoids are clinically useful
as anticancer agents and in the treatment of nonmalignant
hyperproliferative disorders of the skin but have the disad-
vantage of being teratogenic at high concentrations (8, 27,
42). Retinoids exert their effects through two families of
nuclear receptors, the retinoic acid receptors (RARs) and the
retinoid X receptors (RXRs). The classification is based on
differences in primary structure (14, 29, 30, 35). Both sub-
families of retinoid receptors belong to the nuclear steroid-
thyroid vitamin D3-retinoid receptor superfamily, whose
members act as ligand-inducible transcription enhancer fac-
tors (12, 23, 28). On the basis of homologies, the primary
sequences of RARs and RXRs can be divided into six
distinct regions designated A through F. Region C consti-
tutes the highly conserved DNA binding domain, and region
E confers the ligand-binding properties of each receptor (the
ligand-binding domain [LBD]).
The RAR gene family consists of three subtypes, referred

to as RARa, RARP, and RAR-y (4, 5, 9, 14, 22, 35, 47). Each
of the three genes encodes a variable number of isoforms
produced by the usage of two promoters and differential
splicing (17, 25, 48). All RARs bind RA (all-trans retinoic
acid) as well as 9-cis RA (9-cis retinoic acid) with compara-
ble affinities (2). RARs seem to operate effectively only as
heterodimeric RAR/RXR complexes (6, 20, 32, 46, 49), but
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RXR-independent transactivation by RARs has also been
observed (39).
The members of the second subfamily, RXRa, RXRI, and

RXRy (24, 29, 30), do not bind RA. A natural ligand was
found to be the 9-cis RA stereoisomer (16, 26). The RXRs
are able to activate genes via homodimers (31, 50) but act
predominantly as coregulators, which enhance the binding of
RA, vitamin D3, thyroid hormone, and peroxisome prolifer-
ator-activated receptors to their response elements via het-
erodimerization (6, 19, 20, 32, 46, 49).

Distinct tissue- and developmental-stage-specific distribu-
tion patterns of RAR and RXR subtype transcripts in adult
tissues and during embryogenesis have been described (10,
29, 37, 38). These observations have suggested that RARs
and RXRs mediate many of the developmental effects and
regulate different target genes in several tissues in adult life.

Recently the synthetic retinoid Ro 41-5253 was demon-
strated to act as a selective RARa antagonist. This com-
pound counteracts RA effects on HL-60 cell differentiation,
on B-lymphocyte polyclonal activation, and in a RARa
transactivation assay (3). Elucidation of the molecular mech-
anism by which the antagonist blocks the action of agonists
may increase the understanding of the general mechanism of
retinoid action and may be helpful for the design of pharma-
ceuticals.

Therefore, we investigated the influence of antagonists
and agonists on the binding of the RARa/RXRa complex to
the retinoic acid response element of the RAR,B gene
(3RARE), which is known to be activated via all three
subtypes of RARs (43, 45). Furthermore, we determined
different agonist- and antagonist-induced changes in the
resistance of RARa to limited proteolytic digestion, which
suggests different ligand-induced conformational changes
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within the receptor. The data led us to propose a model for
the activation of RARa by agonists and their neutralization
by antagonists. The results obtained for RARa caused us to
investigate possible ligand-induced changes in the proteo-
lytic patterns of other retinoid receptors and the vitamin D3
receptor (VDR).

MATERUILS AND METHODS

Materials. RA isomers and analogs, as well as 1,25-
dihydroxyvitamin D3, were synthesized at F. Hoffmann-La
Roche Ltd., Basel, Switzerland. All-trans [3H]RA (50 Ci/
mmol) was obtained from DuPont/NEN. Retinoids were
solubilized in dimethylsulfoxide (DMSO) as 10 mM stock
solutions and kept at -80°C. Further dilutions were made in
DMSO (gel retardation and proteolytic-digestion experi-
ments), in phosphate-buffered saline containing 1% gelatin
(Bio-Rad) and 4% DMSO (retinoid binding assay), or in
Dulbecco's modified Eagle's medium (RARt transactivation
assay). Some retinoids were unstable upon storage, and
fresh solutions were prepared for each experiment. 1,25-
dihydroxyvitamin D3 was solubilized in ethanol as a 1 mM
stock solution and kept at -80°C under nitrogen. Fresh
dilutions were made in ethanol for each experiment. The
transcription kit (T7 MEGAscript) was obtained from Am-
bion, and the nuclease-treated rabbit reticulocyte lysate
translation kit was purchased from Promega. [a-32P]dATP
(-3,000 Ci/mmol), [35S]methionine (>1,000 Ci/mmol),
[14C]methylated protein molecular mass markers, and Am-
plify were obtained from Amersham. Poly(dI-dC) poly(dI-
dC) was obtained from Pharmacia LKB. Gelatin was pur-
chased from Bio-Rad. Restriction enzymes and elastase
(from porcine pancreas) were obtained from Boehringer
Mannheim. Trypsin (type I, from bovine pancreas) and
chymotrypsin (type I-S, from bovine pancreas) were pur-
chased from Sigma.

Retinoid binding assay and RARa transactivation assay.
Retinoid binding and RARa transactivation assays were
performed as described earlier (3).

Plasmids. The human RARa cDNA insert of pT7-RARa
(18) was subcloned as an MscI-BamHI fragment into pSG5-
MscI, giving pCA151. pSG5-MscI was constructed by insert-
ing a linker with an MscI site in the EcoRI-BamHI site of
pSG5. The cDNA of RAR,B was cloned by PCR from human
lung mRNA and subcloned into pSG5, giving pPL205. The
correctness of the sequence was confirmed by sequencing.
For the construction of the corresponding clone of RARy,
the mouse RAR-y cDNA was cloned by PCR from mouse F9
cells, and the correctness of the sequence was confirmed.
The clone was then altered by site-directed mutagenesis to
encode the human RAR-y protein and was subcloned into
pSG5, giving pPL144. Human RXRa in pSG5 (pLS36) (26)
was provided by L. Sturzenbecker (Hoffmann-La Roche
Inc., Nutley, N.J.), and human VDR in pSG5 (7) was
provided by W. Hunziker (F. Hoffmann-La Roche Ltd.,
Basel, Switzerland). The construction of the C-terminally
truncated RARas was done by PCR. The fragments were
subcloned, the correctness of the sequence was confirmed,
and the fragments (SacI-BamHI) were exchanged in
pCA151, giving pCA155 and pCA156. The resulting proteins
are RA.Ra-A438 and RARa-A420 (see Fig. 5A).

In vitro transcription and translation. pCA151 and pLS36
were linearized with BglII, and pPL144, pPL205, pCA155,
pCA156, and human VDR in pSG5 were linearized by XbaI.
The linearized templates were transcribed with T7 RNA
polymerase by using the MEGAscript kit according to Am-

bion's instructions. Purified mRNA was in vitro translated
by using rabbit reticulocyte lysates according to Promega's
instructions in the presence of [35S]methionine. For gel
retardation experiments, unlabeled receptors were produced
in the absence of [35S]methionine by using a complete amino
acid mixture.

Gel retardation assay. Oligonucleotides corresponding to
IRARE (5'-gatcGTAGGGTTCACCGAAAGTTCACTC-3')
and the vitellogenin gene estrogen response element (5'-
gatcTCAGGTCACAGTGACCTGA-3') were obtained syn-
thetically. The probes were prepared by heating with the
complementary strands to 90°C and subsequent cooling to
room temperature over a period of 3 h. The resulting
oligonucleotides were labeled with [a-32P]dATP by using the
Klenow fragment of DNA polymerase. The reticulocyte
lysates containing unlabeled receptors were preincubated
with retinoids or DMSO alone in glass tubes for 20 min at
room temperature in the dark. The final concentration of
DMSO was 2.5%. In the DNA binding reaction, 4 ,ul of this
mixture was added to a 16-,u solution containing 10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid) (pH 7.9), 80 mM KCl, 2.5 mM MgCI2, 5 ,M ZnCl2, 5%
glycerol, 1 mM dithiothreitol, 0.1 ,ug of poly(dI-dC) poly
(dI-dC) per ml, 25 pg of 32P-labeled oligonucleotide per ml
(final concentrations), and, if indicated, a 30- or 100-fold
molar excess of unlabeled competing nucleotides. After a
20-min incubation at room temperature in the dark, 2 ,ul of
loading dye (50 mM HEPES [pH 7.9], 40% glycerol, 0.2%
bromophenol blue, 0.2% xylene cyanol) was added. An
aliquot of the mixture was loaded on a 5% nondenaturing
polyacrylamide gel (acrylamide/N,N'-methylene-bisacryla-
mide weight ratio of 29:1). Gels were run at 4°C in 0.5 x TBE
(44.5 mM Tris base, 44.5 mM boric acid, 1 mM EDTA). Gels
were dried and autoradiographed with Kodak Scientific
Imaging X-Omat AR film overnight at -80°C.

Limited proteolytic digestion. The following reactions were
carried out under dimmed light. Aliquots of reticulocyte
lysates containing the labeled receptors were incubated in
glass tubes with retinoids in DMSO or with 1,25-dihydroxy-
vitamin D3 in ethanol for 20 min at room temperature.
Controls were incubated with DMSO or ethanol. The final
concentration of both DMSO and ethanol was 2.5%. To 9-,ul
aliquots, 1-pI aliquots containing different amounts of pro-
teases in water were added. After 10 min at room tempera-
ture, the digestion was stopped by adding 40 pI of sodium
dodecyl sulfate (SDS) sample buffer and boiling for 10 min.
SDS gel electrophoresis was carried out as described in the
instructions provided with the in vitro translation kit at 4°C
with a 12% polyacrylamide gel (acrylamide/N,N'-methylene-
bisacrylamide weight ratio of 29:1). The gels were incubated
for 30 min or overnight in 25% isopropanol-10% acetic acid,
after which they were treated for 20 min with Amplify,
vacuum dried at 60°C, and autoradiographed as described for
the gel retardation assay.

RESULTS

Ro 46-5471 and Ro 46-8515 act, like Ro 41-5253, as antag-
onists of RARa activation by retinoic acid. The antagonistic
activities of Ro 46-5471 and Ro 46-8515 (Table 1) were
measured in a RARao transactivation assay by using COS-1
cells cotransfected with a RARa-estrogen receptor chimera
expression vector and a SeAP (secreted alkaline phos-
phatase) reporter plasmid (3). The concentration-dependent
antagonistic activities of Ro 46-5471 and Ro 46-8515 at
various RA concentrations are shown by the decreased
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TABLE 1. RAR binding and transactivation data for retinoids

Binding (ICso, nM)a Activation

Retinold RARa RAR3 RARy RARa

Agonists

Retinoic acid 14 14 14 6.7

Ro 13-7410

; <A0 36 22 15 2.1

Ro 19-0645

. 460 26 190 67

Antagonists

Ro 41-5253
60 2400 3300. > 1000

Ro 46-5471

I 11 1 27 5100 2400 > 1000

Ro 46-8515

, Y N CJ 7 360 2800 1400 > 1000

Antagonist related analogues

Ro 46-5468
OH

X,< ) >10000 >10000 >10000 >1000

oS oo H3

Ro 41-4452

2100 >10000 >10000 > 1000
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a Retinoid concentration required to inhibit 50% of the specific RA binding.
b Retinoid concentration at which 50% of maximal SeAP induction is observed in COS-1 cells

transfected with RARs and the reporter plasmid vit-tk-SeAP.
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FIG. 1. Influence of Ro 46-5471 and Ro 46-8515 on transactiva-
tion induced by RA in COS cells transfected with RARa and the
reporter plasmid vit-tk-SeAP. Twenty-two hours after transfection,
RA at various concentrations was added to the cultures. Simulta-
neously, the indicated concentrations of Ro 46-5471 (A) or Ro
46-8515 (B) were added.

induction of SeAP activity (Fig. 1). In the absence of RA, the
antagonists do not activate the chimeric receptor (<10% of
the activation at 100 nM RA). For Ro 41-5253 and Ro
46-5471, approximately a 5-fold molar excess over RA is
needed to show an antagonistic effect, whereas in the case of
Ro 46-8515 comparable effects were detectable only at
approximately a 50-fold molar excess. With a 1,000-fold
molar excess, Ro 46-5471 and Ro 41-5253 are able to
completely suppress the transactivation induced by 10 nM
RA.
The relative antagonistic potency of the three retinoids in the

transactivation assay is paralleled by their ability to displace

Free oligo

n 0I}**" * 4 .0

1 2 3 4 5 6 7 8 9 nl 11 12 13 14 - I 1f, 17 1 19 20 21 22

FIG. 2. Ligand effects on the binding of RARa, RXRa, and
RARa deletion mutants to IRARE. In vitro-translated receptors
were preincubated with the indicated concentrations of retinoids or

DMSO alone (lanes 1, 2, 4, 6 to 8, 17, 18, 20, and 21) and as indicated
and then tested for DNA binding activity in a gel retardation assay.
A 28-bp double-stranded oligonucleotide containing a 3RARE se-

quence was used as probe. Where indicated, a 30-fold molar excess

of unlabeled 3RARE or a 100-fold molar excess of unlabeled
estrogen response element (ERE) was added.

the natural ligand RA from RARa (Table 1). On the basis of our
binding data (for RARs, see Table 1, no binding of the three
antagonists to RXRa at 10 ,uM), Ro 41-5253, Ro 46-5471, and
Ro 46-8515 appear to be highly selective for RARax.

Influence of RARa antagonists on the binding of RARa/
RXRa heterodimers to 3RARE. The influence of the RARa
antagonists on RARa/RXRa binding to DNA was studied in
the gel retardation or band shift assay using in vitro-synthe-
sized receptors and a radiolabeled oligonucleotide corre-

sponding to IRARE. Under our conditions, neither RARa
nor RXRa bound to PRARE either in the absence or in the
presence of 10 ,uM RA (Fig. 2, lanes 2 to 5). As expected (6,
20), the affinity of RARa to ,RARE was greatly enhanced by
the addition of RXRa (Fig. 2, lane 6). The specificity of the
RARa/RXRa interaction with IRARE was examined by
using unlabeled oligonucleotides as competitor. Oligonucle-
otides containing ,BRARE competed efficiently for RARa/
RXRa complex binding at a 30-fold molar excess, whereas
oligonucleotides containing the unrelated estrogen response
element failed to compete at a 100-fold molar excess relative
to the radiolabeled ,RARE (Fig. 2, lanes 7 and 8).
As expected, the RARa/RXRa binding to 3RARE is

independent of RA (Fig. 2, lanes 9 and 10). Similarly, the
presence of antagonists showed no significant effects on
RARa/RXRa binding to ,RARE (Fig. 2, lanes 11 to 16).

In the gel retardation assay, the C-terminally truncated
receptors RARa-A438 and RARa-A420 showed the same

properties as the full-length RARa (Fig. 2, lanes 17 to 22).
This indicates, in accordance with Yu et al. (46), that region
F in RARa is not necessary for heterodimerization with
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FIG. 3. Retinoid effects on limited trypsin digestion of RARa. In vitro-synthesized [35S]methionine-labeled RARa was preincubated with
DMSO alone (A) (lanes 1 to 5) or the indicated concentrations of RA (A) or RA and Ro 41-5253 (B). Trypsin solutions or an equal volume
of water was added, giving the indicated final protease concentrations, and the mixtures were incubated for 10 min at room temperature.
Samples were electrophoresed through an SDS-polyacrylamide gel, and the dried gel was autoradiographed. The sizes of molecular mass
markers are indicated. The resistant protein fragment occurring in the presence of RA is marked by a diamond, and the resistant fragment
characteristic of antagonists is indicated by an asterisk.

RXRa or for the binding of the resulting complex to ,3RARE.
As expected, the molecular masses of the resulting RARa-
mutant/RXRa/lRARE complexes are lower than in the case
of full-length RARa.

Limited proteolytic digestion of RARa suggests different
conformational changes induced by agonists and antagonists.
To investigate possible agonist- and antagonist-induced con-
formational changes in RARa, we used a limited proteolytic-
digestion assay. This method has often been used to study
protein conformations (1, 21, 40, 44).

[35S]methionine-labeled RARa translated in vitro was
incubated with retinoids or DMSO alone and then digested
with several concentrations of trypsin or other proteases.
The digestion products were analyzed by SDS-polyacryl-
amide gel electrophoresis. Figure 3A shows that RARa is
completely digested to peptides smaller than 14 kDa at
trypsin concentrations of 50 or 100 p,g/ml within 10 min at
room temperature (lanes 4 and 5). This was expected on the
basis of the location of 52 possible cleavage sites. At lower
trypsin concentrations, we observed several proteolytic
fragments around 30 kDa (lanes 2 and 3). The proteolysis of
one of these fragments was greatly diminished when RA-
complexed RARa was digested under the same conditions,
suggesting a ligand-induced conformational change or a
stabilization of a particular conformation of the receptor.
The effect was observed in the presence and in the absence
of 3RARE (compare Fig. 7 with Fig. 3, Fig. 4B, and Fig. 6B
and C). The proteolytic resistance of the 30-kDa fragment is
dependent on the RA concentration (Fig. 3A, lanes 6 to 20).
The first effects were observed at concentrations around 5
nM RA. Treatment of RARa with the agonistic retinoid Ro
13-7410, Ro 19-0645 (Table 1), or 9-cis RA induces a diges-
tion pattern analogous to that of RA (data not shown). As
expected from the binding and transactivation data (Table 1)

(for 9-cis RA, see reference 2), the concentration of 9-cis RA
or Ro 13-7410 required to diminish the proteolysis of the
30-kDa fragment is similar to that of RA, whereas approxi-
mately 50-fold-higher concentrations of Ro 19-0645 are re-
quired for the same effect.
Analogous digestion experiments carried out with the

RARa antagonists Ro 41-5253, Ro 46-5471, and Ro 46-8515
showed that these retinoids also altered the degradation of
the receptor such that a fragment became resistant to tryptic
proteolysis (Fig. 3B, lanes 1 to 5) (data not shown for Ro
46-5471 and Ro 46-8515). However, this fragment has a
molecular mass of 25 kDa. This suggests a conformational
change induced by antagonists which is different from that
occurring in the presence of agonistic retinoids. When RARa
is simultaneously treated with 100 nM RA and increasing
amounts of the antagonist Ro 41-5253, the RA-induced
digestion pattern changes to the one characteristic of antag-
onists (Fig. 3B, lanes 6 to 20). In accordance with the binding
and transactivation data (Table 1), at least 100 nM Ro
41-5253 or Ro 46-5471 and 1 ,uM Ro 46-8515 are needed to
induce a proteolytic resistance pattern characteristic of
antagonists, and a 50-fold excess of Ro 41-5253 or Ro
46-5471 over RA is needed to change the RA-induced
agonist-specific digestion pattern into the one specific for
antagonists, whereas a 100-fold molar excess of Ro 46-8515
over 100 nM RA is not sufficient to change the digestion
pattern completely. There is no difference in the digestion
pattern when RARa is preincubated for 10 min with the
antagonist before addition of the agonist or with 10 min of
preincubation with the agonist prior to addition of the
antagonist (data not shown). The suggested conformational
effects caused by RARa agonists and antagonists seem
therefore to be reversible.
RARa is nearly completely digested to peptides smaller
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FIG. 4. Effects of retinoids on limited elastase and chymotrypsin digestion of RARa. In vitro-translated RARa was preincubated with
DMSO alone (lanes 1 to 5) (dashes), 100 nM RA, or 1 ,uM antagonist Ro 41-5253 and then digested with the indicated concentrations of elastase
(A) or chymotrypsin (B). Samples were analyzed as described in the legend to Fig. 3.

than 14 kDa with elastase at concentrations greater than 50
,ug/ml within 10 min at room temperature (Fig. 4A, lanes 3 to
5). As in the case of trypsin, some fragments became
resistant to proteolysis when RARa was treated with 100 nM
RA (Fig. 4A, lanes 6 to 10). The molecular masses of the two
main fragments are 30 and 41 kDa. Complexation of RARa
with 1 ,uM Ro 41-5253 followed by elastase digestion resulted
in a different pattern, with a major resistant fragment of 26
kDa (Fig. 4A, lanes 11 to 15).
Chymotrypsin at concentrations greater than 50 ,ug/ml

almost completely digests RARa (Fig. 4B, lanes 4 to 5).
Incubation of RARa with 100 nM RA results in a diminished
proteolysis of a 28-kDa fragment (Fig. 4B, lanes 6 to 10).
Chymotrypsin digestion of RARa in the presence of the
antagonist Ro 41-5253 results in a proteolytic pattern signif-
icantly different from that obtained in the presence of the
agonist RA (Fig. 4B, lanes 11 to 15). Similar degradation
patterns in the presence of RA and Ro 41-5253 were obtained
when RARa was digested with dispase and endoproteinase
GluC (data not shown).
As a control for nonspecific effects, the influence of the

structurally related retinoids Ro 46-5468 and Ro 41-4452,
which bind with very low affinity to the receptor (Table 1),
was investigated by the described proteolysis experiments
with trypsin, elastase, and chymotrypsin. As expected, no
change of the degradation pattern compared with the control
was observed (data not shown).
The proposed conformational change occurs mainly in the

ligand-binding domain of RARa To examine which part of
RARa constitutes the proteolysis-resistant fragments, pro-
teolytic degradation experiments were performed with the
C-terminally truncated receptors RARa-A438 and RARa-
A420 (Fig. 5A and B). As expected, the molecular masses

were 49 kDa for RARa-A438 and 47 kDa for RARa-A420 in
comparison with 51 kDa for the full-length RARa (Fig. SB,
lanes 1 to 3). As summarized in Table 2, in the presence of
RA the molecular masses of the proteolysis-resistant frag-
ments are the same for RARa and RARa-A438, whereas the

corresponding fragment of RARa-A420 has a molecular mass
about 1 kDa lower with all proteases. This result indicates
that the C terminus of the RA-induced resistant fragments is
around amino acid 430. In the case of trypsin, Arg-432 is
therefore the most probable C terminus, and calculated from
the molecular weight of the fragment, the N-terminal cleav-
age site is probably Arg-192 or Lys-193 or Lys-207. The C
terminus of the antagonist-induced resistant fragment ap-
pears, in the case of trypsin digestion, to be the same as it is
for RA, whereas with elastase or chymotrypsin as protease,
the C terminus of the resistant fragment is expected to be
around amino acids 450 to 462 (Fig. 5C). The interpretations
are consistent with immunoprecipitation experiments in
which polyclonal antiserum raised against the last 19 amino
acids of RARa and precipitating the full-length receptor was
unable to precipitate the resistant fragments occurring after
trypsin digestion of RA- or Ro 41-5253-complexed RARa
(data not shown). Note that the fragments of RARa-A420
generated in the presence of an antagonist are less resistant
to trypsin and chymotrypsin degradation than those from
RARa-A438 or RARa. Therefore, a part of region F seems to
be necessary for the generation of the proteolysis-resistant
conformation induced by the antagonist in contrast to the
resistant conformation induced by RA (the same resistance
of the RA-induced fragments derived from RARa and
RARa-A420).
RARf3, RAR-y, RXRa, and VDR also show ligand-depen-

dent protease sensitivities. Receptors were translated in rab-
bit reticulocyte lysates with [35S]methionine and treated with
their natural ligands or vehicle. Proteolytic digestion and
analysis were carried out as described for RARa.

Trypsin digestion of RAR,B and RAR-y (Fig. 6A, lanes 1 to
5 and 16 to 20) leads to small fragments similar to those of
RARa (Fig. 3A, lanes 1 to 5). Incubation of RAR3 with 100
nM RA altered the digestion pattern such that a 35-kDa
fragment became resistant to tryptic digestion (Fig. 6A,
lanes 6 to 10). Complexation of RAR-y with 100 nM RA
resulted in the resistance of a 33-kDa fragment (Fig. 6A,
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FIG. 5. Determination of the RARo regions contained in the protease-resistant protein fragments. (A) C-terminally truncated receptors
used in this study (RARa-A438 [A438] and RARa-A&420 [A&420]) compared with the full-length RARa (wt). (B) In vitro-translated full-length
RARa (wt), RARa-A&438 (A438), or RARo-A420 (A420) was preincubated with DMSO (lanes 1 to 6, 13 to 15, and 22 to 24) (dashes), 100 nM
RA, or 1 F.M Ro 41-5253 (A) and then treated with the indicated concentrations of protease or an equal volume of water (lanes 1 to 3). Probes
were analyzed as described in the legend to Fig. 3. (C) RARa regions contained in the main fragments occurring after treatment of RARa with
RA or Ro 41-5253 (A) followed by digestion with 50 p.g of trypsin (T) per ml, 500 p.g of elastase (E) per ml, or 100 p.g of chymotrypsin (C)
per ml. DBD, DNA-binding domain.

lanes 21 to 25). The concentration dependence of this effect
of RA is, as expected from the binding data, exactly the
same as that shown for RARct (data not shown). Treatment
of RAR,B with 10 pM Ro 41-5253 resulted in the proteolytic
resistance of a 30-kDa fragment (Fig. 6A, lanes 11 to 15).
Incubation of RARy with 10 p,M Ro 41-5253 led to a slight

TABLE 2. Molecular mass of proteolysis-resistant fragments
from RA- or antagonist-complexed full-length (wt) or

C-terminally truncated RARa

Molecular mass (kDa) of fragment from:
Protease Retinoid

RARa wt RARa-A438 RARa-A420

Trypsin RA 30 30 29
Ro 41-5253 25 25 24

Elastase RA 30, 41 30, 41 29, 40
Ro 41-5253 26 25 24

Chymotrypsin RA 28 28 27
Ro 41-5253 28 27 26

resistance to proteolysis of a 27-kDa fragment (Fig. 6A, lanes
26 to 30).
Chymotrypsin digestion of RXRa leads to the proteolytic

pattern shown in Fig. 6B (lanes 1 to 6). A 23-kDa fragment
became resistant to proteolysis when RXRt was incubated
with its ligand 9-cis RA (1 p,M) (Fig. 6B, lanes 7 to 12). Trypsin
digestion of RXRa results in a digestion pattern yielding a

remarkably resistant 32-kDa fragment, interestingly, both in
the absence and in the presence of 9-cis RA (Fig. 6C).

Tryptic and chymotryptic digestion of a mixture of RARa,
RXRa, and ,RARE leads in the presence of 9-cis RA or Ro
41-5253 to a simple addition of the proteolytic patterns of both
of the receptors when RARa and RXRa are radioactively
labeled (compare Fig. 7 with Fig. 3, Fig. 4B, and Fig. 6B and
C). In accordance with our binding data (no binding of Ro
41-5253 to RXRa at 10 ,uM), 10 ,uM Ro 41-5253 shows no

influence on the tryptic and chymotryptic RXRox digestion
patterns.
The VDR is nearly completely digested to peptides smaller

than 14 kDa at trypsin concentrations higher than 10 ,ug/ml
(Fig. 6D, lanes 4 to 6). The proteolysis of several fragments

A
RARo
wt

A438

A420
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FIG. 6. Ligand-dependent proteolytic patterns of RARP, RARy, RXRa, and VDR. In vitro-synthesized retinoid receptors were
preincubated with DMSO alone (lanes 1 to 5 and 16 to 20 in panel A and lanes 1 to 5 in panels B and C) (dashes) or the indicated concentrations
of retinoids. In vitro-translated VDR was preincubated with ethanol alone (lanes 1 to 6 in panel D) (dash) or 100 nM 1,25-dihydroxyvitamin
D3 (VD3). The indicated concentrations of proteases or an equal volume of water was added. Samples were analyzed as described in the
legend to Fig. 3. (A) Trypsin digestion of RARP and RARy; (B) chymotrypsin digestion patterns of RXRa; (C) trypsin digestion of RXRoa;
(D) trypsin digestion patterns of VDR.

at trypsin concentrations of 5 and 10 ,ug/ml (Fig. 6D, lanes 2
and 3) was greatly diminished when the VDR was incubated
with 100 nM 1,25-dihydroxyvitamin D3 (Fig. 6D, lanes 7 to
12). The molecular mass of the main resistant fragment was
found to be 33 kDa.

Retinoids and 1,25-dihydroxyvitamin D3 do not inhibit the
activity of the proteases. This was shown by proteolytic
digestion of VDR in the presence of retinoids and by
digestion of RARa in the presence of 1,25-dihydroxyvitamin
D3. In both cases, the compounds did not influence the
digestion pattern (data not shown).

DISCUSSION

In addition to the retinoid Ro 41-5253 recently described
(3), we have identified two further compounds, Ro 46-5471
and Ro 46-8515, as RARa-selective antagonists (Table 1 and
Fig. 1). All three of these antagonistic retinoids contain a
heptoxy side chain. Ro 46-5468, an analog of Ro 41-5253,
contains only a methoxy side chain and shows very low
binding affinity to RARox. The Z isomer of Ro 41-5253,
compound Ro 41-4452, also shows low binding affinity.
Therefore, a long side chain at the indicated position and an
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FIG. 7. Effect of heterodimerization and DNA binding on the digestion patterns of RARa and RXRa. A mixture of in vitro-translated
RARa and RXRa was preincubated in the presence of 2 ng of PRARE per ,ul with tracer or retinoids and digested with the indicated
concentrations of trypsin (A) or chymotrypsin (B). Samples were analyzed as described in the legend to Fig. 3. Both receptors are
radioactively labeled. The resistant fragments derived from RARa are marked by solid triangles, and the resistant fragments derived from
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E conformation of the molecule seem to be important for
RARa binding of antagonistic retinoids of this type.

Receptor-binding data, competition experiments, and the
structural similarity of RARa antagonists and agonists sug-
gest that the antagonists replace the RA bound to RARa.
Our investigations addressed why the antagonist-complexed
RARa does not activate gene transcription. Recently it was
shown that the antiestrogen ICI 164,384 inhibits DNA bind-
ing of the estrogen receptor by blocking the receptor dimer-
ization (13). We demonstrated that the specific, high-affinity
binding of RARa/RXRa heterodimers to IRARE is not
influenced by the RARa antagonists or RA (Fig. 2). There-
fore, the different effects of agonists and antagonists on gene
transactivation activity must be the consequence of events
after heterodimerization of RARa with RXRs and binding to
the response element.
We report here that the presence of the agonistic ligand

RA changes the proteolytic degradation pattern of RARa
such that a 30-kDa fragment became resistant to tryptic
digestion (Fig. 3A). These results are consistent with those
obtained by Allan et al. (1). These authors identified the
same fragment after tryptic digestion of in vitro-translated
RARa as we did when the receptor was preincubated with
RA. The fragment was not detectable following digestion of
untreated RARa. We observed similar RARa digestion
patterns with various other proteases, such as chymotryp-
sin, elastase (Fig. 4), dispase, and endoproteinase GluC.
This suggests a ligand-induced conformational change or a
stabilization of a particular conformation of the receptor. We
also found that the degree of tryptic resistance of the
fragment is dependent on the concentration of RA (Fig. 3A)
and that complexation of RARa with several other agonistic
retinoids induces a digestion pattern analogous to that ob-
tained with RA. The data obtained reveal that the concen-
tration-dependent ability of retinoids to induce a digestion
pattern characteristic of that induced by an agonist is in
accordance with their ability to bind to RARa as well as their
activity in the RARa transactivation assay (Table 1).

Antagonist binding to RARa resulted in a pattern of

proteolytic fragmentation different from that induced by
agonist binding, regardless of the protease used. For exam-
ple, trypsin digestion of antagonist-bound RARa resulted in
the proteolytic resistance of a 25-kDa fragment, whereas
tryptic digestion of agonist-bound RARot resulted in a resis-
tant 30-kDa fragment (Fig. 3). This suggests that antagonist
binding results in a structural alteration in RARa different
from that induced by the agonists. The antagonists compete
with RA and are able to change the digestion pattern from
the one characteristic of agonists to one that is characteristic
of antagonists (Fig. 3B). This occurs in a concentration-
dependent manner, which is correlated to the RARa-binding
activity of the antagonists and to their antagonistic activity
as determined in a competitive RARa transactivation assay.
The proposed agonist- and antagonist-induced conforma-
tional changes in RARa seem to be reversible.
The RARa digestion patterns induced by agonists are

identical in the absence and the presence of the heterodimer-
ization partner RXRc and IRARE. This is also the case for
the antagonist-induced RARa digestion pattern. The diges-
tion pattern of 9-cis RA-liganded RXRa is also the same in
the absence of RARa and IRARE as it is in their presence
(compare Fig. 7 with Fig. 3, Fig. 4B, and Fig. 6B and C).
These findings show that the proposed retinoid-induced
conformational changes in RARa and RXRa are indepen-
dent of heterodimerization and DNA binding. The results
suggest furthermore that under the present conditions, the
heterodimerization and the binding of the RARa/RXRa
heterodimer to IRARE induce no detectable conformational
changes in RARa or RXRa.

All of the agonist- as well as antagonist-induced fragments
resistant to proteolytic degradation contain the RARa region
E, the LBD (Fig. SC). Furthermore, the fragments generated
by complexation of RARa with agonists are much more
resistant to digestion and thus resist higher protease concen-
trations, as high as 500 pLg/ml, than do those generated by
complexation with antagonists (data not shown). These
findings indicate that agonist binding to RARa most proba-
bly induces a more compact folding of the chains of the LBD

RtXRcs>5
RARcc >
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than that induced by the antagonists. The existence of two
autonomous transcriptional activation functions (AFs) was
identified within the RARs and RXRs (2, 33, 34). The
ligand-dependent transactivation function AF-2 present in
the DE regions synergizes effectively with the ligand-inde-
pendent transactivation function AF-1, which is located in
the AB regions. It is very likely that binding of RA to RARa
activates AF-2 via the induced conformational change within
the LBD. The activation of AF-2 may be necessary for the
interaction of the DNA-bound RARa/RXRa heterodimers
with transcriptional intermediary factors, which could be
necessary to induce the AF effects on the basic transcrip-
tional activity (15).

In all cases, one of the protease cleavage sites is located in
region F and the other one is located in region D or at the
beginning of region E (Fig. SC). An exception is the RA-
induced 41-kDa fragment obtained with elastase digestion.
Interestingly, all of the resistant fragments induced by ago-
nists contain RARt region D or a part of it, whereas all of the
antagonist-induced fragments do not contain region D.
Therefore, the suggested agonist-induced conformational
change in RARa appears to implicate structural alterations
in region D, which could be necessary for the activation of
AF-2. The different antagonist-induced conformational
change seems not to involve region D, which may be the
reason for the inactivity of antagonist-complexed RARa. In
the case of RARa digestion with elastase, RA treatment
resulted not only in resistant fragments of approximately 30
kDa but also in a resistant 41-kDa fragment containing the
complete regions B, C, D, and E (Fig. 4A and Fig. SC). The
diminished proteolysis of the 41-kDa fragment induced by
RA could be an indication that agonist-induced conforma-
tional changes occur not only in regions E and D but also
within regions C and B. This structural alteration could
influence further transcriptional regulation functions located
in these regions.

In the present communication, we show that RA treatment
of RARP and RAR-y leads to a trypsin digestion pattern
qualitatively similar to that observed with RARa. As ex-
pected from the low binding affinity, even with very high
concentrations of Ro 41-5253, only a partial induction of a
RARI or RARy digestion pattern similar to that induced by
antagonist treatment of RARat could be seen (Table 1 and
Fig. 6A). The observed concentration dependency of the
RA- and Ro 41-5253-induced effects on the RARPi and RAR-y
digestion patterns (data not shown) is in close correlation
with the RAR,B and RAR-y binding data. All our results,
taken together, suggest that binding of RA and Ro 41-5253
induces conformational changes within RAR, and RAR-y,
which are probably similar to that induced in RARa.
We could show that RXRa probably also undergoes a

structural alteration after binding its natural ligand 9-cis RA.
This is suggested by the appearance of a chymotrypsin-
resistant 23-kDa fragment of RXRa in the presence of 9-cis
RA (Fig. 6B). In contrast to the RARs, a trypsin-resistant
32-kDa fragment of RXRa was observed also in the absence
of 9-cis RA (Fig. 6C). We can speculate that this greater
resistance to proteolysis could lead to an intracellular half-
life of RXRa longer than those of the RARs. If so, the
concentration of the RARs may be more sensitively con-
trolled than that of the more general coregulator RXRa.

Proteolytic fragmentation patterns similar to those of the
RARs were observed when the VDR was digested with
trypsin. Complexation with 1,25-dihydroxyvitamin D3 re-
sulted in a greatly enhanced resistance to proteolysis of a
33-kDa protein fragment (Fig. 6D). The molecular weight is

approximately the same as that of the resistant fragments
observed with trypsin digestion of RA-complexed RARs,
suggesting some analogies between the agonist-induced con-
formational changes of the RARs and the VDR.

Limited proteolytic digestions carried out with the glu-
cocorticoid receptor (41) and the progesterone receptor (1)
also resulted in the proteolytic resistance of protein frag-
ments when the receptors were treated with natural or
synthetic agonists. Progesterone antagonists were shown to
lead to a proteolytic fragmentation pattern different from
that resulting from the effect of progesterone (1). The mo-
lecular weights of the occurring resistant fragments are
remarkably similar to those found in the present study for
RARs, RXRa, and the VDR. Furthermore, Allan et al. (1)
show that the observed resistant fragments contain the LBD
of the progesterone receptor and conclude that ligand-
induced conformational changes within the receptor are
responsible for the resistance to proteolytic degradation. For
RARa we could show good arguments that the resistant
fragments contain the LBD of the receptor, and we assume
that this is also the case for RAR,B, RAR-y, RXRa, and the
VDR. Therefore, it seems to be very likely that ligand-
induced conformational changes within the LBD, resulting
in a more compact folding, are a common mechanism of
hormone action within the nuclear steroid-thyroid-vitamin
D3-retinoid receptor superfamily. Our results further suggest
that conformational changes within regions D and E play an
important role both in the activation of RARa by agonists
and in their neutralization by antagonists. The conforma-
tional change induced by RA in RARa seems not to be
necessary to stimulate the dimerization with RXRs or the
binding of the heterodimer to the response element, but it is
most probably required for the subsequent transcriptional
activation of target genes. The antagonists compete with
agonists for binding to RARa and appear to induce a
different structural alteration. The resulting RARa confor-
mation seems to allow RARa/RXRa binding to DNA but not
the subsequent transactivation of target genes.

ACKNOWLEDGMENTS

We thank M. Klaus (F. Hoffmann-La Roche Ltd., Basel, Swit-
zerland) for synthesizing the retinoids, W. Hunziker (F. Hoff-
mann-La Roche Ltd., Basel, Switzerland) for the human VDR in
pSG5, and L. Sturzenbecker (Hoff-mann-La Roche Inc., Nutley,
N.J.) for human RXRa in pSG5. We acknowledge C. Lacoste, K.
Michel, B. Rutten, and A. Klem for their expert technical assis-
tance.

REFERENCES
1. Allan, G. F., X. Leng, S. Y. Tsai, N. L. Weigel, D. P. Edwards,

M.-J. Tsai, and B. W. O'Malley. 1992. Hormone and antihor-
mone induce distinct conformational changes which are central
to steroid receptor activation. J. Biol. Chem. 267:19513-19520.

2. Allenby, G., M.-T. Bocquel, M. Saunders, S. Kazmer, J. Speck,
M. Rosenberger, A. Lovey, P. Kastner, J. F. Grippo, P. Cham-
bon, and A. A. Levin. 1993. Retinoic acid receptors and retinoid
X receptors: interactions with endogenous retinoic acids. Proc.
Natl. Acad. Sci. USA 90:30-34.

3. Apfel, C., F. Bauer, M. Crettaz, L. Forni, M. Kamber, F.
Kaufmann, P. LeMotte, W. Pirson, and M. Klaus. 1992. A
retinoic acid receptor a antagonist selectively counteracts retin-
oic acid effects. Proc. Natl. Acad. Sci. USA 89:7129-7133.

4. Benbrook, D., E. Lernhardt, and M. Pfahl. 1988. A new retinoic
acid receptor identified from a hepatocellular carcinoma. Nature
(London) 333:669-672.

5. Brand, N. J., M. Petkovich, A. Krust, P. Chambon, H. de Th6,
A. Marchio, P. Fiollais, and A. Dejean. 1988. Identification of a

MOL. CELL. BIOL.



MODULATION OF RECEPTOR CONFORMATION BY RETINOIDS 297

second human retinoic acid receptor. Nature (London) 332:850-
853.

6. Bugge, T. H., J. Pohl, 0. Lonnoy, and H. G. Stunnenberg. 1992.
RXRa, a promiscuous partner of retinoic acid and thyroid
hormone receptors. EMBO J. 11:1409-1418.

7. Carlberg, C., I. Bendik, A. Wyss, E. Meier, L. J. Sturzenbecker,
J. F. Grippo, and W. Hunziker. 1993. Two nuclear signalling
pathways for vitamin D. Nature (London) 361:657-660.

8. Chytil, F. 1984. Retinoic acid: biochemistry, pharmacology,
toxicology, and therapeutic use. Pharmacol. Rev. 36:93-100.

9. deThe, H., A. Marchio, P. Tiollais, and A. Dejean. 1987. A novel
steroid thyroid hormone receptor gene inappropriately ex-
pressed in human hepatocellular carcinoma. Nature (London)
330:667-670.

10. DolIe, P., E. Ruberte, P. Leroy, G. Morriss-Kay, and P. Cham-
bon. 1990. Retinoic acid receptors and cellular retinoid binding
proteins. I. A systematic study of their differential pattern of
transcription during mouse organogenesis. Development 110:
1133-1151.

11. Eichele, G. 1989. Retinoids in vertebrate limb pattern formation.
Trends Genet. 5:246-251.

12. Evans, R. M. 1988. The steroid and thyroid hormone receptor
superfamily. Science 240:889-895.

13. Fawell, S. E., R. White, S. Hoare, M. Sydenham, M. Page, and
M. G. Parker. 1990. Inhibition of estrogen receptor-DNA bind-
ing by the "pure" antiestrogen ICI 164,384 appears to be
mediated by impaired receptor dimerization. Proc. Natl. Acad.
Sci. USA 87:6883-6887.

14. Giguere, V., E. S. Ong, P. Segui, and R. M. Evans. 1987.
Identification of a receptor for the morphogen retinoic acid.
Nature (London) 330:624-629.

15. Gronemeyer, H. 1991. Transcription activation by estrogen and
progesterone receptors. Annu. Rev. Genet. 25:89-123.

16. Heyman, R. A., D. J. Mangelsdorf, J. A. Dyck, R. B. Stein, G.
Eichele, R. Evans, and C. Thaller. 1992. 9-cis retinoic acid is a
high affinity ligand for the retinoid X receptor. Cell 68:397-406.

17. Kastner, P. H., A. Krust, C. Mendelsohn, J.-M. Garnier, A.
Zelent, P. Leroy, A. Staub, and P. Chambon. 1990. Murine
forms of retinoic acid receptor -y with specific patterns of
expression. Proc. Natl. Acad. Sci. USA 8:2700-2704.

18. Keidel, S., E. Rupp, and M. Szardenings. 1992. Recombinant
human retinoic acid receptor a: binding of DNA and synthetic
retinoids to the protein expressed in Eschenchia coli. Eur. J.
Biochem. 204:1141-1148.

19. Keller, H. J., C. Dreyer, J. Medin, A. Mahfoudi, K. Ozato, and
W. Wahli. 1993. Fatty acids and retinoids control lipid metab-
olism through activation of peroxisome proliferator-activated
receptor-retinoid X receptor heterodimers. Proc. Natl. Acad.
Sci. USA 90:2160-2164.

20. Kliewer, S. A., K. Umesono, D. J. Mangelsdorf, and R. M.
Evans. 1992. Retinoid X receptor interacts with nuclear recep-
tors in retinoic acid, thyroid hormone and vitamin D3 signalling.
Nature (London) 355:446-449.

21. Kouns, W. C., P. Hadvary, P. Haering, and B. Steiner. 1992.
Conformational modulation of purified glycoprotein (GP) IIb-
IIIa allows proteolytic generation of active fragments from
either active or inactive GPIIb-IIIa. J. Biol. Chem. 267:18844-
18851.

22. Krust, A., P. Kastner, M. Petkovich, A. Zelent, and P. Cham-
bon. 1989. A third human retinoic acid receptor, hRAR-y. Proc.
Natl. Acad. Sci. USA 86:5310-5314.

23. Laudet, V., and D. Stehelin. 1992. Flexible friends. Curr. Biol.
2:293-295.

24. Leid, M., P. Kastner, R. Lyons, H. Nakshrati, M. Saunders, T.
Zacharewski, J.-Y. Chen, A. Staub, J.-M. Garnier, S. Mader,
and P. Chambon. 1992. Purification, cloning, and RXR identity
of the HeLa cell factor with which RAR and TR heterodimerizes
to bind target sequences efficiently. Cell 68:377-395.

25. Leroy, P., A. Krust, A. Zelent, C. Mendelsohn, J.-M. Garnier, P.
Kastner, A. Dierich, and P. Chambon. 1991. Multiple isoforms
of the mouse retinoic acid receptor a are generated by alterna-
tive splicing and differential induction by retinoic acid. EMBO
J. 10:59-69.

26. Levin, A. A., L. J. Sturzenbecker, S. Kazmer, T. Bosakowski, C.
Huselton, G. Allenby, J. Speck, C. Kratzeisen, M. Rosenberger,
A. Lovey, and J. F. Grippo. 1992. 9-cis retinoic acid stereoiso-
mer binds and activates the nuclear receptor RXRa. Nature
(London) 355:359-361.

27. Lotan, R 1980. Effect of vitamin A and its analogs (retinoids) on
normal and neoplastic cells. Biochim. Biophys. Acta 605:33-91.

28. Lotan, R., and J. L. Clifford. 1991. Nuclear receptors for
retinoids: mediators of retinoid effects on normal and malignant
cells. Biomed. Pharmacother. 45:145-156.

29. Mangelsdorf, D. J., U. Borgmeyer, R. A. Heyman, J. Y. Zhou,
E. S. Ong, A. E. Oro, A. Kakizuka, and R. M. Evans. 1992.
Characterization of three RXR genes that mediate the activation
of 9-cis retinoic acid. Genes Dev. 6:329-344.

30. Mangelsdorf, D. J., E. S. Ong, J. A. Dyck, and R. M. Evans.
1990. Nuclear receptor that identifies a novel retinoic acid
response pathway. Nature (London) 345:224-229.

31. Mangelsdorf, D. J., K. Umesono, S. A. Kliewer, U. Borgmeyer,
E. S. Ong, and R. M. Evans. 1991. A direct repeat in the cellular
retinol-binding protein type II gene confers differential regula-
tion by RXR and RAR. Cell 66:555-561.

32. Marks, M. S., P. L. Hallenbeck, T. Nagata, J. H. Segars, E.
Appella, V. M. Nikodem, and K. Ozato. 1992. H-2RIIBP (RXR3)
heterodimerization provides a mechanism for combinatorial
diversity in the regulation of retinoic acid and thyroid hormone
responsive genes. EMBO J. 11:1419-1435.

33. Nagpal, S., S. Friant, H. Nakshrati, and P. Chambon. 1993.
RARs and RXRs: evidence for two autonomous transactivation
functions (AF-1 and AF-2) and heterodimerization in vivo.
EMBO J. 12:2349-2360.

34. Nagpal, S., M. Saunders, P. Kastner, B. Durand, H. Nakshatri,
and P. Chambon. 1992. Promoter context- and response ele-
ment-dependent specificity of the transcriptional activation and
modulating functions of retinoic acid receptors. Cell 70:1007-
1019.

35. Petkovich, M., N. J. Brand, A. Krust, and P. Chambon. 1987. A
human retinoic acid receptor which belongs to the family of
nuclear receptors. Nature (London) 330:444-450.

36. Roberts, A. B., and M. B. Sporn. 1984. Cellular biology and
biochemistry of the retinoids, p. 210-286. In M. B. Sporn, A. B.
Roberts, and D. S. Goodmann (ed.), The retinoids, vol. 2.
Academic Press, Orlando, Fla.

37. Ruberte, E., P. Dolle, P. Chambon, and G. Morriss-Kay. 1991.
Retinoic acid receptors and cellular retinoid binding proteins. II.
Their differential pattern of transcription during early morpho-
genesis in mouse embryos. Development 111:45-60.

38. Ruberte, E., V. Friedrich, P. Chambon, and G. Morris-Kay.
1993. Retinoic acid receptors and cellular retinoid binding
proteins. III. Their differential transcript distribution during
mouse nervous system development. Development 118:267-
282.

39. Schrader, M., A. Wyss, L. J. Sturzenbecker, J. F. Grippo, P.
LeMotte, and C. Carlberg. 1993. RXR-dependent and RXR-
independent transactivation by retinoic acid receptors. Nucleic
Acids Res. 21:1231-1237.

40. Schreiber, E., P. Matthias, M. M. Muller, and W. Schaffner.
1988. Identification of a novel lymphoid specific octamer bind-
ing protein (OTF-2B) by proteolytic clipping bandshift assay.
EMBO J. 7:4221-4229.

41. Simons, S. S., F. D. Sistare, and P. K. Chakraborti. 1989.
Steroid binding activity is retained in a 16 kDa fragment of the
steroid binding domain of rat glucocorticoid receptors. J. Biol.
Chem. 264:14493-14497.

42. Smith, M. A., D. R. Parldnson, B. D. Cheson, and M. Friedman.
1992. Retinoids in cancer therapy. J. Clin. Oncol. 10:839-864.

43. Sucov, H. M., K. K. Murakami, and R. M. Evans. 1990.
Characterization of an autoregulated response element in the
mouse retinoic acid receptor type P gene. Proc. Natl. Acad. Sci.
USA 87:5392-5396.

44. Tan, S., and T. J. Richmond. 1990. DNA binding-induced
conformational change of the yeast transcriptional activator
PRTF. Cell 62:367-377.

45. Vivanco Ruiz, M. D. M., T. H. Bugge, P. Hirschmann, and H. G.

VOL. 14, 1994



MOL. CELL. BIOL.

Stunnenberg. 1991. Functional characterization of a natural
retinoic acid responsive element. EMBO J. 10:3829-3838.

46. Yu, V. C., C. Delsert, B. Andersen, J. M. Holloway, 0. V.
Devary, A. M. Nair, S. Y. Kim, J.-M. Boutin, C. K. Glass, and
M. G. Rosenfeld. 1991. RXRI: a coregulator that enhances
binding of retinoic acid, thyroid hormone, and vitamin D
receptors to their cognate response elements. Cell 67:1251-
1266.

47. Zelent, A., A. Krust, M. Petkovich, P. Kastner, and P. Cham-
bon. 1989. Cloning of murine a and ,B retinoic acid receptors and
a novel receptor -y predominantly expressed in skin. Nature
(London) 339:714-717.

48. Zelent, A., C. Mendelsohn, P. Kastner, A. Krust, J.-M. Garnier,
F. Ruffenach, P. Leroy, and P. Chambon. 1991. Differentially
expressed isoforms of the mouse retinoic acid receptor are
generated by usage of two promoters and alternative splicing.
EMBO J. 10:71-81.

49. Zhang, X., P. B.-V. Hoflinann, G. Graupner, and M. Pfahl. 1992.
Retinoid X receptor is an auxiliary protein for thyroid hormone
and retinoic acid receptors. Nature (London) 355:441-446.

50. Zhang, X., J. Lehmann, B. Hoffmann, M. I. Dawson, J. Cam-
eron, G. Graupner, T. Hermann, P. Tran, and M. Pfahl. 1992.
Homodimer formation of retinoid X receptor induced by 9-cis
retinoic acid. Nature (London) 358:587-591.

298 KEIDEL ET AL.


