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FIG. 5. Transcriptional activities of RXR mutant receptors. (A) To determine the homodimer activity of RXROa mutant receptors, 10 ng of
mutant RXRa expression vector was transfected into CV-1 cells together with the ApoAl-RARE reporter (100 ng) in the presence or absence of
10-7 M 9-cis-RA. The activity of wild-type RXRot (10 ng) in the presence of 9-cis-RA was chosen as the reference value. To determine the
heterodimer activity of RXR mutant receptors, 10 ng of RXR mutant expression vector was transfected into CV-1 cells together with 100 ng of
the ApoAI-RARE-tk-CAT reporter in the presence of 10 ng of RARac expression vector. The cells were treated with 10-7 M all-trans-RA. The
CAT activity obtained with wild-type RXR (10 ng) and RARot (10 ng) was chosen as the reference value. (B) A representive experiment showing
the homodimer and heterodimer transcriptional activities of L422-Q as described in panel A is represented. (C) A representative experiment
examining the homodimer and heterodimer transcriptional activities of L430-F on the ApoAl-RARE reporter is shown. (D) Receptor
concentration homodimer activities of L422-Q and L430-F on ApoAl-RARE. (E) Heterodimer activities of L422-Q and L430-F on

CRBPI-RARE. (F) Heterodimer activities of L422-Q and L430-F on MHC-TRE. Five nanograms of TRot and 10 ng of RXRot or RXR mutant
receptors were used in this experiment.

ligand-sensitive function is retained in L422-Q, while it is lost
in L430-F.
Dominant negative effects of RXR mutants. The impaired

ligand response of ARXR3 and L430-F may confer on these
receptors a negative regulatory activity. We analyzed whether
these mutants could interfere with the wild-type activities of
heterodimers and homodimers. When ARXR3 and L430-F
were mixed with wild-type RXRot, 9-cis-RA-induced RXRot
homodimer activity on CRBPII-RARE or ApoAl-RARE was
inhibited (Fig. 6A and data not shown). The degree of
inhibition depended on the concentration of the mutant recep-
tors. We have observed that L430-F can still dimerize with
wild-type RXR (data not shown); the resulting mutant/wild-
type RXR heterodimer may have reduced transactivation
activities and is likely responsible for at least part of the

dominant negative effect of the mutant. Alternatively, L430-F
homodimers could compete with wild-type homodimers for the
response element. Although ARXR3 does not bind as a

homodimer (Fig. 1B), it is likely that it can dimerize with
wild-type RXR, forming mixed homodimers that have an

impaired 9-cis-RA response. The low efficiency of this mutant
as a negative regulator may reflect its reduced efficiency in
dimerization with wild-type RXR.
We also investigated, by using ApoAI-RARE- or CRBPI-

RARE-containing reporters, the effects of ARXR3 and L430-F
on RAR/RXR heterodimer activities. 9-cis-RA-induced RAR/
RXR activities on both response elements were repressed by
cotransfection of zARXR3 or L430-F (Fig. 6B and data not
shown). The inhibition was dependent on the concentration of
the mutant receptors and occurred even when low amounts of
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mutants were cotransfected. However, maximally a 50% inhi-
bition was observed. The partial inhibition observed could be
due simply to the ability of the mutants to form partially active
heterodimers, since ARXR3 and L430-F were able to enhance
RAR DNA binding and transactivation activities (Fig. 1, 2, 4,
and 5). To investigate this possibility, we compared the inhib-
itory effects of ARXR3 on 9-cis-RA- or all-trans-RA-induced
RAR/RXR activity. As shown in Fig. 6B, the mutants did not
significantly repress the all-trans-RA-induced RAR/RXR ac-
tivity. Thus, ARXR3 and L430-F may primarily interfere with
the 9-cis-RA-activated RXRa activity by competing for inter-
action with RAR.

DISCUSSION

Dimerization is required for high-affinity interaction of
nuclear receptors with their cognate response elements. Unlike
other nuclear receptors, RXRs heterodimerize with a number
of nuclear receptors (6, 30, 40, 47, 66, 68) but can also form
homodimers in the presence of its ligand 9-cis-RA or related
synthetic compounds (37, 69). Previous studies have suggested
that the C-terminal end of RXR is mainly involved in the
dimerization activity (40, 47, 68). We show here that, consis-
tently with this, a very short region (amino acids 413 to 443) in
the C-terminal end of RXRa is important not only for
heterodimer formation but also for homodimer formation. The
region contains the last one of the heptad repeats (40, 47) that
have been proposed to form a hydrophobic protein interaction
interface (16). Deletion of this region completely abolished the
DNA binding of the RXR homo- and heterodimeric com-
plexes. Similar deletions in RAR or TR also impair their
dimerization activities (our unpublished results). Since only
dimeric receptors bind efficiently to DNA and inhibition of
dimerization can result in loss of DNA binding, our data
suggest that the last heptad repeat is critical for RXR dimer-
ization activities. However, single substitutions of the hydro-
phobic amino acids at this region affect 9-cis-RA-mediated
RXR homodimer DNA binding but have no influence on RXR
heterodimer DNA binding. Simultaneous mutations of three
hydrophobic amino acid residues are required in order to
abolish RXR heterodimer DNA binding. These data suggest
that RXR heterodimerization function is more flexible than
RXR homodimerization function.

Mutating Leu-422 to Gln dramatically changed the DNA
binding pattern and the transcriptional activities of complexes
containing the mutant RXR. The mutation did not significantly
alter the DNA binding pattern of heterodimeric complexes,
while the homodimer complex showed a reverse ligand re-
sponse. Thus, Leu-422 allows ligand-induced dimerization,
while a Gln at this position results in a ligand-sensitive
dimerization. Ligand-sensitive homodimer binding has also
been reported for TRs (51, 65, 71). Like RXR homodimers,
TR homodimers show response element specificities different
from those of TR heterodimers (51). Thus, amino acid 422
appears to allow ligand-dependent allosteric switches that
determine whether a receptor can form homodimers. Other
residues in this heptad repeat are also critical for the ligand-
induced dimerization, since mutating Leu-418 reduced ho-
modimer activity (Fig. SA). In this context, our results are
consistent with a recent report (2) that mutations affecting
amino acids in the ninth heptad repeat of TR or RAR
dramatically altered the ligand responsiveness of their dimer-
ization activities. Overall, the ninth heptad repeat is well
conserved between TRs and RARs but not between those
receptors and RXRs. Interestingly, from our mutational anal-
ysis of this region it appears that the amino acid residues that
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FIG. 6. Dominant negative effect of RXRcx mutants. (A) Inhibition of wild-type RXRac homodimer activity by RXRa mutants. (B) Inhibition
of wild-type RARo/RXRot heterodimer activity by RXRa mutants. To determine the effect of RXR mutants on homo- and heterodimer activities
of wild-type RXRa, the indicated amounts of ARXR3 and L430-F receptors were transfected into CV-1 cells together with the indicated reporters,
in the presence or absence of wild-type RXRa and/or RARao expression vectors. After transfection, cells were treated with or without iO-' M
hormones. Empty bars, no treatment; black bars, 9-cis-RA treatment; grey bars, all-trans-RA treatment.

are unique to RXR in this region are most critical for the
ligand-induced dimerization.

Deletion of the last 29 amino acids (ARXR3) abolished
homodimerization but not heterodimerization, while deleting
only 19 amino acids from the C-terminal end had no effect.
Thus, the region between amino acids 433 and 443 is necessary
for the formation of ligand-induced RXR homodimers. These
10 amino acids could directly participate in RXR dimerization
function, since they are involved in the formation of a possible
heptad repeat (amino acids 430 to 437; see reference 40). In
addition, mutant L430-F forms ligand-insensitive homodimers,
and C432-S revealed decreased homo- and heterodimer activ-
ity. Alternatively, these 10 amino acids may be critical for
9-cis-RA binding, resulting in an allosteric change of the
carboxy-terminal end that allows homodimer interaction. Li-
gand binding studies with the mutant proteins will further
elucidate the properties of these amino acid residues. While
the functions of this region may be multiple, the corresponding

amino acids in the estrogen receptor were shown to be
involved in estradiol binding (15). Thus, by analogy with the
estrogen receptor, 9-cis-RA binding and dimerization func-
tions of RXR are likely to be located within an overlapping
region (amino acids 413 to 443). In this respect it is of interest
to note that the Val-400 mutation of ER results in an estrogen
receptor phenotype that also requires ligand for dimerization
and DNA binding (58, 60). Together, these data provide an

important proof that for efficient RXR homodimer DNA
binding, interaction of RXR with its ligand is required. Ligand-
independent RXR homodimer binding, as reported by others,
was observed by us only at elevated RXR concentrations.
Apparently ligand sensitivity of nuclear receptors is easily lost
during protein purification and is often not observed with
bacterially produced proteins (our unpublished results).
One of the unique properties of RXR is that in addition to

its ability to act as ligand-induced homodimer it can form
heterodimers with several other receptors. In this study, we
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have been able to separate the transactivation function of
RXR homodimers from that of RXR heterodimers through
deletion or single amino acid substitution. Deletion of 29
amino acids from the RXR C-terminal end (ARXR3) or
mutation of Leu-422 (L422-Q) or Leu-430 (L430-F) led to
receptors that had lost their homodimer transactivation activ-
ities while retaining their heterodimer activities. The loss of
ARXR3 homodimer activity is likely due to the deletion of a
ligand-activated transcriptional function located in the very
C-terminal end (10), since ARXR2 also showed a reduced
homodimer activity. Ligand-activated transcriptional activa-
tion function has been located in the very C-terminal end of
several nuclear receptors (10). A similar region is present in
RXR, located from amino acids 446 to 461. However, ARXR2
still exhibits a ligand-dependent homodimer activity, suggest-
ing that amino acids deleted in ARXR3 (i.e., amino acids 433
to 443) are also critical for ligand-dependent RXR homodimer
activity. As with ARXR3, the impairment of ligand-dependent
transactivation function may also be responsible for the loss of
RXR homodimer activity in L430-F. This mutation may have
totally abolished the ligand-binding activity of the receptor,
since the mutant homodimer activity was not observed even at
10p,M 9-cis-RA (data not shown). In contrast, the impairment
of ligand-dependent transactivation function could not be the
reason for the loss of L422-Q homodimer activity, since it is
retained in the mutant receptor. The inhibition of L422-Q
homodimer formation by 9-cis-RA is most likely responsible
for this defect. The observation that both L422-Q and L430-F
form homodimers independent of ligand but are not constitu-
tive activators also shows that the conformational change in
RXR that enhances homodimer formation does not by itself
lead to transcriptional activation. This concept is further
supported by the observation that the ligand-dependent trans-
activation activity is almost completely lost in ARXR2, al-
though this mutant shows normal homodimer DNA binding
activity.

Mutations that specifically impair RXR homodimer DNA
binding and ligand responsiveness allowed us to distinguish to
what degree RXR ligand-activated transcriptional activation
function contributes to the activity of various heterodimers.
Although they lost their ligand-dependent homodimer tran-
scriptional activity, ARXR3, L422-Q, and L430-F retained
their functions as coregulators of RAR or TR. The fact that
ARXR3 and L430-F can enhance the transcriptional potential
of RAR or TR on their respective response elements supports
the notion that ligand activation of RXRa is not absolutely
required for its function as a coregulator. However, the
activation of RXRa by 9-cis-RA is required to achieve full
transcriptional activation of the RAR/RXR complexes. For
example, 9-cis-RA strongly enhanced the transactivation activ-
ity of RAR/RXR or RAR/L422-Q heterodimers when com-
pared with all-trans-RA, while no or little difference between
all-trans-RA and 9-cis-RA was seen for RAR/IARXR3 (Fig. 2)
or RAR/L430-F (Fig. 5C). In contrast, activation of RXRcx is
not required to achieve optimal transactivation activity of
TR/RXR heterodimer, since ARXR2 and ARXR3 or L422-Q
and L430-F are similarly potent coactivators of TR. In fact,
9-cis-RA can instead lead to a repression of TR/RXR het-
erodimer activity. This may be due to sequestration of RXRs in
RXR homodimers (38).
The impairment of ligand-dependent transactivation func-

tion allows the deletion mutant ARXR3 and the point mutant
L430-F to function as dominant negative regulators. These
mutants specifically interfere with 9-cis-RA-induced wild-type
RXRa activities, including homodimer and heterodimer activ-
ities. However, they do not interfere with the 9-cis-RA-

independent RXR heterodimer activities. For example the
mutants strongly interfere with the wild-type RXR homodimer
activity and repress the RAR/RXR heterodimer activity in the
presence of 9-cis-RA but not in the presence of all-trans-RA,
which activates RAR (Fig. 6). Similarly, these mutants do not
interfere with T3-induced TRIRXR activity (data not shown).
The dominant negative effect of the RXR mutants is likely to
be mediated through their dimerization function in combina-
tion with their nonresponsiveness to ligand (Fig. 1 and 4).
When LA30-F was mixed with wild-type RXR, it could form
heterodimers with wild-type RXR (data not shown); the
transactivation activity of these heterodimers, however, ap-
peared to be impaired. Dominant negative effects have been
described for v-erbA, the C-terminal truncated form of TRao,
and the C-terminal TRa variant (TRox2). These receptors fail
to bind T3 but function as negative regulators of the wild-type
receptor (9, 23, 34, 63). In the generalized thyroid hormone
resistance syndrome, a number of TRfi receptors isolated from
patients contain point mutations in their ligand binding do-
mains and can function as dominant negative regulators of the
wild-type receptor (3, 7) by affecting ligand responsiveness of
TR homodimers. Similarly, truncation and point mutations in
the C-terminal end of RARs can convert these receptors to
negative regulators (8). Thus, the C-terminal region may be
part of a ligand binding region that also affects the dimeriza-
tion properties of certain receptors.
RXR plays a central role in mediating many hormonal

signals, including retinoids, thyroid hormone, vitamin D3,
peroxisome proliferator activators, and probably other hor-
mones. The mutants described here, which discriminate be-
tween RXR homodimer and heterodimer activities and their
dominant negative effects, may provide important tools to
study RXR-mediated activities and the role of 9-cis-RA in
various biological processes.
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