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Ligand-dependent exchange of coactivators and corepressors is the fundamental regulator of nuclear
hormone receptor (NHR) function. The interaction surfaces of coactivators and corepressors are similar but
distinct enough to allow the ligand to function as a switch. Multiple NHRs share features that allow core-
pressor binding, and each of two distinct corepressors (N-CoR and SMRT) contains two similar CoRNR motifs
that interact with NHRs. Here we report that the specificity of corepressor-NHR interaction is determined by
the individual NHR interacting with specific CoRNR boxes within a preferred corepressor. First, receptors
have distinct preferences for CoRNR1 versus CoRNR2. For example, the retinoic acid receptor binds CoRNR1,
while RXR interacts almost exclusively with CoRNR2. Second, the NHR preference for N-CoR or SMRT is due
to differences in CoRNR1 but not CoRNR2. Moreover, within a single corepressor, affinity for different NHRs
is determined by distinct regions flanking CoRNR1. The highly specific determinants of NHR-corepressor
interaction and preference suggest that repression is regulated by the permissibility of selected receptor-
CoRNR-corepressor combinations. Interestingly, different NHR surfaces contribute to binding of CoRNR1 and
CoRNR2, suggesting a model to explain corepressor binding to NHR heterodimers.

Nuclear hormone receptors (NHRs) regulate transcription
in response to hormones. Binding of hormones to NHRs re-
cruits coactivator protein complexes that contain histone-mod-
ifying activity and/or components that interact with initiation
complexes (reviewed in reference 12). In the absence of their
cognate hormones, NHRs such as the thyroid hormone recep-
tor (TR) and retinoic acid receptor (RAR) actively repress
transcription by binding to corepressor protein N-CoR or
SMRT (5, 18). NHRs are a small group of receptors within a
larger superfamily. Members of this family without an identi-
fied ligand are called orphan receptors (reviewed in reference
27). Some of the orphan receptors, such as COUP-TF (38) and
RevErb (41), also repress transcription.

N-CoR and SMRT are large modular proteins that contain
separable N-terminal repression domains and C-terminal in-
teraction domains. The N-terminal repression domains inter-
act with histone deacetylase complexes and a transducin b-like
protein that interacts with histones (15, 17, 21, 23, 24, 29). The
C-terminal domain contains two interaction domains, ID1 and
ID2 (7, 36, 41). We and others have found motifs called
CoRNR (corepressor-nuclear receptor) boxes within ID1 and
-2 that are responsible for interaction with NHRs (19, 30, 32).
Based on the stoichiometry of corepressor binding, it is likely
that each of these CoRNR boxes interacts with a single NHR
in a DNA-bound dimer (7, 42). Each CoRNR box contains the
motif I⁄LXXI⁄VI, which is very similar to the LXXLL motifs (NR
box) found in coactivator proteins (16). The crystal structures
of several NHR ligand binding domains (LBDs) and associated
coactivator LXXLL motif peptides have been solved (2, 8, 10,
31). The overall LBD contains 12 a-helices (H1 to H12). The

binding surface for the coactivator peptide is formed by H3,
H4, part of H5, and H12. The position of H12 is regulated by
a ligand. In the liganded receptor, H12 folds back to form part
of the coactivator-binding surface. By contrast, H12 inhibits
corepressor binding to RXR and other NHRs (35, 43). The
corepressor interaction surface does require H3, H4, and H5,
thereby overlapping the coactivator interaction surface (19, 30,
32).

Repression by nuclear receptors plays very important roles
in many biological processes and also plays a role in the mech-
anism of several diseases, including acute promyelocytic leu-
kemia (APL) (13, 14, 25, 26). The most common type of APL
is caused by fusion of the promyelocytic leukemia protein to
RARa. Treatment of APL patients with all-trans retinoic acid,
an RAR ligand, leads to complete remission (22). However,
patients often relapse with RA-resistant disease due to muta-
tions in the RAR moiety that prevent corepressor dissociation
(reviewed in reference 28). The discovery that small CoRNR
peptides block the interaction between NHRs and corepres-
sors suggests an alternative way to treat this disease. However,
N-CoR and SMRT are widely expressed and interact with
many NHRs. To specifically block interaction between core-
pressors and RARs, we must understand in detail how core-
pressors interact with specific NHRs.

Here we have investigated the receptor, corepressor, and
CoRNR specificity of a repression complex assembled on nu-
clear receptors. We have found that NHRs preferentially in-
teract with one or the other CoRNR box and sometimes within
a favored corepressor. CoRNR1 and CoRNR2 interactions
bind in different positions to the coregulator-binding surface,
mediated by distinct regions of different NHRs. In the case of
CoRNR1, particular residues are required to interact with
specific NHRs. These results suggest remarkable specificity in
the permissibility of functional NHR-CoRNR-corepressor
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combinations. We propose a model to explain the recruitment
of the two CoRNR boxes to the NHR heterodimer.

MATERIALS AND METHODS

Plasmids. Nuclear receptor and corepressor constructs were created by PCR,
endonuclease restriction digestion, Quick-change mutagenesis (Stratagene), or a
combination of these techniques followed by ligation. All constructs were verified
by sequencing. All receptor and corepressor expression constructs are in the
CMX vector. The receptor constructs contain only the ligand binding domain.
The luciferase reporter has five copies of Gal4 binding sites in front of the simian
virus 40 (SV40) promoter. A detailed description of each construct is included in
figure legends.

Interaction assay. A mammalian two-hybrid (transfection and luciferase re-
porter) assay and glutathione S-transferase (GST) pull-down assay were per-
formed as described previously (21). All mammalian two-hybrid experiments
were done with 293T cells. Peptides were dissolved in dimethyl sulfoxide.

Gel shift assay. Gel mobility shift assays were performed with proteins derived
from an in vitro translation reaction. RevErb and a 53 concentration of Gal-N-
CoR and Gal-SMRT fusion proteins were used. A RevDR2 containing a restric-
tion fragment was labeled by 32P and used as a probe. Incubation was carried out
at room temperature for 1.5 h with a binding buffer (20 mM Hepes [pH 7.5], 100
mM KCl, 7.5% glycerol, 2 mM dithiothreitol), and poly(dI-dC) (2 mg), with or
without antibody (anti-Gal4–DNA-binding domain or anti-RevErb). The result-
ing complexes were resolved on a 4% nondenaturing gel, followed by autora-
diography.

ChIP assay. A chromatin immunoprecipitation (ChIP) assay was performed
according to the protocols from Upstate Biotechnology with minor modifica-
tions. Corepressor, receptor, and reporter plasmids were transfected into 293T
cells. Twenty-four hours after transfection, cells were cross-linked and harvested.
Immunoprecipitations were conducted and DNA was purified. PCR was per-
formed using two primers flanking the RevErb response element.

RESULTS

CoRNR and corepressor specificity of NHRs. We previously
identified the CoRNR boxes and showed that TR can bind
both CoRNR1 and CoRNR2, while RXR interacts exclusively
with CoRNR2 (19). To extend our knowledge to other recep-
tors, we tested RAR, PPARg, and RevErb in a standard mam-
malian two-hybrid protein-protein interaction assay. As shown
in Fig. 1a, RAR interacts strongly with CoRNR1 and mini-
mally with CoRNR2. PPAR interacts primarily with CoRNR2.
By contrast, RevErb interacts exclusively with CoRNR1. To
confirm these observations of CoRNR specificity, we tested the
ability of CoRNR peptides to block interaction between NHRs
and a GST fusion of the N-CoR interaction domain. As expected,
CoRNR1 blocked most of the interaction between RAR and
N-CoR at 20 and 100 mM, whereas CoRNR2 had less effect (Fig.
1b). By contrast, CoRNR2 peptides but not CoRNR1 peptides
blocked RXR interaction with N-CoR (Fig. 1b). Also consistent
with the in vivo interaction studies, both CoRNR1 and CoRNR2
peptides efficiently blocked TR interaction with corepressors.

We next assessed whether different NHRs preferentially
bind to corepressors using Gal4 fusion to either the N-CoR or
SMRT ID in the mammalian two-hybrid interaction assay. As
shown in Fig. 1c, RXR and PPARg showed no preference
between N-CoR and SMRT. By contrast, TR and RevErb have
much stronger binding to N-CoR while RAR prefers SMRT.
Consistent with these results, Cohen et al. recently showed that
RAR binds more strongly to SMRT in a gel shift assay (6).

CoRNR2 peptides of N-CoR and SMRT interact indistin-
guishably with NHRs. To discover what feature within the
corepressor determines the specificity of NHR interaction, we
first looked at the extremely C-terminal ID2. We have previ-
ously shown that only 14 amino acids of N-CoR CoRNR2 are

sufficient to interact with TR and RXR. As shown in Fig. 2a,
these 14 amino acids recapitulate the interactions of the entire
ID2 polypeptide (around 200 amino acids) in a mammalian
two-hybrid assay. These 14 amino acids are highly conserved
between N-CoR and SMRT, with only 2 nonidentical residues,
suggesting that CoRNR2 does not mediate corepressor bind-
ing specificity. Indeed, 14-residue CoRNR2 peptides from N-
CoR and SMRT interact equally well with NHRs (Fig. 2b).

Different residues in ID1 are required for interaction with
different NHRs. The above result suggests that ID1 or CoRNR1
contains determinants for corepressor specificity. As shown in
Fig. 1a, the 40-residue CoRNR1 polypeptide is sufficient to
interact with TR, RAR, and RevErb. To determine which
residues in this CoRNR1 peptide are important for interaction
with these different NHRs, we made further deletions in this
region (Fig. 3a). RAR and RevErb interact equally well with
either the entire ID1 or the 40-residue CoRNR1 (N1) in a
mammalian two-hybrid assay (Fig. 3b), suggesting that deter-
minants for RAR and RevErb interaction lie within these 40
residues. Deletion of the N-terminal residues (N2) decreased
interaction with RAR and RevErb, whereas deletion of the
C-terminal residues (N3 and N4) specifically reduced interac-
tion with RAR but not RevErb (Fig. 3b). These deletion con-
structs were expressed at similar levels (data not shown). The
above results suggest that both N- and C-terminal residues of
CoRNR1 are required for efficient interaction with RAR,
whereas only N-terminal residues are required for RevErb
interaction.

The 40-residue CoRNR1 interacts with TR very weakly (Fig.
1a). By contrast, the entire ID1 has much stronger interaction
with TR, suggesting that residues outside the CoRNR1 region
contribute to TR interaction. We therefore made a series of
deletions in ID1 (Fig. 3c). Deleting the N terminus of ID1 (N5
in Fig. 3c) resulted in a decrease in TR interaction in a mam-
malian two-hybrid assay (Fig. 3d). Inspection of the deleted
region revealed an I⁄LXXI⁄VI motif (IDVII) six amino acids
downstream of the extreme N terminus (Fig. 3c). Deletion of
11 residues containing this motif reduced TR interaction with-
out affecting RAR interaction (Fig. 3d; compare ID1 with N6).
Although this 11-residue I⁄LXXI⁄VI-containing fragment was
required for optimal TR interaction, a fragment containing this
motif (N7) was not sufficient to interact with TR or RAR.
Interestingly, this IDVII motif is not conserved in SMRT.
Together, these results suggest that CoRNR1 is the major
interaction surface for TR, with the N-terminal motif facilitat-
ing optimal binding to TR but not to other receptors.

CoRNR1 contains the determinants for corepressor speci-
ficity. Thus far we have shown that corepressor specificity is
not determined by CoRNR2 (Fig. 2) and that different regions
flanking CoRNR1 specify NHR binding (Fig. 3). We hypoth-
esized that CoRNR1 also determines NHR preferences for
N-CoR versus SMRT; i.e., RAR prefers SMRT while TR and
RevErb prefer N-CoR (Fig. 1). To test this, we studied the
40-residue SMRT CoRNR1 (S-CoRNR1) according to the
homology alignment. As shown in Fig. 4a, S-CoRNR1 has
weaker interaction with TR and RevErb than with RAR, thus
recapitulating the corepressor specificity. Again, to confirm the
in vivo mammalian two-hybrid result, we used peptides to
block the interaction between receptor and N-CoR in the GST
pull-down assay. S-CoRNR1 peptide blocks RAR and N-CoR
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interaction more efficiently than N-CoRNR1 (Fig. 4b). In con-
trast, N-CoRNR1 is much more effective than S-CoRNR1 in
competing for corepressor binding to RevErb (Fig. 4b).

CoRNR1 residues determine corepressor specificity for dif-
ferent NHRs. The results thus far show that the determinants
for corepressor specificity are in the 40-residue CoRNR1.
Within CoRNR1, the central 19 residues are highly conserved
between N-CoR and SMRT (Fig. 5a). We first asked whether
these 19 residues determine specificity by converting the 19
residues in S-CoRNR1 into the corresponding N-CoR se-
quences (SNS in Fig. 5a). For RAR, this swap did decrease
interaction to the level of N-CoR CoRNR1 in the mammalian
two-hybrid experiment (Fig. 5b). However, for RevErb this
swap has no effect, suggesting that residues outside this 19-

residue core region determine specificity. Within the core re-
gion, the most striking difference is around the I⁄LXXI⁄VI motif.
In N-CoR, the sequence is DHICOII, whereas it is OHISEVI
in SMRT (the differing residues are underlined). To ask if
these amino acid residues are determinants of specificity, we
converted those in SMRT CoRNR1 to those of N-CoR se-
quences (D2 in Fig. 5a). Indeed, this change reduced RAR
interaction and had no effect on RevErb interaction (Fig. 5b).
Swapping the other differing residues in the core region had no
effect (data not shown).

It has been shown that this 19-residue core region of SMRT
is sufficient to interact with RAR (30). To our surprise, when
we tried to compare the interactions of the 19-residue N-CoR
(N19) and SMRT (S19) with RAR and RevErb (Fig. 5a), N19

FIG. 1. CoRNR and corepressor specificity of NHRs. (a) Top: schematic diagram of N-CoR domains. RD, repression domains; ID, interaction
domains. Bottom: in vivo assay of CoRNR specificity of NHRs. Gal4 fusion of the CoRNR peptide was tested for interaction with VP16 fusion
of NHRs in a mammalian two-hybrid assay. (b) In vitro assay of CoRNR specificity of NHRs. Peptides were used in a GST pull-down assay to block
interaction between NHR and GST–N-CoR (amino acids 1944 to 2453). The CoRNR1 peptide has 30 residues (mN-CoR, 2057 to 2086), and
CoRNR2 has 14 (mN-CoR, 2274 to 2287), as shown in Fig. 3a and 2, respectively. (c) Corepressor specificity of NHRs. The interaction domains
of N-CoR or SMRT were fused to Gal4 DBD and tested for interaction with NHRs.
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lost the ability to interact with either receptor in the mamma-
lian two-hybrid assay (Fig. 5c) despite comparable levels of
expression (data not shown). In contrast, S19 can still interact
with RAR or RevErb (Fig. 5c), although at a much reduced
level with RAR (compare the fold activation with that in Fig.
4a). GST pull-down assays with the 19-residue peptides also
confirmed this result in vitro (data not shown). These results
suggest that N-CoR and SMRT CoRNR1 interact with recep-
tors by very different means: N-CoR CoRNR1 requires the
core and surrounding residues for interaction, whereas SMRT
CoRNR1 mainly uses the core region.

Figure 5b also suggests that corepressor determinants for
interaction with RevErb lie outside the core region. We also
learned from Fig. 3a that the N terminus but not C terminus
of N-CoR CoRNR1 is required for optimal interaction with

RevErb. Taken together, we postulated that the N-terminal
sequences of N-CoR CoRNR1 determine the corepressor
specificity for interaction with RevErb. To test our hypothesis,
we changed the N-terminal eight or four residues of S-CoRNR1
into the corresponding N-CoR sequences (N8-S and N4-S in
Fig. 5a). Indeed, as shown in Fig. 5d, swapping either eight or
four residues increased interaction with RevErb to the level of
N-CoR CoRNR1 in the mammalian two-hybrid assay. This
result suggests that the four residues just N terminal to the
core region determine affinity for interaction with RevErb.

RevErb interacts with N-CoR but not SMRT on DNA (42).
To address whether this is due to the four residues implicated
above, we studied RevErb interactions with CoRNR1 peptides
on DNA using a gel shift assay (Fig. 5e). As expected, RevErb
bound to the RevDR2 element and the addition of antibody
against RevErb supershifted the binding (lanes 1 and 2). The
40-residue N-CoR CoRNR1 was expected to bind to RevErb
on DNA, but no apparent supershift was observed when this
polypeptide was added as a Gal4 DNA-binding domain (DBD)
fusion (Gal-N). However, the addition of antibody to Gal4
DBD (anti-Gal4) did supershift the complex, indicating that
N-CoR CoRNR1 did indeed bind to RevErb on DNA, pre-
sumably because the gel mobility of the RevErb-DNA and the
RevErb–Gal-N–DNA were indistinguishable or because anti-
body stabilizes the RevErb–Gal-N–DNA complex. However,
the anti-Gal4 antibody did not supershift the RevErb DNA
binding complex in the presence of SMRT CoRNR1 (Gal-S),
indicating that S-CoRNR1 did not interact with RevErb on
DNA. These results confirmed our earlier observations when
using the entire interaction domain. We then tested the chi-
mera N8-S and N4-S under the same conditions. As shown in
Fig. 5e, the anti-Gal4 did supershift the RevErb complexes in
the presence of Gal4–N8-S and Gal4–N4-S. These results show
that the 4 residues just N terminal to the 19-amino-acid
CoRNR1 core determine the selective binding of N-CoR to
RevErb on DNA.

We then used the ChIP assay to determine whether the
selectivity of RevErb for N-CoR over SMRT on DNA pertains
to full-length corepressors in vivo. The four-amino-acid change
that was shown earlier to allow SMRT CoRNR1 to interact
with RevErb was made in full-length SMRT that was also
tagged with the Flag peptide (N-SMRT-F). This construct (or
N-CoR-F or SMRT-F) was transfected into 293T cells, along
with full-length RevErb and a reporter gene containing the
RevErb response element (Rev-DR2) that we have previously
shown to be dramatically repressed by RevErb (41). Flag an-
tibody was used to precipitate the corepressor complex after
cross-linking, and in this ChIP assay bound DNA was amplified
using specific primers surrounding the Rev-DR2 (Fig. 5f). As
expected, nonspecific antibody immunoglobulin G (IgG) did
not precipitate a significant amount of the Rev-DR2-contain-
ing DNA (Fig. 5f, top lanes). ChIP of N-CoR-F showed con-
siderably more association with the RevDR2 site than with
SMRT-F (compare middle lanes 1 and 2). However, the ChIP
assay of N-SMRT-F indicated that the amount of Rev-DR2
associated with this chimeric corepressor containing only four
amino acids from N-CoR CoRNR1 was much higher than that
associated with wild-type SMRT and is comparable to that
associated with N-CoR. Thus, the 4 residues just N terminal to

FIG. 2. Fourteen-amino-acid CoRNR2 from either N-CoR or
SMRT interacts efficiently with NHRs. (a) The 14-amino-acid
CoRNR2 polypeptide interacts efficiently with NHRs in a mammalian
two-hybrid assay. Gal4 fusion of CoRNR2 (N-CoR, amino acids 2274
to 2287) or ID2 (N-CoR, amino acids 2239 to 2453) was tested for
interaction with VP16 fusion of NHRs. (b) Top: sequences of N-CoR
CoRNR2 and SMRT CoRNR2. Bottom: N-CoRNR2 and S-CoRNR2
interact equally well with NHRs. S-CoRNR2 contains amino acids
2339 to 2352 of hSMRT.
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the 19-residue core of CoRNR1 determine the specificity of
corepressor binding to RevErb on its response element.

Specific residues in RAR H3-4-5 are required for interaction
with CoRNR1. We next undertook an analysis of the molecular
explanation for why some NHRs prefer CoRNR1 whereas
other NHRs prefer CoRNR2. As RAR strongly prefers
CoRNR1 and RXR almost exclusively interacts with CoRNR2
(Fig. 1a), we made chimeric RAR-RXR proteins to determine
which features of the receptor LBD determines CoRNR pref-
erence. We and others have previously shown that mutations in
helices 3, 4, and 5 of RXR, RAR, or TR abolish corepressor
interaction (19, 30, 32), indicating that corepressors and coac-
tivators utilize overlapping binding surfaces on the receptor
LBD. To address whether specific residues in this binding
surface determine CoRNR specificity, we made corepressor
binding surface (H3-4-5) swaps between RAR and RXR (Fig.
6a). When the H3-4-5 binding surface of RXR was changed to

that of RAR, the resulting chimera resembled RXR in its
ability to interact with CoRNR2 and not CoRNR1 in a mam-
malian two-hybrid assay (RH3-5, Fig. 6b). This result sug-
gested that the binding surface residues of RXR do not deter-
mine the preference for CoRNR2. The opposite swap,
changing the H3-4-5 region of RAR to that of RXR, resulted
in a chimera that cannot interact with either CoRNR box
(XH3-5, Fig. 6b). However, this chimera also lost interaction
with RXR, suggesting a major conformation defect (data not
shown).

To evaluate the role of RAR H3-4-5, we made subtle
changes in this region of RAR. Only mutants that retained
interaction with RXR (shown in Fig. 6c) were studied. Of note,
when the amino acid residues between H3 and H4 plus two
residues at the beginning of H4 were swapped, the chimera lost
interaction with CoRNR1 in a mammalian two-hybrid assay
(XL3-4, Fig. 6c). The residues required for interaction with

FIG. 3. Different residues in N-CoR ID1 are involved in interaction with different NHRs. (a) CoRNR deletion constructs. (b) Interaction
between deletion constructs and VP16-RAR (left) or VP16-RevErb (right) in a mammalian two-hybrid assay. ID1, N-CoR (amino acids 1944 to
2239). (c) Schematic diagram of the ID1 deletions. The two I⁄LXXI⁄VI motifs are shown as black. (d) TR and RAR interaction with these deletions
in a mammalian two-hybrid assay.
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CoRNR1 lie at the C-terminal half of this loop, as interaction
with CoRNR1 was not abolished by an N-terminal swap
(XLN) but was completely abrogated by a C-terminal swap
(XLC) (Fig. 6c). Further point mutations in this C-terminal
loop region showed that the most critical residues are the two
residues at the beginning of H4. Changing these two residues
from IA to LD greatly reduced interaction with CoRNR1
(IA/LD, Fig. 6c). Changing the other three residues in this
region (TT/SE, T253P) also decreased interaction with
CoRNR1. These results indicated that the specific sequences
between H3 and H4 are required for CoRNR1 interaction.
Note that these swaps led to a loss of function for CoRNR1
binding but not an increase in CoRNR2 interaction, indicating

that key CoRNR2 binding determinants of RXR lie outside
this region.

RAR H12 partially blocks corepressor interactions. Since
the H3-4-5 swaps did not change CoRNR specificity, we turned
our attention to the extreme C-terminal region of the receptor
LBD because structural studies indicate that this region (H11
and H12) is also in the vicinity of the H3-4-5 binding surface (1,
34, 39). Helix 12 of NHRs is required for NR box interaction
and also regulates corepressor interaction (reviewed in refer-
ence 20). It has been shown previously that RXR H12 inhibits
corepressor binding (43). A recent report that RXR H12 binds
to the H3-4-5 region of an adjacent molecule in the RXR
tetramer explains why RXR cannot interact with a corepressor

FIG. 4. Determinants for corepressor specificity are in CoRNR1. (a) Preference for N-CoR or SMRT CoRNR1 by NHRs in 293T cells. Gal4
fusion of N-CoRNR1 (N-CoR, amino acids 2057 to 2096) or S-CoRNR1 (SMRT, amino acids 2123 to 2162) was tested for interaction with VP16
fusion of NHRs. (b) Affinities of N-CoR CoRNR1 and SMRT CoRNR1 peptides to RAR and RevErb. Peptides were used to block interaction
between NHR and GST–N-CoR (amino acids 1944 to 2453). The results were quantified by PhosphorImager. In, 10% input. The N-CoRNR1
peptide contains amino acids 2057 to 2086 of N-CoR (N4 in Fig. 3a). The S-CoRNR peptide contains amino acids 2123 to 2152 of SMRT.
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FIG. 5. Residues in CoRNR1 that determine corepressor specificity. (a) Sequences of the constructs used in this figure. SMRT sequences are
underlined. (b) Differences in the center of CoRNR1 determine corepressor specificity for RAR but not RevErb. (c) The 19-residue core regions
of N-CoR and SMRT interact differently with RAR and RevErb. (d) The N terminus of N-CoR CoRNR1 enhances interaction with RevErb. Gal4
fusion of each deletion or mutation construct was tested for interaction with VP16 fusion of NHRs in a mammalian two-hybrid assay. (e) The N
terminus of N-CoR CoRNR1 promotes binding of corepressor to DNA-bound RevErb in a gel shift assay. The positions of the RevErb band and
the supershift band are indicated by arrows. The free probe ran off the gel. (f) The N terminus of N-CoR CoRNR1 increases binding of full-length
SMRT to DNA-bound RevErb in vivo. N-CoR-F, SMRT-F, and N-SMRT-F (N4-S in full-length SMRT) were each transfected into 293T cells
along with the RevDR2-containing reporter plasmid. IgG, precipitated by nonspecific IgG; ChIP, precipitated by Flag antibody; Input, aliquots of
sample before immunoprecipitation. Bands are ethidium bromide staining of PCRs using primers spanning the RevErb binding site.
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(11). Although not as dramatic as for RXR, deletion of H12
from RAR (RARDAF2) increased interaction with CoRNR1
in a mammalian two-hybrid assay (Fig. 7a). Moreover, this
mutant RAR also showed increased interaction with CoRNR2
(Fig. 7a), although the preference for CoRNR1 was retained
(250-fold versus 20-fold interaction). These results confirm
earlier observations by Schulman et al. (35) that RAR H12
hinders interaction with corepressors. Interestingly, replace-
ment of RXR H12 with RAR H12 allowed RXR to interact
with CoRNR2, although this interaction was much less than
that observed with RXRDAF2. This was surprising, since it was
shown previously that alanine residues could substitute for the
ability of the naturally occurring RXR H12 to prevent core-
pressor binding (43). We speculate that this is due to the

presence of proline residues in the loop between H11 and H12,
as mutating residues in this loop of RXR to proline also par-
tially release the masking of repression (J. Zhang and M. A.
Lazar, unpublished result).

RXR H9-11 enhances CoRNR2 interaction and RXR H11
inhibits CoRNR1 interaction. We next tested the role of H11
in determining CoRNR specificity. We first changed H11 of
RAR into that of RXR in the context of RARDAF2. This swap
increased interaction with CoRNR2 in a mammalian two-hy-
brid assay (XH11, Fig. 7b), suggesting that RXR H11 contains
primary sequence information that favors CoRNR2 interac-
tion. As this interaction was considerably less than that of
RXRDAF2, we further replaced H9-10 of RAR with that of
RXR (XH9-11). This substitution further increased the inter-

FIG. 6. Effect of H3-4-5 swaps on CoRNR1 and CoRNR2 interaction. (a) Schematic diagram of the chimerical constructs. The corresponding
amino acid numbers in hRARa and hRXRa are indicated. (b) Interactions with CoRNR1 and CoRNR2 in a mammalian two-hybrid assay. (c)
CoRNR interactions of an RAR and RXR H3-4 region swap and mutant constructs. CoRNR peptides were used as a Gal4 fusion and RAR/RXR
constructs were used as a VP16 fusion. Summaries of two-hybrid interaction with CoRNR1 and CoRNR2—the strength of interaction (fold
activation in a mammalian two-hybrid assay)—are indicated. For CoRNR1 interaction: 111, .50-fold activation; 11, 25- to 40-fold; 1 5- to
15-fold; 2, no interaction. For CoRNR2 interaction: minimal, 2- to 3-fold interaction; 1111, .100-fold interaction.
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action to the level of RXRDAF2. Moreover, substitution of
only H9-10 of RXR into RAR (XH9-10) also increased inter-
action. These constructs are all in the context of RARDAF2.
When RAR H12 is present, swapping H9-11 also resulted in an
increase in interaction with CoRNR2 (compare with RAR).
Together, these results suggested that H9-11 of RXR deter-
mines the specificity for CoRNR2 and that the extent of the
interaction is governed by H12.

Since RXR H11 favors CoRNR2 but RXR does not interact
with CoRNR1, we hypothesized that this helix also inhibits

interaction with CoRNR1. Indeed, swapping RXR H11 into
RAR (XH11) led to a sharp decrease in interaction compared
to RARDAF2 in a mammalian two-hybrid assay (Fig. 7c). In
contrast, swapping RXRH9-10 into RAR had no effect on
CoRNR1 interaction either in the presence or absence of RAR
H12 (in Fig. 7c, compare XH9-10 with RARDAF2 and XH9-
10R with RAR). When H11 was further substituted either in
the presence or absence of RAR H12, interaction with
CoRNR1 was greatly decreased (in Fig. 7c, compare XH9-10
with XH9-11 and XH9-10R with XH9-11R). Taking these re-

FIG. 7. CoRNR specificity determinants are different for RAR and RXR. (a) RAR H12 partially blocks corepressor interaction. (b) RXR
H9-11 determines CoRNR2 binding. (c) RXRH11 inhibits CoRNR1 binding. (d) H5-8 is required for CoRNR1 interaction. CoRNR peptides were
used as a Gal4 fusion and RAR/RXR constructs were used as a VP16 fusion. The strength of interaction (fold activation in a mammalian
two-hybrid assay) is indicated. For CoRNR1: 1111, .200-fold interaction; 111, 60- to 150-fold interaction; 11, 25- to 40-fold interaction; 1,
5- to 15-fold interaction; 2, no interaction. For CoRNR2: 1111, .100-fold interaction; 111, 35- to 70-fold interaction; 11, 15- to 30-fold
interaction; 1, 5- to 10-fold interaction; minimal, 2- to 3-fold interaction; 2, no interaction.
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sults together, we conclude that RXR H11 specifically inhibits
CoRNR1 interaction.

RAR b-turn and H6-8 regions are required for CoRNR1
interaction. We have shown that specific sequences between

RAR H3 and H4 are required but not sufficient for CoRNR1
binding (Fig. 6b). Since RXR H11 inhibited CoRNR1 binding,
we considered whether RAR H11 determines CoRNR1 spec-
ificity. To test this, we made a chimeric construct in which

FIG. 8. Model of corepressor-nuclear receptor interaction. (a) Crystal structure of the relative orientations of helices forming the coactivator-
binding surface on the liganded NHR. The coactivator NR peptide is in green. The ligand is shown as a purple dot. The two orientations that an
a-helix can bind are indicated as dotted lines. (b and c) The two possible orientations of CoRNR box peptides on NHR. The residues required
for each CoRNR box are indicated by arrows. (b) The CoRNR1 peptide in the NR peptide orientation on RAR (orientation A). (c) The CoRNR2
peptide in the H12 orientation on RXRDH12 (orientation B). Please note that these two orientations may not be the same as those in panel a.
(d) Models of the positions of the two CoRNR boxes in the heterodimer of RAR-RXR. CoRNR box peptides are in red. The position of RAR
H12 (shown as a dashed rectangle) is unknown.

1756 HU ET AL. MOL. CELL. BIOL.



H3-4-5 and H11-12 are from RAR and the rest of the LBD
derives from RXR. This construct (XRXR11-12) is unable to
interact with CoRNR1 in a mammalian two-hybrid assay (Fig.
7d), suggesting that the determinants for CoRNR1 were not in
H11. H9-10 is also not required for CoRNR1 binding, as
XH9-10 can still interact with CoRNR1 (Fig. 7d). We then
made further substitution into the region, including part of H5,
the b-turn, and H6-8. The resulting chimera (XH5-10) lost
interaction with CoRNR1 (Fig. 7d), suggesting that this region,
in addition to H3-4-5, is required for CoRNR1 interaction by
RAR. Based on these results together with those shown in Fig.
7d, we conclude that H3 to H8 of RAR is required for
CoRNR1 interaction.

DISCUSSION

NHR-corepressor interactions are highly specific. CoRNR2,
which binds RXR, is relatively simple and does not determine
specificity for N-CoR versus SMRT (Fig. 2). CoRNR1, on the
other hand, is more complex and contains most of the sequence
features that determine specificity for N-CoR or SMRT. TR and
RevErb bind strongly to N-CoR and weakly to SMRT, while
RAR does the opposite. Distinct regions of the corepressors en-
able these preferences. Although the I⁄LXXI⁄VI motifs are re-
quired for interaction, corepressors utilize different residues
within or outside the CoRNR box for efficient interaction with
different NHRs (Fig. 3). RAR requires both N- and C-terminal
sequences within the 40-residue CoRNR1 for optimal interaction.
RevErb utilizes extremely proximal N-terminal sequences. Re-
vErb has previously been shown to preferentially bind N-CoR on
DNA even though it is capable of interacting with SMRT in
solution (42). The present studies suggest that this is due to the
affinity difference for N-CoR and SMRT. Four residues in the N
terminal of CoRNR1 are responsible for this difference. Replac-
ing these four residues in SMRT with corresponding N-CoR
sequences resulted in a corepressor that binds RevErb on DNA
both in vitro and in vivo (Fig. 5). TR, in sharp contrast, requires
sequences about 100 residues N terminal to the core of CoRNR1
for efficient interaction. Within this region, there are I⁄LXXI⁄VI-
like sequences in N-CoR but not in SMRT that are likely to
contribute to the TR’s preference for N-CoR. Thus, sequences
distant from the CoRNR box are required for high-affinity inter-
action with some but not all NHRs.

The fact that CoRNR peptides can block interactions be-
tween NHR and corepressors suggests novel ways to treat
diseases such as promyelocytic leukemia. Since corepressor
binding is a general feature of NHRs, such therapies could
have unwanted toxicities. The present finding that interactions
between CoRNR boxes and NHRs are highly specific suggests
that it could be possible to develop peptidomimetic drugs that
selectively block interaction between corepressors and a spe-
cific NHR, thereby targeting specific receptor-specific diseases
without affecting the normal biological functions of other
NHRs.

H3-4-5 is highly conserved among NHRs and is necessary
but not sufficient for high-affinity interaction with corepressors
(4, 19, 30, 32). Additional regions of RAR (H6-8) that are not
in proximity to H3-4-5 in the LBD crystal structures (1, 34, 39)
contribute to its affinity for CoRNR1 (Fig. 7). We postulate
that H6-8 “frames” the corepressor interaction helices in RAR

to bind selectively to CoRNR1. For RXR, the region distant
from H3-4-5 that adds to the affinity for CoRNR2 is H9-10.
This frame for CoRNR2 is likely to be different from the RAR
H6-8-dependent frame for CoRNR1.

Model of corepressor binding to NHR heterodimers. The
structure of the CoRNR peptide bound to unliganded NHR
has not yet been solved. The signature CoRNR box feature is
an amphipathic a-helix that is not only similar to coactivator
NR boxes but also to H12 of NHRs, which contains FXXFF
(F is a hydrophobic residue). In the crystal structures of NR
box peptides bound to agonist-liganded NHRs, the NR box
binds in a hydrophobic groove between H3 and H4-5, and H12
folds back to form part of the binding surface for the NR box
(8, 31) (Fig. 8a). Thus a single NHR LBD has at least two
distinct and differently oriented docking sites for amphipathic
a-helices. In the following discussion, we will refer to the
orientation of the NR box and of H12 bound to the liganded
receptor as orientation A and orientation B, respectively (Fig.
8a). There is flexibility in the sequences that each docking site
can accommodate, since in the antagonist-bound NHR crystal
structure, H12 binds in orientation A to prevent interaction
with coactivators (3, 37).

CoRNR1 binding to RAR requires specific sequences in the
loop between H3 and H4-5 (Fig. 6) but not H11 (data not
shown), suggesting that it binds to the NHR in orientation A
(Fig. 8b). On the other hand, CoRNR2 peptide binding to
RXR requires specific sequences in H11 but is independent of
the sequence of the loop between H3 and H4-5, similar to
orientation B (Fig. 8c). We should point out that the two
CoRNR binding orientations may not be exactly the same as
those of the liganded H12 and NR box helices. They are prob-
ably also different on different NHRs and with different core-
pressors.

These considerations suggest a model to explain how a single
molecule of N-CoR or SMRT might bind to RAR-RXR het-
erodimers. The NHR preferences dictate binding of CoRNR1
to RAR and CoRNR2 to RXR. We and others have previously
shown that RXR H12 binds to the H3-4-5 region of its partner
and that this unmasks the CoRNR binding site on RXR (40,
43). These findings created an apparent paradox, since both
RXR H12 and the CoRNR box have to bind to the H3-4-5
region of RAR in the RAR-RXR heterodimer. This is ex-
plained by the model shown in Fig. 8d. In the RAR-RXR
heterodimer, CoRNR1 and RXR H12 bind simultaneously to
RAR in orientation A and orientation B, respectively.
CoRNR2 binds to RXR in orientation B. It is possible that
RAR H12 binds to RXR in orientation A (the “antagonist”
position in the estrogen receptor structure). This working
model of corepressor interaction with the RAR-RXR het-
erodimer will need to be tested by cocrystallization of RAR,
RXR, and a peptide containing CoRNR1 and CoRNR2.
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