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RNA helicase A (RHA) is a member of an ATPase/DNA and RNA helicase family and is a homologue of
Drosophila maleless protein (MLE), which regulates X-linked gene expression. RHA is also a component of
holo-RNA polymerase II (Pol II) complexes and recruits Pol II to the CREB binding protein (CBP). The
ATPase and/or helicase activity of RHA is required for CREB-dependent transcription. To further understand
the role of RHA on gene expression, we have identified a 50-amino-acid transactivation domain that interacts
with Pol II and termed it the minimal transactivation domain (MTAD). The protein sequence of this region
contains six hydrophobic residues and is unique to RHA homologues and well conserved. A mutant with this
region deleted from full-length RHA decreased transcriptional activity in CREB-dependent transcription. In
addition, mutational analyses revealed that several tryptophan residues in MTAD are important for the
interaction with Pol II and transactivation. These mutants had ATP binding and ATPase activities comparable
to those of wild-type RHA. A mutant lacking ATP binding activity was still able to interact with Pol II. In
CREB-dependent transcription, the transcriptional activity of each of these mutants was less than that of
wild-type RHA. The activity of the double mutant lacking both functions was significantly lower than that of
each mutant alone, and the double mutant had a dominant negative effect. These results suggest that RHA
could independently regulate CREB-dependent transcription either through recruitment of Pol II or by

ATP-dependent mechanisms.

RNA helicase A (RHA) is a member of the DExH family of
ATPases/helicases and catalyzes the displacement of both dou-
ble-stranded RNA and DNA from 3’ to 5’ (32, 61, 63). Func-
tional domains of RHA include two double-stranded RNA
binding domains at the amino terminus known as dsRBD1 and
dsRBD?2. The catalytic core domain is located within the cen-
tral region and contains a DExH motif. This core domain
contains seven well-conserved motifs; one of them has an ATP
binding site with the consensus GCGKT and FILDD, known as
the A site the B site, respectively. The carboxyl terminus con-
tains an RGG-rich region that is capable of binding single-
strand nucleic acids (62).

RHA was originally isolated as a human homologue of Dro-
sophila maleless protein (MLE), with which it has 50% se-
quence identity and 90% sequence similarity (33). In Drosoph-
ila, MLE colocalizes with acetylated histone H4 (8, 48). MLE
is involved in sex-specific gene dosage compensation and ele-
vates the level of transcription derived from a single X chro-
mosome in male flies to a level equivalent to that derived from
two X chromosome in the female (25, 29). MLE mutants are
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embryonic lethal to males, indicating that MLE is an essential
factor in Drosophila development.

In mammals, RHA-knockout mice are embryonic lethal for
homozygous RHA mutants (35). Analysis of these mice re-
vealed that RHA is associated with differentiation of the em-
bryonic ectoderm during gastrulation. It is possible that RHA
has an important role in early embryonic development.

We previously reported that in mammalian cells, RHA func-
tions as a bridging factor connecting the CREB binding protein
(CBP) and holo-RNA polymerase II (Pol IT) complexes (43).
CBP is a general coactivator and plays key roles in nuclear
signaling. RHA interacts with the CH3 domain of CBP via the
RHA N terminus and recruits Pol II through a stretch of 410
amino acids (aa) (positions 255 to 664). RHA also recruits Pol
II to the breast cancer-specific tumor suppressor protein
BRCAI1. BRCA1 mutants having a reduced ability to bind to
RHA are observed in breast cancer. It was suggested that the
weaker interaction between RHA and BRCAL1 decreases the
transcriptional activity of BRCAI, leading to the development
of breast cancer (4). Recently, RHA was reported to be in-
volved in human immunodeficiency virus gene expression (19)
and transcriptional regulation of the p16”%** promoter (41).
These reports indicate that RHA may be an essential factor for
a wide variety of transcriptional pathways.

In addition to its function as a bridging factor, the ATPase
and/or helicase activity of RHA appears to be important for
transactivation. With respect to CREB-dependent transcrip-
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FIG. 1. Identification of the MTAD of RHA. (A and C) Schematic representations of RHA and RHA deletion mutants used in transactivation
assays. Solid boxes indicate the functional domains, dsRBD, helicase motif, and RGG-rich region. Solid bars represent the CBP binding domain
(CBP) and BRCALI binding domain (BRCAL1). The hatched boxes illustrate MTAD. (B and D) Transactivation assays in yeast. Yeast strain Y190
cells were transformed with RHA deletion mutants inserted into pGBT9 or empty vector alone. The B-Gal activity derived from cells transformed
with empty vector was designated 1. Each value of relative B-Gal activity represents the mean * standard error (n = 3).

tion, a lysine-to-arginine change in the ATP binding site of
RHA leads to a loss of ATP binding ability and ATPase
activity and results in decreased transcriptional activity (43).
In Drosophila, the mutant MLE lacking ATPase activity
cannot rescue dosage compensation (34). As ATPase and/or
helicase activity is essential for transactivation, it is likely
that both the sequence and function of these sites are con-
served between RHA and MLE. It is therefore possible that
RHA regulates transactivation via common mechanisms
conserved from flies to humans. Investigation of these
mechanisms may shed light on general transactivation mech-
anisms conserved in eukaryotic cells. It is not known how
RHA can activate transcription via both an ATP-dependent
mechanism and recruitment of Pol II. The region of RHA
containing the previously reported Pol II binding domain
involves helicase motifs; however, there is no motif reported
specifically as a transactivation domain (54). Accordingly, in
this study we have defined a 50-aa minimal transactivation
domain (MTAD) and generated mutants that were not ca-
pable of interacting with Pol II. Furthermore, we also sug-
gest that RHA could have dual roles in CREB-dependent
transcription, based on a comparison with the mutant lack-
ing ATP binding ability.

MATERIALS AND METHODS

Plasmids. The fragments RHA1L, -2, -3, and -4 were obtained from pGEX-
5X-1RHA (1-250), (230-650), (630-1020), and (1000-1279), respectively (43).
The fragments of other RHA deletion mutants, termed RHA2-1, RHA2-2,
RHA2-3, RHA2-4, RHA2-1N, RHA2-1INL, RHA2-1CL, RHA2-1C, RHA2-1M,
RHA2-INC, MTAD, sMTAD, and cMTAD (Fig. 1A), were generated by PCR-
based methods. The MTAD region of Caenorhabditis elegans (eMTAD) was
amplified from a C. elegans cDNA library by PCR. An alanine scanning mu-
tagenesis method was used to generate MTAD mutants with substitutions in
each residue conserved among RHA homologues. These mutants are termed
MTADw332a, MTADP334a, MTADP335a, MTADN338A, MTADwW3394,
MTADN340A MTADwW342A, MTADN346a, MTADI1347a, MTADD3484,
MTADE349a, MTADL352A, MTADE358A, MTADI1360a, and MTADSs361A.
Each of these fragments was inserted, either alone or fused to the GAL4
DNA binding domain (GAL4-DBD), into pGBT9 (Clontech) or pcDNA3
(Invitrogen) for transactivation assays in yeast or mammalian cells, respec-
tively. Amino acids 330 to 376 were deleted from RHA2 to generate
RHA2AMTAD. RHA2 mutations RHA2w339a, RHA21347a, and RHA2mATP,
which contains a lysine to-arginine change at position 417 in the ATP binding
site, were generated by PCR. RHA2 mutations, wild-type RHA2, and MTAD
fragments were inserted into pGEX-5X-1 (Amersham Pharmacia Biotech)
for glutathione: S-transferase (GST) pull down and ATP binding assays. The
full-length fragment of wild-type RHA and mutant with a substitution in the
ATP binding site, termed RHAwt and RHAmATP, respectively, were obtained
from each RHA expression vector (43). The mutated full-length RHA frag-
ments RHAAMTAD, RHAW3394, and RHA1347A were created by PCR. The
double mutant of full-length RHA (RHAw-mATP) contains the mutations
generated in both RHAw339A and RHAmAtp. For transient reporter and
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ATPase assays, full-length RHA fragments were introduced into pcDNA3-
HA, which was constructed by inserting hemagglutinin antigen (HA) se-
quence into pcDNA3 (39). All plasmids generated by PCR were confirmed by
sequence analysis. The pRc/RSVmCBP, protein kinase A (PKA), GAL4-
CREB (43), and pGAL4 (39) expression vectors, CRE-Luc (59) and pG5b-
Luc (60) reporter plasmids, and control plasmid RSV-B-gal (43) have been
described previously.

Transactivation assay. Saccharomyces cerevisiae strain Y190 was trans-
formed with RHA deletion mutants by a lithium acetate method, and trans-
formants were selected by incubation on agar plates lacking tryptophan for 3
days. For the liquid B-galactosidase (B-Gal) assay, 1 ml of growth medium
was inoculated with selected colonies. The assay was performed in triplicate
to quantify transcriptional activity of the RHA deletion mutants as previously
described (60).

Using LIPOFECTIN reagent (Gibco BRL), human embryonic kidney HEK-
293T cells were transiently transfected with 50 ng of each RHA deletion mutant
fused to GAL4-DBD, or the empty vector alone, and 50 ng of pG5b-Luc.
Following 24 h of incubation, cells were lysed with cell lysis buffer (Toyo Ink) and
luciferase activities were measured. Each measured activity was normalized for
B-Gal activity using cotransfected RSV-B-gal as a control. Each experiment was
performed in triplicate (14, 45).

Antibodies. Rabbit polyclonal antibodies against the largest subunit of RNA
polymerase IT (N-20) were obtained from Santa Cruz Biotechnology. Mouse and
rat monoclonal antibodies against the HA tag (12CAS5 and 3F10) were purchased
from Boehringer Mannheim.

GST pull-down assay. The GST fusion protein of each RHA mutant was
expressed in Escherichia coli strain TopXF' (Invitrogen) and purified using
glutathione-Sepharose beads (Amersham Pharmacia Biotech). Fifty micro-
grams of nuclear extract obtained from HEK-293T cells was incubated with 2
ng of each GST fusion protein bound to resin in 1 ml of buffer A (20 mM
HEPES [pH 7.9], 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.05%
Tween 20, 5% glycerol, 1 mM Na;VO,, 5 mM NaF, 1 pg each of aprotinin,
leupeptin, and pepstatin A per ml) for 8 h at 4°C. After washing with buffer
A, bound proteins were fractionated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis and analyzed by Western blotting.

ATP binding assay. One hundred nanograms of GST fusion protein bound
with beads was incubated with [y->*P]JATP (5,000 Ci/mmol) in 50 ul of ATP
binding buffer (45 mM HEPES [pH 7.6], 0.9 mM EDTA, 0.9 mM EGTA, 4.5 mM
magnesium acetate 0.14 mM KCl, 9% glycerol, 0.018% Nonidet P-40, 0.12 mg of
bovine serum albumin per ml) for 10 min at room temperature. ATP was used
at a concentration of 2.7 uM. After washing with ATP binding buffer, the bound
ATP was measured by scintillation counting (Coulter) (27).

ATPase assay. A series of HA-tagged full-length RHA polypeptides were
synthesized in the Promega TNT coupled reticulocyte lysate system with
[3°S]-methionine and immunopurified with anti-HA antibody. Equal amounts
of each HA-RHA polypeptide bound with beads were incubated at room
temperature with [y->?P] ATP (0.5 nCi/reaction, 10 pM ATP [final concen-
tration]) in 50 pl of ATPase buffer (36 mM HEPES [pH 7.6], 0.05 mM EDTA,
0.05 mM EGTA, 3.6 mM magnesium acetate, 5% glycerol, 50 mM KCl, 0.01%
Nonidet P-40). At indicated times, 2 ul of the reaction was stopped by adding
0.5 pl of 2% sodium dodecyl sulfate. One microliter of the stopped reaction
was spotted onto a polyethyleneimine-cellulose thin-layer chromatography
plate, previously soaked in ethanol and air dried, and subsequently developed
in 0.4 M K,HPO,-0.7 M boric acid. A bioimaging analyzer (BAS2000; Fuji)
was used to count radiolabeled ATP and P; (27, 58).

Transient transfection assay. Transfection assays were performed in HEK-
293 cells by using calcium phosphate. Cells were lysed with cell lysis buffer
24 h after transfection, and reporter activities were measured. Reporter
activity was induced by cotransfection with the PKA expression vector. Re-
corded activity was normalized to the protein level of the cell extract, quan-
tified using the Bradford assay (Bio-Rad) and B-Gal activity from RSV-B-gal.
All experiments were performed in triplicate. HEK-293T cells were trans-
fected with 100 ng of CRE-Luc or pG5b-Luc reporter plasmid, 50 ng of
wild-type or catalytically inactive PKA expression vector (PKAwt or PKAmut,
respectively), 200 ng of pPRc/RSVmCBP or empty vector (pRc/RSV; Invitro-
gen), and 0, 50, or 100 ng of full-length RHA expression vector. For assay
with the pG5b-Luc reporter plasmid, cells were cotransfected with 100 ng of
GALA4-CREB expression vector. Cells were cotransfected 50 ng of RSV-p-gal
as a control. The total amount of expression vector was kept constant by
adding appropriate amounts of the empty vector pcDNA3-HA.

MoL. CELL. BIOL.

RESULTS

The region between aa 331 and 380 has transcriptional
activity. We reported previously that RHA activates CREB-
dependent transcription by interacting with Pol II through the
region extending from aa 255 to 664 amino acids (43). To
further understand the mechanism of transactivation mediated
by RHA, we carried out a transactivation assay to identify the
transactivation domain. First, to confirm whether the region
interacting with Pol II has transcriptional activity, we fused
four previously described fragments of RHA, termed RHA1 to
-4 (Fig. 1A). GAL4-DBD and quantified their transcriptional
activities in yeast. As expected, RHA2, which is known to
interact with Pol II (43), activated transcription nine fold more
than the vector alone. However, RHAI, -3, and -4 did not
activate transcription (Fig. 1B).

To identify the minimal region required for transactivation,
RHA2 was divided into four fragments, termed RHA2-1,
RHAZ2-2, RHA2-3, and RHA2-4 (Fig. 1C). RHA2-1 (aa 255 to
380), RHA2-2 (aa 381 to 480), RHA2-3 (aa 431 to 581), and
RHA2-4 (aa 531-664) contain the BRCA1 binding domain,
helicase motif I and an ATP binding site, helicase motifs II
(DEIH) and III, and helicase motifs III and IV, respectively
(Fig. 1C). Among these four mutants, only RHA2-1 activated
transcription 200-fold more than the empty vector. Subsequent
N-terminal deletion mutants of RHA2-1 (RHA2-1CL [aa 282
to 380] RHA2-1C [aa 315 to 380], and MTAD [aa 331 to 380])
were then generated. RHA2-1CL activated transcription com-
parably to RHA2-1. RHA2-1C and MTAD were also capable
of activating transcription 30-fold more than the empty vector,
which is less than one-seventh the activation induced by
RHAZ2-1. Independently, the N-terminal and C-terminal halves
of MTAD (sMTAD [aa 331 to 361] and cMTAD [aa 362 to
380]) did not activate transcription. All of the mutants lacking
the MTADs from RHA2-1, RHA2-1CL, and RHA2-1C (RHA2-
INL [aa 255 to 330], RHA2-1M [aa 282 to 330] and RHA2-INC
[aa 315 to 330], respectively did not activate transcription (Fig. 1C
and D). These results suggest that the minimal region for trans-
activation is this 50-aa region.

To examine whether this region functions in higher eukary-
otic cells as well as in yeast cells, a reporter assay was per-
formed in HEK-293T cells. A series of deletion mutants fused
to GAL4-DBD in a cytomegalovirus promoter-driven expres-
sion vector was cotransfected into HEK-293T cells with re-
porter plasmids containing five GAL4 binding sites upstream
of a TATA element. As in yeast, the MTAD was capable of
activating transcription in mammalian cells (data not shown).
The expression levels of deletion mutants in each experiment
were found to be comparable by Western blotting (data not
shown). These results show that the minimal region for trans-
activation of RHA in both yeast and mammalian cells is lo-
cated between aa 331 and 380.

MTAD interacts with Pol II. We previously reported that the
RHAZ2 region interacts with Pol II (43). To test whether
MTAD is in fact the Pol II binding region, a binding assay with
GST fusion proteins was performed. MTAD as well as RHA2
interacted with Pol II, while GST alone did not (Fig. 2). We
conclude that MTAD is the region interacting with Pol II in
RHA2.
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FIG. 2. Interaction of RHA with Pol II in vitro. Nuclear extracts
from HEK-293T cells were incubated with GST or deletion mutants of
RHA fused to GST. Bound Pol II was visualized by Western blot
analysis using the antibody against the largest subunit of Pol II. The
input lane represents 10% of the total volume of nuclear extract used
in each reaction.

MTAD is well conserved among the RHA homologues. Ho-
mologues of RHA have been reported in six species from C.
elegans to humans. Comparison of the amino acid sequences of
human MTAD and these homologues showed them to be well
conserved, particularly within the N-terminal half (Fig. 3A).
This prompted us to examine whether the function of MTAD
was also conserved among RHA homologues. The transcrip-
tional activity of the C. elegans MTAD (eMTAD), which is the
least conserved homologue of RHA, was examined in both
yeast and mammalian cells (data not shown). Transcriptional
activity of eMTAD fused to GAL4-DBD was 10-fold greater
than that of GAL4 alone (Fig. 3B), suggesting a conserved role
for MTAD among RHA homologues.
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We attempted to identify other proteins that contain this
domain. However, using the BLAST sequence alignment pro-
gram, MTAD was not found in any other proteins, suggesting
that MTAD is unique to RHA and distinct from transactiva-
tion domains reported previously.

Hydrophobic residues are important for transactivation.
The transactivation domains of some transcriptional factors
analyzed previously tend to be classified according to amino
acid composition. Domains can be classified as acidic, glu-
tamine rich, or proline rich (54). The MTAD of RHA cannot
be classified in this way, as it has few acidic residues and is not
glutamine or proline rich. To identify the amino acid residues
that are important for transactivation in MTAD, we generated
15 mutants in which residues conserved between RHA homo-
logues were replaced by alanine by site-directed mutagenesis.
These mutants are referred to as W332A, P334A, P335A,
N338A, W339A, N340A, W342A, N346A, 1347A, D348A,
E349A, L352A, E358A, I360A, and S361A (Fig. 3A). These
MTAD mutations were then fused to GAL4-DBD to examine
their effects on transactivation. They are referred to as
MTADwW332A, MTADPr334a, MTADP335A, MTADN338a,
MTADW339A, MTADN340a MTADw342a, MTADN346a,
MTADI1347a, MTADD348a, MTADE349A, MTADL352aA,
MTADE358a, MTADi1360A, and MTADs361A. As shown in
Fig. 1, wild-type MTAD activated transcription 50-fold more
than the empty vector in yeast cells and 140-fold more in
mammalian cells. Three mutants with substituted tryptophan
residues, MTADw332A, MTADw339A, and MTADw342a,
were approximately 20% as transcriptionally active as wild-
type MTAD in both yeast and mammalian cells, whereas the
other mutants had levels of activity comparable to that of
wild-type MTAD (Fig. 4A and B). These results show that the
hydrophobic residues in MTAD play an important role in
transactivation.
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FIG. 3. Features of MTAD and the RHA homologues. (A) Alignment of MTAD sequences of RHA homologues from C. elegans to humans.
The conserved residues among RHA homologues are indicated with shaded boxes. Mutants with each conserved residue changed to alanine were
generated. (B) Transactivation assay with the region in C. elegans corresponding to MTAD. Yeast strain Y190 cells were transformed with eMTAD
inserted into pGBT9 or empty vector alone. The 3-Gal activity derived from cells transformed with empty vector was designated 1. Each value of

relative B-Gal activity represents the mean * standard error (n = 3).
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FIG. 4. Critical effects of the tryptophan residues in MTAD. Transactivation assays were performed with yeast (A) and mammalian (B) cells
transformed with conserved-residue MTAD mutants. Yeast strain Y190 cells were transformed with MTAD mutants or empty vector alone.
HEK-293T cells were transfected with 50 ng of MTAD mutants fused to GAL4-DBD or empty vector and 50 ng of pG5b-Luc reporter plasmid.
The B-Gal or luciferase activity of each mutant was compared to that of the wild-type MTAD, which was designated 100%. Each value of relative
B-Gal or luciferase activity represents the mean *+ standard error (n = 3). (C) Binding activities of the RHA2 mutants to Pol II in GST pull-down
assay. Nuclear extracts from HEK-293T cells were incubated with the RHA2 mutants fused to GST or GST alone. Western blot analysis was
performed with the antibody against Pol II. The input lane represents 10% of the total volume of nuclear extract used in each reaction.

We then examined whether tryptophan residues in MTAD
contributed to Pol II binding. A GST pull-down assay was
performed with a series of GST-RHA2 mutants. In addition, a
mutant lacking ATP binding ability was also used in this assay
to assess the importance of the ATP binding site in Pol II
binding activity. This mutant, RHA2mATp, has an arginine
substitution for lysine at position 417. Both RHA2w339A and
RHA2AwmTAD, which have the region between aa 330 and 376
deleted, did not interact with Pol II (Fig. 4C). Mutants with
other substituted tryptophan residues, RHA2w332a and
RHA2w3424, gave the same result as RHA2w339a (data not
shown), while one mutant (RHA21347A) which activated tran-
scription comparably to wild-type MTAD in the transactiva-
tion assay, and another (RHA2matp) that had the same activ-
ity as the wild type both interacted with Pol II. These results

show that tryptophan residues in MTAD are important for
associating with Pol II.

RHA activates CREB-dependent transcription through
MTAD. To confirm the contribution of MTAD to RHA-me-
diated transcription, the effects of MTAD on CREB-depen-
dent transcription were examined using reporter assays with
full-length RHA mutants (RHAAMTAD, RHAW3394, and RHA
1347A). These mutants were cotransfected with the CRE-Luc
reporter and CBP expression plasmid into HEK-293 cells. In
PKA-stimulated cells, RHAwt activated CRE-Luc 60-fold, and
the activity was further enhanced approximately 1.5-fold with
CBP as described previously (43). In contrast, RHAAMTAD
enhanced activity 18-fold, which is 30% of the activity shown by
RHAwt. Mutants RHAw339A and RHA13474 reduced activity
to 30 and 50% of levels induced by RHAwt (Fig. 5A). The
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FIG. 5. Effects of MTAD and the tryptophan residue on CREB-dependent transcription, determined by transient reporter assays with the
CRE-Luc (A) or pG5b-Luc (B) reporter. HEK-293 cells were transfected with 100 ng of CRE-Luc or pG5b-Luc reporter plasmid, 50 ng of PKAwt
or PKAmut expression vector, 200 ng of pRc/RSVmCBP or empty vector alone, and 0, 50, or 100 ng of each mutant of full-length RHA expression
vector. For assay with the pG5b-Luc reporter, cells were cotransfected with 100 ng of GAL4-CREB expression vector. The total amount of
expression vector was kept constant with the addition of empty vector (pcDNA3-HA). Luciferase activity was normalized to the protein level of
cell extract quantified by the Bradford assay. The luciferase activity of cells transfected with empty vector alone and PKAmut was designated 1.
Each value of relative luciferase activity represents the mean * standard error (n = 3).

activity induced by RHAw339A was the same as that induced
by RHAAMTAD. It is therefore clear that MTAD, especially the
tryptophan residues, contributes to CRE-dependent transcrip-
tion. These data suggest that the capacity of MTAD to interact
with Pol II is critical to its ability to fully activate transcription.

Some transcriptional factors, for example, ATF and CREM,
are known to bind to the CRE sequence and regulate CRE-
dependent transcription (18, 21, 37). To rule out possible in-
terference from CRE binding proteins other than CREB, a
reporter assay was performed with pG5b-Luc. Instead of CRE-

Luc, CREB fused to GAL4-DBD and pG5b-Luc were cotrans-
fected with RHA into HEK-293 cells. The ability of
RHAAwMTAD and RHAW3394 to activate transcription was re-
duced (Fig. 5B), consistent with results previously reported for
CRE-Luc. Western blot analysis showed that the expression
level of these mutants was comparable to the wild-type level
(data not shown). These results suggest that MTAD has an
important role in CREB-dependent transcription.

The W339A mutant has ATP binding and ATPase activities.
As reported previously, ATPase and/or helicase activities of
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FIG. 6. Influence of hydrophobic residue mutations in MTAD on ATP-dependent activities of RHA. (A) ATP binding assay. RHA2 mutants
fused to GST were incubated with [y->*P]ATP, and bound ATP was measured. The ATP binding activity of mutants was compared to that of
wild-type RHA2 (wt), which was designated 100%. (B) ATPase assay. Full-length RHA mutants were synthesized using an in vitro translation
system and subsequently immunopurified with anti-HA antibody. The immunocomplexes were incubated with [y->*PJATP. ATP hydrolysis was
monitored over time by separation of ATP and P; by thin-layer chromatography. hnRNP A1 was used as a negative control, and its ATPase activity

was subtracted from each value.

RHA are required for CREB-dependent transactivation (43).
It is possible that mutation of hydrophobic residues in MTAD
could affect the ATPase and helicase activities of RHA. There-
fore, ATP binding and ATPase activities of mutants were ex-
amined. An ATP binding assay showed that RHA2maTtp had
30% of the ATP binding activity of RHAwt, while
RHA2w339A and RHA21347a had ATP binding activity com-
parable to that of RHAwt (Fig. 6A).

ATPase activity was measured with HA-tagged RHA mu-
tants synthesized using an in vitro translation system and im-
munopurified with anti-HA antibody. The negative control was
hnRNP AI, which does not belong to the ATPase family.
While RHAmATp could not hydrolyze ATP, RHAw339A and
RHAAwMTAD hydrolyzed ATP at a level comparable to that of
RHAwt (Fig. 6B). These results show that the mutations in
MTAD had no eftect on ATP binding and ATPase activities of
RHA.

RHA has dual effects on CREB-dependent transcription. To
test whether the role of the tryptophan residue at position 339
in MTAD can be distinguished from ATPase or helicase ac-
tivity in CREB-dependent transcription, a double mutant
(RHAw-maTtp) with a mutated ATP binding site and an ala-
nine substitution for tryptophan at position 339 was generated.
The activity of RHAw-mATP was measured in a reporter assay.
As described above, RHAwt enhanced CREB-dependent tran-
scription in PKA-stimulated cells. Mutants RHAmATp and
RHAw339A reduced CREB-dependent transcription to 50 and
30%, respectively, of the levels obtained with RHAwt. The
double mutant induced transcription to only 5% of the wild-
type level, which is lower than for each individual mutant.

Furthermore, the transcriptional activity of the double mutant
was significantly lower than that of the empty vector. The
double mutant appeared to have a dominant negative effect on
transcription (Fig. 7). Western blot analysis confirmed that the
expression level of each of these mutants is comparable to the
wild-type level (data not shown). These results suggest that
RHA could independently activate CREB-dependent tran-
scription either through interaction with Pol II or by ATP-
dependent mechanisms.

DISCUSSION

In this study, we defined a stretch of 50 amino acid residues
between aa 331 and 380 as the MTAD. This domain has tran-
scriptional activity in both yeast and mammalian cells (Fig. 1)
and interacts with Pol II (Fig. 2). Sequence analysis revealed
that this domain contains six conserved hydrophobic residues
unique to the MTAD of RHA homologues (Fig. 3). Muta-
tional analyses indicated that the tryptophan residues are es-
sential for transactivation and Pol II binding of MTAD.

Transactivation domains can generally be classified as acidic,
glutamine rich, and proline rich on the basis of amino acid
composition. In some cases, it has been shown that hydropho-
bic residues are important for transcriptional activity (54). Ala-
nine scanning mutagenesis has revealed a role for hydrophobic
residues in other acidic transactivation domains from tran-
scription factors such as VP16 (13, 49, 56), RelA (p65) (6, 51),
p53 (31, 36, 57), glucocorticoid receptor (2, 3), and GCN4 (24).
For VP16 and p53, it was reported that the aromatic residues
in particular were important for transactivation, as determined
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FIG. 7. Dual roles of RHA on CREB-dependent transcription. Transient reporter assays were performed using the CRE-Luc reporter with the
RHA double mutant containing the mutations RHAW339A and RHAmATp. HEK-293 cells were transfected with 100 ng of CRE-Luc reporter
plasmid, 50 ng of PKAwt or PKAmut, 200 ng of pRc/RSVmCBP or empty vector alone, and 0, 50, or 100 ng of each mutant of the full-length RHA
expression vector. The total amount of expression vector was kept constant with the addition of empty vector (pcDNA3-HA). Luciferase activity
(shown on the y axis) was normalized to the protein level of cell extract and B-Gal activity from cotransfected RSV-B-gal control plasmid. The
luciferase activity from the empty vector alone (PKAmut) was designated 1. Each value of relative luciferase activity represents the mean =*

standard error (n = 3). (x, P < 0.035, RHAW-mATP versus empty vector).

by mutational analysis. Structural analysis also revealed that
tryptophan at position 23 in p53 (31) and phenylalanine at
position 479 in VP16 (49) were important for interaction with
MDM?2 and TATA binding protein-associated factor TAF;31,
respectively. The importance of tryptophan residues was also
reported for Spl and CREB (20, 50). It was suggested that the
alternating glutamine and hydrophobic amino acid sequence
motifs, which include tryptophan residues, could represent a
surface for interaction with TAFs. The MTAD of RHA is
neither acidic nor glutamine rich (Fig. 3A), and mutational
analysis revealed that a few acidic amino acids were not im-
portant for transactivation (Fig. 4A, and B). Therefore, we
expect that MTAD may be a novel transactivation domain
utilizing hydrophobic residues unique to RHA. Previous stud-
ies have reported the presence of CBP and RHA within a
holo-Pol II complex (12, 42, 44). In yeast, holo-Pol II com-
plexes contain several components, including Pol II, general
transcription factors, the mediator and SWI-SNF complexes,
and other proteins (23, 40). Some complexes in mammals
including Pol I are homologues of complexes found in yeast
(5, 11, 38). In this study, MTAD fused to GAL4-DBD acti-
vated transcription in yeast and mammalian cells, even though
RHA is not found in yeast. Therefore, we expect that this
particular transactivation domain could recruit the general
component of holo-Pol II conserved in eukaryotes.

Three tryptophan residues in MTAD are critical for trans-
activation and interaction with Pol II (Fig. 4). It remains to be
clarified whether it is hydrophobicity or the aromatic side chain
of tryptophan that is critical for interaction with Pol II. In
general, hydrophobic residues are located within proteins,
while polar and charged residues prefer surfaces. In contrast,
tryptophan residues are found on surfaces and in the interior
with nearly identical frequencies. Although tryptophan resi-
dues are comparatively rare, they are statistically most likely to
be found at interfaces (7, 55). This is because tryptophan can
contribute aromatic m interactions, is a hydrogen donor, and
has a large hydrophobic surface (7). It is possible that MTAD
has three tryptophan residues, instead of polar or charged
residues, that enable it to act as an interface on the surface of
RHA. However, the role of the tryptophan residues in MTAD
is not understood. The tryptophan residues may be necessary
for maintaining the structure of MTAD or may be directly
involved in the interaction with Pol II. These questions can be
addressed by probing the structure of MTAD, using spectro-
scopic or crystallographic techniques, or by exploring the as-
sociation of MTAD with putative target proteins within holo-
Pol II complexes.

Our results indicate that the minimal region required for
transactivation and Pol IT binding is MTAD. However in trans-
activation assay, RHA2-1 and RHA2-1CL are more active
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than MTAD. Experiments with RHA2-1NL, RHA2-1M, and
RHAZ2-1NC revealed that there is no additional transactivation
domain in RHA2-1 region and activation by RHA2-1 depends
on MTAD. There are several explanations, not mutually ex-
clusive, for the higher activity of RHA2-1 and RHA2-1CL.
First, the N-terminal region of RHA2-1CL might play a role in
stabilization of interaction between MTAD and Pol II. Second,
additional factors with no transcriptional activity might bind to
the N-terminal region of RHA2-1CL and stabilize the forma-
tion of the complex or enhance transcriptional activation by
MTAD. Structural analyses of the MTAD and Pol II complex,
in combination with investigation into the component of holo-
Pol II that interacts with MTAD, are expected to clarify this
question.

In a previous study, we showed that RHA could activate
CREB-dependent transcription with its ATPase and/or heli-
case activity (43). Members of the ATPase/helicase family play
important roles in many transcriptional processes. They are
essential for initiation and transcription-coupled repair and
may have important roles in elongation, termination, and tran-
script stability (16). For example, ATPases/helicases such as
TFIIH and the chromatin remodeling complexes participate in
transcription, especially in initiation and preinitiation. The en-
zymatic activities of XPB contained in TFIIH are required for
promoter opening (15, 53). It is suggested that the chromatin
remodeling complexes, such as SWI-SNF and NURF (nucleo-
some remodeling factor), could alter chromatin structure with
the energy of ATP hydrolysis (22, 26, 52). In addition, MLE,
the Drosophila homologue of RHA located within the X chro-
mosome, may be utilized for chromatin remodeling of
X-linked genes (34). In a preliminary study, we observed that
RHA interacts specifically with the hypophosphorylated form
of Pol II (Pol ITA) (S. Aratani and T. Nakajima, unpublished
data). It is possible that RHA is involved in preinitiation
and/or initiation of transcription. It is tempting to speculate
that RHA may contribute to chromatin remodeling and/or
transcriptional initiation. However, it is not known which tran-
scriptional activation processes require RHA.

Some factors, e.g., transcriptional regulators such as CREB,
CBP, and TFIIH, regulate transcription through dual mecha-
nisms. CREB has bipartite transactivation domains consisting
of constitutive and inducible activators, termed Q2 and kinase-
inducible domain (KID), respectively (9, 47). The glutamine-
rich Q2 domain engages the transcriptional apparatus via a
constitutive interaction with human TAF,;130 (17, 42). By con-
trast, the KID region modulates CREB activity via a phospho-
rylation-dependent association with CBP (10, 46). CBP acti-
vates transcription with its histone acetyltransferase activity
and functions as a molecular platform for transcriptional acti-
vators. It is reported that CREB and STAT1 require both
functions of CBP, while nuclear receptors do not require the
histone acetyltransferase activity of CBP (28, 30). TFIIH con-
tains two helicases (XPB and XPD) and a kinase (cdk7). Pro-
moters exhibit differential requirements for the kinase activity
of cdk7 (1, 53). As described above, it is possible that these
transcriptional factors utilize each mechanism differentially ac-
cording to the situation. In this study, we show that RHA may
have dual roles for transactivation. The double mutant lacking
the Pol II binding ability and ATP-dependent activity reduced
transcription significantly less than each individual mutant

MoL. CELL. BIOL.

(Fig. 7). These results raise the possibility that each function of
RHA may be utilized independently in transactivation. In ad-
dition, RHA could participate in transcription mediated by
several factors. The dual transactivation mechanisms may al-
low RHA to regulate a broad range of transcription exquisitely
in different situations.
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