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Nuclear receptors, including the androgen receptor (AR), regulate target cell transcription
through interaction with auxiliary proteins to modify chromatin structure. We describe herein a
novel AR-interacting protein, termed ARIP4, that has structural features typical of the SNF2-like
protein family. With regard to the Snf2 domain, the closest homolog of ARIP4 is the ATRX protein.
ARIP4 is a nuclear protein and comprises 1466 amino acids. It interacts with AR in vitro and in
cultured yeast and mammalian cells. ARIP4 can be labeled with 8-azido-[�-32P]ATP and exhibits
DNA-dependent ATPase activity. Like several ATP-dependent chromatin remodeling proteins,
ARIP4 generates superhelical torsion within linear DNA fragments in an ATP-dependent manner.
With a stably integrated target promoter, ARIP4 elicits a modest enhancement of AR-dependent
transactivation. In transient cotransfection assays, ARIP4 modulates AR function in a promoter-
dependent manner; it enhances receptor activity on minimal promoters, but does not activate
more complex promoters. ARIP4 mutants devoid of ATPase activity fail to alter DNA topology
and behave as trans-dominant negative regulators of AR function in transient assays.

INTRODUCTION

The androgen receptor (AR) belongs to the superfamily of
nuclear receptors that are ligand-activated transcription fac-
tors capable of regulating transcription of genes containing
appropriate response elements, usually within or around the
proximal promoter regions (Beato et al., 1995; Quigley et al.,
1995; Perlmann and Evans, 1997). After hormone binding,
the receptors associate with their cognate DNA motifs and
modulate transcription initiation. Nuclear receptors may in-
teract directly with the basal transcription factors associated
with RNA polymerase II, such as TFIIB (Ing et al., 1992;
Blanco et al., 1995; Hadzic et al., 1995), TFIIF (McEwan and
Gustafsson, 1997), and TFIIH (Lee et al., 2000), or elicit their
actions indirectly via auxiliary regulatory proteins, called
coactivators and corepressors (Torchia et al., 1998; Freed-
man, 1999; McKenna et al., 1999; Glass and Rosenfeld, 2000).

DNA is folded in the nucleus into a tight chromatin struc-
ture that often renders important regulatory sequences in-
accessible for sequence-specific transcription factors, includ-
ing steroid receptors (Kingston et al., 1996; Näär et al., 2001).
As a consequence, different chromatin-modifying complexes
are required to counteract this repressive effect (Björklund et
al., 1999; Kingston and Narlikar, 1999; Lemon and Freed-
man, 1999; Vignali et al., 2000). The protein complexes can be
classified into two main categories: 1) ATP-dependent chro-
matin-remodeling complexes, which use the energy of ATP
hydrolysis to alter the association of histones with DNA; and
2) complexes that alter chromatin by covalent modification
of its components. These modifications include histone acet-
ylation, methylation, phosphorylation, and ADP-ribosyla-
tion. Yeast SWI/SNF was the first ATP-dependent complex
shown to facilitate the function of gene regulatory proteins
in a chromatin environment (Hirschhorn et al., 1992). Mam-
malian (hSWI/SNF), Drosophila (Brahma), and yeast (RSC)
homologs of this complex have subsequently been charac-
terized (Tamkun et al., 1992; Kwon et al., 1994; Tsuchiya et al.,
1998). In yeast, mutations to components of the SWI/SNF
complex result in reduced glucocorticoid (GR) and estrogen
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receptor (ER) activity, indicating the importance of an intact
remodeling complex for steroid receptor activity (Yoshinaga
et al., 1992). In addition, coexpression of GR and hbrm (a
component of the hSWI/SNF complex) in cells depleted of
hbrm restores the GR-dependent transcription (Muchardt
and Yaniv, 1993).

The yeast SWI2/SNF2 protein was first described as the
subunit responsible for the ATPase activity of the SWI/SNF
complex (Khavari et al., 1993; Laurent et al., 1993; Cote et al.,
1994). SWI2/SNF2 is the founding member of the family of
SNF2-like proteins that share in common a 600-amino-acid-
long conserved domain (the Snf2 domain) surrounded by
nonconserved regions. The SNF2 superfamily of proteins
comprises �100 members (Eisen et al., 1995) and, on the
basis of the identity of the ATPase subunit, these proteins
have been classified into three main groups: 1) the SWI2/
SNF2 group, 2) the imitation SWI (ISWI) group, and 3) the
Mi-2 group (Vignali et al., 2000). Most of these proteins have
no known biological function; however, those members that
have been shown to possess well-defined functions all play
distinct roles in DNA processing activities, such as replica-
tion, repair, and/or transcription (Pazin and Kadonaga,
1997; Kingston and Narlikar, 1999). The Snf2 domain con-
tains seven so-called helicase motifs and a consensus region
for binding and hydrolysis of ATP, and the importance of
ATPase activity is well established for the function of many
SNF2-like proteins (Kingston and Narlikar, 1999). Although
no SNF2-like proteins have been found to function in strand
displacement assays for DNA helicase activity, the ability of
some ATP-dependent chromatin remodelers to generate un-
constrained negative superhelical torsion in DNA and chro-
matin has been described (Havas et al., 2000). Phylogenetic
analysis (Eisen et al., 1995) suggests that the nonconserved
regions surrounding the Snf2 domain are responsible for
targeting the activity of this domain to specific compart-
ments of cells (Peterson and Workman, 2000).

In this work, we have characterized a novel ATPase that
belongs to the SNF2-like family of proteins. The protein,
termed ARIP4 (for androgen receptor-interacting protein 4),
interacts with AR in vivo and in vitro. It generates super-
helical torsion within linear DNA fragments in an ATP-
dependent manner and modulates AR-mediated transcrip-
tion. ARIP4 mutants incapable of ATP hydrolysis fail to alter
DNA topology and loose the ability to activate AR-depen-
dent transcription. These mutants also behave as trans-dom-
inant negative regulators of AR function when expressed
ectopically in transient transfection assays.

MATERIALS AND METHODS

Materials
[�-32P]dCTP, [�-32P]ATP, and [35S]methionine were purchased from
Amersham Biosciences. 8-Azido-[�-32P]ATP was a product from
ICN Biomedicals (Costa Mesa, CA) and M2 anti-FLAG antibody
from Eastman Kodak (Rochester, NY). pARE4-tk-LUC, pARE2-
TATA-LUC, pPB(�285/�32)-LUC, pSG5rAR, pcDNA3.1-FLAG-
AR, and Gal4-AR, VP16 activation domain (AD) fusion to small
nuclear RING finger protein (SNURF) have been described previ-
ously (Palvimo et al., 1996; Aarnisalo et al., 1998; Moilanen at al.,
1998b). The yeast two-hybrid vectors were kindly provided by Dr.
Stanley M. Hollenberg (Vollum Institute, Oregon Health Sciences
Center, Portland, OR), and the pLexA fusion proteins have been
described previously (Moilanen et al., 1998b). PC-3 cell line stably

transfected with pcDNA3.1-FLAG-hAR and pPB(�285/�32)-LUC
was established in our laboratory and kindly provided by Dr. Taneli
Raivio (Biomedicum Helsinki, Helsinki, Finland). The baculovirus
transfer vector pVL1393 and BaculoGold Transfection kit were pur-
chased from BD PharMingen (San Jose, CA), and anti-FLAG affinity
gel was obtained from Sigma-Aldrich (St. Louis, MO). pCMV� and
mouse E11.5 �gt11 cDNA library were purchased from CLONTECH
(Palo Alto, CA). Ni2�-nitrilotriacetic acid resin and pQE-31 vector
were products of QIAGEN (Hilden, Germany). Capture-Tec kit for
the isolation of transfected eukaryotic cells was from Invitrogen
(Carlsbad, CA).

Yeast Two-Hybrid Screening
Partial sequence of ARIP4 was identified by using the yeast two-
hybrid assay as described by Moilanen et al. (1998b). Briefly, the
human AR zinc-finger region (ZFR) containing the first 20 hinge
region residues was fused to the LexA and used as a bait to screen
a size-selected mouse E10.5 cDNA library fused to VP16 activation
domain (a gift from Dr. S.M. Hollenberg). The positive clones were
tested against several control plasmids, such as pLex-a, pLex-lamin,
and pLex-WT1ZF (WT1ZF, the zinc-finger region of the Wilms
tumor gene product), to eliminate the false positive clones.

cDNA Cloning and Characterization
ARIP4 cDNA clones isolated in the yeast two-hybrid screen were
400–500 nucleotides (nt) in length. To isolate the full-length ARIP4
cDNA, mouse E11.5 �gt11 cDNA library was screened with 32P-
labeled ARIP4 cDNA corresponding to amino acids 91–230 (Figure
1A, probe 1) by using standard hybridization conditions (Asubel et
al., 1997). The longest insert was �4.0 kb in length; it was subcloned
into the EcoRI site of pBluescript II S/K to yield pBS46. The most 3�
end of this ARIP4 cDNA was cleaved with EagI and EcoRI and used
as a probe to screen again the E11.5 �gt11 cDNA library. The phage
clone extending 3� from pBS46 was isolated, cleaved with EcoRI, and
subcloned into pBluescript II S/K to yield pBS56 and pBS57. The
former (pBS56) was colinear with the ARIP4 cDNA insert in pBS46
and the latter continued 3� from pBS56.

Plasmid Constructions
To generate full-length FLAG-tagged ARIP4 (pFLAG-ARIP4), the
sequences in pBS46 and pBS56 were assembled together. An in-
frame EcoRI site was inserted by polymerase chain reaction in front
of the first ATG codon in pBS46. The resulting cDNA was digested
EcoRI and cloned into pCMV-FLAG-2 vector (Eastman Kodak) to
generate pFLAG-ARIP4 containing amino acids 1–1314. pBS56 was
then digested with SmaI/EcoRI to yield a fragment containing the
rest of the protein coding region (residues 1205–1466) plus �500 nt
of the 3�-untranslated region of ARIP4 mRNA. This SmaI/EcoRI
fragment was inserted into pFLAG-ARIP4(1–1314) that was linear-
ized by a partial SmaI/EcoRI digestion to yield full-length pFLAG-
ARIP4. To assemble ARIP4�1–277, a fragment corresponding to
ARIP4 residues 278–618 was first subcloned into the EcoRI/BglII
site of pCMV-FLAG-2. Then, ARIP4 cDNA, subcloned into the
HindIII/XbaI site of pBL5CAT, was digested with BglII and the
cleaved fragment inserted into the BglII site of pFLAG-ARIP4(278–
618) to yield pFLAG-ARIP4�1–277. The QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) was used to mutate
ARIP4 sequence. K310, D462, and E463 were converted to Ala
residues to yield pARIP4K310A and pARIP4DE462AA expression
vectors, respectively. The mammalian two-hybrid vector was con-
structed by fusing the AR interaction domain of ARIP4 (AR-ID,
residues 91–230) in-frame to pVP16 (CLONTECH). Human orni-
thine decarboxylase (ODC) cDNA was cloned between the EcoRI
and SalI sites of pVP16 to express VP16-ODC fusion protein.
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Figure 1. Schematic structure, amino acid se-
quence, and nuclear localization of ARIP4. (A) Func-
tional domains of ARIP4 include the AR-ID identi-
fied in the yeast two-hybrid screen and the regions
predicted to encompass ATPase/helicase activity
(regions I–VI). The positions of cDNA probes used
for library screenings are also shown. (B) ARIP4
amino acid sequence, predicted from the cDNA se-
quence. The putative functional units are depicted:
NLS, nuclear localization signal; numbers I, Ia, and
II–IV refer to the corresponding ATPase/helicase
motifs. AR-ID, as predicted on the basis of the yeast
two-hybrid screening results, is shown in italics and
underlined, and the residues potentially important
for ATPase activity are boxed. The consensus se-
quence for SUMO-1 attachment (�KXE) is depicted
by single underlining and the LXXLL motifs by dou-
ble underlining. The sequence is deposited into Gen-
Bank with accession number AJ132389. (C) Immu-
noblot analysis of wild-type and mutated ARIP4
proteins. COS-1 cells were transfected with expres-
sion vectors encoding FLAG-tagged ARIP4 (lane 1),
ARIP4K310A (lane 2), ARIP4DE462AA (lane 3),
ARIP4�1315-1466 (lane 4), and RIP4�1-277 (lane 5),
and the cell extract resolved by SDS-PAGE followed
by immunoblotting with a polyclonal anti-ARIP4
antibody (K7991). Each lane contains 10 �g of cell
protein. Identical bands were detected with M2
monoclonal anti-FLAG antibody (our unpublished
data). (D) Localization of ARIP4 in transfected cells.
COS-1 cells grown on glass coverslips on 10-cm
plastic plates were transfected with 1 �g of pFLAG-
ARIP4 as described in MATERIALS AND METH-
ODS. The cells were fixed, permeabilized, and
ARIP4 antigen visualized using either anti-FLAG
M2 mAb (A) or anti-ARIP4 antiserum (K7991) raised
in rabbits against the 280 most carboxyl-terminal
amino acid residues of ARIP4 (B).
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Purification of C-Terminal Fragment of ARIP4 for
Raising Antibodies
A 1.3-kb SacI–PstI cDNA fragment of ARIP4 corresponding to nt
3773–5071 was subcloned into the SacI/PstI site of pQE-31 (QIA-
GEN). This fragment encodes the very C-terminal 280 amino acids
of ARIP4 fused to an N-terminal His-tag. The protein was expressed
in Escherichia coli (strain JM109) and extracted from a 250-ml bacte-
rial culture by suspension in 10 ml of buffer containing 8 M urea, 0.1
M sodium phosphate, 0.01 M Tris-HCl pH 8.0, 0.5 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and 10 �g/ml aprotinin and incubation
at 22°C for 1 h. The lysate was centrifuged at 15,000 rpm for 10 min,
the supernatant mixed with 2.5 ml of Ni2�-agarose equilibrated
with a buffer containing 8 M urea, 0.1 M sodium phosphate, and
0.01 M Tris-HCl pH 6.3, and the slurry rotated for 1 h at 22°C. The
resin was washed three times with 10 volumes of equilibration
buffer, and the His-tagged proteins were released by elution with 2
ml of buffer containing 100 mM EDTA, 8 M urea, 0.1 M sodium
phosphate, and 0.01 M Tris-HCl pH 6.3. The eluted protein was �30
kDa and �95% pure, as judged by SDS-PAGE. Before being used for
immunization, urea was removed by stepwise dialysis against phos-
phate-buffered saline. Fifty micrograms of protein was used to
immunize rabbits. One of the immunized rabbits produced the
polyclonal antiserum used in the present work (K7991).

Cell Culture and Transfections
COS-1 cells were maintained in Dulbecco’s minimal essential me-
dium containing penicillin and streptomycin (each 25 U/ml), and
10% (vol/vol) fetal bovine serum (FBS). Transfections for transacti-
vation assays (�3–6 � 104 cells) were performed with the FuGene
reagent (Roche Applied Science, Indianapolis, IN) with 150 ng of an
appropriate reporter vector and the amounts of plasmids depicted
in the figure legends. pCMV� was included to monitor transfection
efficiency. At 18 h posttransfection, the medium was changed to one
containing charcoal-stripped 2% (vol/vol) FBS and 100 nM testos-
terone or vehicle. Stably transfected PC-3 cells were maintained in
F12 nutrient medium supplemented with charcoal-stripped 10%
(vol/vol) FBS, 400 �g/ml G418 (Invitrogen), and penicillin and
streptomycin (each 25 U/ml). For transactivation assays in PC-3
cells with stably integrated AR expression vector and probasin
promoter, �1 � 106 cells were transfected using the FuGene reagent
with 1 �g of pHOOK vector (Invitrogen), 0.1 �g of pCMV�, and 0.5
�g of the appropriate expression vector as shown in the figure
legend. Testosterone treatment was carried out in the same way as
with COS-1 cells. Twenty-four hours after testosterone addition, the
cells were isolated with Capture-Tec kit as recommended by the
manufacturer and assayed for reporter gene activity. CV-1 cells
transfected with the FuGene reagent were used in the mammalian
two-hybrid experiments. For affinity-labeling with 8-azido-[�-
32P]ATP and ATPase assay, COS-1 cells were transfected by elec-
troporation as described previously using 20 �g of the appropriate
expression vectors (Moilanen et al., 1998b). Luciferase (LUC) and
�-galactosidase activity measurements were carried out as de-
scribed previously (Palvimo et al., 1996).

RNA Blotting, Immunocytochemistry, and
Immunoblotting
Poly(A)-containing RNA was isolated from rat tissues, resolved by
agarose gel electrophoresis under denaturing conditions, and trans-
ferred to Hybond membrane (Amersham Biosciences) as described
previously (Moilanen et al., 1998b). In addition, mouse and rat
multiple tissue RNA blots were purchased from OriGene Technol-
ogies (Rockville, MD). The blots were hybridized according to the
manufacturer’s instructions at 42°C in the presence of 50% form-
amide with a 32P-labeled ARIP4 cDNA fragment (2 � 106 cpm/ml)
corresponding to the AR-ID (amino acids 91–230). Final washes
were carried out at high stringency (0.1� SSC [1� SSC is 0.15 M

NaCl, 0.015 M sodium citrate] and 0.1% SDS, 42°C), and the mem-
branes subjected to autoradiography at �70°C.

ARIP4 antigen in transfected cells was detected by immunocyto-
chemistry as described previously (Moilanen et al., 1998b). COS-1
cells seeded on coverslips were transfected using the FuGene re-
agent with 1 �g of pFLAG-ARIP4. Cells were fixed in 4% parafor-
maldehyde and permeabilized with Triton X-100. Ectopically ex-
pressed ARIP4 was detected either by anti-FLAG M2 monoclonal
antiserum (1:50 dilution) or with anti-ARIP4 polyclonal rabbit anti-
serum (K7991, 1:1000 dilution) and fluorescein isothiocyanate-con-
jugated goat anti-mouse or anti-rabbit secondary antibody (1:200
dilution; Jackson Immunoresearch Laboratories, West Grove, PA),
respectively. Immunoblotting was conducted as described previ-
ously (Poukka et al., 1999) except that ARIP4 was detected with
anti-ARIP4 antiserum (K7991, 1:2000 dilution), and immunocom-
plexes were visualized with horseradish peroxidase-conjugated
goat anti-(rabbit immunoglobulin G) antibody and ECL detection
reagents (Amersham Biosciences).

Protein–Protein Interaction In Vitro and In Vivo
Affinity chromatography was carried out with bacterially expressed
glutathione S-transferase (GST)-AR ZFR or GST alone bound to
glutathione-Sepharose (Moilanen et al., 1998b; Poukka et al., 1999).
Translation in vitro was performed using the TNT-coupled reticu-
locyte lysate system from Promega (Madison, WI). Ten microliters
of [35S]methionine-labeled translation product was mixed with GST
or GST-AR ZFR in a buffer containing 50 mM Tris-HCl pH 7.8, 50
mM KCl, 0.5 mM EDTA, 5 mM MgCl2, 0.05 mM ZnCl2, 10% (vol/
vol) glycerol, 0.4% Nonidet P-40, 0.1% Triton X-100, and protein
inhibitor cocktail (Sigma-Aldrich) in a total volume of 500 �l at 4°C
overnight. The beads were washed three times with 1 ml of binding
buffer, and bound proteins were resolved by SDS-PAGE and visu-
alized by fluorography.

For coimmunoprecipitation experiments, COS-1 cells (�3.5 � 105

cells) were transfected with 300 ng of pFLAG-ARIP4 and 50 ng of
pSG5hAR. One day after transfection, the cells were exposed to 100
nM testosterone (or vehicle) for 2 h and then lysed in buffer con-
taining 50 mM Tris-HCl pH 7.8, 150 mM NaCl, 5 mM EDTA, 1 mM
dithiothreitol, 0.3% Triton X-100, 0.5% Nonidet P-40, 0.3% Na-de-
oxycholate, 10 mM N-ethylmaleimide, 15 mM MgCl2, and protease
inhibitor cocktail (Sigma-Aldrich). The lysates were clarified by
centrifugation at 4°C for 20 min at 16,000 � g and precleared by
incubation with 50 �l of GammaBind Sepharose (Amersham Bio-
sciences) and 5 �l of mouse monoclonal anti-VP16 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) for 2 h at 4°C on a rotary
shaker. After centrifugation, the precleared supernatants were ad-
sorbed onto 30 �l of anti-FLAG M2 affinity matrix (Sigma-Aldrich)
for 1 h at 4°C. The matrix was subsequently washed with 3 ml of
lysis buffer, and bound proteins were eluted by boiling for 5 min in
SDS-PAGE loading buffer and resolved by 7.5% SDS-PAGE. Immu-
noblotting was performed as described previously (Poukka et al.,
1999) by using rabbit polyclonal anti-AR (K333, 1:7000 dilution) and
anti-ARIP4 (K7991, 1:2500 dilution) antisera.

Immunoprecipitation and ATP-binding Assay
COS-1 cells electroporated with 10 �g of expression vectors encod-
ing FLAG-tagged ARIP4, ARIP4K310A, ARIP4DE462AA, and AR
were lysed in buffer containing 20 mM Tris-HCl pH 7.8, 140 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.5% Nonidet P-40, 1 mM
dithiothreitol, 0.5 mM PMSF, and 10 �g/ml aprotinin. The cell
lysates were clarified by centrifugation for 30 min at 16,000 � g at
4°C and adsorbed onto 50 �l of anti-FLAG M2 affinity matrix. After
immunoadsorption, the matrix was washed with 4 ml of lysis buffer
followed by 4 ml of binding buffer containing 20 mM HEPES pH 7.5,
100 mM KCl, 5 mM MgCl2, 1 �M ZnCl2, 0.1% Tween 20, 0.5 mM
PMSF, and 10 �g/ml aprotinin. The samples were kept as a 75%
slurry. Ten microliters of antibody-immobilized proteins were in-
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cubated with 4 �Ci of 8-azido-[�-32P]ATP for 15 min at 22°C in 20 �l
of binding buffer in the absence or presence of 5 mM ATP. The
reaction mixtures were irradiated at 3 cm from 254-nm light bulbs of
UV Stratalinker 2400 (Stratagene) by using the auto cross-link mode
(120,000 �J for 50 s). Cross-linked proteins were resolved by SDS-
PAGE and visualized by autoradiography.

ATPase Assay
FLAG-tagged ARIP4, ARIP4K310A, ARIP4DE462AA, and AR were
expressed in COS-1 cells and immunopurified as for the ATP-
binding experiments except that proteins were eluted from the
affinity matrix with buffer A (20 mM Tris-HCl pH 7.5, 2 mM MgCl2,
2 mM dithiothreitol, 5 mM KCl, and 150 mM NaCl) containing 0.2
mg/ml FLAG peptide. The assay mixture (15 �l) contained 11 �l of
buffer B (buffer A supplemented with 100 �M ATP, 0.5 �Ci of
[�-32P]ATP [3000 Ci/mmol], 3 �l of immunopurified protein sam-
ple) or 100 fmol of nonstructural protein 2 (nsP2) (Rikkonen et al.,
1994) as the positive control, and 1 �l of double-stranded (ds)-DNA
(1 mg/ml , pGL3-Basic vector; Promega) or water. After a 1-h
incubation at 37°C, 0.5 �l of the reaction mixture was spotted onto
a poly(ethyleneimine)-cellulose thin-layer plate that was developed
in 1 M LiCl and 1 M formic acid to resolve 32Pi from [32P]ATP. The
plates were subjected to autoradiography and scanned on a Phos-
phorImager (Molecular Dynamics, Sunnyvale, CA) to quantify the
amount of 32Pi released.

Production of Recombinant ARIP4 Proteins in
Insect Cells
cDNA encoding FLAG-tagged wild-type ARIP4 or ARIP4K310A
was cloned into XbaI/BglII-digested baculovirus transfer vector
pVL1393 (BD PharMingen). Recombinant transfer plasmids were
cotransfected into Spodoptera frugiperda (Sf9) cells with a modified
linear baculovirus DNA by using the BaculoGold transfection kit
(BD PharMingen). Sf9 cells were maintained and infected as mono-
layers (20 � 106 cells/150-cm2 flask at a multiplicity of infection of
10) in TNM-FH medium containing 10% FBS, 50 �g/ml gentamicin,
and 2.5 �g/ml amphotericin B (Kallio et al., 1994). Infected cells
were harvested 66–72 h postinfection and lysed in 1.5 ml of lysis
buffer containing 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 1 mM
EDTA, 0.5% Nonidet P-40, 0.5% Triton X-100, 10% glycerol, 5 mM
dithiothreitol, and protease inhibitor cocktail (Sigma-Aldrich). The
lysates were clarified by centrifugation for 20 min at 16,000 � g and
adsorbed onto 50 �l of anti-FLAG affinity gel. After immunoadsorp-
tion, the gel was washed with the lysis buffer containing 400 mM
NaCl and the adsorbed protein was eluted with the lysis buffer
containing 0.2 mg/ml FLAG peptide. The purity of the proteins was
checked by SDS-PAGE and immunoblotting and was shown to be
�95% in each case.

DNA Cruciform Formation Assay
The assay was performed as described previously (Havas et al.,
2000). Briefly, the reactions (20 �l) contained 10 ng (0.4 nM) AvaI cut
pGX540 (Greaves et al., 1985) and 25–100 ng of either wild-type or
mutant ARIP4 as indicated in the legend to Figure 7. Reactions
performed using SWI/SNF complex contained 1.5 nM SWI/SNF
complex (60 ng) prepared from strain CY396. Standard reactions
contained protein A-endonuclease VII (Giraud-Panis and Lilley,
1996) at 0.15 �g/ml. The reactions were incubated at 22°C for 1 h
and terminated by the addition of stop buffer followed by an incu-
bation for 30 min at 50°C.

RESULTS

Cloning of a New ATPase/Helicase-like Protein
Potential interaction partners for the ZFR of AR were iden-
tified by a yeast two-hybrid screen with hAR ZFR, encom-

passing the DNA-binding domain and 20 amino-terminal
amino acids of the hinge region, as the bait (AR amino acids
544–644). AR ZFR was fused to LexA (LexA-AR ZFR), and
the plasmid encoding the fusion construct was used to
screen a size-selected 10.5-d-old mouse embryo cDNA li-
brary as described previously (Moilanen et al., 1998b). This
screen yielded �30 positive clones, which corresponded to
five unique cDNA sequences that were all represented mul-
tiple times among the isolates. Three of the encoded proteins
have already been characterized (Moilanen et al., 1998a,b;
1999). To isolate a full-length cDNA encoding the fourth
protein, mouse E11.5 �gt11 cDNA library was screened with
two probes. The first sequence (Figure 1A, probe 1) repre-
senting the AR interaction domain (AR-ID) recognized in
the yeast two-hybrid screen identified a 4.0-kb-long cDNA
fragment containing a long open reading frame preceded by
an in-frame stop codon. The second probe corresponded to
the 3� end of the 4.0-kb cDNA (Figure 1A, probe 2), and
rescreening of the mouse embryo �gt11 cDNA library with
this sequence led to the isolation of an additional clone that
covered the complete 3� end of the protein-coding sequence
together with part of the 3�-untranslated region. The de-
duced sequence predicts a 1466-amino-acid-long protein
that was termed ARIP4 (Figure 1B).

ARIP4 has a calculated molecular mass of 160 kDa, a net
charge of �18.2 at pH 7.5, and an isoelectric point of 6.4.
When ectopically expressed in COS-1 cells, the immunore-
active protein migrates on SDS-PAGE with an apparent
molecular mass of �180 kDa (Figure 1C). Expression of
pFLAG-ARIP4 in COS-1 cells results in nuclear localization
of the ARIP4 antigen, as visualized by immunocytochemical
analyses by using either anti-FLAG or anti-ARIP4 antibodies
(Figure 1D). It is of note that ARIP4 is not evenly distributed
in recipient cell nuclei but the immunoreactivity exhibits a
speckled pattern. ARIP4 sequence includes at least three
putative bipartite nuclear localization signals (amino acids
98–114, 412–428, and 1254–1271). There is a consensus
SUMO modification site (�KXE where � represents a large
hydrophobic amino acid and X any amino acid; Yeh et al.,
2000) starting at residue 663 and indeed, a sumoylated
ARIP4 form is detectable in transfected cells (our unpub-
lished data). There are three LXXLL motifs (Heery et al.,
1997), also known as nuclear receptor boxes, in the ARIP4
sequence (amino acids 550–554, 724–728, and 1328–1332).
The amino-terminal region (amino acids 21–260), including
the AR interaction domain (AR-ID, amino acids 91–230), is
very rich in negatively charged amino acids (Figure 1B), a
feature typical of many proteins involved in transcriptional
regulation.

ARIP4 contains a region with a strong sequence homology
to proteins in the SNF2-like family of ATPase subunits, and
all the seven helicase motifs shared by the family members
are included in the ARIP4 sequence (Figures 1B and 2), with
the ATRX protein (Picketts et al., 1996) showing the highest
homology in the helicase domains. The sequence similarity
was restricted to the Snf2 domain, and no protein homolo-
gous to ARIP4 outside the Snf2 domain has thus far been
isolated and characterized. However, a predicted protein
sequence (KIAA0809 protein) of an unidentified human
gene that exhibits �95% amino acid sequence identity with
ARIP4 in their overlap, covering amino acids 225-1466 of
ARIP4, has been deposited into GenBank (accession number
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BAA34529). Northern blot analysis of RNA samples from
several mouse and rat tissues revealed that ARIP4 is en-
coded by an �10.0-kb mRNA that is expressed at a relatively
low level, with the highest levels of ARIP4 mRNA accumu-
lation occurring in testis, liver, and kidney (Figure 3). In
addition, ARIP4 mRNA is present in rat prostate in levels
comparable with those in the testis (our unpublished data).

ARIP4 Binds ATP and Possesses Intrinsic ATPase
Activity

Several SNF2-like family members exhibit ATP-hydrolyzing
activity (Laurent et al., 1993; Auble et al., 1994). To examine
whether ARIP4 is capable of binding ATP, FLAG-tagged
ARIP4 and two ARIP4 forms with mutations in the puta-
tive catalytic center (FLAG-ARIP4K310A and FLAG-

ARIP4DE462AA) were immunopurified, and the isolated
proteins were incubated with a photoreactive ATP analog,
8-azido-[�-32P]ATP. UV irradiation of ARIP4 with 8-azido-
[�-32P]ATP resulted in cross-linking of [32P]ATP to the pro-
tein (Figure 4A, lane 3). ARIP4K310A and ARIP4DE462AA
were also affinity labeled with 8-azido-[�-32P]ATP, but
somewhat less efficiently than the wild-type protein (Figure
4A, lanes 5 and 7). Immunopurified AR (a control protein)
was not labeled by 8-azido-[�-32P]ATP in a specific manner
under the same conditions (Figure 4A, lane 1). Affinity la-
beling of ARIP4 proteins with 8-azido-[�-32P]ATP was abol-
ished by inclusion of a 1000-fold molar excess of nonradio-
active ATP, attesting to the specificity of the cross-linking
reaction.

To measure ATPase activity of ARIP4, the FLAG-tagged
wild-type protein together with the mutants ARIP4K310A
and ARIP4DE462AA were purified by immunoadsorption.

Figure 2. Homology of the ARIP4 SNF2 domain with that of some other members of the SNF2-like protein family. The numbers in
parentheses depict the first and last amino acid taken for comparison in each case; the regions were as follows: SNF2, 786–1223; BGR1,
774–1218; Mot1, 1293–1770; RAD54, 176–635; ARIP4, 298–877; and ATRX, 1574–2162. The regions that include the seven-consensus helicase
motifs (I, Ia, and II–VI) are depicted by a line above the sequence. Shaded amino acids are similar in at least three of the proteins compared.
The following amino acid groups are considered to be similar: L, V, I, and M; F, Y, and W; S, T, A, P, and G; K, R, and H; and E, D, Q, and
N. The sequence information is from Khavari et al. (1993), Laurent and Carlson (1992), Emery et al. (1991), Davis et al. (1992), and Picketts et
al. (1996).
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Semliki forest virus nsP2 (Rikkonen et al., 1994) and FLAG-
tagged AR were used as positive and negative controls.
ATPase activity of ARIP4 was strictly dependent on the
presence of double-stranded DNA in the reaction mixture,
and the two ARIP mutants along with AR were completely
devoid of ATPase activity (Figure 4B). The amounts of
FLAG-tagged ARIP4 proteins were not significantly differ-
ent in the experiments presented in Figure 4 (our unpub-
lished data). Under these conditions, ARIP4 hydrolyzed
�50–100 ATP/min; a turnover number lower than that
(�1000 ATP/min) reported for other ATPases of the SNF2-
like protein family (Peterson, 2000). However, the conditions
used in the assay were not optimized for kinetic analysis of
ARIP4 ATPase.

ARIP4 Interacts with AR In Vivo and In Vitro
The interaction between AR and ARIP4 was assessed in
yeast and in mammalian cells. In L40 yeast cells, different
regions of AR fused to LexA, including the original bait
construct (LexA-AR ZFR, AR amino acids 554–644), were
coexpressed with the herpex simplex VP16 activation do-
main (VP16 AD) alone or with VP16 AD fused to amino
acids 86–227 of ARIP4 (VP16-ARIP4 ID). Coexpression of
VP16-ARIP4 ID and LexA-AR ZFR increased the reporter
gene activity by �100-fold over that with Lex-AR ZFR and
VP16 AD alone (Figure 5A). VP16-ARIP4 ID also interacted
very strongly with full-length AR fused to LexA (LexA-AR);

this interaction was strictly dependent on the presence of
androgen (Figure 5A). Deletion of the 20 hinge region resi-
dues from the original bait construct (LexA ZFR-s, AR
amino acids 554–623) weakened the interaction with VP16-
ARIP4 ID markedly, suggesting that the amino-terminal
hinge residues either participate in the interaction with
ARIP4 or are essential for the AR ZFR to fold properly. A

Figure 3. Expression of ARIP4 mRNA in rat and mouse tissues.
(A) Rat tissues. The blot contains 2 �g of poly(A)� RNA per lane
from the following tissues (the lane in parentheses): brain (1), thy-
mus (2), lung (3), heart (4), muscle (5), stomach (6), small intestine
(7), liver (8), kidney (9), spleen (10), testis (11), and skin (12). (B)
Mouse tissues. The blot contains 2 �g of poly(a)� RNA per lane
from the following tissues (the lane in parentheses): brain (1), heart
(2), kidney (3), liver (4), lung (5), muscle (6), skin (7), small intestine
(8), spleen (9), stomach (10), testis (11), and thymus (12). The blots
were from OriGene and were hybridized with 32P-labeled ARIP4
cDNA probe as described in MATERIALS AND METHODS. The
integrity and equal loading of RNA were verified by the manufac-
turer with the human �-actin cDNA probe (our unpublished data).

Figure 4. Affinity-labeling with 8-azido-[�-32P]ATP and ATPase
activity of ARIP4. (A) COS-1 cells were transfected with plasmids
encoding the following FLAG-tagged proteins: AR (lanes 1 and 2);
ARIP4 (lanes 3 and 4); ARIP4K310A (K310A, lanes 5 and 6); and
ARIP4DE462AA (DE462AA, lanes 7 and 8). Proteins were purified
by immunoadsorption onto anti-FLAG antibody matrix and affinity
labeled with 8-azido-[�-32P]ATP as described in MATERIALS AND
METHODS. [32P]ATP-labeled proteins were resolved by SDS-PAGE
and visualized by autoradiography. Labeling specificity was as-
sessed by the inclusion of 1000-fold molar excess of nonradioactive
ATP during affinity labeling (lanes 2, 4, 6, and 8). The amounts of
AR as well as wild-type and mutant ARIP4 proteins in each lane
were similar, as judged by immunoblot analysis (our unpublished
data). (B) COS-1 cells were transfected with plasmids encoding
FLAG-tagged AR, ARIP4, ARIP4K310A, and ARIP4DE462AA, and
the cell extracts were immunopurified by anti-FLAG affinity matrix.
The proteins eluted from the resin with FLAG peptide were sub-
jected to ATPase assay with [�-32P]ATP as the substrate. Semliki
forest virus nsP2 was included as the positive control, and the
amount of ATP hydrolyzed was calculated on the basis of its spe-
cific activity (91 pmol of 32Pi released/pmol protein � min�1). The
assays were performed in the absence (�) and presence (�) of 1 �g
of ds-DNA as depicted. The inset shows the autoradiogram of the
thin-layer plate used to resolve 32Pi from [32P]ATP. The lanes con-
tained the following samples: 1, blank; 2, nsP2; 3 and 4, AR 	
ds-DNA; 5 and 6, ARIP4 	 ds-DNA; 7 and 8, ARIP4K310A 	
ds-DNA; and 9 and 10, ARIP4DE462AA 	 ds-DNA. The spots
corresponding to 32Pi and [32P]ATP are depicted.
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LexA fusion protein, including the hinge residues and the
AR ligand-binding domain (LexA-HLBD, AR amino acids
624–919) exhibited rather weak interaction with VP16-
ARIP4 ID in the presence of androgen; it was approximately
fourfold higher that with VP16 AD alone (Figure 5A). When
ZFRs of ER and progesterone receptors (PR) were fused to

LexA, the fusion proteins possessed measurable interaction
with VP16-ARIP4 ID, which was 20–30% of that with AR
ZFR (our unpublished data).

In mammalian cells, ARIP4 ID fused to VP16 AD interacts
with full-length AR fused in-frame to Gal4 DBD, as judged
by the activation of a reporter gene driven by Gal4 DNA-
binding motifs (Figure 5B). There was some interaction with
ARIP4 ID and Gal4-AR in the absence of androgen (approx-
imately fivefold increase), but the interaction was much
stronger in the presence than absence of 100 nM testosterone
in culture medium (�10-fold increase). SNURF and human
ODC fused to VP16 AD served in these experiments as
positive and negative controls (Figure 5B). SNURF is an AR
coregulator (Moilanen et al., 1998b), and it interacts with AR
ZFR both in vitro and in vivo (Moilanen et al., 1998b). In
contrast, ODC is a cytoplasmic protein that is not anticipated
to interact with nuclear receptors. The interaction of ARIP4
ID with Gal4-AR was stronger than that of SNURF with the
receptor, whereas ODC failed to recognize Gal4-AR (Figure
5B).

To assess whether ARIP4 interacts directly with AR under
cell-free conditions, GST pull-down experiments were per-
formed using full-length ARIP4 and ARIP4 with an amino-
terminal deletion (ARIP4�1–277) or ARIP4 with both amino-
and carboxyl-terminal deletions (ARIP4�1–277/1315–1466).
The proteins were labeled with [35S]methionine by transla-
tion in vitro and adsorbed to glutathione-Sepharose beads
containing AR ZFR (GST-ZFR). After the incubation of 35S-
labeled protein with the GST-ZFR matrix, the beads were
washed, and bound proteins were eluted and resolved by
SDS-PAGE. Full-length ARIP4 interacted specifically with
GST-ZFR (Figure 6A, lane 2), and no ARIP4 adhered to the
control beads (lane 3). Neither an amino-terminal deletion
(ARIP4�1–277; Figure 6A, lane 5) nor the combined amino-
and carboxyl-terminal deletions (ARIP4�1–277/1315–1466;
Figure 6A, lane 8) influenced markedly the in vitro interac-
tion of ARIP4 with AR ZFR, indicating that there are other
regions in ARIP4 capable of interacting with AR besides the
AR-ID (residues 91–230) recognized in the yeast two-hybrid
screen. [35S]Methionine-labeled LUC served as a negative
control in these studies, and it did not exhibit any binding to
GST-ZFR (Figure 6A, lane 11). The results of the GST pull-
down experiments suggest that ARIP4 and AR have a com-
plex interaction pattern, perhaps owing to the multiple
LXXLL motifs, and that the region 91–230 of ARIP4 identi-
fied as the AR-ID in the yeast two-hybrid screen is not the
only region of ARIP4 involved in the interaction with AR.

ARIP4 and AR also interacted under the conditions, in
which the two protein were ectopically expressed in COS-1
cells (Figure 6B). Unlike the interaction observed in a mam-
malian two-hybrid assay between full-length AR and ARIP4
ID, the interaction between full-length AR and ARIP4 pro-
teins under the coimmunoprecipitation conditions was not
markedly influenced by the presence of androgen (Figure
6B, cf. lanes 5 and 6), further supporting the notion that there
are multiple potential interaction interfaces between the two
proteins.

ARIP4 Generates Superhelical Torsion within Linear
DNA Fragments
Recent results have shown that several members of the SNF2
superfamily of proteins can generate superhelical torsion

Figure 5. ARIP4 interacts with AR and in yeast and mammalian
cells. (A) Yeast two-hybrid assay. Plasmids expressing different
LexA fusion proteins (LexA-AR, LexA-ZFR [amino acids 554–644 of
AR], LexA-ZFR-s [amino acids 554–623 of AR], LexA-HLBD [amino
acids 624–919 of AR]) were used to cotransform into Saccharomyces
cerevisiae L40 strain with plasmids expressing VP16 AD or VP16 AD
fused to ARIP4 (amino acids 86–227) (VP16 AD-ARIP4 ID). Trans-
formants were grown in the presence (�) or absence (�) of 50 nM
testosterone (T) as depicted. �-Galactosidase activity in extracts of
liquid culture is shown, and each bar gives the average of three
independent yeast transformants. (B) Interaction of ARIP4 with AR
in mammalian cells. CV-1 cells were transfected using the FuGene
reagent with a reporter plasmid pG5LUC (150 ng), 30 ng of rat AR
(amino acids 3–902) fused to the DBD of Gal4 (Gal4-AR), and 30 ng
of the indicated VP16 AD fusion proteins depicted by the � signs.
The proteins fused to VP16 AD were ARIP4-ID (ARIP4 amino acids
86–227), SNURF (SNURF residues 20–177), and human ODC. T (100
nM) was present in the culture medium as indicated. Each bar
corresponds to mean 	 SEM values of at least three independent
experiments, and the values were calculated relative to that of
Gal-AR in the presence of androgen and VP16 AD alone (
 1).
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within linear DNA fragments (Havas et al., 2000). To exam-
ine whether ARIP4 also possesses this activity, FLAG-
tagged wild-type ARIP4 and the ATPase-deficient
ARIP4K310A mutant were produced in insect cells by using
the baculovirus expression system. The proteins were sub-
sequently purified to �90% homogeneity by immunoaffinity
chromatography (Figure 7B) and assayed for their ability to
generate superhelical torsion on free DNA in the cruciform
formation assay. The yeast SWI/SNF complex is active in
this assay, and its activity is ATP dependent (Havas et al.,
2000). It served as a positive control in our experiments
(Figure 7, lanes 3 and 4), which indicated that ARIP4 is
capable of generating a negative supercoiling within the
linear DNA molecule and that this activity is dependent on

the presence of catalytic ATPase activity (Figure 7, lanes
7–12). The ATPase-deficient ARIP4K310A mutant exhibited
no detectable activity in the cruciform formation assay (Fig-
ure 7, lanes 15 and 16).

Effect of ARIP4 on AR-dependent Transcription
Other proteins in the SNF2-like family have been demon-
strated to cooperate with the activity of some nuclear recep-
tors (Yoshinaga et al., 1992; Muchardt and Yaniv, 1993;
Chiba et al., 1994; Ichinose et al., 1997). To assess the influ-
ence of ARIP4 on the transactivation ability of AR, transient
cotransfections were performed in COS-1 cells by using
reporter constructs driven by different promoters. In addi-
tion to wild-type ARIP4, several mutated ARIP4 forms were
transfected with AR. Coexpression of ARIP4 with AR in-
creased the transcriptional activity of AR on a minimal
promoter (ARE4-tk; Figure 8A) approximately threefold,
whereas an ARIP4 form devoid of the amino terminus,
including the AR interaction domain identified in the yeast
two-hybrid screen (AR-ID; ARIP4�1–277), did not influence
AR function. Truncation of ARIP4 at the carboxyl terminus
(ARIP4�1315–1466) generated a protein that was signifi-
cantly less active than wild-type ARIP4, suggesting that
there are functionally important interaction surfaces for
other proteins in the carboxyl-terminal region of ARIP4. It is
of note that ARIP4 sequence contains three LXXLL motifs
(amino acids 550–554, 724–728, and 1328–1332), and there-
fore, both ARIP4�1–277 and ARIP4�1315–1466 may still
interact with AR through these nuclear receptor boxes. In-
terestingly, the ARIP4 mutants devoid of ATPase activity
(ARIP4K310A and ARIP4DE462AA) were unable to activate
AR function; rather, when coexpressed with AR, these two
ARIP4 forms behaved as trans-dominant negative regulators
of AR under the transient transfection conditions (Figure
8A). ARIP4 cDNA sequence expressed in reverse orientation
did not modulate AR function significantly. ARIP4 also ac-
tivated ARE4-tk promoter in PC-3 cells (our unpublished
data). Similar to ARE4-tk, wild-type ARIP4 activated AR
function and the ATPase-deficient mutants behaved as trans-
dominant negative regulators of AR on another minimal
promoter, ARE2-TATA (our unpublished data).

We next examined the influence of ectopic ARIP4 ex-
pression on AR function in PC-3 cells that were stably
transfected with a human AR expression vector and the
luciferase reporter gene driven by the probasin promoter
(�285/�32). Under these conditions, the reporter gene
was activated by AR �10-fold in the presence of androgen
(Figure 8B). Wild-type ARIP4 elicited a modest increase
(1.5–1.6-fold) in ligand-dependent transcription by AR
from the stably integrated promoter, whereas the ATPase-
deficient mutants ARIP4K310A and ARIP4DE462AA did
not modify AR function.

In contrast to the stably integrated probasin promoter,
ARIP4 failed to activate AR function on this promoter under
transient transfection conditions in COS-1 (Figure 8C) or
PC-3 cells (our unpublished data); rather, wild-type ARIP4
and the ATPase-deficient mutants attenuated AR-dependent
transactivation to some extent. The mutants ARIP4�1–277
and ARIP4�1315–1466 did not alter AR function (Figure 8C).
Immunoblot analyses indicated that wild-type and mutant
ARIP4 proteins were expressed to comparable levels under

Figure 6. Interaction of androgen receptor with ARIP4. (A) In vitro
interaction of ARIP4 with the AR ZFR. Wild-type ARIP4, ARIP4�1–
277, ARIP4�1–277/1315–1466 or LUC were synthesized by transla-
tion in vitro by using reticulocyte lysate in the presence of [35S]me-
thionine, and the labeled proteins were incubated with the GST-AR
ZFR matrix (ZFR) or with the GST matrix (GST) alone. After wash-
ing of the matrix, the bound proteins were released by boiling in the
electrophoresis sample buffer, resolved by SDS-PAGE, and visual-
ized by fluorography. Lanes 1, 4, 7, and 10 represent 5% of the input
of the appropriate [35S]methionine-labeled protein. (B) Coimmuno-
precipitation of ARIP4 and AR from COS-1 cell lysates. The cells
were transiently transfected with 50 ng of pSG5hAR (lanes 1, 2, 5,
and 6) and 300 ng of pFLAG-ARIP4 (lanes 3–6). Testosterone was
included in culture medium as indicated for 2 h before harvesting
the cells. The cells were lysed and lysates adsorbed onto anti-FLAG
M2 affinity matrix, and the bound proteins resolved by SDS-PAGE
as described in MATERIALS AND METHODS. The presence of AR
in immunoprecipitates (IP) was detected by immunoblotting with
polyclonal rabbit anti-AR antiserum (K333). Also shown are por-
tions (2.5%) of the extract subjected to immunoprecipitation (input)
and immunoblotted with polyclonal rabbit anti-AR (K333) and anti-
ARIP4 (K7991) antisera.
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the experimental conditions used (Figure 1C; our unpub-
lished data).

To examine activator specificity of ARIP4, parallel series of
cotransfection experiments were performed with AR, GR, PR,
and ER by using minimal promoters in COS-1 cells; ARE4-tk
for AR, GR, and PR, and ERE2-TATA for ER. Under these

conditions, ARIP4 did not influence GR or PR function (1.0 	
0.03- and 0.97 	 0.06-fold vs. GR and PR alone, respectively),
whereas AR function was activated in a manner similar to that
depicted in Figure 8A (2.2 	 0.2-fold). ARIP4 failed to activate
ER function; rather, ER activity in the presence of ARIP4 was
approximately one-half of that with ER alone.

Figure 7. ARIP4 creates superhelical tor-
sion within linear DNA fragments. (A)
Cruciform formation assay was carried
out essentially as described by Havas et al.
(2000). Endonuclease VII fails to digest
cruciform-free linear DNA (lanes 2, 6, and
14). In the presence of yeast SWI/SNF
complex (lanes 3 and 4) or wild-type
ARIP4 (lanes 7–12), cruciform formation
occurs only in the presence of ATP in the
reaction mixture (lanes 4, 8, 10, and 12).
The mutant ARIP4K310A has no detect-
able activity both in the presence and ab-
sence of ATP (lanes 15 and 16). Indicated
amounts (in ng) of ARIP4 or ARIP4K310A
protein were used in the assay. (B) Purity
of ARIP4 and ARIP4K310A proteins used
in cruciform formation assay. The pro-
teins were expressed in insect cells, and
portions of the fractions eluted from the
affinity matrix with the FLAG peptide (see
MATERIALS AND METHODS) were
subjected to SDS-PAGE. The gel was
stained with GelCode Blue reagent (Pierce
Chemical, Rockford, IL). For comparison,
500 ng of bovine serum albumin (BSA)
was analyzed on the same gel.

Figure 8. Effect of ectopic ARIP4 expression on AR-dependent transactivation. (A) COS-1 cells were transiently transfected using the FuGene
reagent with 150 ng of ARE4-tk-LUC, 20 ng of pSG-rAR and 30 ng of wild-type ARIP4 or ARIP4 mutants as indicated. Testosterone (T, 100 nM)
was added 24 h after transfection as depicted by the � signs, and the cells were harvested 24 h later. The values are expressed relative to that of
AR in the presence of androgen without ARIP4 expression plasmids (
 100), and each bar represents mean 	 SEM values of at least three
independent experiments. The amount of wild-type ARIP4 expression vector used (30 ng) produced a response that was 30–50% of maximal. (B)
PC-3 cells with stably integrated pcDNA3.1-FLAG-hAR and pPB(�285/�32)-LUC were transfected using the FuGene reagent with 1 �g of
pHOOK vector, 0.1 �g of pCMV�, and 0.5 �g of the expression vector encoding wild-type ARIP4 or ARIP4 mutants as indicated. T (100 nM) was
added 18 h after transfection as depicted by the � signs, and the cells were harvested 24 h later using Capture-Tec kit. The values are normalized
to transfection efficiency and expressed relative to that of AR in the presence of androgen without ARIP4 expression plasmids (
 100). Each bar
represents mean 	 SEM values of at least four independent experiments. (C) COS-1 cells were transiently transfected as in A, except that 150 ng
of pPB(�285/�32)-LUC was used as the reporter construct. The values (mean 	 SEM, n 
 3) are expressed as in A.
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DISCUSSION

Like other steroid receptors, AR contains two transactivation
functions; AF1 in the amino-terminal region and AF2 in the
hormone-binding domain (Quigley et al., 1995). In contrast
to other members of this nuclear receptor subfamily, the
activity of AR AF1 is much stronger than that of AF2 (Moil-
anen et al., 1997). The AF2 domain, however, can be acti-
vated through interaction with the amino-terminal region of
AR and/or with multiple coregulatory proteins (Ikonen et
al., 1997; He et al., 1999; Glass and Rosenfeld, 2000). The AR
ZFR also presents an interaction interface for proteins, in-
cluding those needed in trans-repression of activating pro-
tein 1 (AP1)- and nuclear factor-�B–activated genes, in part
through a mechanism involving the cAMP response ele-
ment-binding protein-binding protein-binding protein (Kal-
lio et al., 1995; Palvimo et al., 1996; Aarnisalo et al., 1998). We
have previously characterized three proteins interacting
with AR ZFR and shown that, even though they do not
belong to related protein families, each one behaves as an
AR coregulator (Moilanen et al., 1998a,b; 1999). The fourth
AR ZFR-interacting protein described herein, ARIP4, is a
novel member of the SNF2-like family. ARIP4 binds ATP
and possesses DNA-dependent ATPase activity and gener-
ates unconstrained negative superhelical torsion on free
DNA, similar to several other proteins of this family, includ-
ing the yeast SWI/SNF complex, human BGR1 as well as
Drosophila ISWI and Xenopus Mi-2 complexes (Havas et al.,
2000).

The interaction interface for AR ZFR recognized in the
yeast two-hybrid screen resides in a nonconserved region
located amino-terminal to the ATPase domain of ARIP4. The
AR-ID region does not seem to be the only domain for the
ARIP4–AR interaction, because the ARIP4 sequence con-
tains three so-called nuclear receptor boxes, the LXXLL mo-
tifs (amino acids 550–554, 724–728, and 1328–1332) that
form potential interaction interfaces for the ligand-binding
domain of AR (Heery et al., 1997). Thus, the ATPase activity
of ARIP4 may be recruited to AR-regulated chromatin re-
gions through interaction with multiple regions of the re-
ceptor.

The proteins of the SNF2-like family comprise members
that play multiple roles in the regulation of protein–DNA
interactions, such as those involved in transcription, repli-
cation, and repair, and contain a large conserved Snf2 do-
main that confers ATPase activity on the proteins (Pazin and
Kadonaga, 1997; Kingston and Narlikar, 1999). The initial
connection of the SWI/SNF complex to steroid receptor-
dependent transcription was the demonstration that GR ac-
tivity, expressed in yeast, requires this complex and that
reporter activation brought about by GR or ER is lost in
yeast strains deficient for SWI1, SWI2, and SWI3 proteins of
the SWI/SNF complex (Yoshinaga et al., 1992). Subsequent
studies showed that ectopically expressed mammalian
SWI2/SNF2 homologs hbrm and BGR1 cooperate with GR
or ER in trans-activation of reporter genes (Muchardt and
Yaniv, 1993; Chiba et al., 1994; Fryer and Archer, 1998), that
GR increases the SWI/SNF nucleosome remodeling activity
when bound to a nucleosomal glucocorticoid response ele-
ment (Östlund Farrangs et al., 1997), and that glucocorticoids
promote hormone-induced association of GR to the BRG1
complex in vivo (Fryer and Archer, 1998).

Diverse regions of steroid receptors are implicated in the
interaction with SNF2-like proteins. An intact DNA-binding
domain (zinc-finger region) of GR was shown to be needed
for the receptor’s cooperation with SWI2/SNF2 proteins and
their mammalian homologs (Yoshinaga et al., 1992; Mu-
chardt and Yaniv, 1993). The SWI/SNF complex may also
potentiate GR action through the amino-terminal transacti-
vation domain of the receptor (Wallenberg et al., 2000). In
contrast, the ligand-binding domain of ER comprising the
AF2 function interacted in a yeast two-hybrid assay with the
amino-terminal region preceding the ATPase domain of
hbrm or BRG1 (Ichinose et al., 1997). Another ATPase, p68
RNA helicase, was recently shown to be a coactivator of ER�
function and to interact with the amino terminus containing
AF1 of this receptor (Endoh et al., 1999). Our present data
link AR function to a novel member of the SNF2-like family,
ARIP4, the amino-terminal region of which was recognized
in the yeast two-hybrid screen with AR ZFR. Deletion of this
AR interaction interface (AR-ID) abolished the activity of
ARIP4 on AR function, despite the fact that other regions of
ARIP4, such as the LXXLL motifs may also interact with AR.
Comparison of the AR-ID sequence with those in three other
proteins interacting with AR ZFR (Moilanen et al., 1998a,b;
1999) fails to define a consensus sequence, although each
surface contains a Ser-rich cluster of charged amino acids
(Asp, Arg, Glu, and Lys) flanked by nonpolar residues (Ile,
Leu, and Val).

The ATPase activity of ARIP4 was mandatory for its abil-
ity to activate AR function, a situation similar to that with
GR activation by hbrm (Muchardt and Yaniv, 1993) and to
the function of many other, but not all, SNF2-like family
members (Khavari et al., 1993; Laurent et al., 1993; Auble et
al., 1994; Kingston and Narlikar, 1999; Tyler and Kadonaga,
1999). Similar to the ATPase-deficient ARIP4 mutants
ARIP4K310A and ARIP4DE462AA in mammalian cells un-
der transient transfection conditions, MOT1 mutants devoid
of ATPase activity behaved as trans-dominant negative al-
leles in yeast (Auble et al., 1994). Mechanisms for this feature
are currently unknown, but perhaps ARIP4 without catalytic
ATPase activity locks other partners interacting with endog-
enous ARIP4, or a related protein, in a nonfunctional com-
plex. Determination of the nature of proteins complexed
with ARIP4 in vivo would help to resolve this issue. The
carboxyl-terminal region of ARIP4 does not exhibit sequence
homology with any SNF2-like family members or contain
recognizable functional domains, such a bromodomain or a
SANT domain (Kingston and Narlikar, 1999; Vignali et al.,
2000). The ATRX protein, a transcriptional regulator (Mc-
Dowell et al., 1999), exhibits the highest homology with the
ARIP4 Snf2 domain, but ARIP4 does not contain a plant
homeodomain-like domain, such as that in ATRX, in the
sequence flanking the helicase region. However, the deletion
of the �150 carboxyl-terminal residues attenuated ARIP4
activity, implying that ATPase activity is mandatory but not
sufficient for the ability of ARIP4 to modulate AR function.

ATP-driven chromatin remodeling factors facilitate not
only transcriptional activation but also repression (Kingston
and Narlikar, 1999; Tyler and Kadonaga, 1999). For example,
genome-wide expression analysis in yeast revealed that, of
the genes dependent on the SWI/SNF complex (�6% of all
yeast genes), a greater number was negatively rather than
positively regulated by SWI/SNF (Holstege et al., 1998).
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Likewise, the c-fos promoter is repressed by BRG1, the mech-
anism of which requires the presence of the Rb protein
(Murphy et al., 1999). Transcription activation by SWI/SNF
is attributed to interaction of the SWI/SNF complex with
acidic activators, whereas recruitment of histone deacetylase
activity by chromatin remodeling complexes is involved in
transcriptional repression (Tong et al., 1998; Neely et al.,
1999; Tyler and Kadonaga, 1999). In view of this, it was not
totally unexpected that AR-dependent minimal promoters
ARE4-tk and ARE2-TATA were activated but the more com-
plex probasin promoter was, if anything, attenuated by ec-
topic ARIP4 expression in transient transfection assays.
However, ARIP4 was able to activate modestly the probasin
promoter under the conditions, where this promoter is in a
proper chromatin context, i.e., stably integrated in the PC-3
cell genome. We cannot exclude the possibility that, similar
to another SNF2-like family member, MOT1 (Auble et al.,
1997), ARIP4 influences DNA binding of the receptor itself
in a promoter-specific manner.

Targeting of Snf2 domain-containing chromatin remodel-
ing complexes in vivo to specific DNA sequences can be
achieved 1) by recruitment of sequence-specific transcription
factors, 2) through interaction with the RNA polymerase
holoenzyme, or 3) by intrinsic DNA-binding ability (Björk-
lund et al., 1999; Kingston and Narlikar, 1999; Lemon and
Freedman, 1999). It is tempting to suggest that targeting of
ARIP4-containing complexes to AR-dependent genes occurs
through AR, a sequence-specific transcription factor. This
notion is supported by the results showing that, at least
under transient transfection conditions, ARIP4 exhibits re-
ceptor selectivity, because it failed to activate GR, PR, and
ER function. However, it remains to be established whether
ARIP4 possesses intrinsic DNA-binding activity that would,
in turn, be able to target AR to requisite regulatory regions.
In any event, ARIP4 is the first SNF2-like protein shown to
interact with the AR, and it is also a novel member of this
protein family. Better understanding of its function in ste-
roid receptor signaling requires improved knowledge of the
proteins that form complexes with ARIP4 in vivo and the
ways by which ARIP4 facilitate nucleosome assembly and
mobilization. It would be of particular interest to examine
whether ARIP4 forms complexes in vivo with other AR
ZFR-interacting proteins; SNURF (Moilanen et al., 1998b);
the nuclear Ser/Thr kinase ANPK (Moilanen et al., 1998a);
and ARIP3, a member of the PIAS family (Moilanen et al.,
1999). And finally, it is intriguing that ARIP4 is a potential
target for SUMO-1 modification, in a manner similar to AR
itself (Poukka et al., 2000).
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