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Transcriptional activation requires both access to DNA assembled as chromatin and functional contact with
components of the basal transcription machinery. Using the hormone-bound vitamin D; receptor (VDR) ligand
binding domain (LBD) as an affinity matrix, we previously identified a novel multisubunit coactivator complex,
DRIP (VDR-interacting proteins), required for transcriptional activation by nuclear receptors and several
other transcription factors. In this report, we characterize the nuclear receptor binding features of DRIP205,
a key subunit of the DRIP complex, that interacts directly with VDR and thyroid hormone receptor in response
to ligand and anchors the other DRIP subunits to the nuclear receptor LBD. In common with other nuclear
receptor coactivators, DRIP205 interaction occurs through one of two LXXLL motifs and requires the recep-
tor’s AF-2 subdomain. Although the second motif of DRIP205 is required only for VDR binding in vitro, both
motifs are used in the context of an retinoid X receptor-VDR heterodimer on DNA and in transactivation in
vivo. We demonstrate that both endogenous p160 coactivators and DRIP complexes bind to the VDR LBD from
nuclear extracts through similar sequence requirements, but they do so as distinct complexes. Moreover, in
contrast to the p160 family of coactivators, the DRIP complex is devoid of any histone acetyltransferase activity.
The results demonstrate that different coactivator complexes with distinct functions bind to the same trans-
activation region of nuclear receptors, suggesting that they are both required for transcription activation by

nuclear receptors.

Nuclear receptors, including vitamin D, thyroid hormone,
and retinoic acid receptors (VDR, TR, and RAR, respective-
ly), are intracellular factors that can transduce the signals of
small lipophilic hormonal ligands by binding to target DNA
sequences and regulating gene transcription in direct response
to such ligands (13, 27). The VDR/TR/RAR subgroup typically
acts in conjunction with a common partner, the retinoid X
receptor (RXR), by recognizing and binding as heterodimers
to specific DNA response elements composed of direct hex-
americ repeats of the (A/G)G(G/T)TCA consensus sequence
separated by three, four, or five nucleotides (VDRE, TRE, or
RARE, respectively). Nuclear receptors can be dissected into
discrete functional regions, including a DNA binding domain
and a ligand binding domain (LBD). The LBD contains at its
C terminus a short a-helical motif called AF-2 (3, 8, 11) that is
required for ligand-dependent transactivation, and it is a key
determinant in interactions with other proteins, generally
called coactivators, that mediate connections to the transcrip-
tion machinery.

Transcriptional activation of genes regulated by nuclear re-
ceptors and other transcription factors involves both direct
DNA binding of activators to their specific response elements
and protein-protein interactions with components of the basal
transcription machinery, ultimately targeting RNA polymerase
IT (RNA Pol II) or an RNA Pol II-associated factor (for re-
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views, see references 36 and 46). This process is mediated via
connections with bridging factors that in some cases can re-
model chromatin by various mechanisms, including the acety-
lation of histones, which presumably would result in greater
promoter accessibility and in turn would lead to an enhance-
ment of recruitment of the basal machinery.

Among the many nuclear receptor coactivators isolated and
characterized over the last few years, the original enzymatic
activity uncovered has been that of histone tail-modifying
acetyltransferases (HATSs). These proteins and protein com-
plexes include pCAF and CREB-binding protein (CBP)/p300,
as well as an emerging number of related factors, collectively
called the p160 family, such as SRC-1/NCoA-1, GRIP1/TIF2/
NCoA-2, and ACTR/pCIP/AIB1/RAC3 (for reviews, see ref-
erences 15 and 39). The functional features that have been
delineated within their sequences include the HAT domain
(6, 33, 40) and nuclear receptor binding motifs, alternatively
called signature motifs, NR boxes, or LXDs (18, 42). These
short regions are composed of stretches of leucines and are
defined by an LXXLL consensus sequence. Such motifs in
SRC-1 and GRIP1/TIF2 are arranged as sets of three NR
boxes required for interaction with the nuclear receptor AF-2
domain, and several combinations of these motifs appear to
direct the specificity of interaction with nuclear receptor het-
erodimers (9, 28). For example, interaction of GRIP1 with
RXR-TR and RXR-RAR heterodimers requires the second
and third motifs (LXD2 and LXD3), whereas SRC-1 inter-
action with RXR/peroxisome proliferator-activated receptor
(PPAR) is driven by LXD1 and LXD2. In contrast, estrogen
receptor (ER) interaction requires mainly LXD2 (26, 28).
Moreover, additional amino acids surrounding these motifs
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appear to be required for binding specificity (9, 28). Recent
crystal structure analysis of a complex of liganded PPAR~y with
a peptide encompassing two LXXLL motifs of SRC-1 is con-
sistent with a model where LXD2 and LXD3 each bind one
receptor subunit of the heterodimer, yielding a stoichiometry
of one SRC-1 molecule per receptor dimer (32). Finally, the
SRC-1 family of coactivators appear to form complexes with
the cointegrator CBP (6), whose HAT activity not only is
required for histone modifications but also may regulate coac-
tivator-nuclear receptor interactions, as recently demonstrated
between ER and the coactivator ACTR (5).

Using liganded VDR LBD as a bait, we previously identified
a novel multisubunit coactivator complex, DRIP (VDR-inter-
acting proteins) (34, 35). The DRIP complex is identical to the
ARC coactivator complex (30, 31) and very similar to the
TRAP/SMCC complex (12, 16, 20). It is required for transcrip-
tional activation by nuclear receptors and other transcription
factors, as assayed in cell-free transcription systems. Moreover,
the DRIP complex contains several subunits found within the
NAT, CRSP, and mammalian Mediator complexes (21, 38, 41).
In this report, we present the characterization of a key subunit
of the DRIP complex, DRIP205, that interacts directly with
nuclear receptors in response to ligand and anchors the other
14 DRIP subunits to the nuclear receptor LBD. We analyze
DRIP205’s nuclear receptor binding features and demonstrate
that although both endogenous p160 coactivators and DRIP
complex bind to the VDR LBD from nuclear extracts through
similar sequence motifs, they do so as distinct complexes. In
contrast to the p160 family of coactivators, neither DRIP205
nor the other DRIP subunits contain intrinsic HAT activity.
The results suggest that distinct coactivator complexes with
distinct functions bind to shared regions of nuclear receptors
(i.e., the AF-2 domain), implying that they might act at discrete
steps during the transcription preinitiation process.

MATERIALS AND METHODS

Materials. Plasmids pSG5-VDR and pSG5-VDR-AAF2, pGSTag, and pPCDNA3
were kindly provided by P. MacDonald, M. Garabedian, and R. Fisher, respec-
tively. Anti-VDR and anti-Flag monoclonal antibodies (MAbs) were obtained
from commercial sources (Affinity Bioreagent and Kodak IBI, respectively).
Anti-hSRC-1 MAb GT12 2E9 was kindly provided by J. DiRenzo. Anti-
DRIP205 was obtained by rabbit immunization (Covance, Denver, Pa.) with a
glutathione S-transferase (GST)-DRIP205(527-970) fusion protein expressed in
Escherichia coli. Anti-DRIP205 antibody was used as a crude antiserum. NR1
and NR2 peptides were synthesized by the Memorial Sloan-Kettering Cancer Cen-
ter (MSKCC) Protein Core Facility. 1,25-Dihydroxyvitamin D5 [1,25(OH),D5]
(generously provided by M. Uskokovic [Hoffmann-LaRoche, Nutley, N.J.]) was
used diluted in ethanol.

Identification and cloning of DRIP205. Protein samples for microsequence
analysis were prepared as previously described (35). Analysis was done by mass
spectrometry as previously described (34). The cDNA encoding DRIP205 was
obtained by reverse transcription-PCR (RT-PCR) using 1 to 2 ug of total RNA
obtained from U-937 cells induced 8 or 12 h by 1,25(OH),D;. cDNA was syn-
thesized using Superscript reverse transcriptase II (Gibco-BRL); PCR was car-
ried out using the Expand High Fidelity PCR system (Boehringer Mannheim)
according to the manufacturer’s protocol. Primer sequences were designed from
the published sequence of the RB18A cDNA (10) in order to amplify the cDNA
as three contiguous fragments, by use of the unique Nhel and Apal sites within
the cDNA. The PCR products obtained were ligated directly into pGEM-T
(Promega) and then subcloned into pGSTag and pCDNA3 vectors by the use of
BamHI and Xbal restriction sites added at the 5’ and 3’ ends, respectively of the
full-length cDNA. DRIP205 cDNA clones were verified by sequencing (Rocke-
feller University DNA Sequencing Facility). Point mutations within NR box
motifs of DRIP205 (LXXLL to LXXAA) were created by a Quick Change site-
directed mutagenesis kit (Stratagene). These clones were verified by sequencing
(MSKCC DNA Sequencing Facility).

Overexpression and purification of recombinant proteins. Recombinant full-
length VDR and Flag-tagged RXR were overexpressed in a baculovirus system
and purified as previously described (23). All GST fusion proteins were overex-
pressed in E. coli as previously described (14). Briefly, bacterial cultures were
induced at room temperature by 0.1 mM isopropyl-B-p-thiogalactopyranoside
for 3.5 h. Bacteria were then lysed by sonication in lysis buffer (phosphate-
buffered saline [PBS] containing 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mg
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of leupeptin per ml, and 1 mM dithiothreitol [DTT]) and centrifuged. Soluble
extracts were incubated with glutathione-Sepharose beads (Pharmacia) for 1 h at
4°C before washing three times in lysis buffer. The concentration of proteins
immobilized on beads was quantitated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) by comparison with a titration of bovine serum
albumin (BSA; Sigma) after Coomassie blue staining.

GST affinity binding assays. Binding assays were performed with either puri-
fied recombinant VDR and Flag-tagged RXRa or labeled proteins synthesized
in vitro using the TnT coupled reticulocyte lysate system (Promega) in the pres-
ence of [**S]methionine (Amersham). Aliquots of 2 to 10 ug of immobilized
GST fusion proteins were preincubated for 1 h at 4°C with 107° M ligand or
carrier in GST binding buffer (20 mM Tris-HCI [pH 7.9], 180 mM KCI, 0.2 mM
EDTA, 0.05% Nonidet P-40 [NP-40], 0.5 mM phenylmethylsulfonyl fluoride,
1 mM DTT) containing 3 mg of BSA per ml (for VDR assays) or 0.5% nonfat dry
milk (for TR assays) as described elsewhere (2). Immobilized proteins on beads
were then incubated at 4°C for 2 h with 500 ng of purified receptors or 2 to 4 pl
of labeled proteins. After three washes in GST binding buffer containing 0.1%
NP-40, beads were boiled in SDS-sample buffer, resolved by SDS-PAGE, and
analyzed by autoradiography or Western blotting.

Gel mobility shift assay. GST fusion proteins used in gel shift assays were
eluted from glutathione beads by incubation for 15 min at room temperature
with 15 mM reduced glutathione in GST binding buffer. Aliquots of 10 ng of each
recombinant purified VDR and Flag-RXR were incubated with 500 ng of GST
or GST-DRIP205(527-970) for 1 h at 4°C with 10~° M ligand or carrier in GST
binding buffer. Protein-DNA complexes were then analyzed by gel mobility shift
assays with 50,000 cpm of VDRE oligonucleotide as a probe as previously de-
scribed (7) in binding buffer (20 mM Tris [pH 7.9], 100 mM KCI, 1 mM EDTA,
20% glycerol, 0.05% NP-40, 1 mM DTT) with 250 ng of BSA and 0.5 pg of
poly(dI-C). Gel shift analysis with RXR-TR (45) was carried out as described
above and previously (17).

Western blotting. Protein samples were resolved by SDS-PAGE and then
transferred onto a nitrocellulose membrane (Transblot 0.45; BioRad) in Towbin
buffer (25 mM Tris-Cl, 192 mM glycine, 15% methanol). The membrane was
blocked in PBS with 0.1% Tween 20 containing 5% nonfat dry milk and then
probed with antibodies in a 1:5,000 dilution of MAD or in a 1:100 dilution of
crude anti-DRIP205 antiserum. Immunoblots were developed with ECL (en-
hanced chemiluminescence) reagent (Amersham).

Transient transfection assay. U-937 cells were maintained in RPMI 1640
medium supplemented with sodium pyruvate (300 pg/ml), 10% fetal bovine se-
rum (Gibco-BRL), penicillin, and streptomycin. Cells were transfected by elec-
troporation as described previously (37). Briefly, early-log-phase cells were elec-
troporated with 5 pg of VDREx2-E1B-LUC reporter, 2 pg of cytomegalovirus
(CMV)-based vector pPCMV-gal as an internal control, 10 ng of pRc-CMV-
VDR, and various amounts of pCDNA3-DRIP205, pCDNA3-205-Box, and its
point mutants (as indicated in figure legends), balanced with pPCDNAS3 for a total
of 6 pg of CMV expression vectors. Alternatively, cells were transfected with
5 pg of Gal4-UASxS-TK-LUC reporter, 2 ug of pPCMVB-gal, 50 ng of Gal-VP16,
or 100 ng of Gal-E1A expression vector, together with DRIP205 constructs as
described above. Two hours after electroporation, cells were treated for 20 h with
107% M 1,25(0OH),Dj; or ethanol as a carrier. Cells were then harvested and
resuspended in 50 pl of 250 mM Tris (pH 7.5); 5 to 10 pg of whole cell extracts,
prepared by freeze-thaw lysis, were assayed for luciferase and B-galactosidase
(B-Gal) activities as specified by the manufacturer (Promega). Luciferase activity
was measured in a luminometer (Lumat 9501; Berthold), normalized to B-Gal
activity, and expressed as relative luciferase units (RLU). Each value presented
is the average of duplicate or triplicate samples and is representative of multiple
independent experiments.

RESULTS

Identification and cloning of DRIP205. We previously iso-
lated a DRIP complex from human nuclear extracts by affinity
purification using the VDR LBD (35). Mass spectrometric
analysis of DRIP subunits revealed that DRIP205 (originally
estimated as a 230-kDa protein by SDS-PAGE analysis [35]) is
identical to RB18A, a human protein cloned in the context of
p53 transactivation (10). DRIP205/RB18A is also highly ho-
mologous to mouse PPAR'y binding protein (PBP) cloned in a
yeast two-hybrid screen by virtue of its interaction with another
nuclear receptor, PPARy (47). The central portion of PBP is
itself identical to TRIP2, a protein fragment cloned by the
yeast two-hybrid method as a TR-interacting protein (22). Pro-
tein homology searches indicate that DRIP205 is also identical
to TRAP220, ARC205, and CRSP200, components of the
TRAP (12, 44), ARC (30, 31), and CRSP (38) coactivator
complexes, respectively. These complexes together are highly
homologous to the DRIP complex, based on the identity of a
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FIG. 1. Mapping of regions in DRIP205 required for VDR interaction. (A)
Schematic representation of the various DRIP205 fragments fused to GST and
used as baits in in vitro pull-down assays. The two potential nuclear receptor
interaction motifs (NR1 and NR2) are indicated. (B) GST pull-down assay using
GST-DRIP205 deletion mutants and [*>S][VDR wild type (top) or [*>S[VDR
AF-2 deletion mutant (bottom). All incubations were carried out in the presence
of 107° M 1,25(OH),Ds.

number of their subunits. We isolated DRIP205 cDNA from
U-937 cells by RT-PCR. This clone matched the mass spec-
trometric data obtained from the cloned gene and the original
protein used for its identification (34).

Ligand-dependent interaction of DRIP205 with VDR and
TR. DRIP205 sequence contains two closely positioned con-
sensus LXXLL nuclear receptor interaction motifs that we
have termed NR1 and NR2 (Fig. 1 and 4A), suggesting that it
directly interacts with VDR. The ligand-dependent effect that
we previously observed for the interaction between the entire
DRIP complex and nuclear receptors (35) was analyzed for
several individual full-length DRIP subunits; only DRIP205
bound VDR in a ligand-dependent manner (34). Similar re-
sults have been reported for TRAP220 with several nuclear
receptors (44). To more carefully map the region of DRIP205
required for nuclear receptor binding, we expressed a series of
deletion mutants of DRIP205 (Fig. 1A) as GST fusion proteins
in E. coli and tested their ability to bind in vitro-translated
[*>S]VDR in the presence of 1,25(OH),D; by GST pull-down
assay. DRIP205(527-774) and all other DRIP205 fragments
containing NR1 and NR2 motifs retained VDR binding activ-
ity in vitro (Fig. 1B, top, lanes 3 to 6); those derivatives lack-
ing the NR motifs did not interact with VDR (Fig. 1B, top,
lanes 2 and 7). This finding reinforces a potential role of NR1
and NR2 in nuclear receptor binding. VDR interaction with
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DRIP205 was abolished when VDR lacked its AF-2 domain
(Fig. 1B, bottom). Thus, as with many other nuclear receptor
coactivators, DRIP205 interaction with VDR is provided by
contacts with the NR box region of DRIP205 and requires the
AF-2 motif of liganded VDR.

GST-DRIP205(527-970) was then used to assess ligand-de-
pendent binding to both VDR and TR on and off DNA. First,
the GST-DRIP205 fragment and **S-labeled VDR (Fig. 2A),
or GST-TR and **S-labeled DRIP205 (Fig. 2B), were assayed
for their direct interactions in vitro. DRIP205 binding to both
nuclear receptors occurred in a strict ligand-dependent man-
ner (Fig. 2A, lanes 2 and 3; Fig. 2B, lanes 3 and 4). We then
investigated if the same effect is observed with DNA-bound
receptor heterodimers. To do so, we examined the ability of
DRIP205 to interact with RXR-VDR or RXR-TR hetero-
dimers bound to a labeled VDRE or TRE by gel shift analysis.
In both cases, we observed a strong ligand-dependent super-
shift of each heterodimer on DNA in the presence of both
DRIP205 and the specific nuclear receptor ligand (Fig. 2C,
lanes 3 and 4; Fig. 2D, lanes 2 and 3). These results suggest that
the ligand-dependent effect previously observed on the binding
of the 13-subunit DRIP complex to nuclear receptors occurs
primarily through DRIP205’s recruitment to the AF-2 in re-
sponse to ligand binding.
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FIG. 2. DRIP205 ligand-dependent binding with VDR and TR. (A) GST
pull-down assay using 5 g of GST-DRIP205(527-970) together with purified
VDR in the presence of 107° M 1,25(0OH),D; (+) or ethanol (—). GST alone
and GST-RXR were used as negative and positive controls, respectively. Detec-
tion was by immunoblotting with anti-VDR antibody. (B) GST pull-down assay
using GST-TR and [**S]DRIP205 in the presence (+) or absence (—) of thyroid
hormone (T;). Detection was by autoradiography. (C) Gel mobility shift assay
using eluted GST-DRIP205(527-970) or GST alone to supershift a VDR-RXR
heterodimer bound to a consensus VDRE in the presence of 107 M 1,25(OH),
D; (+) or ethanol (—). (D) Gel mobility shift assay of GST-DRIP205 binding to
a TR-RXR heterodimer bound to a TRE in the presence of 107¢ M T (+) or
ethanol (—), as described in for panel C.
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FIG. 3. Two functionally distinct complexes bind VDR LBD. (A) Glycerol
gradient fractionation of proteins immobilized on the GST-VDR LBD affinity
column are shown by silver staining of a SDS-7.5% polyacrylamide gel. In.,
input; M., myoglobin; Ov., ovalbumin; Gl., gamma globulin; Th., thyroglobulin.
(B) SRC-1 and DRIP205 exhibit distinct sedimentation profiles, as determined
by Western blot analyses of glycerol gradient fractions in panel A for the pres-
ence of DRIP205 (probed with anti-DRIP205 serum) and SRC-1 (probed with
MAD GT12 2E9). (C) HAT activity colocalizes with SRC-1 but not with the
DRIP complex. Fractions were assayed for HAT activity in the presence of free
histones by a filter binding assay as described previously (35). HAT activity was
measured as the amount of [*H]acetate transferred from [*H]acetyl coenzyme A
to histones.

Two functionally distinct coactivator complexes bind to
VDR. The similarity in the mode of interaction between VDR
and DRIP205 relative to SRC-1/p160 family members raised
the question of why none of the latter coactivators appear in
the DRIP complex, or why they may not bind to VDR or TR
on their own when transcriptionally active nuclear extracts are
passed over immobilized LBD columns. Therefore, a closer
analysis of the protein pattern obtained in the GST-VDR LBD
pull-down assay was carried out by fractionation through glyc-
erol gradients. This assay allowed us to distinguish between our
large DRIP complex (Fig. 3A, fractions 15 to 17) and other
smaller proteins or protein complexes (fractions 5 to 12) bound
to VDR in apparent substoichiometric amounts. Western blot
analysis was then performed on the gradient fractions, using
antibodies directed against DRIP205 or other known coacti-
vators. The signal observed for DRIP205 matched the sedi-
mentation profile of the whole DRIP complex; it was detected
most predominantly in fractions corresponding to the megada-
Iton complex (Fig. 3, fractions 15 and 16 in panels A and B).
However, immunoblotting with an anti-SRC-1 antibody de-
tected the presence of SRC-1 only within smaller sedimenting
fractions (Fig. 3B, fractions 9 to 11). We have also detected
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TIF-2 in these same fractions (C. Rachez, M. Gamble, and
L. P. Freedman, unpublished data). Furthermore, a HAT ac-
tivity assay performed on the same glycerol gradient fractions
showed cosedimentation between the SRC-1 signal by Western
blotting and HAT activity (Fig. 3C). No HAT activity, how-
ever, was detected with the DRIP complex fractions (compare
Fig. 3B and C). These results demonstrate the absence of HAT
activity within the DRIP complex itself, and importantly, they
also demonstrate the ability of VDR to interact with different
types of endogenous coactivators in nuclear extracts under
the same biochemical conditions as distinct complexes. SRC-
1/p160 is representative of one complex, and the DRIPs rep-
resent another, functionally distinct complex.

DRIP205 interacts with VDR via only one of its two consen-
sus NR box motifs. To further analyze the contributions of the
two NR box consensus sequences of DRIP205 in nuclear re-
ceptor binding, we performed competition assays in vitro using
synthetic peptides encompassing each of two putative NR box
sequences (i.e., NR1 and NR2 [Fig. 4A]). A 2- to 20-fold molar
excess of NR2 peptide over DRIP205 was able to efficiently
compete DRIP205 binding to VDR, but the same ratio of NR1
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FIG. 4. DRIP205-VDR interaction is selectively competed by the NR2 pep-
tide. (A) Sequence of DRIP205 encompassing the two potential nuclear recep-
tor-interacting motifs, NR1 and NR2. Underlined amino acids correspond to the
sequences of NR1 and NR2 peptides used in subsequent experiments. (B) GST
pull-down assay using 2 ug of GST-DRIP205 fragment (527 to 970) and purified
VDR in the presence of 107° M 1,25(0OH),D;. NR1 (lanes 2 to 4) and NR2
(lanes 5 to 7) peptides (A) and an unrelated peptide (Flag; lanes 8 to 10) were
used as competitors in 2-, 5-, and 20-fold molar excess over GST-DRIP205. The
same amounts of NR peptides were coincubated with GST-RXR (lanes 11 to 17),
here used as a control bait. (C) NR2 peptide is sufficient to elute the entire DRIP
complex from VDR. GST-VDR LBD was used to pull down the DRIP complex
from nuclear extracts as described previously (35). The complex immobilized on
beads was then incubated with 5 or 30 puM NR1 or NR2 or 30 uM nonspecific
(Flag) peptide. Bands matching subunits of the DRIP complex (34) are shown on
the right.
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FIG. 5. DRIP205 binds a VDR-RXR heterodimer on DNA through contributions of both NR boxes. (A) Schematic representation of GST-DRIP205(527-970)
wild-type protein (WT), or the same fragment containing point mutations in the NR1 or NR2 box that change each LXXLL motif to LXXAA (Mutl or Mut2). The
GST proteins used in the experiments depicted in panels B and C were quantitated by visualization on a Coomassie blue-stained SDS-polyacrylamide gel (right). Black
arrowhead, GST-DRIP205(527-970) proteins; white arrowhead, GST alone. (B) GST pull-down assay of in vitro-translated, [**S]methionine-labeled VDR and GST-
DRIP205(527-970) protein fragments. The pull-down assays were carried out in the presence (+) or absence (—) of 107¢ M 1,25(OH),Dj, as indicated, and VDR was
visualized by autoradiography. (C) Association of DRIP205 to DNA-bound VDR-RXR heterodimers. Gel mobility shift analysis was performed in the presence of
purified VDR, RXR, and GST-DRIP205(527-970), together with a VDRE oligonucleotide as a probe. GST-DRIP205 wild-type (wt), Mut1, and Mut2 proteins (A) were
used in the presence (+) or absence (—) of 107° M of 1,25(OH),D; or LG153 ligands.

peptide or an unrelated nonspecific peptide was unable to
compete for this interaction (Fig. 4B, compare lanes 5 to 7 to
lanes 2 to 4 or 8 to 10). These results establish that the inter-
action of DRIP205 and VDR in solution requires only the NR2
box motif.

If DRIP205 anchors the entire DRIP complex to VDR, we
would expect the NR2 peptide to compete the complex itself.
The requirement for the NR2 motif of DRIP205 was therefore
tested in the context of the whole DRIP complex. For this
purpose, the DRIP complex from Namalwa nuclear extracts
was immobilized on a VDR LBD affinity matrix as previously
described (35). The NR1 and NR2 peptides were then incubat-
ed at different concentrations with the immobilized proteins.
Analysis of the eluted material (Fig. 4C) demonstrated the
ability of the NR2 peptide (5 wM) but not the NR1 peptide to
compete off the entire immobilized DRIP complex (Fig. 4C).
These data reinforce the key role of DRIP205 in the recruit-
ment of the DRIP complex to VDR in response to ligand.

Differential requirement of NR1 and NR2 motifs of DRIP205
for binding of RXR-VDR heterodimers on DNA. The require-
ment of the NR2 motif of DRIP205 for VDR binding was also
tested in the context of VDR as a heterodimer with RXR
bound to its response element VDRE. For this purpose, we
created within the LXXLL motif in each NR box of DRIP205
(LXXAA mutations) point mutations that are known to atten-
uate binding to nuclear receptors (9, 28). GST pull-down as-
says between DRIP205 NR box mutants (amino acids 527 to
970) and in vitro-translated VDR (Fig. 5B) confirmed the
essential role of the NR2 motif in nuclear receptor-coactivator
interactions, as previously demonstrated by the peptide com-
petition assay shown in Fig. 4. The ability of these mutants to
bind to a VDR-RXR heterodimer on DNA was tested by gel
shift analysis in response to VDR- and RXR-specific ligands
[1,25(0OH),D; and LG153, respectively]. Formation of a ter-
nary complex between VDR, RXR, and GST-DRIP205 on the
VDRE was strongly induced by 1,25(OH),Dj;, but LG153 had

no visible effect on DRIP205 binding (Fig. 5C, lanes 1 to 4).
Point mutations in DRIP205’s NR1 box (Mut1) did not signif-
icantly affect its binding to the heterodimer in the presence of
1,25(0OH),D5 or LG153 (lanes 5 to 8). However, mutations
of the NR2 motif of DRIP205 (Mut2) abolished its ability
to form a complex with the heterodimer in the presence of
1,25(0OH),D; (lane 10). Interestingly, however, addition of
LG153 together with 1,25(OH),D5 was able to promote weak
binding of DRIP205 (Mut2) to VDR-RXR (lane 12). These
results reveal that, in addition to the strong requirement for
the NR2 motif in DRIP205 binding to VDR-RXR, there is
also a contribution of the NR1 motif to DRIP205 binding to
VDR-RXR in the presence of both ligands, suggesting that
each NR box contacts each subunit of the heterodimer.
Functional requirement of DRIP205 NR box motifs in VDR
transactivation. The results in Fig. 5 indicate that both NR1
and NR2 box motifs of DRIP205 are specifically required for
RXR-VDR binding in vitro. We tested whether these motifs
are also used in a functional context in vivo. For this purpose
we analyzed the effect of DRIP205 on VDR transcription
activity by transient transfection of U937 cells. Cotransfection
of VDR and DRIP205 confered a modest dose-dependent
costimulatory effect of DRIP205 on VDR activity (Fig. 6B).
Interestingly, a 190-amino-acid fragment of DRIP205 (resi-
dues 527 to 714) that contains its two NR box motifs (205-Box
[Fig. 6A]) had a strong dominant negative effect on VDR
transactivation (Fig. 6C). Overexpression of the 205-Box also
inhibited endogenous VDR function in this cell line (data not
shown). This suggests that the region of DRIP205 that encom-
passes the NR box motifs is required for VDR transactivation
by the DRIP complex. These data are also in agreement with
the results of the in vitro binding assays (Fig. 5). The specificity
of the NR box requirement for VDR transactivation was also
tested in the context of other types of activators, such as VP16
and E1A. We expressed these activators as fusions with the
Gal4 DNA binding domain and tested them on GAL4 up-
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FIG. 6. DRIP205 potentiates VDR transactivation, and a 190-amino-acid fragment containing both NR boxes (205-Box) acts as a dominant negative in vivo. (A)
Schematic representation of the two NR box motifs (NR1 and NR2) in the full-length DRIP205 (amino acids 1 to 1566) and in 205-Box (527 to 714) used in the transient
transfection experiments. (B) U-937 cells were transfected with a luciferase reporter plasmid containing a multimerized VDRE, together with 0.5 pg of VDR expression
vector (+) and increasing amounts (in p.g) of DRIP205 expression vector, in the absence (—) or presence (+D3) of 1078 M 1,25(OH),D5. Luciferase activity (expressed
as RLU) was normalized relative to -Gal activity. (C) Transient transfections were performed as for panel B, with the addition of increasing amounts (in micrograms)
of 205-Box expression construct. (D and E) DRIP205 and 205-Box have no effect on transactivation by VP16 and E1A activation domains. Transient transfection assays
were performed as for panels B and C except that U-937 cells were transfected with a luciferase reporter plasmid containing a multimerized GAL4 upstream activation
sequence enhancer, together with increasing amounts (in micrograms) of DRIP205 and 205-Box expression vectors. Cells were also transfected with expression vectors

for Gal4-VP16 (50 ng; D) or Gal4-E1A (100 ng; E).

stream activation sequence promoters in transient transfection
assays. DRIP205 was unable to potentiate the VP16 response,
and the 205-Box did not confer a dominant negative effect over
VP16 activation (Fig. 6D). DRIP205 and 205-Box also had no
significant effect on E1A transactivation (Fig. 6E).

To examine more closely the requirements of both DRIP205
NR boxes for VDR transactivation, we tested the effect of
point mutations in the context of the 205-Box that disrupt each
NR box (i.e., Mutl and Mut2 [Fig. 5]). Surprisingly, 205-Box
Mutl and Mut2 each had roughly the same dominant negative
effect as the wild-type sequence (Fig. 7). Only a simultaneous
mutation of both NR boxes in the context of the 205-Box
construct (Mutl+2) relieved its dominant negative effect on
VDR transactivation, suggesting that both NR boxes have
equivalent functions in vivo, perhaps through their individual
interactions with VDR and RXR.

In vitro interaction assays have shown that VP16 and E1A
can recruit complexes related to the DRIP complex, such as
TRAP/SMCC, ARC, and human Mediator, via direct con-
tacts with subunits that are present in our complex, i.e., via
TRAPS80/DRIP77 and Sur-2/DRIP130, respectively (4, 20, 31);
however, they do so independently of DRIP205. Taken to-
gether, these results suggest that distinct subunits are required

for direct recruitment to different types of transcription acti-
vation motifs at a functional level. The NR boxes in DRIP205
therefore may be specific contact points for nuclear receptors
and not other classes of transcription activators.

DISCUSSION

We have demonstrated that a single subunit of the multi-
protein DRIP coactivator complex, DRIP205, interacts direct-
ly with the VDR LBD in an AF-2-dependent fashion. More-
over, a single, short motif within DRIP205, the NR2 box, is
crucial to the DRIP complex’s ligand-dependent interaction
with VDR. A peptide corresponding to DRIP205 NR2 box
was sufficient to compete the entire megadalton DRIP com-
plex bound to VDR. However, in the context of a DNA-
bound VDR-RXR heterodimer, both NR1 and NR2 in
DRIP205 were required for binding, albeit to different ex-
tents. Furthermore, both NR boxes were equally required for
the functional interaction of DRIP205 with VDR 1in vivo. Our
results define for DRIP205 a mechanism of interaction with
nuclear receptors that is similar to the one used by p160 co-
activators such as SRC-1 and TIF-2/GRIP1. p160 coactivators
use a combination of two NR boxes to achieve a degree of
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specificity for interactions with different nuclear receptor het-
erodimers, resulting in the binding of one coactivator per re-
ceptor dimer (9, 28).

Based on several AF-2 point mutants in VDR, we previously
demonstrated that the DRIP complex shares similar sequence
and perhaps structural requirements for receptor interac-
tion with the SRC-1/p160 family (35). This type of interaction
was shown to be competitive and mutually exclusive between
TRAP220 and TIF2 for binding of TR-RXR heterodimers in
vitro (43). Both coactivators interact with TR via the receptor’s
AF-2 motif with similar binding efficiencies. These results cor-
relate with our own in vitro competition assays between VDR,
DRIP205, and SRC-1, using peptides encompassing DRIP205
and SRC-1 NR boxes (data not shown). This raises the ques-
tion of the functional relevance of receptor interactions with
p160 coactivators and the DRIP complex in vivo. In a physio-
logical context, transcription initiation requires promoter
accessibility to transcription factors. This process involves
chromatin remodeling via specific modifications of histone N-
terminal tails, including acetylation by CBP/p300 and perhaps
SRC-1-type coactivators. However, the prototypic model of
coactivators acting as chromatin remodeling factors may be
revised by several reports of HAT activity directed to modifi-
cations of nonhistone proteins. For example, acetylation of
ACTR, a member of the p160 family, by CBP/p300 can regu-
late the association between ACTR and ER (5). These results
fit with a model where CBP/p300 would act on TR transcrip-
tion at a step subsequent to chromatin disruption and would
not be essential for chromatin accessibility per se (25). Nucleo-
some remodeling by ATP-dependent activities has also been
identified within large transcription complexes like SWI-SNF
in mammals and yeast, ACF, CHRAC, NURF in Drosophila,
RSC in yeast, and RSF in humans (reviewed in references 1
and 24). It still remains to be determined if the DRIP complex
contains any remodeling activity, but we have established here
that (i) it does not contain HAT activity and (ii) endogenous
SRC-1 from nuclear extracts as well as several other related
coactivators are not part of the DRIP complex, although they
can clearly interact with VDR in the presence of ligand (Fig.
3).
It should be pointed out that in an earlier publication (35),
we reported that the LBD-bound material, which we identified
as the DRIP complex, in fact contained HAT activity. Based on
the results shown in Fig. 3, we must now reinterpret the data in
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light of the fact that the HAT activity does not cosediment with
the DRIP complex on a glycerol gradient. We believe that the
HAT activity derives from endogenous CBP/p300, which asso-
ciates together with SRC-1 on other bound LBD moieties;
these complexes appear to be distinct from DRIP since they
sediment in distinct fractions on the gradient (Fig. 3). We
cannot rule out, however, that both the DRIP and CBP/p160
complexes bind the LBD simultaneously but fall apart on the
gradient, but this seems unlikely since they both require the
AF-2 for ligand-dependent binding to the receptor. Impor-
tantly, we have carried out in vitro transcription assays using a
minimal set of purified transcription components and have
demonstrated an absolute requirement for the purified DRIP
complex (e.g., gradient purified and devoid of HAT activity) in
VDR-mediated transactivation, but only in the context of chro-
matin-assembled templates (34). This suggests that the DRIP
complex may also require the cooperation of a remodeling
activity, or itself contain a chromatin remodeling activity dis-
tinct from a HAT, at least when tested in vitro on chromatin
templates. We propose that transcriptional activation by nu-
clear receptors requires the hormone-dependent recruitment
of different complexes possessing distinct functions (Fig. 8).
These would include a HAT activity-containing complex an-
chored on nuclear receptors via p160 coactivators (29) and a
DRIP complex anchored via DRIP205. This model may cor-
relate with our observation that the dominant negative 205-
Box can in vivo compete equally well VDR transactivation
potentiated by individual overexpression of DRIP205 or
GRIP-1 (data not shown). Given the ability of NR box-con-
taining peptides from each coactivator to cross-compete in
vitro, this is not necessarily surprising. At this point, we have
no idea if these proteins exchange with one another in equi-
librium or interact with nuclear receptors in a stepwise fashion.
The results of Chen et al. (5) demonstrating that the acetyla-
tion of ACTR by CBP results in the former’s dissociation from
ER suggests to us the possibility of a sequential mechanism,
but this remains to be proven experimentally.

The potential homology of the DRIP complex with several
other human complexes is based on the identity of a certain
number of their subunits. For example, DRIP205 is identical to
TRAP220, ARC205, and CRSP200, found in TRAP/SMCC,
ARC, and CRSP complexes, respectively (31, 38, 44). Several
DRIP subunits are also part of the NAT, mammalian Media-
tor, and human Mediator complexes (4, 21, 41). Functional
assays performed on individual complexes, and a series of
genetic experiments on Mediator, the apparent yeast counter-

HAT DRIP
Complex

Complex

BP/p300

VDRE

FIG. 8. Model of VDR-coactivator interactions, as described in the text.
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part of mammalian Mediator, provide some clues for function-
ality. Srb and Med subunits of yeast Mediator were identified
for their role in modulating RNA Pol II activity. The DRIP
and other mammalian complexes contain several Srb/Med sub-
units and therefore may also have a direct role in transcription
initiation by RNA Pol 1II, since they contain phosphorylation
activities targeting RNA Pol II C-terminal domain (21, 41) or
regulating general transcription cofactors such as PC4 (16).
The presence of Mediator subunits as components of the
DRIP complex also suggests a role for the DRIPs in direct
recruitment of RNA Pol II to the promoter (31, 34).

Recent studies have identified multiple binding sites for
transcription factors within the DRIP complex. For example,
the glucocorticoid receptor associates with the DRIP complex
via both AF-1 and AF-2 motifs through direct interactions with
DRIP150 and DRIP205, respectively (19). More generally, a
number of transcription factors can functionally interact with
several mammalian complexes homologous to the DRIP com-
plex. The TRAP complex was originally purified by its ability to
interact with TR (12). Other related complexes, such as ARC,
SMCC, CRSP, and human Mediator, bind a number of targets
that are distinct of nuclear receptors, such as SREBP-1a, NF-
kB, VP16, E1A, p53, and SP-1, none of which have been found
to interact with DRIP205 directly (4, 20, 31, 38). We believe
that the association of some or most of the DRIP subunits with
unique classes of activators suggests that transcriptional acti-
vation involves a limited, common set or subsets of general
cofactors and that this type of complex provides a regulatory
panel for targeting of RNA Pol II by multiple activators.
Through this model, ligand-dependent transcription regulation
by nuclear receptors would be supported by a strictly ligand-
regulated association of a single subunit, DRIP205.
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