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We describe the cloning and characterization of a new family of nuclear receptor coregulators (NRCs) which
modulate the function of nuclear hormone receptors in a ligand-dependent manner. NRCs are expressed as
alternatively spliced isoforms which may exhibit different intrinsic activities and receptor specificities. The
NRCs are organized into several modular structures and contain a single functional LXXLL motif which
associates with members of the steroid hormone and thyroid hormone/retinoid receptor subfamilies with high
affinity. Human NRC (hNRC) harbors a potent N-terminal activation domain (AD1), which is as active as the
herpesvirus VP16 activation domain, and a second activation domain (AD2) which overlaps with the receptor-
interacting LXXLL region. The C-terminal region of hNRC appears to function as an inhibitory domain which
influences the overall transcriptional activity of the protein. Our results suggest that NRC binds to liganded
receptors as a dimer and this association leads to a structural change in NRC resulting in activation. hNRC binds
CREB-binding protein (CBP) with high affinity in vivo, suggesting that hNRC may be an important functional
component of a CBP complex involved in mediating the transcriptional effects of nuclear hormone receptors.

Nuclear hormone receptors comprise a superfamily of li-
gand-dependent transcription factors involved in controlling
diverse cellular processes, including growth, differentiation,
development, and homeostasis (37). The nuclear hormone re-
ceptor superfamily includes type I receptors which mediate the
effects of glucocorticoids (glucocorticoid receptor [GR]), es-
trogens (estrogen receptor [ER]), mineralocorticoids (miner-
alocorticoid receptor [MR]), progestins (progestin receptor
[PR]), and androgens (androgen receptor [AR]) and type II
receptors for thyroid hormone (thyroid hormone receptors
[TRs]), all-trans-retinoic acid (retinoic acid receptors [RARs]),
9-cis-retinoic acid (9-cis-RA) (the RARs and RXRs), vitamin
D (vitamin D receptor [VDR]), and the PPARs. These recep-
tors share a similar modular structure consisting of an N-
terminal A/B domain, a DNA-binding C domain, and a D, E,
and F ligand-binding domain (LBD) (4, 37). The DNA-binding
C domain is highly conserved among members of type I and
type II nuclear hormone receptors. Although the LBDs of
nuclear hormone receptors (;300 amino acids) are diverse in
sequence, accounting for ligand specificity, they exhibit certain
similarities in their overall structure (4, 13). Thus, the LBDs of
all nuclear receptors are organized into 12 helical regions
which play an important role in determining the conformation
of the LBD in the presence and absence of ligand (59) and in
mediating heterodimerization of type II receptors with the
RXRs (2, 13).

Ligand-dependent conformational changes in the LBD are
thought to recruit coactivators or coregulators to the DNA-
bound receptor, which leads to transcriptional activation (37).
The activation function mediated through the LBD has been
referred to as activation function 2 (AF2) (38, 54). The ma-
jority of the coactivators, identified in a yeast two-hybrid
screen, fall into two main groups: the p160/SRC family (SRC-1

[NCoA-1] [28, 41, 55], TIF-2 [also known as GRIP-1 or
NCoA-2] [23, 24, 55, 58], and AIB1 [also known as p/CIP,
ACTR, RAC3, and TRAM-1] [1, 8, 34, 52, 55]) and the CREB-
binding protein (CBP)/p300 family (5, 20, 28). Coactivators
which fall outside these groups include PGC-1 (44), ARA70
(62), p/CAF (3, 60), and NRIF3, which exhibits specificity for
only the TRs and the RXRs (33). Using a biochemical ap-
proach, another class of factors have been identified to interact
with nuclear hormone receptors in the presence of ligand. The
VDR-interacting proteins (DRIPs) (46, 47) were identified in
nuclear extracts interacting with ligand-bound VDR in vitro,
while the TR-associated proteins (TRAPs) were identified in
HeLa cells as factors associating with TRa in the presence of
ligand (12, 26). The DRIPs and TRAPs are multiprotein com-
plexes which appear to be similar, if not identical, in compo-
sition and, interestingly, are devoid of the coactivators de-
scribed above. The TRAP and DRIP components were also
reported to be a part of the SMCC complex, which consists of
human homologues of yeast mediator or RNA polymerase II
holoenzyme factors (26). The DRIP and TRAP protein com-
plexes bind to ligand-bound receptors through the DRIP205
and TRAP220 protein components of the complex (DRIP205
and TRAP220 appear to be identical proteins) (46).

In addition to activation through the LBD, certain receptors
contain an independent activation function in the variable N-
terminal A/B domain referred to as AF1 (38, 54). Although the
A/B domain of TRa does not contain an independent activa-
tion function, it participates in transcriptional activation by the
full-length receptor through its interaction with TFIIB (18).
The independent AF1 in the A/B domains of the receptors
such as ER, PR, and AR appears to also interact with known
coactivators such as SRC-1 and GRIP-1 (35, 40, 56). In addi-
tion, SRA, which is an RNA, has been reported to selectively
coactivate the AF1 function of steroid receptors through asso-
ciation with the N terminus and SRC-1 (30). Although certain
nuclear receptor A/B domains appear to contain an indepen-
dent activation function, the association of the A/B domain
with the LBD in the context of full-length receptors results in
a mutually dependent function of AF1 and AF2.
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The association of regulatory coactivators with the LBDs of
nuclear hormone receptors occurs through their LXXLL mo-
tifs (9, 21, 36). The LXXLL motif binds to a hydrophobic cleft
in the receptor, which is formed by several regions, including
helix 12 of the LBD, as a result of a ligand-dependent confor-
mational change (9, 11, 39). The affinity and relative specificity
of interaction of coactivators with ligand-bound receptor are
also influenced by the amino acid sequences flanking the
LXXLL motif (9, 36). Interestingly, the TR-RXR-interacting
motif in NRIF3 is a variant (LXXIL) of the LXXLL motif,
indicating that isoleucine can substitute for leucine in coacti-
vator-receptor interactions (33). Members of the p160/SRC
family of coactivators contain several LXXLL modules, which
may serve to enhance the affinity of binding of the coactivator
to receptor dimers (9, 36). In addition, the different LXXLL
modules within a p160 coactivator (e.g. SRC-1 or GRIP-1)
appear to exhibit different receptor specificities (9, 36). CBP
and p300 have been shown to bind many transcription factors
and are thought to function as transcriptional integrators for
multiple transcriptional factors, including NF-kB (42), p53
(16), the STATs (63), and nuclear hormone receptors (5, 20,
28), as well as members of the p160/SRC family of coactivators
(55, 57). Thus, CBP and p300 appear to facilitate the integra-
tion of signals from a variety of factors, including nuclear
transcription factors and cell surface receptors.

In this study we describe the cloning and characterization of
a new family of nuclear receptor coregulators (NRCs) from rat
and human cells which modulate the function of nuclear hor-
mone receptors in a ligand-dependent manner. NRCs are ex-
pressed as alternatively spliced isoforms which may exhibit
different intrinsic activities and receptor specificities. The
NRCs are organized into several modular structures that ap-
pear to play an important role in their function as coactivators
and coregulators for nuclear hormone receptors. NRCs con-
tain a single functional LXXLL motif which associates with
type I and type II nuclear hormone receptors with high affinity.
Human NRC (hNRC) harbors a potent N-terminal activation
domain (AD1), which is as active as the herpesvirus VP16
activation domain, and a second activation domain (AD2)
which overlaps with the receptor-interacting LXXLL region.
The C-terminal region of hNRC appears to function as a mod-
ulatory domain which influences the overall transcriptional
activity of the protein. Our results indicate that NRC may bind
to liganded receptors as a dimer and that this association
mediates a conformational change in NRC leading to activa-
tion, possibly by exposing an activation domain(s). hNRC
binds CBP with high affinity in vivo, suggesting that hNRC may
be an important functional component of a CBP complex in-
volved in mediating the transcriptional effects of nuclear hor-
mone receptors.

MATERIALS AND METHODS

Construction of a yeast two-hybrid cDNA library from GH4C1 cells. Poly(A)1

RNA isolated from GH4C1 cells was used for the synthesis of cDNA by using a
Stratagene cDNA synthesis system. Prior to ligation, cDNA was size fractionated
using Sephacryl S200. Fractions above 0.4 kb were pooled, precipitated with
ethanol, and ligated with EcoRI-XhoI-digested pJG4-5, which conditionally ex-
presses the cDNA as a fusion with the B42 activation domain in yeast (17). The
pJG4-5 cDNA was transformed into Sure bacteria (Stratagene) by electropora-
tion. This cDNA library contains about 107 independent transformants, and the
average insert size was estimated to be 1.5 kb.

Yeast two-hybrid screen. cTRa was used as a bait by cloning the full-length
cTRa into the EcoRI site of pEGDPL, a yeast LexA expression vector. pEGDPL
was derived from the parent vector, pEG202 (17), by inserting a new polylinker,
NcoI-SalI-BamHI-KpnI-EcoRI-BglII-SacI-XhoI, which also inactivated the orig-
inal EcoRI site in pEG202. The yeast strain EGY48 (17), harboring the LacZ
reporter plasmid pSH18-34 (17) and pEGDPL-cTRa constitutively expressing
LexA-cTRa (33), was used to transform the pJG4-5 cDNA library. Transfor-

mants were directly plated on X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyranoside) SD-galactose-raffinose plates which contained 1 mM thyroid hor-
mone (T3) but lacked Trp, Ura, His, and Leu. Putative positive clones were
further purified and plated on SD-dextrose plates lacking Trp, Ura, and His to
suppress expression of the cDNAs. Ligand-dependent interaction was verified
upon replica plating each clone on X-Gal SD-galactose-raffinose plates, lacking
Trp, Ura, and His, with and without T3. Putative positive clones were also plated
on X-Gal SD-dextrose plates, lacking Trp, Ura, and His, with and without T3.
Yeast cells were considered to harbor interesting clones if they exhibited a
positive LacZ (X-Gal) response with T3 on galactose-raffinose plates and no
LacZ response on dextrose plates. The cDNAs from positive clones were se-
quenced and subjected to restriction digestion and size determination.

Plasmids and transfections into mammalian cells. Expression plasmids for
nuclear receptors and various reporters have been described earlier (33). All
plasmids described below were generated by either PCR or restriction enzyme
digestion and verified by sequencing and expression studies. The hNRC cDNA
insert (KIAA0181) was provided by the Kazusa Research Institute (Chiba, Ja-
pan) as a pBluescript SKII plasmid. hNRC was cloned into the HindIII-NotI site
of a mammalian expression plasmid, pExpress (pEX) (14). All Gal4 DNA-
binding domain (DBD) fusion constructs were generated using pSG424 (48).
These include Gal4-hNRC (full length), Gal4-hNRC(1-783), Gal4-hNRC(1-
1076), Gal4-hNRC(771-1986), and Gal4-hNRC(1352-1986). Rat NRC.1 (rNRC.1)
was cloned into pSG424 (Gal4-rNRC.1) as an EcoRI fragment from clone 15 in
pJG4-5. Gal4-rNRC.1DC was created by digesting Gal4-rNRC.1 with XbaI. The
Gal4-rNRC.1 LXXLL-1 mutant was generated by two-step PCR (22) where
LVNLL was changed to AVNAA. Glutathione S-transferase (GST)–rNRC.1 was
constructed by cloning the EcoRI insert from clone 15 in pJG4-5 into
pGEX4T-1. GST-hNRC and GST-hNRC(1-852) were constructed by cloning the
appropriate fragments into pEBG, a GST mammalian expression vector (43, 53).
Transfections were performed with appropriate controls using calcium phos-
phate coprecipitation. Various ligands, such as T3 for TR, 9-cis-RA for RAR and
RXR, 1,25-dihydroxy-vitamin D3 for VDR, and dexamethasone (Dex) for GR,
were used at 0.5 mM. TTNPB, which is specific for RAR, and LG100153, which
is specific for RXR, were used at 200 nM unless otherwise indicated. Typically 50
ng of the Gal4 reporter plasmid pBL-G5-CAT2 and 2 mg of Gal4 fusion plasmids
were used for transfections. Unless otherwise mentioned, all other chloramphen-
icol acetyltransferase (CAT) reporters were used at 0.5 mg/sample and pEX-
hNRC was used at 2 mg/sample. All samples were in duplicate or triplicate, and
each experiment described has been repeated two or three times.

Yeast plasmids and b-galactosidase assays. All yeast plasmids were se-
quenced after cloning. pJG4-5DPL was derived from pJG4-5 (17) by inserting the
same polylinker described above for pEGDPL into the EcoRI-XhoI sites of
pJG4-5. These vectors differ only in the polylinker cloning sequence. hNRC was
also cloned into pEGDPL and pJG4-5DPL after release of the full insert from
pEX-hNRC. An AF2 mutant of hRXRa (amino acids 1 to 545) was constructed
in pJGDPL by PCR, while an AF2 mutant of the cTRa LBD (pJGDPL/cTRa120-
398) was constructed by restriction digestion. In certain experiments (see Fig. 8)
we cloned the hRXRa LBD into pJG4-6. This vector is similar to pJG4-5 but
lacks the B42 activation domain. It includes the same hemagglutinin (HA)
epitope, and we introduced the same simian virus 40 viral nuclear localization
signal as found in pJG4-5. To study the function of hNRC in yeast, various
deletion constructs of hNRC were generated using pJG4-5DPL and pEGDPL
vectors. The pJG4-5DPL (B42) hNRC constructs were produced from pEX-
hNRC by digestion and purification of appropriate fragments followed by clon-
ing into pJG4-5DPL. These constructs express the following hNRC amino acids
fused to B42: 1 to 783, 771 to 1986, and 1352 to 1986. We also constructed B42
and LexA fusions of hNRC(771-1076) which is analogous to the residues found
in rNRC.1. LexA-rNRC.1 was generated by releasing the fragment from pJG4-
5-rNRC.1 and cloning it into pEGDPL. The LXXLL-1 rNRC.1 mutant in pJG4-
5DPL was produced by releasing an insert from the Gal-rNRC.1 mutant and
cloning into pJG4-5DPL. LexA-hGR-LBD, LexA-hRXRa-LBD, LexA-hTRb-
LBD (31, 51), LexA-hRARa-LBD, and LexA-cTRa (full length) (33) have been
described previously. LexA-hVDR-LBD was generously provided by David
Moore (Baylor). LexA-hERa (full length) was from Michael Garabedian (New
York University). All b-galactosidase assays were performed at least two times in
duplicate or triplicate. Various ligands, such as T3 for the TRs, 9-cis-RA for
RXR and RAR, 1,25-dihydroxy-vitamin D3 for VDR, and estradiol (E2) were
used at 1 mM, while deoxycorticosterone for GR was used at 10 mM. Yeast
colonies were first grown in SD-dextrose medium lacking Ura, His, and Trp. The
yeast cells at log phase were then washed, diluted to the appropriate density, and
incubated in SD-galactose-raffinose medium lacking Trp, Ura, and His to induce
cDNA expression, followed by quantitation of b-galactosidase as described pre-
viously (33). b-Galactosidase units are expressed as (optical density at 420 nm 3
1,000)/(minutes of incubation 3 optical density at 600 nm of yeast suspension).

In vitro and in vivo binding studies using GST fusions of NRC. GST-rNRC.1
was expressed in Escherichia coli SG117 by induction with IPTG (isopropyl-b-
D-thiogalactopyranoside) and then purified and immobilized to glutathione-aga-
rose as described previously (18, 19). hGR, hVDR, hRARa, and hRXRa were
labeled with [35S]methionine in vitro in the presence and absence of their cog-
nate ligands by using rabbit reticulocyte lysate. cTRa was labeled in the absence
of T3, which was added later in the in vitro binding assays. Typically 200 to 400
ng of GST protein bound to glutathione-agarose was used per assay. 35S-labeled
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nuclear receptors were mixed with GST or GST-rNRC.1. The samples were first
incubated at 25°C for 15 min with cognate ligand in binding buffer (20 mM
Tris-HCl [pH 7.7, 25°C], 4 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol,
0.25% bovine serum albumin, 0.5 mM phenylmethylsulfonyl fluoride, 20 mg of
pepstatin and leupeptin per ml, and 0.25% NP-40). This was followed by a
20-min incubation at 4°C. The samples were then washed with same incubation
buffer, and the bound 35S-labeled receptors were analyzed by sodium dodecyl
sulfate [SDS] gel electrophoresis followed by autoradiography. Similar experi-
ments were carried out with GST-rNRC.1 and 35S-labeled rNRC.1 to provide
evidence for homodimerization of rNRC.1. Mammalian expression plasmids
(pEBG) (43) for GST and GST fusions of hNRC were transiently transfected in
293T cells. Proteins bound to the expressed GST proteins were purified by lysing
cells in buffer containing 50 mM Tris-HCl (pH 7.4), 250 mM KCl, 1 mM
dithiothreitol, 0.25% NP-40, and protease inhibitors. Extracts were prepared by
incubation of lysates on ice followed by freeze-thawing and centrifugation at high
speed. Supernatants were incubated at 4°C with glutathione-agarose beads. The
bound proteins were washed in lysis buffer and processed for SDS gel electro-
phoresis and Western blotting. Antibodies used for Western blotting include
those against SRC-1 (from Bert O’Malley [Baylor] and Miles Brown [Dana-
Farber]) and p/CAF (from Pat Nakatani [National Institutes of Health]). Anti-
bodies against CBP (no. 06-294), p300 (no. 05-257), the Gal4 DBD (no. 06-262),
and the LexA DBD (no. 06-719) were from Upstate Biotechnology.

Nucleotide sequence accession number. The extended sequence of hNRC has
been deposited in GenBank under accession number AF245115. The sequence
of rNRC.1 has also been deposited in GenBank under accession number
AF228043.

RESULTS

Cloning of NRC, a novel coactivator for nuclear hormone
receptors. GH4C1, a rat somatotrophic pituitary cell line, was
used to construct a cDNA library for use in a yeast two-hybrid
screen to identify novel coregulators for nuclear hormone re-
ceptors. We chose GH4C1 cells to construct a yeast two-hybrid
cDNA library for several reasons. First, these cells contain
virtually all nuclear hormone receptors at levels (;10,000 per
cell) similar to that found in somatotrophs and other hormone
responsive tissues in vivo (15, 45, 49). Second, regulation of the
endogenous growth hormone gene by thyroid hormone (T3)
and glucocorticoids, and of the prolactin gene by estrogens,

FIG. 1. Structures and comparison of the hNRC and rNRC.1 isoforms. The upper section shows a schematic representation of the functional domains identified
in hNRC and rNRC.1, a rat homologue, isolated from the GH4C1 pJG4-5 cDNA library. rNRC.1 is homologous to amino acids 771 to 1046 of hNRC. AD1 and AD2
are two activation domain regions, Q and P represent a glutamine- and proline-rich stretch of amino acids. LXXLL-1 is a nuclear receptor interaction motif. S-T-L
is a serine-, threonine-, and leucine-rich sequence in the C-terminal part of hNRC which may be part of regulatory domain. LXXLL-2 is a second LXXLL motif which
plays a less important role in nuclear receptor interactions. The lower section shows the amino acid sequence of rNRC.1 and its alignment with the corresponding region
in hNRC. LXXLL-1 is underlined. The sequence of KIAA0181 is in GenBank under accession number D80003. We have extended the N terminus of hNRC and have
deposited the sequence containing 58 additional amino acids in GenBank (accession number AF245115). The sequence of rNRC.1 has also been deposited in GenBank
(accession number AF228043).
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mimics the response of these genes by these hormones in
pituitary cells in vivo (25, 49, 61). Last, although GH4C1 cells
express only low levels of each nuclear hormone receptor, both
endogenous and transiently transfected genes regulated by
these receptors are highly responsive to their cognate ligands
(45, 49, 61). This suggests that GH4C1 cells contain high levels
of known coactivators and/or novel factors that play an impor-
tant role in receptor function.

The GH4C1 cDNA library was constructed in pJG4-5, a
yeast vector which conditionally expresses the cDNAs as a
fusion with the B42 activation domain (17). Full-length cTRa
was cloned into pEG202, which constitutively expresses the
receptor as a LexA fusion in yeast (33). An EGY48 yeast strain
expressing LexA-cTRa and harboring the LacZ reporter plas-
mid pSH18-34 was used for transformation of the pJG4-5
cDNA library (17, 33). Transformants were directly screened
for ligand-dependent TR-interacting clones on X-Gal plates
containing T3. Thirty-five pJG4-5 recombinant plasmids ex-
pressing strong T3-dependent interactors were isolated and
subjected to secondary screening, followed by sequencing. Of
these 35 clones, 13 were identified as rSRC-1, some of which
appeared to represent splice variants. Three clones were
rRXRb, and 17 clones contained novel independent overlap-
ping sequences representing three different cDNAs. A data-
base search indicated that the sequences of two ;1-kb clones
(designated clone 14 and clone 15), which interacted with
ligand-bound LexA-cTRa more strongly than the rSRC-1

clones, showed a striking homology with a 6,504-bp human
cDNA of unknown function which was previously deposited as
KIAA0181 (accession no. D80003) by the Kazusa Research
Institute.

The KIAA0181 cDNA contains an apparent ATG initiation
codon 60 bp from the 59 end and an open reading frame which
encodes a protein with a predicted molecular mass of 210 kDa.
Upon closer inspection of the human cDNA clone, we identi-
fied several potentially important domains, which include two
prominent glutamine-rich (Q-rich) regions (one of which is
also rich in prolines [Q-P]), two putative nuclear hormone
receptor interaction LXXLL motifs, and a C-terminal serine-
threonine-leucine (S-T-L)-rich region (Fig. 1). Studies with rat
clone 15 and the human cDNA clone in yeast and mammalian
cells indicated that both cDNAs express proteins which exhibit

FIG. 2. Northern blot of hNRC mRNAs in different tissues. hNRC mRNAs
were detected using an MTN blot (Stratagene) containing RNAs from the
various tissues indicated. The various-sized hNRC-related mRNAs were de-
tected by probing the blot with 32P-labeled hNRC cDNA. Numbers on the left
are kilobases.

FIG. 3. Ligand-dependent interaction of rNRC.1 and hNRC with nuclear
hormone receptors in yeast. (A) rNRC.1 was expressed as a B42 fusion protein
and tested against LexA fusions of cTRa, hTRb-LBD, hGR-LBD, hRARa-
LBD, hRXRa-LBD, hERa, and hVDR-LBD. Both ligand-dependent and li-
gand-independent interactions were quantified by measuring the activity of b-ga-
lactosidase in yeast extracts. Details are given in Materials and Methods, along
with the ligands used. (B) Same as panel A except that hNRC was expressed as
a B42 fusion and examined for interaction with the various LexA-receptor chimeras.
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features typical of a nuclear hormone receptor coregulators. A
comparison of the amino acid sequences of the rat and human
clones indicates that the rat clone is likely partial and missing
N-terminal sequences. Based on our in vitro and in vivo find-
ings, we designated the human cDNA (KIAA0181) hNRC and
the ;1-kb clone 15 rNRC.1.

In vitro transcription-translation of the hNRC cDNA iden-
tified a protein of the expected size (data not shown). The
deduced amino acid sequence of rNRC.1 revealed over 85%
amino acid identity with a similar region of hNRC (Fig. 1).
Interestingly, hNRC exhibited regions of about 30% similarity
scattered around the 550-amino-acid proline- and glutamine-
rich regions at the C termini of p300 and CBP. Analysis of the
amino acid sequence of hNRC revealed two LXXLL motifs,
which we refer to as LXXLL-1 and LXXLL-2, beginning at
amino acids 810 and 1414 (Fig. 1). The two LXXLL motifs are
separated by 604 amino acids, and the motifs and residues
surrounding them are not identical to any of the LXXLL
modules identified in the various members of the p160/SRC
family of coactivators or CBP/p300.

Interestingly, rNRC.1 contains only a single LXXLL motif
(the LXXLL-1 module). Remarkably, rNRC.1 and hNRC are
identical in sequence in the putative receptor interaction re-
gion spanning the LXXLL-1 motif (Fig. 1). The LXXLL-1
region of rNRC.1 is followed by a Q-P-rich region, a termina-
tion codon, and a polyadenylated tail, indicating that rNRC.1
represents an alternatively spliced C-terminal variant of the rat
homologue of full-length hNRC. The possibility of alterna-
tively spliced forms of hNRC is further suggested by the results
of Northern blotting of RNAs derived from various human
tissues probed with 32P-labeled hNRC. This study identified a
prominent mRNA of 8 kb in most of the tissues examined (Fig.
2). mRNA species of 6.8, 4.5, and 3.6 kb with various abun-

dances were also detected, and the 3.6-kb transcript was the
major RNA species detected in skeletal muscle. In addition to
the tissues shown in Fig. 2, a Northern blot shown on the
Kazusa Research Institute’s website (www.kazusa.or.jp) indi-
cates that spleen, thymus, testis, ovary, and peripheral blood
leukocytes also express hNRC mRNAs of various sizes in ad-
dition to a prominent 8-kb mRNA.

Ligand-dependent interaction of the NRCs with various
nuclear hormone receptors requires the LXXLL-1 motif. Al-
though rNRC.1 was originally isolated using LexA-cTRa as a
bait, we examined the ligand-dependent interaction of rNRC.1
in yeast with LexA chimeras containing various full-length
nuclear hormone receptors or their LBDs (Fig. 3A). rNRC.1
interacted with all of the nuclear hormone receptors tested,
and this interaction was greatly enhanced by their cognate
ligands. LexA-cTRa, LexA-hTRb-LBD, and LexA-hGR-LBD
displayed strictly ligand-dependent interactions. We found that
the LBDs of hRARa, hRXRa, and hVDR and full-length
hERa exhibited some weak interactions with rNRC.1 in yeast
in the absence of ligand. Such ligand-independent interactions
in yeast have also been reported for GRIP-1 and TIF-2 and
were speculated to be due to spontaneous conversion of re-
ceptors into an active form in yeast (10, 57). These results
indicate that rNRC.1 interacts with various nuclear hormone
receptors, and thus, the NRCs could potentially serve as coac-
tivators with broad receptor specificity as reported for the
p160/SRC coactivator family and CBP/p300 (37). The interac-
tion of hNRC, cloned in pJG4-5, with LexA-nuclear hormone
receptors in yeast was examined as described above for
rNRC.1 (Fig. 3B). Although hNRC is not efficiently expressed
in yeast as a fusion with the B42 activation domain, presumably
because of its size, ligand-dependent interactions of 10- to
100-fold were found with the receptors tested. The interaction

FIG. 4. Mapping the region of hNRC necessary for interaction with various receptors. As depicted, various deletion constructs of hNRC were generated as B42
fusions for two-hybrid interaction assays with the LexA-receptor chimeras indicated in Fig. 3.
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was strictly ligand dependent with the TRs and hGR, while, as
with rNRC.1, a low level of interaction was noted for hRARa,
hRXRa, hERa, and hVDR in the absence of ligands.

The receptor interaction domain of hNRC was next mapped
by deletion analysis. hNRC and rNRC.1 contain a single
LXXLL motif in common (LXXLL-1) (Fig. 1) and exhibit
similar ligand-dependent receptor interactions (Fig. 3). This
suggests that of the two LXXLL motifs in hNRC, LXXLL-1
plays a more direct and important role in mediating an inter-
action of hNRC with the various receptors. Various deletion
mutants of hNRC were constructed in pJG4-5 and expressed
as fusions with the B42 activation domain. As shown in Fig. 4,
the N-terminal region of hNRC (amino acids 1 to 783) lacking
the two LXXLL domains failed to interact with any of the
nuclear hormone receptors. The clone expressing amino acids
771 to 1986, containing LXXLL-1 and LXXLL-2, interacted
with high affinity with all of the receptors in a ligand-dependent
manner. The contribution of each LXXLL motif and the spec-
ificity of interaction with each receptor were addressed by
studying the C-terminal region of the protein containing only
LXXLL-2 (amino acids 1352 to 1986) (Fig. 4). Interestingly, no
interaction was detected with any of the nuclear hormone
receptors except LexA-hERa (Fig. 4), the interaction of which
was about 20% of that of the hNRC clones containing both
LXXLL motifs (Fig. 4). These results strongly suggest that,
with the exception of hERa, hNRC interacts with all of the
nuclear receptors tested through only the single N-terminal
LXXLL-1 motif.

The critical role of leucines in the core LXXLL motif for
interaction with the hydrophobic cleft formed in ligand-bound
nuclear receptors has been established by both mutagenesis
and crystallographic studies (9, 11, 36, 39). Therefore, mu-

tagenesis studies were performed to provide direct evidence
for a role for LXXLL-1 in the interaction of the NRCs with
ligand-bound receptors. The LVNLL motif of LXXLL-1 in
rNRC.1 was changed to AVNAA, and the interaction of B42
fusions of rNRC.1 and the mutant rNRC.1 was determined
with LexA fusions of various nuclear receptors. As shown in
the Fig. 5A, conversion of LXXLL-1 from LVNLL to AVNAA
markedly reduced ligand-dependent interactions of rNRC.1
with all of the nuclear hormone receptors used in the study.
Western blotting verified that the mutant rNRC.1 was induced
by galactose and was expressed at levels equal to or greater
than that of rNRC.1 (Fig. 5B). Thus, the experiments illus-
trated in Fig. 4 and 5 establish an essential and dominant role

FIG. 5. Ligand-dependent interaction of rNRC.1 with nuclear receptors re-
quires LXXLL-1. (A) LexA fusions of various nuclear hormone receptors as
indicated were tested in yeast two-hybrid assays against wild-type and mutant
rNRC.1 expressed as B42 fusion proteins. The amino acids indicated for rNRC.1
are those which are homologous to amino acids 771 to 1046 of hNRC. LXXLL-1
(LVNLL) was changed to AVNAA. The interaction was quantified by determin-
ing the activity of b-galactosidase with and without cognate ligands as described
in Materials and Methods. (B) Western blotting using anti-HA antibody indi-
cates the expression of wild-type (Wt.) and mutant (Mt.) proteins as shown.

FIG. 6. NRCs form homodimers in vivo and in vitro. (A) LexA-rNRC.1 was
transformed into yeast along with pJG4-5, which expresses rNRC.1 as a B42
fusion protein (B42-rNRC.1). pJG4-5 (B42) and pEG202 (LexA), pJG4-5 (B42)
and LexA-rNRC.1, and B42-rNRC.1 and pEG202 (LexA) were also transformed
into yeast and served as controls. Similar studies were carried out with
hNRC(771-1076) cloned into LexA and B42 expression vectors. (B) GST-
rNRC.1 or GST alone was incubated with 35S-rNRC.1 labeled with L-[35S]me-
thionine in rabbit reticulocyte lysates, and in vitro binding was carried out as
described in Materials and Methods. The samples were then electrophoresed in
SDS gels, and the amount of 35S-rNRC.1 which bound to GST-rNRC.1 was
visualized by fluorography. One-tenth of the input amount of 35S-labeled
rNRC.1 used in the incubation with GST-rNRC.1 was electrophoresed in the
same gel.
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of the LXXLL-1 motif in mediating ligand-dependent interac-
tions of nuclear hormone receptors with the NRCs.

NRCs form homodimers in vivo and in vitro. Studies with
members of the p160/SRC family of coactivators have identi-
fied multiple LXXLL motifs which have been proposed to be
important in the binding of a single coactivator molecule to
receptor homo- and/or heterodimers (36). Since rNRC.1 con-
tains only one LXXLL motif but interacts with receptors with
high affinity, we considered the possibility that a dimer of
rNRC.1 contributing two LXXLL motifs is necessary for a
high-affinity receptor interaction. To explore whether rNRC.1
forms dimers in vivo, we expressed LexA and B42 fusions of
rNRC.1 and, similarly, the analogous region of hNRC (amino
acids 771 to 1076) (Fig. 6A). This study indicates that LexA-
rNRC.1 and B42-rNRC.1 and the comparable regions of
hNRC form a strong interaction in the cell, and thus, the NRCs
may exist as a homodimer (or higher-order oligomers) in vivo.
Binding studies with GST-rNRC.1 in vitro (Fig. 6B) also pro-
vide evidence for an rNRC.1-rNRC.1 interaction. To our
knowledge, this is a first report demonstrating that a coactiva-
tor forms dimers in vivo and in vitro. Although further work
will be needed to precisely map the dimerization domain, the
results shown in Fig. 6 strongly suggest that NRC dimers may
play an important role in high-affinity receptor dimer interac-
tions.

Ligand-dependent interactions of NRCs with nuclear hor-
mone receptors in vitro and in vivo require an intact AF2
receptor domain. Ligand-dependent interactions and the role

of the helix 12 AF2 region were studied by binding of nuclear
hormone receptors to NRC in vitro. GST fusions of hNRC and
rNRC.1 were expressed in bacteria. However, only GST-
rNRC.1 was expressed at levels sufficient for in vitro binding
studies. GST or GST-rNRC.1 bound to glutathione-agarose
beads was incubated with various 35S-labeled receptors with or
without cognate ligands, and the bound receptors were elec-
trophoresed and visualized by autoradiography. As shown in
Fig. 7, binding of the various receptors to GST-rNRC.1 was
markedly enhanced by their cognate ligands. AF2 mutants of
the 408-amino-acid cTRa, L398R and 1-392 (50), failed to
bind GST-rNRC.1 in the presence of T3, indicating a require-
ment for an intact AF2 function for ligand-dependent binding
of receptor to rNRC.1. Similarly, very little binding of hRXRa,
hGR, or hRARa was observed without cognate hormones.
Interestingly, some binding of hERa was observed with GST-
rNRC.1 in the absence of ligand, although this association was
greatly enhanced in the presence of an appropriate ligand. This
ligand-independent interaction of hERa with rNRC.1 in vitro
may be biologically relevant, since, as described below, ligand-
independent enhancement of hERa activity with NRC was
also found in transfection experiments with mammalian cells.

The importance of an intact AF2 region of the nuclear
hormone receptors was also assessed in vivo in yeast using AF2
mutants of hRXRa and cTRa lacking helix 12. After confir-
mation of expression of the mutant proteins, the deletion mu-
tants were expressed in pJG4-5 as B42 fusions and examined
for their interactions with LexA-rNRC.1 and LexA-hNRC.

FIG. 7. Ligand-dependent binding of nuclear receptors with rNRC.1 in vitro. All receptors were labeled with L-[35S]methionine by in vitro transcription-translation
using reticulocyte lysates. Bacterially expressed and purified GST-rNRC.1 bound to glutathione-agarose beads was incubated with 35S-labeled receptors with or without
the indicated cognate ligands. The samples were then electrophoresed in SDS gels, and the amount of 35S-receptor which bound to GST-rNRC.1 was visualized by
fluorography. One-fifth of the amount of 35S-labeled receptor used in the incubation with GST-rNRC.1 was electrophoresed in the same gel. E2, estradiol; VitD3,
1,25-dihydroxy-vitamin D3.
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The AF2 mutants of hRXRa and cTRa were unable to inter-
act with hNRC and rNRC.1 in a ligand-dependent manner
(data not shown).

Receptor binding mediates a conformational change in
hNRC. Although LexA-rNRC.1 exhibits moderate intrinsic ac-
tivity in yeast (Fig. 6), we found that the LexA fusion of the
entire hNRC sequence exhibits no intrinsic basal activity (Fig.
8). This raises the interesting possibility that the full-length
coactivator undergoes a conformational change upon receptor
binding leading to activation. To provide evidence for this
possibility, we cloned the hRXRa LBD in pJG4-6, a modified
pJG4-5 plasmid lacking the heterologous B42 activation do-
main. As shown in Fig. 8, LexA-hRXRa-LBD, LexA-hNRC,
or hRXRa-LBD-pJG4-6 expressed alone is not active in yeast
with or without 9-cis-RA. Although the hRXRa LBD is inac-
tive in yeast in the presence of ligand, coexpression of hRXRa-
pJG4-6 and LexA-hNRC led to a 100-fold increase in activa-
tion in the presence of 9-cis-RA (Fig. 8). This suggests that
receptor binding induces a conformational change in hNRC
that results in exposure of its activation domain(s) (see Fig.
12), leading to enhanced activity in yeast.

NRC enhances the transactivation function of endogenous
nuclear hormone receptors in mammalian cells. The preced-
ing in vitro binding studies and the experiments in yeast pro-
vide strong support for the NRCs as coregulatory factors for
various receptors. To provide further evidence for a role of the

NRCs with receptors in mammalian cells, we first expressed
hNRC and rNRC.1 as fusion proteins with the yeast Gal4
DBD. This would allow us to assess whether hNRC or rNRC.1
exhibited an independent activation function in mammalian
cells and might also allow for studies of the interaction of
hNRC or rNRC.1 with nuclear hormone receptors in vivo. As
shown in Fig. 9A, compared with the Gal4 DBD, expression of
Gal4-rNRC.1 in HeLa cells resulted in a threefold increase in
the activity of a Gal4-CAT reporter alone, suggesting that
rNRC.1 contains an intrinsic activation domain. However, the
activity found with Gal4-rNRC.1 was enhanced about fivefold
further when the cells were incubated with 9-cis-RA, suggest-
ing a ligand-dependent association of hRXR and/or hRAR
with Gal4-rNRC.1 in vivo. To study the individual contribu-
tions of hRAR and hRXR, we used ligands specific for these
receptors. LG100153, an RXR-specific ligand, resulted in a
further 3.5-fold stimulation, while the RAR-specific ligand,
TTNPB, resulted in a small 1.25-fold stimulation. Gal4-
rNRC.1 also interacted with endogenous hGR as determined
by the fivefold increase in activity in cells incubated with Dex.
Estradiol incubation resulted in a similar fivefold increase in
activity compared with the stimulation found with Gal4-
rNRC.1 alone (data not shown). Figure 9B shows the extent of
stimulation and the ligand-dependent enhancement by endog-
enous receptors of a Gal4 chimera with hNRC. As with Gal4-
rNRC.1, expression of Gal4-hNRC resulted in a fivefold in-
crease in the activity of the Gal4-CAT reporter when
compared with the Gal4 DBD alone. Incubation with 9-cis-RA
resulted in a further 2.5-fold stimulation, while the RAR-spe-
cific ligand TTNPB and Dex resulted in only a 1.5-fold in-
crease. These results indicate that hNRC and rNRC.1 contain
an intrinsic activation domain(s) and associate with and en-
hance the activity of endogenous nuclear receptors in HeLa
cells. The binding of NRCs with receptors through LXXLL-1
would be expected to preclude the association of other coac-
tivators directly with the hydrophobic groove formed by ligand-
bound receptor. Thus, we interpret the enhanced stimulation
of Gal4-NRC by ligand-bound receptor to indicate that the
receptor mediates a conformational change in NRC leading to
further activation. This conclusion, based on mammalian cell
studies, is consistent with the studies in yeast as shown in Fig.
8.

Mutations of LXXLL-1 abolish transcriptional enhance-
ment of nuclear hormone receptors by rNRC.1. Interaction
studies in yeast (Fig. 4 and 5) document the involvement of
LXXLL-1 in the ligand-dependent interaction of hNRC and
rNRC.1 with nuclear hormone receptors. The importance of
LXXLL-1 of the NRCs in the ligand-dependent interaction of
nuclear receptors in mammalian cells was studied using Gal4-
rNRC.1 and the corresponding Gal4-rNRC.1 mutant in which
LXXLL-1 was changed from LVNLL to AVNAA (Fig. 10).
Both were expressed at similar levels based on Western blot-
ting using antibody against Gal4. As expected, Gal4-rNRC.1
showed a ligand-dependent interaction with nuclear receptors.
However, the Gal-rNRC.1 mutant showed no evidence for
ligand-dependent enhancement by endogenous hRAR, hRXR,
or hGR. Interestingly, ligand-independent intrinsic activity was
not detected with the mutant. This suggests that the intrinsic
basal activity of rNRC.1 may result from a factor which binds
to the LXXLL-1 motif and that ligand-bound receptor dis-
places the factor and binds to the same site. We considered the
possibility that the factor might be hER, since it is extremely
difficult to remove all traces of estrogenic activity from the
medium. However, this possibility seems unlikely, since the
basal activity of Gal4-rNRC.1 was not reduced by the pure
antiestrogen ICI 182780 (data not shown).

FIG. 8. Receptor binding induces a conformational change in hNRC. The
hRXRa LBD was cloned into pJG4-6. This vector is similar to pJG4-5 but lacks
the B42 activation domain. It includes the same HA epitope and same simian
virus 40 viral nuclear localization signal as found in pJG4-5, which we introduced.
RXR-pJG4-6 expressing the hRXRa LBD was cotransformed into yeast along
with LexA-hNRC as indicated. pJG4-6 alone or with pEG202 (LexA), LexA-
hRXR-LBD, or LexA-hNRC was transformed into yeast as controls.
RXRDAF2-pJG4-5, contains the hRXRa LBD AF2 mutation expressed as a
fusion protein with the B42 activation domain. RXRDAF2-pJG4-5 was cotrans-
formed with LexA or LexA-hNRC as shown. Yeast cells were incubated with or
without 9-cis-RA, and the activity of b-galactosidase was determined.
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hNRC contains a C-terminal inhibitory region, a potent
N-terminal activation domain (AD1), and a central activation
domain (AD2) that influence the transcriptional activity of
nuclear hormone receptors bound to the LXXLL-1 region.
hNRC and rNRC.1 are transcriptionally active in mammalian
cells and enhance the ligand-dependent transcriptional activa-
tion of nuclear hormone receptors, possibly through a common
activation domain. We considered the Q-P-rich region com-
mon to hNRC and rNRC.1, designated AD2 in Fig. 1, as such
an activation domain. To explore this possibility, this C-termi-
nal AD2 region in rNRC.1 was deleted, the deletion mutant
was expressed as a Gal4 chimera (Gal4-rNRC.1DC), and its
activity was compared with that of Gal4-rNRC.1 (Fig. 11). The
intrinsic activity of Gal4-rNRC.1DC was reduced to the level
seen with the Gal4 DBD alone, indicating that C-terminal
184-amino-acid Q-P-rich region that we refer to as AD2 plays
an important role in the intrinsic activation function of Gal4-
rNRC.1. In addition to a reduction in basal expression, ligand-

dependent enhancement of nuclear receptors by 9-cis-RA is
also reduced, suggesting that AD2 plays a role in enhancing the
activation function of liganded receptor which binds to the
nearby LXXLL-1 region.

Although the AD2 domain is also found in hNRC, Gal4-
hNRC exhibits more intrinsic activity in mammalian cells than
Gal4-rNRC.1 (Fig. 9). Therefore, we constructed Gal4 chime-
ras of other regions of hNRC to determine whether additional
regions of hNRC might contribute to its higher intrinsic activ-
ity (Fig. 12). Gal4-hNRC(771-1986), which is analogous to
Gal4-rNRC.1 but also contains the C-terminal serine-threo-
nine-leucine-rich region, exhibited ligand-dependent stimula-
tion but lower intrinsic (basal) expression than Gal4-rNRC.1.
Gal4-hNRC(1352-1986), which contains LXXLL-2 but lacks
AD2, exhibited no intrinsic activity. Gal4-hNRC(1-225), con-
taining an N-terminal Q-rich region, was also without activity.
In contrast, Gal4-hNRC(1-783) and Gal4-hNRC(1-1076) were
as active as Gal4-VP16 and at least 50- to 100-fold greater in

FIG. 9. Ligand-dependent interaction of endogenous nuclear receptors with rNRC.1 and hNRC in mammalian cells. (A) HeLa cells were co-transfected with a
Gal4-responsive CAT reporter plasmid (pBL-G5-CAT2) and pSG424 vectors which express the Gal4 DBD or Gal4-rNRC.1 with and without the various ligands as
indicated. The amino acids indicated for rNRC.1 are those which are homologous to amino acids 771 to 1046 of hNRC. Each sample was analyzed in duplicate, and
the experiment was repeated at least three times (see Materials and Methods for details about plasmids and the concentrations of the various ligands). (B) Same as
panel A except that a Gal4-hNRC fusion was used instead of Gal4-rNRC.1.
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activity than Gal4-hNRC or Gal4-rNRC.1 (Fig. 9 and 12). We
refer to the activation function contributed by hNRC(1-783) as
AD1 (Fig. 1). The finding that deletion of the C-terminal
serine-threonine-leucine-rich domain of hNRC can lead to a
50- to 100-fold increase in transcriptional activity [e.g., Gal4-
hNRC(1-1076)], suggests that this C-terminal domain acts to
repress or modulate the overall transcriptional activity of
hNRC.

hNRC acts as a coactivator for various nuclear receptors by
enhancing transactivation through cognate HREs. Our results
indicate that hNRC harbors at least two activation domains,
AD2 in the center of the protein and a potent activation do-
main, AD1, at the N terminus. These findings, along with the
LXXLL-1 ligand-dependent receptor region, strongly support
the notion that hNRC functions as a transcriptional coactivator
for nuclear hormone receptors. To provide further evidence
for this possibility, the effect of hNRC on ligand-dependent
activation was studied with transfected wild-type nuclear re-
ceptors and various CAT reporter genes regulated by their
hormone response elements. Figure 13 shows that expression
of hNRC enhances the ligand-dependent activity of almost all
of the nuclear receptors examined. Interestingly, in case of
hRARa, hERa, and hVDR, expression of hNRC also resulted
in a ligand-independent stimulation of 2.5- to 4-fold. This was
not an effect of hNRC on the basal activity of the CAT reporter
gene and was found only when these receptors were expressed.

The mechanism(s) accounting for this ligand-independent ac-
tivity of hRARa, hERa, and hVDR is unclear. hRARa and
hVDR are thought to bind to response elements as het-
erodimers with the RXRs in the absence of their ligands. Thus,
ligand-independent activation of these receptors by hNRC may
result from the stabilization of a transcriptionally active con-
formation of these receptors by hNRC which can occur in the
absence of ligand. For the other receptors, such as cTRa and
hRXRa, which also bind their response elements without li-
gand, the adoption of an active conformation and the binding
of hNRC is strictly ligand dependent. In contrast, GR does not
bind its response element in the absence of ligand, and thus,
the effect of hNRC on GR would be expected to be strictly
ligand dependent. The ligand-independent effect of hNRC on
hERa is surprising, since hERa is not thought to bind its
response elements in the absence of ligand. This effect of
hNRC on hERa does not appear to be due to residual estro-
gens in the medium, since a pure antiestrogen (ICI 182780) did
not reduce this activity. Thus, the effect may reflect a ligand-
independent interaction of hNRC with hERa in the cell. This
conclusion is supported by the studies of Fig. 7 indicating that
hERa can efficiently bind to GST-rNRC.1 in the absence of
ligand. Although, the mechanism(s) of ligand-independent ac-
tivation of hERa by hNRC is unclear, it may provide insights
into the observed hormone-independent effects of ER in cells
which have been ascribed to the AF1 region of the receptor.

hNRC associates with CBP in vivo. Since hNRC exhibits
properties characteristic for a coactivator of nuclear hormone
receptors, we sought to determine whether it might exist as
part of a complex with other factors thought to be important in

FIG. 10. LXXLL-1 influences both the ligand-dependent and intrinsic basal
activities of rNRC.1. The Gal4 DBD, Gal4-rNRC.1, and the LXXLL-1 Gal4-
rNRC.1 mutant were cotransfected with pBL-G5-CAT2 with or without various
ligands as indicated. The amino acids indicated for rNRC.1 are those which are
homologous to amino acids 771 to 1046 of hNRC. Each sample was analyzed in
duplicate, and the experiment was repeated at least two times with similar
results.

FIG. 11. AD2 influences both the ligand-dependent and intrinsic basal ac-
tivities of rNRC.1. pBL-G5-CAT2 was cotransfected in HeLa cells with the Gal4
DBD and the two Gal4 fusions of rNRC.1 as depicted. The amino acids indicated
for the rNRC.1s are those which are homologous to amino acids 771 to 864 and
771 to 1046 of hNRC. The ligands used are as indicated.
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nuclear receptor function. To explore this, we expressed full-
length hNRC and an N-terminal region (amino acids 1 to 852)
containing AD1 and the LXXLL-1 region as fusion proteins
with GST, using the mammalian GST expression vector pEBG
(43, 53). Full-length GST-hNRC, GST-hNRC(1-852), and a
GST control were expressed in 293T cells. Initial Western
blotting studies with antibody against GST indicated that GST-
hNRC specifically localized to the cell nucleus. To ensure that
GST and GST-hNRC(1-852) were also localized to the cell
nucleus, they were expressed as a GST fusion which incorpo-
rates a nuclear localization signal just C terminal of GST.
Thirty-six hours after transfection, the cells were lysed in buffer
containing 0.25% NP-40 and 250 mM KCl, and after centrif-
ugation, the cell extracts were incubated with glutathione-aga-
rose beads and then washed twice in the same buffer. The
proteins remaining bound to glutathione-agarose were electro-
phoresed, transferred to nitrocellulose, and analyzed for CBP,
p300, SRC-1, and p/CAF by Western blotting.

CBP was identified bound to GST-hNRC but not to GST-
hNRC(1-852) or GST alone (Fig. 14A). Western blotting with
antibody against GST indicated that GST-hNRC(1-852) was
expressed at much higher levels than full-length GST-hNRC.
This suggests that CBP selectively interacts with the region of
hNRC which is C terminal of amino acid 852 or that this
C-terminal region is required for appropriate folding of hNRC
to allow for an hNRC-CBP interaction in vivo. The interaction
of CBP with hNRC appears to be of high affinity, since the

amount of CBP was only slightly reduced when the glutathio-
ne-agarose beads were washed with buffer containing 500 mM
KCl (data not shown). Although the antibodies against SRC-1
and p/CAF detected these proteins in extracts, neither was
detected to interact with full-length GST-hNRC (data not
shown). We detected a very low level of association of SRC-1
(compared with the amount in the extract) with the more
highly expressed GST-hNRC(1-852), suggesting an indirect or
nonspecific interaction. To provide additional support for a
functional interaction with CBP in cells, we examined the effect
of the adenovirus 12S E1A protein in transcriptional activation
by Gal4-hNRC (Fig. 14B). Expression of E1A, which binds to
and inhibits transcriptional activation by CBP/p300 (6, 60),
completely blocked both basal and ligand-dependent transcrip-
tional activation by Gal4-hNRC.

DISCUSSION

The NRCs appear to be a new class of nuclear receptor
coregulators that are unrelated to the p160/SRC family or the
DRIPs and TRAPs. Interestingly, a best-fit alignment of amino
acid sequences indicates that hNRC shares about 30% dis-
persed similarity over a 550-amino-acid region with CBP and
p300, suggesting that hNRC is more closely related to CBP/
p300 than to other factors which regulate nuclear receptor
function. Our studies with hNRC indicate an interesting struc-
ture (Fig. 1) consisting of (i) an N-terminal activation domain

FIG. 12. hNRC harbors a strong activation domain (AD1) and an inhibitory S-T-L region at the C terminus. The indicated Gal4 fusions of hNRC and rNRC.1 were
transfected in HeLa cells with pBL-G5-CAT2. The amino acids indicated for the rNRC.1s are those which are homologous to amino acids 771 to 1046 of hNRC. The
transfections were analyzed in duplicate, and the experiment was repeated at least three times with similar results. Gal4-VP16 was used as a control for comparison.
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(AD1) which appears to be as potent as the activation domain
of VP16, (ii) a receptor-interacting domain containing an
LXXLL motif (LXXLL-1) which plays an essential role in
ligand-dependent interaction with all nuclear receptors examined,
(iii) a second Q-P-rich activation domain (AD2), (iv) a dimer-
ization region, and (v) a C-terminal serine-threonine-leucine-
rich region (containing a second LXXLL motif [LXXLL-2])
which appears to inhibit and/or modulate the activity of the
AD1 and AD2 regions.

The LXXLL-1 region contains a proline in the 22 position
(PLLVNLL) and resembles the class II group of LXXLL mo-
tifs identified in peptide libraries to interact with hERa (7).
The class II LXXLL module was also shown to interact with
TR, RXR, RAR, GR, ERb, and VDR (7). The class II se-
quence is also found in DRIP205 and TRAP220, which were
identified with VDR and TR, respectively. Interestingly, unlike
the p160/SRC family of coactivators, which contain multiple
LXXLL modules which interact with different nuclear recep-
tors, rNRC.1 appears to contain only one LXXLL motif which
interacts with nuclear receptors. Our findings shown in Fig. 6
support the notion that NRCs exist as a dimer and thus could
bind to a receptor dimer through two LXXLL-1 motifs,
thereby stabilizing the receptor-NRC interaction. A model de-
picting this is shown in Fig. 15. Furthermore, our studies using
mutants of LXXLL-1 (LVNLL to AVNAA) in yeast (Fig. 5)
and mammalian (Fig. 10) cells document the critical role of
LXXLL-1 in ligand-dependent interactions of rNRC.1 with all
of the nuclear receptors studied. This conclusion is further
supported by studies using deletion mutants of hNRC in yeast
(Fig. 4). Moreover, this study also indicates that the region
containing AD1 (amino acids 1 to 783) does not interact with

any of the nuclear hormone receptors or any of the cofactors
studied. Figure 4 also shows that the C-terminal region of
hNRC, which includes LXXLL-2, interacts only with hERa,
suggesting that this domain may function as a specific inter-
acting region for ER. Interestingly, SRC-1a, an isoform of
SRC1, also contains an ER-specific interaction motif in the C
terminus (27).

One interesting finding is that LXXLL-1 of rNRC.1 appears
to influence both ligand-dependent activity and the intrinsic
basal activity mediated by the AD2 region (Fig. 10). The Q-P-
rich region in AD2 is about 100 amino acids C terminal of
LXXLL-1. However, we have not mapped the precise bound-
aries of AD2. Therefore, LXXLL-1 may be contiguous with
AD2 and/or influence the conformation of the protein to allow
for intrinsic AD2 activity. This raises the interesting possibility
that the association of ligand-bound receptors with LXXLL-1
alters the conformation of rNRC.1, allowing for enhanced
AD2 activity or the recruitment of other coactivators to NRC
in the complex. This conclusion is supported by the findings
shown in Fig. 8, indicating that the binding of liganded
hRXRa-LBD to hNRC in vivo results in the strong activation
of transcription by the coregulator. In addition, the results
obtained from Fig. 9 indicate that hNRC and rNRC.1 contain
an intrinsic activation domain(s) and associate with and en-
hance the activity of endogenous nuclear receptors in HeLa
cells. The binding of NRCs with receptors through LXXLL-1
would be expected to preclude the association of other coac-
tivators directly with the hydrophobic groove formed by ligand-
bound receptor. We interpret these results with yeast and
mammalian cells to indicate that receptor binding to NRC

FIG. 13. hNRC functions as a coactivator for wild-type nuclear receptors on native hormone response elements. (A) HeLa cells were transfected with an
rGH-TRE-tk-CAT reporter and expression vectors for cTRa and hNRC as indicated. T3 was at 1 mM. (B) Same as panel except that the CAT reporter was
DMTV-IR-CAT and the receptors expressed were hRXRa and hRARa. The RXR-specific ligand LG100153 and the RAR-specific ligand TTNPB were each used at
200 nM. (C, D, and E) Same as panel except that the corresponding CAT reporters depicted were cotransfected with vectors expressing hGR, hERa, and hVDR and
the cells were incubated with and without their cognate ligands at 200 nM. All samples were analyzed in duplicate, and the CAT activity shown is an average of three
experiments.

VOL. 20, 2000 NUCLEAR RECEPTOR COREGULATORS 5059



results in a conformational change leading to activation, pos-
sibly by exposing an activation domain(s) of NRC.

As coregulators, the NRCs might act through changes in
chromatin structure, through a direct interaction with the basal
transcription apparatus, or through an association with other
coactivators or transcription factors. Western blotting indi-
cated that GST-hNRC interacted with CBP with high affinity
in mammalian cells. Although GST-hNRC could be barely
detected with antibody against GST, it bound substantial
amounts of CBP even at high salt concentrations. That this
interaction is relevant is supported by the E1A inhibition stud-
ies (Fig. 14B). Similar Western blotting studies using antibod-
ies against SRC-1 and p/CAF did not identify any apparent
interaction with hNRC. The finding that CBP interacts with
GST-hNRC but not GST-hNRC(1-852) suggests that CBP in-
teracts with the region C terminal of residue 852 or that the
C-terminal region allows proper folding of hNRC for interac-
tion with CBP. The interaction of GST-hNRC with p300 was
much weaker than that with CBP (data not shown), suggesting
that hNRC may preferentially interact with CBP. This speci-
ficity for the CBP versus p300 may provide an explanation for
differences in the biologic effects of these two closely related
proteins (29). Based on the affinity of interaction of CBP with
hNRC, we suggest that hNRC may be an important compo-

nent of a functional CBP complex which mediates the tran-
scriptional effects of nuclear hormone receptors and possibly
other known or yet-to-be defined factors as well. Although
CBP forms a complex with hNRC in vivo, we have observed
only a weak synergistic effect resulting from cotransfecting
expression vectors for CBP and hNRC in cells. Although this
may appear to be inconsistent with our in vivo binding studies,
a large synergistic response might not occur if hNRC binds
CBP with high affinity and if the levels of endogenous CBP are
already greater than the levels of expressed hNRC.

During the preparation of this paper, Lee et al. (32) de-
scribed the cloning of a Xenopus homologue of the KIAA0181
cDNA clone and a related human cDNA (ASC-2) which is 58
amino acids longer at its N terminus than hNRC and may
represent a longer version of hNRC or an alternative spliced
product. We have extended the N terminus of KIAA0181 and
also identified these additional sequences. hNRC/ASC-2 is ho-
mologous to a sequence (AIB-3) which was recently deposited
in GenBank and reported to be amplified in many human
cancers. Since there appears to be more than one isoform of
hNRC proteins (see also Fig. 2), we suggest that hNRC/ASC-2
be referred to as hNRC-1. In AIB-3, the first 30 amino acids of
the KIAA0181 hNRC clone is replaced with a 26-amino-acid
novel sequence, the functional relevance of which is unknown.

FIG. 14. hNRC associates with CBP in vivo, and EIA abrogates both the intrinsic activity and ligand-dependent activation function of hNRC. (A) pEBG vectors
expressing GST, a GST fusion of hNRC, or GST-hNRC(1-852) were transfected into 293T cells. Extracts were prepared as described in Materials and Methods and
incubated with glutathione-agarose. After washing, the proteins bound to the glutathione-agarose beads were resolved by SDS gel electrophoresis and analyzed for CBP
by Western blotting using a polyclonal anti-CBP antibody. Lane 1, a sample of the total lysate prior to incubation with glutathione-agarose beads; lane 4, amount of
CBP retained by GST-hNRC; lane 3, GST alone, which does not bind CBP; lane 2, hNRC(1-852), which also does not bind CBP. (B) pBL-G5-CAT2 was cotransfected
with expression vectors for the Gal4 DBD or for Gal4-hNRC with or without a vector expressing adenovirus 12S E1A. The cells were incubated with or without 500
nM 9-cis-RA. All samples were analyzed in duplicate, and the experiment was repeated two times with similar results.
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In the present study using mammalian cells and yeast, we have
defined the modular structures of hNRC necessary for activa-
tion and for interaction with nuclear hormone receptors. Our
results differ substantially with regard to the interaction re-
gions for nuclear hormone receptors and for CBP from those
reported for ASC-2 (32). Thus, based on qualitative X-Gal
plate assays, ASC-2 amino acids 586 to 860 (equivalent to
hNRC amino acids 509 to 783) were reported to contain an
essential interacting domain for ligand-bound receptor. This
region contains no LXXLL motifs or any LXXLL-like motifs
containing other hydrophobic amino acids that might substi-
tute for leucine. In contrast, using quantitative LacZ assays, we
have consistently found no evidence to support an interaction
of amino acids in this region with any nuclear hormone recep-
tors (Fig. 4). In yeast, the N-terminal half of ASC-2 was re-
ported to interact with different regions of CBP (amino acids 1
to 446, 452 to 721, 722 to 1166, 1161 to 1752, and 1867 to 2441).
In contrast, our results indicate that in mammalian cells, CBP
interacts with hNRC with high affinity but does not interact
with the more highly expressed N-terminal part of hNRC (ami-
no acids 1 to 852). The question of whether these different
results reflect alterations in the interaction surfaces of full-
length CBP and hNRCs in mammalian cells compared with
fragments of CBP for regions of ASC-2 in yeast is important
and requires further study. A model which summarizes our
results (Fig. 15) depicts that the LXXLL-1 motifs of NRC
dimers interact with the hydrophobic grooves of ligand-bound
receptor homo- or heterodimers. This results in a conforma-
tional change in NRC which may expose an activation do-
main(s) which leads to transcriptional activation. The finding
that NRC interacts with CBP in the apparent absence of ligand
(Fig. 14A) suggests that a preformed complex of NRC and
CBP binds receptors. The model does not distinguish whether

this conformational change in NRC mediates a change in the
structure in CBP and/or whether it recruits other factors to the
receptor complex.

Northern blots of various human tissues suggest that multi-
ple forms of hNRC are expressed. A comparison of the C-
terminal regions of rNRC.1 and hNRC indicates that rNRC.1
represents an alternatively spliced variant that lacks the
LXXLL-2 region and the C-terminal serine-threonine-leucine-
rich domain. Variation in splicing of the NRC gene might
result in NRC molecules that exhibit different activities or
receptor specificities. Thus, a full-length version of rNRC.1 (or
its human homologue) lacking the C-terminal inhibitory do-
main but containing AD2, the LXXLL-1 region, and the very
strong AD1 activity might result in an extremely potent nuclear
receptor coactivator. Furthermore, an alternatively spliced
NRC which retains the activation domains and the C-terminal
LXXLL-2 region, but which lacks the LXXLL-1 region, might
be expected to function as an ER-specific coregulator.

It is interesting to also consider that the structure of the
NRCs may allow for coupling cell surface signaling systems
with nuclear hormone receptor function. Thus, the C-terminal
serine-threonine-leucine-rich domain in hNRC, which appears
to repress the activation function of AD1 and possibly AD2,
contains 9 predicted protein kinase A phosphorylation sites in
two clusters and 14 predicted Casein kinase II sites in four
clusters. If such changes act to modulate or alter the inhibitory
effect of the C terminus of hNRC on the activity of AD1 and/or
AD2, this would lead to a more potent coregulator of ligand-
dependent nuclear hormone receptor in vivo. In addition, al-
though there are no apparent leucine zipper-like structures,
the high leucine, isoleucine, and valine content of the C-ter-
minal region may facilitate certain hydrophobically driven pro-
tein interactions which might modulate hNRC function. Our
findings with rNRC.1 and hNRC provide strong evidence that
this new family of coactivators-coregulators play an important
role in nuclear receptor function. They also provide the basis
for the future studies to understand the receptor-transduced
changes in coactivators, the integrative role of the different
hNRC regions on its activity, and the role of the different NRC
isoforms in the function of nuclear receptors and other tran-
scription factors in gene regulation.
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