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Abstract

A modified yeast one-hybrid screen was used to isolate proteins capable of interacting with the Vitamin D receptor (VDR) heterodimer
complex while driving expression from a repressor Vitamin D response element (VDRE). Four of nine independent colonies recovered
in the screen coded for full-length BAF60a, a component of the mammalian SWI/SNF complex. Deletion studies in yeast were unable
to localize a unique region of BAF60a responsible for interaction with the heterodimer complex, as only the full-length protein would
support reporter gene expression. Pull-down analyses revealed that BAF60a displayed strong interactions with either the unliganded or
liganded heterodimer complex, but neither individual receptor component alone. Transient transfection analysis in opossum kidney (OK)
cells indicated that BAF60a decreased basal transcriptional activity from the negative VDRE, but had no effect on hormone-induced
repression. Transcriptional activity from an enhancer VDRE also exhibited decreased basal transcriptional activity, but also augmented
hormone-dependent enhancer activity, resulting in an overall increased sensitivity to hormone. In summary, BAF60a has been identified as
a factor that specifically interacts with the VDR heterodimer complex using a modified yeast one-hybrid selection strategy. This suggests
that BAF60a may be a link between mammalian SWI/SNF-like chromatin remodeling complexes and the VDR heterodimer.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Great strides have been made in understanding the inter-
action of nuclear receptors with co-modulator proteins and
their role in chromatin remodeling as a means of activat-
ing transcription of target genes[1]. A simple model has
emerged for type II nuclear receptors involving the associa-
tion of co-repressor molecules with the unliganded receptors
to repress basal transcription. Following addition of ligand,
a conformational change occurs in the nuclear receptor
leading to the dissociation of co-repressor molecules and
the recruitment of a variety of co-activator proteins, many of
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which are directly or indirectly involved in the remodeling
of chromatin and leading to the activation of gene transcrip-
tion. For the VDR (NR1I1,[2]), co-activators include mem-
bers of the p160 family of proteins such as SRC-1, GRIP-1
and RAC-3 as well as a multi-protein complex referred to
as the DRIP complex ([3] and references therein). NcoA-62
appears to be a co-modulator unique to the VDR complex
and also acts as an enhancer of Vitamin D-regulated gene
transcription[4]. The multi-protein PBAF complex, which
is highly related to the human SWI/SNF-B complex, has
been shown to be associated with the VDR heterodimer
in a ligand-dependent manner to promote transactivation
[5]. More recently, the chromatin remodeling multi-protein
complex WINAC was shown to contain components of
SWI/SNF and interact with the VDR through the Williams
syndrome transcription factor in a ligand-independent man-
ner [6]. This complex is thought to target the unliganded
VDR to promoters whereupon ligand-binding results in the
recruitment of requisite co-modulators.

While the above model is useful for explaining events sur-
rounding transcriptional activation of target genes, far less
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is currently known as to how these same nuclear receptors
may actively repress transcription in response to hormone
in target cells. However, several recent studies highlighting
Vitamin D’s capacity to repress gene transcription through
protein–protein interactions between the VDR complex and
co-modulatory factors have been reported. Repression of
the atrial-specific slow myosin heavy chain 3 gene (slow
MyHC3) is mediated by a negative VDRE in the promoter
that binds the heterodimer complex[7]. Irx4, a homeobox
gene, is expressed in ventricular cells and mediates repres-
sion of slow MyHC3 in those cells by interacting with the
RXR component of the heterodimer complex as it is bound
to the DNA response element. Conversely, the promyelo-
cytic leukemia zinc finger (PLZF) protein has been shown
to associate with the VDR, can be found in immunoprecip-
itates and DNA-binding complexes formed by the receptor
and when over-expressed in the U937 monocytic cell line it
significantly impaired Vitamin D-dependent activation from
the p21 promoter construct[8]. Using a yeast two-hybrid ap-
proach it was demonstrated that the unliganded VDR could
interact with a variant of N-CoR, RIP13�1 [9], and addi-
tion of ligand disrupted the interaction. Another member of
the N-Cor family, Alien, was also shown to interact with the
unliganded VDR, and hormone addition again significantly
reduced this interaction[10].

The VDR interacts as a heterodimer complex with a
VDRE in the promoter region of the cPTH gene to repress
transcription in just such a hormone-dependent manner[11].
Mutation of two base-pairs in the 3′ half of this element was
sufficient to alter the transcriptional potential from being a
repressor DNA element to a hormone-dependent enhancer
[12]. Thus, it is apparent that the interface of the nuclear
receptor complex and DNA response element represents a
key determinant in eliciting either repression or enhance-
ment of the transcriptional response. In the present report
a modified yeast one-hybrid screen to evaluate proteins
capable of interacting with the heterodimer complex as it
is bound to the cPTH VDRE is described. As a result of
this strategy, it was found that BAF60a, a member of the
SWI/SNF complex[13,14], specifically interacted with the
heterodimer complex, but not with either of the individual
receptor components alone. BAF60a also had a strong in-
fluence on Vitamin D-mediated transcriptional activity from
an enhancer VDRE. The data suggest that BAF60a may be
a link between SWI/SNF chromatin remodeling complexes
and the VDR heterodimer.

2. Materials and methods

2.1. General

All enzymes were purchased from New England Bio-
Labs (Beverly, MA) unless otherwise specified. The human
HeLa cell cDNA-hybrid library was purchased from BD
Biosciences (Palo Alto, CA). Oligonucleotides were ob-

tained from Integrated DNA Technologies (Coralville, IA).
The thymidine kinase/luciferase (tk/Luc) reporter vector
was a generous gift from Dr. D. Kaetzel, University of Ken-
tucky, Lexington, KY. Synthesis of cPTH- and hOC-tk/Luc
reporters was accomplished by insertion of double-stranded
oligonucleotides into theBamHI/XhoI site of the tk/Luc re-
porter vector and confirmed by sequence analysis. The DNA
sequence of the cPTH VDRE oligonucleotide (top strand)
was 5′-TCGACATGAGGGTCAGGAGGGTGTGCTGA;
the hOC VDRE oligonucleotide (top strand) was 5′-
TCGACCACCGGGTGAACGGGGGCATTGCA; the chic-
ken vitellogenin II (cVitII) estrogen response element (ERE)
was 5′-TCGACTTCCTGGTCAGCGTGACCGGAGCA.
CMV-driven human VDR (hVDR) expression vector
was a generous gift from Dr. L. Freedman, Memorial
Sloan-Kettering, New York, NY. CMV human estrogen re-
ceptor� (hER�) was a generous gift from Dr. Ok-Kyong
Park-Sarge, University of Kentucky, Lexington, KY. The
human RXR� (hRXR�) expression plasmid was prepared
from previously described vectors[15], and subcloned into
the pcDNA3.1 expression vector (Invitrogen Life Tech-
nologies, Carlsbad, CA). Vitamin D hormone was kindly
provided by Dr. Ron Horst, National Animal Disease Cen-
ter, Ames, IA. 9-cis Retinoic acid was purchased from
Sigma (St. Louis, MO). The purified anti-VDR 4707 anti-
body used in the Western blotting assay has been described
previously [16], while the anti-RXR polyclonal antibody
(�197) was purchased from Santa Cruz Biotech (Santa
Cruz, CA). DNA sequencing of recovered pACT2 plasmids
from the yeast screen was performed at the University of
Kentucky Molecular Structural Analysis Facility.

The copper-inducible yeast expression vector YEphRXR�
(Trp) has been described previously[17]. In similar fash-
ion, the yeast expression vector YEphVDR (His) was
generated by digestion of CMV-hVDR with the combi-
nation of NdeI/BamHI to excise the hVDR coding re-
gion and treated with T4 DNA polymerase to generate
blunt-ends. The copper-inducible yeast expression vec-
tor YEpBEP (His)[18] was digested with BamHI, made
blunt-ended with T4 DNA polymerase and the ligated
with the hVDR coding region fragment. The YRpcPTH
and YRphOC reporter vectors (Ura) were generated by
cloning single copies of oligonucleotides for the cPTH and
hOC VDREs into theXhoI/BglII sites of YRpC3[19]. Se-
quences were confirmed by dideoxynucleotide sequencing
chemistry.

The yeast cell line BJ5409 (Mat�, his3�200, leu�2,
trp1, ura3-52, gal) was maintained in 1× yeast nitrogen
base (YNB) without amino acids and ammonium sulfate
media, supplemented with 50 g/l ammonium sulfate, 2%
glucose, 20 mg/l adenine sulfate and the required amino
acids. The yeast cells were transformed sequentially with
reporter vector (either YRpcPTH or YRphOC), YEphVDR
and YEphRXR� using lithium acetate. Expression of
hVDR and hRXR� proteins was confirmed by Western
blotting.
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2.2. Yeast one-hybrid screen

Screening of the YRpcPTH/YEphVDR/YEphRXR�
transformed BJ5409 yeast strain using the HeLa cDNA/
pACT2/Gal4-AD library (Leu) was performed using lithium
acetate. Transformants were spread on 150 mm plates con-
taining 2% bacto agar, 1× YNB, 2% glucose, 20 mg/ml
adenine sulfate, 60�g/ml X-gal, 10�M copper sulfate and
250 nM 1,25(OH)2D3 (Solid Media A). Over 4–7 days
colonies producing varying degrees of blue color (total
of 99) were picked and grown on two different plates:
Solid Media A and an analogous solid media except for
the substitution of copper sulfate with 50�M EDTA to
limit expression of hVDR and hRXR� proteins from their
copper-inducible promoters (Solid Media B). Those trans-
formant colonies that exhibited copper-inducibility for
�-galactosidase activity (total of 15 colonies) were grown
at 30◦C in the appropriate drop-out (-His, -Leu, -Trp, -Ura)
culture media that was 1× YNB, 2% glucose and 20 mg/ml
adenine sulfate. The plasmid DNA was recovered from each
culture and then used to individually back-transform the
parental YRpcPTH/YEphVDR/YEphRXR�/BJ5409 cells
using lithium acetate. The transformed yeast were grown
on selective media (-His, -Leu, -Trp, -Ura) lacking copper
sulfate and Vitamin D3. Three individual colonies from
each of the transformant plates were picked and assessed
for �-galactosidase activity using the yeast transcription
assay (see below). Based on these latter results, a total of
nine individual plasmids were then sequenced.

2.3. Yeast transcription assay

Yeast transcription assays in a 96-well format were per-
formed essentially as previously described[18]. Briefly, pro-
totrophic yeast transformants were grown under selection to
an A260 of 0.5–1.0. Cells were then diluted to an A260 of ca.
0.05 in selective media containing copper sulfate (10�M),
and with or without 1,25(OH)2D3 (250 nM) in a total vol-
ume of 100�l and incubated at 30◦C. After 24 h, A260
readings were taken, the cells were lysed, ONPG substrate
was added, the plates incubated at 37◦C for 30 min, stop
buffer added and the plates were read at A415. Normalized
�-galactosidase values were obtained from triplicate sam-
ples as a measure of A415/A600.

2.4. Deletion analysis

The 3′ and 5′ deletion mutants were obtained by PCR
amplification using the recovered BAF60a/pACT2 plas-
mid as template. All of the 3′ deletion mutants were
anchored at the 5′ end by the oligonucleotide: 5′-CTATTC-
GATGATGAAGATACCCCACCAAACCC. The following
oligonucleotides were used to obtain the indicated 3′ deletion
mutants: 1–109, 5′-GGACTCGAGAGGCCTCTTGGATAT-
CTAGCCGT; 1–225, 5′-GGACTCGAGACATCAGTAGG-
ACAGTACACCGT; 1–283, 5′-GGACTCGAGACTGCTG-

CAGGTACTTGTCACAG; 1–341, 5′-GGACTCGAGACT-
GGGTCTTCAAGGTGTCATCC. All of the 5′ deletion
mutants were anchored at the 3′ end by the oligonucleotide:
5′-GTGAACTTGCGGGGTTTTTCAGTATCTACGAT. The
following oligonucleotides were used to obtain the indicated
5′ deletion mutants: 335–453, 5′-CAAGGATCCGTGACAC-
CTTGAAGACCCAGA; 276–453, 5′-CAAGGATCCGTGA-
CAAGTACCTGCAGCAGA; 218–453; 5′-CAAGGATCCG-
ACGGTGTACTGTCCTACTGA; 105–453, 5′-CAAGGAT-
CCGAGATATCCAAGAGGCCTTGA. Samples were am-
plified using AdvantageTM Genomic Polymerase (BD
Biosciences, Palo Alto, CA) and two-step cycling using
an Ericomp PowerBlock I thermal cycler in 0.2 ml tubes:
94◦C/15 s, 68◦C/2 min for 30 cycles. All PCR fragments
were digested with the combination ofBamHI/XhoI, gel pu-
rified, subcloned into the same sites of pAct2/Gal4-AD (BD
Biosciences, Palo Alto, CA) yeast expression plasmid and
sequenced. The individual deletion mutant clones were then
used to transform the YRpcPTH/YEphVDR/YEphRXR�
BJ5409 yeast strain using lithium acetate. Yeast were grown
on solid media containing 2% bacto agar, 1× YNB, 2% glu-
cose and 20 mg/ml adenine sulfate (-His, -Leu, -Trp, -Ura).
Individual colonies were picked and grown in selective me-
dia containing 1× YNB, 2% glucose and 20 mg/ml adenine
sulfate (-His, -Leu, -Trp, -Ura) and assessed for mutant
protein expression by Western blotting (data not shown)
with an anti-HA antibody (Zymed Laboratories, South San
Francisco, CA). The deletion mutants were then analyzed
for �-galactosidase activity in the yeast transcription assay.

2.5. GST pull-down analysis

The BAF60a/pAct2 clone was cut withXmaI to release
a ca. 2.2 kb fragment. The fragment was cloned into the
same corresponding site in the baculovirus pAcGHLT-A
vector (BD Biosciences, Palo Alto, CA) and orientation
determined by restriction digestion withKpnI. Sf9 cells
were co-transfected with BAF60a/pAcGHLT-A and lin-
earized Baculogold vector (BD Biosciences, Palo Alto, CA)
using Tfx20 (Promega Corp., Madison, WI). After three
rounds of virus amplification, Sf9 cells were infected 1:10
with recombinant viral media and after 48 h cells were
harvested and whole-cell extracts prepared as previously
described[20]. Expression of GST/BAF60a was confirmed
by Western blotting with an anti-GST antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) and compared with Sf9
cells producing GST alone (data not shown). Sf9 whole-cell
extracts expressing either GST or GST/BAF60a were mixed
with 0.1 volumes of a 10% Triton X-100 solution and then
diluted 1:3 in PBS. This dilution was added to glutathione
agarose and mixed for 30 min at 4◦C. Samples were pel-
leted at 2000× g and washed 4× PBS followed by 1×
KTEDG-150/0.1% NP-40 (150 mM KCl, 20 mM Tris, pH
7.4, 1.5 mM EDTA, 2 mM DTT, 5% glycerol). Samples
were then resuspended in KTEDG-150/0.1% NP-40 con-
taining 0.5 mM leupeptin/0.05% sodium azide and stored at
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4◦C. Aliquots were removed and assessed for concentration
and purity by SDS-PAGE in conjunction with Coomassie
blue staining.

Recombinant hVDR- and hRXR�-containing extracts
were prepared from Sf9 cells as previously described[20].
Cytosols were diluted into ice-cold buffer containing a
final concentration of 80 mM NaCl, 20 mM KCl, 20 mM
Tris (pH 7.5), 1.5 mM EDTA, 2 mM DTT, 0.5% CHAPS,
0.1 mM sodium vanadate, 10 mM sodium fluoride, 0.5 mM
leupeptin, 5% glycerol in the presence or absence of
250 nM 1,25(OH)2D3. Following a 30 min incubation on
ice, aliquots for control samples were removed and dena-
tured in SDS buffer. The remaining sample was divided
and applied to glutathione-agarose matrix bound with ei-
ther GST-BAF60a or GST. Samples were subsequently
incubated at room temperature for 60 min. The matrices
were then washed 7 ml× 1 ml with buffer (100 mM NaCl,
20 mM Tris (pH 7.5), 1.5 mM EDTA, 2 mM DTT, 0.05%
Triton X-100). Samples were then re-suspended in SDS
denaturing buffer and heated at 95◦C for 5 min.

2.6. Western blotting

The protein samples were separated on 10–20% gradi-
ent gels (BioWhittaker Molecular Application, Rockland,
ME), transferred onto polyvinylidenefluoride membranes
and blocked for 30 min at 4◦C with 1% nonfat dry milk in
PBS/0.05% Tween 20. Incubation with the appropriate dilu-
tion of the primary antibody (1:3000 for VDR; 1:10,000 for
RXR blots) was continued in the same buffer overnight with
gentle agitation. The blots were then washed 3× 10 min
with PBS/Tween and then incubated with horseradish
peroxidase-linked secondary antibodies (1:10,000 dilution).
Following three washes as described above, the blotted pro-
teins were revealed by chemiluminescent detection (Pierce
Biotechnology, Rockford, IL).

2.7. Transient transfection

Opossum kidney (OK) cells (American Type Culture Col-
lection, CRL-1840) were maintained in Dulbecco’s modified
Eagle’s media/F-12 (1:1) with 10% charcoal-stripped fetal
bovine serum containing penicillin (100 U/ml) and strepto-
mycin (100�g/ml) at 37◦C. Cells were plated in 24-well
plates and transfected with the appropriate VDRE/tk-Luc
reporter construct (100 ng), CMV-�-galactosidase ex-
pression vector (20 ng), CMV-hVDR expression vector
(0.5 ng), CMV-hRXR� expression vector (0.5 ng) and
the indicated variable amounts of CMV-BAF60a ex-
pression vector made up to 500 ng total DNA per well
with pTZ19R carrier plasmid DNA. For comparison with
estrogen-regulated gene transcription, transfection was sim-
ilarly carried out with the cVitII ERE/tk-Luc construct
(100 ng), CMV-�-galactosidase expression vector (20 ng),
CMV-ER� expression vector (1.0 ng) and the indicated
variable amounts of CMV-BAF60a expression vector and

pTZ19R in media lacking phenol red. The pcDNA3.1 mam-
malian expression vector was included in all transfections
as needed to keep total amounts of transfected expression
vectors the same. Cells were transfected in triplicate using
lipofectamine (1.5�l per well) and Plus reagent (1.5�l
per well) for 3 h in media lacking serum, followed by sup-
plementation to 1% serum and treatment with or without
50 nM hormone for 42 h. Cell lysates were prepared by
washing the cells with phosphate-buffered saline solution
(3×), followed by overlaying with lysis buffer (Promega
Corp., Madison, WI) and three rounds of freeze-thawing.
Luciferase activity was determined and normalized with
respect to values for�-galactosidase enzymatic activity.
Average values were calculated from triplicate treatments
± S.E.M. and are reflective of two to three independent
experiments.

3. Results

A means of screening cDNA libraries for interacting
proteins that utilized full-length nuclear receptors to drive
expression from enhancer-linked reporters in yeast has
been described[17,21]. Because of the relative impor-
tance associated with the sequence of the cPTH VDRE,
it seemed that a modification might be adapted to screen
for proteins capable of interacting with the VDR complex
bound to a repressor DNA element. It was reasoned that
expressing full-length hVDR and its heterodimer partner,
hRXR�, would necessarily result in either repression or
an inability to enhance transcription of a�-galactosidase
reporter driven by the cPTH VDRE in yeast (Fig. 1a). In-
deed, no activity above baseline was observed when the
cPTH/�-galactosidase reporter was expressed in BJ5409
yeast cells expressing full-length hVDR/hRXR� proteins,
while a significant increase in enzyme activity was observed
when the analogous�-galactosidase reporter linked to the
human osteocalcin enhancer VDRE was evaluated in com-
bination with the expression of both receptors (Fig. 1b).
Based on this result, it seemed plausible that a hybrid
cDNA library of proteins fused to the Gal4 activation do-
main (Gal4AD) would provide a means of screening for
interacting proteins that would be capable of eliciting an
enhancement of�-galactosidase gene expression from the
cPTH VDRE. In this scenario, hybrid proteins interacting
with the hVDR/hRXR� complex bound to the cPTH VDRE
might overcome the necessarily repressive potential of the
complex and activate transcription of the�-galactosidase
gene (Fig. 1). It was anticipated that there would be low
background in this colorimetric selection screen because
of the inherent repressive potential of the heterodimer
complex-binding to the cPTH VDRE.

This modified one-hybrid strategy was then utilized to
screen a cDNA-Gal4AD library derived from HeLa cells
with the hVDR/hRXR� complex driving �-galactosidase
gene expression from the cPTH VDRE in BJ5409 yeast cells.
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Fig. 1. (A) Schematic showing the strategy employed to screen proteins
capable of interacting with the hVDR/hRXR� complex bound to the
cPTH VDRE. (B) Assessment of the transcriptional potential of the hOC
and cPTH VDREs in yeast cells. BJ5409 yeast were transformed with
the indicated reporter plasmids alone or in the presence of the indicated
receptor expression plasmids. Individual clones were grown in the presence
of calcitriol and assessed for the ability to produce�-galactosidase activity.

Over 180,000 transformed yeast clones were obtained from
the initial screen, of which 99 colonies of varying degrees
of blue color were observed and picked for further analysis.
Secondary screening on the same selection plates quickly
reduced the number of potential clones to less than twenty.
Plasmid DNA harboring the hybrid proteins was recovered
by nutritional selection and used to retransform the parental
hVDR/hRXR�/cPTH/BJ5409 reporter yeast strain. Three
individual colonies from each transformation were randomly
selected for growth in liquid culture and�-galactosidase
activity quantitated by assessing the conversion of ONPG
substrate (Fig. 2). Following this analysis a total of nine
individual clones remained that were capable of confer-
ring increased�-galactosidase enzymatic activity compared
to the parental strain. These plasmids were subjected to
sequencing analysis and a BLAST search indicated that
four of the clones coded for the same protein, BAF60a or
SMARCD1 [13,14]. Based on PCR analysis and restric-
tion enzyme digestion, three of these clones coded for a
full-length 453 amino acid isoform of BAF60a (GeneBank
accession AF109733), while the fourth BAF60a clone coded
for a smaller splice variant of this protein (GeneBank acces-
sion NM 003076). The particular full-length BAF60a fusion

Fig. 2. Quantitative assessment of�-galactosidase activity for recovered
plasmids from the HeLa cell cDNA hybrid library screen following re-
transformation of parental BJ5409 yeast expressing hVDR/hRXR�/cPTH
VDRE reporter. Three individual colonies were picked from each retrans-
formation and�-galactosidase activity assessed as described in Materials
and Methods in the presence of calcitriol. Five representative retrans-
formed plasmids are shown relative to the parental strain control. The
sample labeled ‘15G.3’ was one of the four independent recovered plas-
mids that coded for full-length BAF60a.

clone used in the following experiments in yeast included an
additional 4 amino acids (PRPG) at the amino terminus re-
sulting from in-frame translation of 12 bp of 5′ untranslated
mRNA, while the splice variant form was not utilized.

To determine the hormone-dependence of the inter-
action of the VDR complex with the BAF60a fusion
protein, a yeast transcription assay was utilized[18].
Three independent colonies of the yeast expressing
BAF60a/hVDR/hRXR�/cPTH-�-galactosidase reporter
were randomly selected and grown in liquid culture treated
with or without hormone for 24 h. As seen inFig. 3, there

Fig. 3. Hormone dependence of the BAF60a interaction with the parental
BJ5409 yeast expressing hVDR/hRXR�/cPTH VDRE reporter. Three in-
dividual colonies were picked and grown in the presence and absence of
calcitriol and assessed for the ability to produce�-galactosidase activity.
aSignificantly different than vehicle,P < 0.05.
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Fig. 4. Deletion analysis of BAF60a interaction with parental yeast ex-
pressing hVDR/hRXR�/cPTH VDRE reporter plasmids. PCR was used
to amplify coding regions of BAF60a truncated from the C-terminal (top
panel) or N-terminal (bottom panel) portion of the molecule. Following
PCR the DNA fragments were subcloned in-frame into pACT2 yeast ex-
pression vector and transformed into the parental yeast strain. Two indi-
vidual colonies from each transformation were picked and assessed for
�-galactosidase activity in the presence of calcitriol.

was a small increase in�-galactosidase activity in the pres-
ence of hormone for each of the tested colonies, approaching
a maximum of 40% in the case of sample 1. Thus, both the
unliganded and liganded VDR complex appeared capable
of interacting with BAF60a using the cPTH-�-galactosidase
reporter in yeast, with hormone providing a modest increase
in measurable enzyme activity.

An inspection of the protein sequence of BAF60a revealed
several potential protein–protein interaction motifs, includ-
ing two LXXLL motifs in the central portion of the molecule.
To determine which regions of BAF60a might be involved
in the interactions with the hVDR/hRXR� complex, a se-
ries of DNA fragments were generated by PCR that spanned
various regions of the 453 amino acid protein using primers
anchored from either the N- or C-termini. These PCR frag-
ments were cloned in-frame into the pACT2/Gal4-AD vec-
tor to create analogous Gal4-AD fusion products and their
expression in yeast verified by Western blotting with an
anti-HA antiserum (data not shown).�-Galactosidase en-
zyme activity was then assessed from two independent yeast
clones randomly selected from each of the transformations
(Fig. 4). Interestingly, none of the truncated BAF60a pro-
teins anchored from either the N- or C-terminal regions ex-
hibited �-galactosidase enzymatic activities comparable to

the results obtained with the full-length protein. Based on
this result, it would appear that the intact BAF60a molecule
is required to form an interaction with the heterodimer com-
plex and no truncated region of the protein by itself is ca-
pable of reconstituting the wild-type activity.

The BAF60a cDNA was then excised and cloned in-frame
into a baculovirus-derived GST-expression vector, the pro-
tein expressed in Sf9 insect cells and purified by affinity
chromatography with glutathione-agarose. This material
was then used in pull-down experiments with recombinant
hVDR- and hRXR�-containing extracts also prepared from
Sf9 insect cells[15,20]. Unexpectedly, no specific interac-
tion was observed when either hVDR- or hRXR�-containing
extracts alone were used in separate experiments (Fig. 5).
Instead, strong interactions with BAF60a were only ob-
served when combined hVDR or hRXR� extracts were
used in the pull-down assay. The results also indicated that
this interaction of the combined extracts with BAF60a was
independent of the presence or absence of the hormonal
form of Vitamin D.

The effects of BAF60a expression on Vitamin D-regulated
transcription in mammalian cells were then examined. OK
cells have previously been used in the laboratory to examine
the effects on Vitamin D-dependent transcription for both
repressor and enhancer DNA elements[11,22]. Initially,
the effects of BAF60a expression were evaluated using the
cPTH-tk/Luc reporter in OK cells. As observed inFig. 6A,
increased expression of BAF60a caused a dose-dependent
decrease in basal expression from the reporter gene, but
had essentially no effect on the actual hormone-dependent
repressive response itself. Thus, because the overall basal
activity declined with increasing BAF60a expression, it fol-
lows that the degree of hormone-dependent repression, that
is the difference between the basal and hormone-dependent
activity observed in these cells, also became less pro-
nounced.

The effects on gene activation were also assessed using
an analogous reporter construct driven by the human osteo-
calcin VDRE (hOC-tk/Luc), a well-characterized Vitamin
D-dependent enhancer of transcriptional activity[23,24].
As seen inFig. 6B, titration of BAF60a expression resulted
in both a modest decrease in basal expression of luciferase
activity while at the same time producing an nominal in-
crease in hormone-dependent activity. The net effect on
the Vitamin D-dependent enhancer element was to increase
the hormone-dependent sensitivity of the response from
two-fold in the absence of BAF60a to ca. three-fold at the
highest level of BAF60a expression.

As a further comparison, analogous experiments were
performed utilizing an estrogen response element enhancer
linked reporter, together with an expression vector for the
hER� (Fig. 6C). Treatment with estrogen resulted in a ca.
two-fold increase in transcriptional activity in the OK cells.
Increasing co-transfection with the BAF60a expression vec-
tor resulted in a gradual decline in basal activity; however,
unlike the situation with the Vitamin D enhancer there was
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Fig. 5. GST pull-down analysis of BAF60a interactions with hVDR and hRXR�. GST-BAF60a was purified on glutathione agarose and incubated with
the indicated recombinant receptor extracts obtained from baculovirus infection of Sf9 insect cells. Experiments were performed either in the presence or
absence of hormone; calcitriol for the VDR-containing incubations or 9-cis retinoic acid for RXR� alone. Western blots were analyzed for either VDR or
RXR� proteins (ca. 33% of the recovered pull-down material) relative to control blots corresponding to ca. 5% of initial input for the pull-down experiment.

Fig. 6. Transient transfection analysis in OK cells. OK cells were trans-
fected with a fixed amount of hVDR/hRXR� expression vectors together
with either cPTH-tk/Luc (A) or hOC-tk/Luc (B) reporters and the indicated
amounts of BAF60a expression vector (ng per well). In panel (C), a fixed
amount of ER� expression vector was transfected with an ERE-tk/Luc
reporter and the indicated amounts of BAF60a expression vector. Percent-
ages reflect the hormone-dependent change from corresponding vehicle
treatment.aSignificantly different from vehicle treatment in the absence
of BAF60a expression vector,P < 0.05; bsignificantly different from hor-
mone treatment in the absence of BAF60a expression vector,P < 0.05.

a roughly parallel decline in hormone-dependent transcrip-
tion up until the highest amount of co-transfected BAF60a.
As such, the estrogen-dependent enhancer activity gener-
ally declined throughout the BAF60a co-transfection exper-
iment and an overall decrease in sensitivity to hormone was
observed, quite opposite to the results seen with the Vita-
min D enhancer in the above experiments. This implies that
BAF60a exerts some level of specificity in the interaction
with different nuclear receptor complexes under these con-
ditions.

4. Discussion

The mammalian SWI/SNF nuclear complex is composed
of multiple subunits that are intimately involved in regu-
lating gene transcriptional events. Distinct SWI/SNF com-
plexes have been noted[13], with certain subunits present
in both types of complexes. Nuclear receptors have been
shown to interact with components of the SWI/SNF com-
plex [25,26]. More recently, PBAF, a multi-protein complex
that is highly related to the human SWI/SNF-B complex,
was shown to be associated with the VDR heterodimer com-
plex [5]. Another chromatin remodeling complex, WINAC,
that contains elements of SWI/SNF was also shown to in-
teract with the VDR[6]. Although the SWI/SNF complex
has largely been linked with chromatin remodeling leading
to the activation of gene transcription, recent reports have
also described its role in repressing gene activity in yeast
[27].

BAF60 is a component of the mammalian SWI/SNF
complex and three different isoforms have been identified,
BAF60a, BAF60b and BAF60c[14]. BAF60a is thought
to be ubiquitously expressed, while the other two forms
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exhibit more restricted tissue expression patterns. BAF60a,
or its yeast homologue Swp73p, have been implicated in
interactions with the glucocorticoid receptor[13,28] and
AP-1 [29]. Its presence was noted in the PBAF complex
interacting with the VDR heterodimer[5], and it was also
observed in the WINAC complex that interacts with the
VDR [6]. In this latter case, the association of the VDR
with WINAC was determined to be ligand-independent,
similar to the present observations with BAF60a and the
VDR heterodimer. Thus, the present data appears to support
the previous findings and extend them to identify BAF60a
as a possible link between various chromatin remodeling
complexes and the VDR heterodimer.

Unlike the situation described for other co-modulator
proteins in which a peptide region can be identified as play-
ing a prominent role in protein–protein contacts, BAF60a
interactions with the hVDR/hRXR� heterodimer would
appear to require an intact molecule. This suggests a more
complex role than a singular protein–protein interaction
interface, and might be explained by a complex structural
interplay of BAF60a with the heterodimer complex to ac-
tivate gene transcription in the yeast screen. Previous work
suggests that Rsc6, a yeast homologue of Swp73p, is part
of the functional core of the SWI/SNF-related complexes
[30]. The present data suggest a similar role for BAF60a,
in which the three-dimensional structure of BAF60a could
be critical to the overall integrity of the interaction between
the VDR heterodimer and the core of such multi-protein
complexes as PBAF or WINAC.

Direct interactions between BAF60a and the heterodimer
complex were observed in the pull-down experiments, in
contrast to the lack of binding observed between BAF60a
and the individual members of the heterodimer when
they were assessed in the analogous experiments. The
BAF60a-VDR heterodimer interaction also appeared to
be largely independent of hormone, both in yeast where
only a modest increase in�-galactosidase activity was
observed, as well as in the pull-down experiments. Increas-
ing amounts of transfected BAF60a had its most profound
effect on basal activity from the cPTH VDRE reporter con-
struct, with no changes in the absolute repressor activity
observed in response to hormone. Collectively, this would
be consistent with the aforementioned role of BAF60a as
a part of some core complex, that when over-expressed
can promote association with the unliganded VDR com-
plex leading to a reduction in basal activity. However, it
is unclear if this observation represents a specific interac-
tion because there was a general decline in basal activity
across all the various reporters evaluated in the transfection
analysis.

The most significant effect on transcriptional activity
occurred when BAF60a was included in transient transfec-
tions utilizing an enhancer hOC VDRE reporter construct.
This was observed both on the basal activity in the absence
of hormone, whereby levels fell in response to increased
levels of BAF60a, while at the same time there was an

increased response in hormone-dependent enhancer activ-
ity. The net effect was to improve the overall sensitivity of
the response to hormone from the hOC VDRE. The PBAF
complex was shown to promote ligand-dependent gene
transactivation by the VDR heterodimer complex[5], thus
the ability of increasing amounts of transfected BAF60a
to enhance transcription from the hOC VDRE reporter
construct would be consistent with the prior report. The
lack of strong hormone dependence for the interaction of
BAF60a with the VDR heterodimer in the present study,
however, would suggest that other components of PBAF
might constitute the ligand-dependent trigger leading to
transactivation.

It was previously noted that the polarity of the VDR het-
erodimer complex binding to the cPTH VDRE, with VDR
occupying the 5′ half-site and RXR the 3′ position[12], was
opposite relative to the alignment of the heterodimer bound
to the hOC enhancer element[31]. Therefore, the question
arises as to how BAF60a can recognize the VDR complex
bound to either the repressor or enhancer elements when
they are oriented differently with regards to the polarity of
binding by the respective receptors. However, it should be
stressed that the cross-linking studies used to assess the po-
larity of binding to the cPTH VDRE were not absolute in
assigning orientation of the respective receptors. The ex-
periments indicated that a fraction of the cross-linked het-
erodimer complex was aligned similarly to the hOC VDRE,
that is, with RXR occupying the 5′ half-site and VDR the
3′ half-site. Thus, the recovery of BAF60a in the modified
yeast one-hybrid screen may be reflective of that portion
of the heterodimer complex binding to the cPTH VDRE in
the altered polarity, i.e. as if bound to an enhancer element.
This would also be consistent with the empirical observa-
tion of a relatively prolonged time for color development
when individual yeast colonies containing BAF60a with the
hVDR/hRXR�/cPTH-�-galactosidase vectors were grown
on solid media. In the meantime, the remaining five clones
recovered from the yeast screen are currently being assessed
for their impact on both Vitamin D-dependent transcriptional
repression and enhancement activities.

In summary, the present work outlines another approach
to identifying protein co-factors that are involved in nu-
clear receptor transcription. It has also added BAF60a to
the growing list of proteins capable of interacting with
the VDR, and suggests that it may be a link between
SWI/SNF-like complexes such as PBAF and WINAC,
which have been previously shown to be capable of medi-
ating Vitamin D-dependent transactivation, and the VDR
heterodimer.
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