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The recruitment of coactivators by nuclear hormone receptors (NRs) promotes transcription by subverting
chromatin-mediated repression. Although the histone methylation enzyme CARM1 and an ATP-remodeling
complex have been individually implicated in nuclear receptor-dependent transcription, neither a functional
nor mechanistic linkage between these systems has been identified. In the process of purifying endogenous
CARM1-interacting proteins, we identified an associated complex, nucleosomal methylation activator complex
(NUMAC), which includes at least eight components of SWI/SNF, including the ATPase BRG1. In the
NUMAC complex, the methylase, CARM1, acquires the ability to covalently modify nucleosomal histones,
and the directed nucleosome versus free core histone methylation-specificity change is increased dramatically.
Reciprocally, CARM1 stimulates the ATPase activity of BRG1, a key component in nucleosome remodeling.
In vivo, CARM1 and BRG1 coassemble on an estrogen receptor (ER)-target gene to cooperatively activate
ER-dependent transcription. This association of ATP-remodeling factors with HMT CARM1 defines a new
component of regulation in the nuclear hormone-signaling pathway.
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The NR superfamily of transcription factors regulates
gene expression in response to small lipophilic ligands
whose binding promotes the recruitment of coregulators
that reverse the block to transcription imposed by con-
densed chromatin (McKenna and O’Malley 2002). The
coregulators typically display either histone-modifying
activities or ATP-dependent chromatin remodeling ac-
tivities that utilize the energy of ATP hydrolysis to pro-
mote the accessibility of transcription factors to hor-
mone response elements (Travers 1999; Dilworth and
Chambon 2001). The best-characterized NR coactivators
include the p160 family proteins SRC-1, SRC-2 (TIF2/
GRIP1), SRC-3 (ACTR/pCIP/AIB1/RAC3), the histone
acetyltransferases (HATs) CBP/p300, ATP-dependent
chromatin remodeling complexes, and Mediator com-
plex (DRIP/TRAP) that bridges basal transcriptional ma-
chinery during transactivation (Westin et al. 2000;
Aranda and Pascual 2001; Narlikar et al. 2002). Whereas
these activities, which often exist as multisubunit com-
plexes, are targeted to NR-regulated promoters in a com-
binatorial manner, how, and precisely which complexes
are assembled remains unresolved.
ATP-remodeling complexes, consisting of from 2 to 12

subunits, can affect the position or mobility of nucleo-
somes in an ATP-dependent manner to either enhance or
alleviate the repressive effects of chromatin (Travers
1999). ATP-remodeling complexes all contain the SWI2/
SNF2 family of ATPases, which has homology to DNA
helicases. They can be grouped into four subfamilies on
the basis of the identity of their prototype ATPase as
follows: the SWI2/SNF2 subfamily (shares the greatest
homology to the yeast SWI2/SNF2 ATPase), the ISWI/
SNF2H subfamily (defined by similarity to the Dro-
sophila ISWI), the Mi-2 subfamily (defined by similarity
to the CHD ATPases), and the INO80 subfamily (defined
by the central INO80 ATPase; Becker 2002). Although
the two mammalian homologs of SWI2/SNF2, BRG1,
and Brahma (BRM) are highly related, they are apparently
recruited by different classes of transcription factors and
participate in distinct signaling pathways (Kadam and
Emerson 2003). Among the divergent mammalian SWI/
SNF complexes, BAF (also called hSWI/SNF-A) and PBAF
(hSWI/SNF-B) are the two predominant forms, which
possess either BRG1/BRM or BRG1, respectively (Nie et
al. 2000). The SWI/SNF (BRG1) complex has been pro-
posed to activate transcription by steroid nuclear recep-
tors such as ER and GR in vivo (Fryer and Archer 1998;
DiRenzo et al. 2000), whereas PBAF was shown to acti-
vate VDR and PPARs in a chromatin-based transcription
reaction in vitro (Lemon et al. 2001). Although the
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mechanism of BRG-1 recruitment by ER or GR is un-
clear, both the ATPase and cognate ligands are required
for transactivation (Ichinose et al. 1997; DiRenzo et al.
2000; Nie et al. 2000).
More recently, two histone methyltransferases

(HMTs), CARM1 and PRMT1, have been shown to act as
NR coactivators, but only in the presence of the p160
and p300/CBP proteins (Chen et al. 1999a; Koh et al.
2001). This activity is most effective on preacetylated
histones, suggesting that CARM1 acts downstream of
NR HATs (Xu et al. 2001; Daujat et al. 2002). The
CARM1 methyltransferase catalytic function is required
for receptor transactivation (Chen et al. 1999a) with
methylation at R17 of histone H3 serving as a marker of
active hormone response elements (Ma et al. 2001; Bauer
et al. 2002). These lines of evidence suggest that directed
methylation is a component of the histone code of NR-
mediated hormone signaling (Stallcup 2001; Kouzarides
2002). The observation that recombinant CARM1 meth-
ylates histone H3 of free core histones, but much less
efficiently with nucleosomes, suggests that association
with other factors may facilitate its action on chromatin
substrates in vivo (Xu et al. 2001). During glycerol gra-
dient fractionation of HeLa nuclear extracts, CARM1
was found in high-molecular weight fractions (see below;
data not shown), suggesting that CARM1 is a probable
component of an in vivo complex.
In an attempt to dissect the molecular basis underly-

ing transcriptional activation by the NR coactivator
CARM1, we have established cell lines that express Flag-
tagged CARM1 and purified the endogenous CARM1-
associated complex, NUMAC. The NUMAC complex
contains multiple SWI/SNF subunits and is found to
have enriched activity for nucleosome histone methyl-
ation. CARM1 and BRG1 physically interact in vitro and
coassemble on an estrogen receptor (ER) target gene to
cooperatively activate ER-dependent transcription in
vivo. The association of ATP-remodeling factors with
HMT CARM1 reveals a new arm in the nuclear hor-
mone-signaling cascade.

Results

Purification of Flag-tagged CARM1-associated
complex, NUMAC

To identify proteins regulating HMT activity in vivo, we
generated MCF7 cells that stably express CARM1 with
an amino-terminal Flag tag and a carboxy-terminal HA
tag to facilitate the purification. MCF7 cells were se-
lected because CARM1 is expressed at its highest level
in these, among 10 cell lines examined (data not shown).
Western blot analysis with anti-Flag and HA antibodies
showed efficient expression of CARM1 (Fig. 1A), and ap-
proximately the same amount of Flag-CARM1 is pro-
duced as the endogenous protein (Fig. 1A). Using a two-
step purification scheme (Fig. 1A), CARM1 and its asso-
ciated factors were purified over a Flag-M2 affinity resin
in the presence of estradiol (Fig. 1B, left, lane 2). The
eluted samples were trypsin digested, and the chromato-

graphed mixture was subjected to high-throughput mass
spectrometry sequencing (Washburn et al. 2001). This
resulted in the identification of 15 proteins, including
CARM1. After subtracting proteins present in the con-
trol MCF7-GFP cell lines (Fig. 1B, left, lane 1), the 10
remaining components of this collection included eight
members of the SWI/SNF ATP-dependent chromatin re-
modeling complex (Fig. 1B, left, lane 2), CARM1 and
p105. Western blotting using BAF-specific antibodies
also reveals the specific association of SWI/SNF compo-
nents in the Flag-eluate from CARM1-expressing cells
(Fig. 1B, right, lane 2), as they are absent in the Flag-
eluate from GFP control cells (Fig. 1B, right, lane 1).
SWI/SNF is one of the major chromatin-remodeling

complexes and exists in biochemically distinct forms.
For example, SWI/SNF A contains BAF250, whereas
SWI/SNF B is distinguished by the BAF180 subunit (Pe-
terson 2002). The presence of BRG1, BAF250, BAF170,
BAF155, BAF57, �-actin, and INI-1 within NUMAC
were confirmed byWestern blotting (Fig. 1B). �-actin and
the actin-related proteins (ARPs) have been found in sev-
eral SWI/SNF-like complexes, whose function is to
tether remodeling machinery to the nuclear matrix
(Olave et al. 2002). However, BAF180 (a PBAF-specific
subunit) was not detected, suggesting close similarity to
the mammalian SWI/SNF-A complex that also lacks this
component. Likewise, neither the ATPase hSNF2H (a
human ISWI homolog) nor the NR coactivator SRC-p160
proteins were found in the CARM1 complex (data not
shown). The second step of purification was glycerol gra-
dient sedimentation. We first combined recombinant
CARM1 (rCARM1, see Material and Methods) isolated
from Sf9 cells (Xu et al. 2001) and highly purified SWI/
SNF complex isolated from HeLa cells stably expressing
Flag-Ini-1 (Phelan et al. 1999) together onto glycerol gra-
dients. rCARM1, peaked at fraction 24, eluted closer to
the top of the gradient, whereas SWI/SNF components
BRG1 and BAF155 cosedimented in fractions 38 to 44
(Fig. 1C, top). However, when the Flag-purified CARM1
complex was subjected to glycerol gradient fraction-
ation, resulting in depletion of free CARM1, the majority
of CARM1 remained associated with SWI/SNF compo-
nents (fraction 38–44, cf. with SWI/SNF profile at top),
which includes the nucleosome histone H3 methylation
activity (activity panel, Fig 1C, cf. with the Coomassie
staining). The presence of eight SWI/SNF subunits in
these fractions (F40 and F42, lanes 2,3) were detected by
silver staining (Fig. 1D, left) and verified byWestern blot-
ting (Fig. 1D, right).
We next measured the substrate specificity of methyl-

transferase complex using various substrates, that is, free
core histones and nucleosomal histones. Intriguingly, in
contrast to rCARM1, which preferentially methylates
free core histones (Fig. 2A, lanes 1,2), the Flag-peptide
eluate readily methylates histone H3 present in either
nucleosomes or free-core histones (Fig. 2A, lanes 3,4).
Strikingly, the glycerol gradient fractions containing
both CARM1 and SWI/SNF subunits, such as F40, pref-
erentially methylate histone H3 in nucleosomes, and the
ability to methylate free histones is largely compromised
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(Fig. 2A, lanes 5,6). We refer to this entity as the nucleo-
somal methylation activator complex (NUMAC). After
normalizing recombinant CARM1 with the native form
in NUMAC by Western blotting (Fig. 7A, below), their
respective enzymatic activities toward equal amounts of
free core histones versus nucleosomes were compared.
Whereas rCARM methylates free core histones 36-fold
higher than nucleosomes, NUMAC displays a preference
for nucleosomes over histones by sixfold (Fig. 7A, be-
low). The reversed activity ratio of rCARM1 toward free

histones versus nucleosomes (36:1) versus NUMAC (1:
6) produces a net 200-fold change in specificity (Fig. 7A,
below). It is worthwhile to note that although we purify
NUMAC using a Flag-M2 affinity resin, the CARM1 that
is present in NUMAC is mostly endogenous CARM1,
which has no tag (Fig. 7A, below). This phenomenon
is consistent with our observation that CARM1 can
form oligomers in vivo, and supports the notion that
endogenous CARM1 associates with SWI/SNF to form
NUMAC.

Figure 1. Characterization of CARM1-complex. (A) Schematic for CARM1-complex purification. Western blot showing detection of
Flag-CARM1-HA in transfected MCF7 (lane 2) compared with the control GFP-stable cells (lane 1) using �-flag, HA, or CARM1
antibodies. (B) Determination of CARM1-associated polypeptides. Silver-staining (left) and Western analyses (right) of nuclear proteins
from GFP-stable cells (lane 1) and CARM1-stable cells (lane 2) after Flag-peptide elution. Half of the gel was subjected to Western
blotting with antibodies against SWI/SNF subunits (right) and superimposed on the silver-stained gel (left) to position each subunit.
Heat-shock proteins and �-actin (asterisks) are probably contaminants, as they were also present in control MCF7-GFP cell eluate (lane
1). (C) Western analysis of CARM1, SWI/SNF, and Flag-eluted CARM1 complex by glycerol gradient. Premixed CARM1 and SWI/SNF
(top) or Flag-eluted complex (bottom) was applied to a 5%–30% (v/v) gradient. A total of 100 µL of fractions were collected and
immunoprecipitated with 20% (w/v) TCA, followed byWestern detection with the mixture of BRG1, BAF155, and CARM1 antibodies.
BRG1 and BAF155 peaks at fraction 40 are separated from CARM1 peak at fraction 24 (top). The fractions where BSA (66 kD) and
Thyroglobulin (670 kD) molecular weight markers sediment are shown on the top of the blot. CARM1 in the Flag-eluted complex
cosediments with BRG1 and BAF155 through glycerol gradient (bottom). A total of 10 µL of each Flag-eluted fraction was assayed for
methyltransferase activity with 1.5 µg of nucleosomes and 3H-AdoMet as substrates. The autoradiography shows the methylation
activity is concentrated in fractions 38–44 and occurs on histone H3 when superimposed on the Coomassie-staining gel. The bracket
indicates fractions being further analyzed in D. (D) Silver-staining (left) and Western blotting (right) of NUMAC in fractions 40 and 42
from C. Fractions were TCA precipitated, SDS-PAGE resolved, and silver stained (left) or analyzed by Western blotting (right). The
weak staining of small molecular-weight BAFs by silver is probably due to inefficient precipitation by TCA, as the non-TCA-
precipitated samples contain small molecular weight BAFs as revealed by Western blotting (right). After Western transfer, the nitro-
cellulose membranes were first blotted with �-BAF60a/�-actin antibodies, then stripped and reprobed with the mixture of BRG1/
BAF155/CARM1/BAF57/ INI-1 antibodies.
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Methylation site-specific antibodies confirm that
NUMAC preferentially methylates R17 of H3 in nucleo-
somes, but not free histones (Fig. 2B, cf. lanes 5,6 and
1,2), whereas rCARM1 almost exclusively methylates
R17 of H3 in free core histones relative to nucleosomes
(Fig. 2B, cf. lanes 3,4 and 1,2). Reprobing this blot with
anti-methylated H3K4 and H3K9 antibodies revealed
that methylation of these residues are unchanged
(Fig. 2B, lanes 1–6) during the reaction. Thus, methylated

K4 and K9 in histone H3 automatically serve as loading
controls. These results suggest that the methylation
activity of NUMAC is specific for R17 of H3 in nu-
cleosomal histones, and consequently, the methylation
activity of NUMAC is mediated by CARM1. This pref-
erential nucleosome substrate specificity is reminiscent
of PR-set7, which methylates H4 in nucleosomes,
but reacts poorly with free histones (Nishioka et al.
2002).

Figure 2. NUMAC ATPase activity is required for nucleosomal histone methylation. (A) Nucleosomal histone methylation activity
of 0.2 µg of rCARM1 (lanes 1,2), 0.2 µg of Flag-peptide eluates (lanes 3,4), or 0.1 µg of NUMAC (Fraction 40, lanes 5,6) were determined
with 3 µg of either free core histones (F) or nucleosomes (N) in the methylation reaction. Autoradiograph (top) shows 3H-H3 in
nucleosomes after methylation, and Coomassie staining (bottom) shows total core histones. (B) Determination of methylation sites
in free core histones (F) and nucleosomes (N) by rCARM1 (lanes 3,4) and NUMAC (lanes 5,6). A total of 3 µg of free core histones (lanes
1,3,5) or nucleosomes (lanes 2,4,6) were incubated with 0.1 µg of BSA (lanes 1,2), 0.1 µg of rCARM1 (lanes 3,4), or 0.1 µg of NUMAC
(lanes 5,6) in the presence of 1 mM s-AdoMet. Reaction products were resolved by SDS-PAGE and analyzed using anti-H3R17Me
antibodies. The blot was stripped and reprobed with anti-H3K4Me or H3K9Me antibodies to indicate equal loading and the unaltered
methylation at those sites. (C) Addition of rCARM1 to SWI/SNF minimally affects nucleosomal methylation. A total of 0.1 µg of
rCARM1 (lanes 1,2), 3 µg of SWI/SNF (lanes 3,4), or 0.1 µg of rCARM1 preincubated with 3 µg of SWI/SNF (lanes 5,6) at 27°C for 15
min were incubated with 3 µg of either free core histones (lanes 1,3,5) or nucleosomes (lanes 2,4,6) in the methylation reaction. 3H-H3
is shown in the autoradiograph. (D) Dual role of ATP on NUMAC and determination of ATP�S concentration required to inhibit
BRG1-ATPase activity. A total of 0.05 µg of BRG1 or 0.5 µg of NUMAC were incubated with [�-32P]ATP and 0–4 mM ATP in the
ATPase assay. Free phosphate was separated from [�-32P]ATP on TLC plates, and the percentage of hydrolyzed [�-32P]ATP was plotted.
(E) Inhibition of NUMAC nucleosome (lanes 1,2) but not rCARM1 histone (lanes 3,4) methylation by 4 mM ATP�S. A total of 0.5 µg
of NUMAC or 0.1 µg of rCARM1 was incubated with 3 µg of nucleosomes or free core histones, respectively, in the presence of 0.1
mM 3H-AdoMet. Autoradiography and Coomassie staining of SDS-PAGE are shown. Half of the reactions were subjected to Western
blotting using �-H3R17Me antibody. The 3H-histone H3 band was cut out and counted with scintillation solvent. The amount of
3H-histone H3 in the presence of 4 mM ATP�S (lanes 2,4) was normalized by the level without ATP�S (lanes 1,3) to show the
inhibitory effect of ATP�S (bottom). (F) Either 0.5 µg of NUMAC or 0.1 µg of rCARM1 were used to methylate 3 µg of nucleosome
or free core histones, respectively. A 0.2 unit of apyrase was preincubated with the reaction mixture at 27°C for 15 min to deplete ATP
before addition of 3H-AdoMet substrates.

Nuclear receptor coactivator complex NUMAC

GENES & DEVELOPMENT 147



We next attempted to reconstitute the nucleosome
activity by mixing purified rCARM1 with the highly
purified SWI/SNF complex isolated from HeLa-INI-1
cells. This reaction is very inefficient, and results in only
marginal stimulation of nucleosomal histone methyl-
ation (Fig. 2C, lane 6), which suggests that either proper
folding of each subunit in vivo or ordered subunit re-
cruitment may be required for the assembly of NUMAC
and its enzymatic activity. We have also attempted
to reassemble NUMAC by denaturation and renatur-
ation of the rCARM1 and SWI/SNF. However, CARM1
alone or in combination with SWI/SNF completely lost
its methylase activity upon renaturation (data not
shown).
It has been reported that the ATP-dependent nucleo-

some disruption activity of NuRD stimulates the
deacetylation of nucleosomal histones (Xue et al. 1998).
Therefore, we tested whether ATP-dependent remodel-
ing mediated by NUMAC similarly facilitates nucleo-
somal histone methylation. First, we determined whether
addition of ATP could augment NUMAC-dependent
nucleosomal histone methylation. Only a modest stimu-
latory effect on NUMAC was observed by addition of 1
mM ATP (data not shown). Second, we measured
whether there are pre-existing amounts of ATP in our
methylation reaction. Using a firefly luciferase on the
basis of bioluminescence assay, we found that our prepa-
ration of NUMAC and nucleosomes associate with ∼10
nM ATP. Third, to demonstrate whether NUMAC
methyltransferase activity is dependent on ATP, we in-
hibited ATPase activity with the ATP analog ATP�S and
analyzed the change in nucleosome methylation by
NUMAC. As diagrammed in Figure 2D, ATP can poten-
tially play dual roles in the NUMAC nucleosome meth-
ylation reaction by affecting CARM1 and BRG1 indepen-
dently. On one hand, ATP is a substrate of the BRG1
ATPase, and is therefore essential for its remodeling ac-
tivity. On the other hand, ATP can be inhibitory to
CARM1 due to its similarity to S-adenosylmethionine,
the substrate of CARM1. For these reactions, we first
determined the amount of ATP�S that efficiently inhib-
its the ATPase activity of BRG1, but has no inhibitory
effect on methyltransferase activity. We found that 4
mM of ATP�S efficiently inhibited the ATPase activity
of either BRG1 or NUMAC (Fig. 2D) and displayed a
corresponding inhibition of NUMAC methylase activity
by 60% (Fig. 2E, lanes 1,2). In contrast, the methylase
activity of rCARM1 was not affected (Fig. 2E, lanes 3,4),
although higher concentrations of ATP�S can inhibit
rCARM1 by competing with the substrate S-adenosyl
methionine (SAM; data not shown). The ATP�S inhibi-
tion of nucleosome histone H3 methylation by NUMAC
(Fig. 2E, autoradiograph) correlates with the reduction of
R17Me in histone H3 (Fig. 2E). This data supports the
notion that CARM1 is the catalytic subunit of NUMAC
that is responsible for nucleosome methylation. To fur-
ther demonstrate that ATP-dependent nucleosome re-
modeling facilitates nucleosome methylation, we used
apyrase to remove ATP from the methylation reaction.
Addition of 0.2 units of apyrase inhibits nucleosome

histone H3 methylation by NUMAC, but has no effect
on methylation of core histones by rCARM1 (Fig. 2F,
lanes 3,4). The incomplete inhibition of nucleosome
methylation by addition of ATP�S (Fig. 2E) and removal
of ATP (Fig. 2F, lanes 1,2) implies that there is an ATP-
independent nucleosome methylation event (see Discus-
sion).

ATP-dependent remodeling activity of NUMAC
and the stimulation of SWI/SNF remodeling activities
by CARM1

We next investigated whether NUMAC retains the abil-
ity of SWI/SNF to disrupt nucleosomes, and if so,
whether the existence of CARM1 affects remodeling ac-
tivity. As shown in Figure 3A (lanes 4,5) and Figure 3B
(lanes 8,9), rCARM1 alone does not have ATP-dependent
remodeling activity. As expected, both NUMAC and
SWI/SNF exhibit ATP-dependent remodeling activity
(Fig. 3A, lanes 6,7,10,11, denoted by bracket). Intrigu-
ingly, the nucleosome disruption patterns generated by
NUMAC and SWI/SNF are different. NUMAC increases,
but SWI/SNF decreases DNaseI digestion in regions in-
dicated as brackets I and II in an ATP-dependent manner,
whereas the opposite effect is observed in regions indi-
cated as brackets III and IV (Fig. 3A), implying that in-
corporation of CARM1 may alter the enzymatic proper-
ties of the ATPase in SWI/SNF to remodel mononucleo-
somes. Next, we examined the stimulation of CARM1
on SWI/SNF remodeling activity. No stimulation of
SWI/SNF by rCARM1 was observed at high concentra-
tions of SWI/SNF, which probably has reached its maxi-
mal activity (Fig. 3A, cf. lanes 8,9 and 6,7). To observe
the stimulatory effect of CARM1, we used limiting
amounts of SWI/SNF. Both NUMAC and SWI/SNF ex-
hibit weak ATP-dependent remodeling activity at limit-
ing amounts of either complex (Fig. 3B, lanes 10–13, de-
noted by stars). Preincubation of recombinant CARM1
with SWI/SNF (1:1 molar ratio) results in a marked in-
crease in nucleosome remodeling (Fig. 3B, cf. lanes 4,5
and 12,13), which was further increased at higher ratios
of CARM1 to SWI/SNF (5:1; Fig. 3B, cf. lanes 6,7 and
12,13). As an alternative approach to investigate the
mechanistic difference between NUMAC and SWI/SNF,
and to quantify the change in SWI/SNF nucleosome re-
modeling activity induced by CARM1, we used the re-
striction endonuclease digestion assay (Logie and Peter-
son 1997). NUMAC fails to induce the exposure of a
single site in the nucleosome array as SWI/SNF does in
this assay (data not shown). However, we consistently
observe that CARM1 stimulates SWI/SNF-dependent
nucleosome disruption by 1.5 to twofold (data not
shown). This result further supports the notion that
SWI/SNF and NUMAC remodel nucleosomes using dif-
ferent mechanisms; moreover, it distinguishes NUMAC
from the simple mixture of rCARM1 and SWI/SNF. Fur-
ther studies to reveal their mechanistic difference in re-
modeling is under way. Nevertheless, the stimulation of
SWI/SNF remodeling by rCARM1 suggests that CARM1
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can stimulate SWI/SNF chromatin remodeling activity
in vitro, possibly by enhancing BRG1-catalyzed ATP hy-
drolysis, increasing the effectiveness of the hydrolysis
toward the remodeling event, or increasing the affinity of
SWI/SNF binding to chromatin substrates, or any com-
bination of the above.
To compare the ATPase activity of SWI/SNF and

NUMAC, we normalized the amount of complex by
Western blotting using BRG1 as a standard (Fig. 4A, left).
The other components used in the in vitro ATPase assay
are shown by SDS-PAGE analysis (Fig. 4A, right). Re-
markably, by measuring the cumulative activity in the
first 60 min of the reaction (Fig. 4B, inset), we found that
NUMACwas at least twice as active as SWI/SNF in ATP
hydrolysis when normalized by equimolar amounts of
BRG1 (Fig. 4B). Because CARM1 is devoid of ATPase
activity itself (Fig. 4B, inset), these results suggest that it

functions as a modifier or competence factor within the
large complex. Similar to previous reports for SWI/SNF
(Phelan et al. 1999), the ATPase activity of NUMAC was
stimulated by DNA and increased by about 10-fold in the
presence of nucleosomes (Fig. 4B), although DNA-depen-
dent stimulation of SWI/SNF ATPase activity was mod-
est in our assay. We then examined whether addition of
rCARM1 was sufficient to stimulate SWI/SNF ATP hy-
drolysis in either the presence or absence of nucleo-
somes, and whether the enzymatic activity of CARM1
was required. As observed above, addition of wild-type
CARM1 or an HMT-deficient variant (CARM1 mutant
189VLD191→ AAA) led to similar levels of activation (2.2-
fold) of SWI/SNF-dependent ATP hydrolysis (Fig. 4C,D),
indicating that the methyltransferase activity is not a
component of the enhancement. This is mechanistically
similar to NuRD, whose histone deacetylase activity is

Figure 3. Chromatin-remodeling activity of NUMAC and stimulation of SWI/SNF-remodeling activity by CARM1. (A) NUMAC and
SWI/SNF exhibit different nucleosome disruption patterns. The ATP-dependent remodeling as revealed by DNaseI digestion of
mononucleosomes after incubating with mock (0.1 µg of BSA, lanes 2,3), rCARM1 (0.1 µg, lanes 4,5), SWI/SNF (0.6 µg, lanes 6,7),
rCARM1+SWI/SNF (0.1 µg rCARM1 pre-incubated with 0.6 µg of SWI/SNF at 27°C for 15 min, which gave a molar ratio of 5:1 for
rCARM1/SWI/SNF, lanes 8,9), NUMAC (0.6 µg, lanes 10,11). Brackets I and II highlight the ATP-dependent changes in DNaseI
digestion pattern increased by NUMAC and decreased by SWI/SNF; brackets III and IV highlight the opposite effect generated by
SWI/SNF or NUMAC. (B) Stimulation of SWI/SNF remodeling activity by rCARM1 at limiting concentrations of SWI/SNF. The
ATP-dependent remodeling of mononucleosomes by mock (0.1 µg of BSA, lanes 2,3), rCARM1 (0.1 µg, lanes 8,9), SWI/SNF (0.12 µg,
lanes 12,13), NUMAC (0.12 µg, lanes 10,11), and rCARM1 and SWI/SNF mix [6 ng of rCARM1 pre-incubated with 0.12 µg of SWI/SNF,
lanes 4,5, or 30 ng of rCARM1 preincubated with 0.12 µg of SWI/SNF, lanes 6,7, which gave 1:1 (lanes 4,5) or 5:1 (lanes 6,7) molar ratio
for rCARM1/ SWI/SNF]. Stars denote weak ATP-dependent changes by SWI/SNF and NUMAC.
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not required to stimulate chromatin remodeling (Xue et
al. 1998).
It has been reported that nucleosome remodeling and

ATPase activity of other complexes are affected by non-
ATPase subunits, that is, the stimulation of BRG1 by
Ini-1/BAF155/BAF170 (Phelan et al. 1999) and the stimu-
lation of ISWI by ACF1 (Eberharter et al. 2001). In view of
this, we examined whether CARM1 could directly
stimulate ATP hydrolysis by BRG1. The Flag-tagged
BRG1 protein was baculovirally expressed and purified
from Sf9 cells using Flag-M2 affinity resin as described
(Phelan et al. 1999). First, as controls, we show that the
BRG1 ATPase is activated by both nucleosomes and na-
ked DNA (Fig. 5A) as described previously (Phelan et al.

1999). Next, as shown in Figure 5B, at concentrations of
BRG1 (0.5–2 nM) in which its ATPase activity is at sub-
maximal levels, we observe an approximate 2.5-fold
stimulation by CARM1 (Fig. 5B). Because this effect is
similar to that seen with the entire SWI/SNF complex,
our results suggest that CARM1 may directly regulate
BRG1 ATPase activity independent of other BAFs. We
also explored whether CARM1 could promote ATP hy-
drolysis by ACF/ISWI, a different ATPase subclass
(Langst and Becker 2001). Although we confirmed that
ISWI-mediated ATP hydrolysis is stimulated by nucleo-
somes, the addition of CARM1 failed to show any effect
(data not shown), suggesting that its action on BRG1 is
specific.

Figure 4. CARM1 stimulates ATPase activity of NUMAC and BRG1. (A) Western normalization of BRG1 amount in SWI/SNF and
NUMAC complex. Approximately 100 ng of SWI/SNF and NUMAC were loaded on 8% SDS-PAGE, transferred to nitrocellulose
membrane, and blotted with the mixture of BRG1/BAF155/CARM1 antibodies (left). A total of 0.5 µg of SWI/SNF, 0.1 µg of rCARM1,
2 µg of core histones, and 3 µg of nucleosomes were resolved on SDS-PAGE and Coomassie stained (right). (B) Stimulation of SWI/SNF
(0.3 µg, white) and NUMAC (0.3 µg, black) ATP hydrolysis by 0.1 µg of BSA (lanes 3,7), 1 µg of 1-kb plasmid DNA (lanes 4,8), 3 µg of
core histones (lanes 5,9), or 3 µg of nucleosomes (lanes 6,10). The hydrolysis of 1.7 pmole [�-32P]ATP by SWI/SNF and NUMAC in the
presence of BSA (mock), naked DNA, histones, or nucleosomes was analyzed by TLC, and the autoradiography (inset) is shown. The
hydrolysis of [�-32P]ATP in the presence of 0.1 µg of BSA (lane 1) or 0.1 µg of rCARM1 (lane 2) were shown as controls. SWI/SNF and
NUMAC are normalized to equimolar amounts of BRG1. The molar amount of ATP hydrolyzed by per mole of BRG1 in each complex
is presented on the y-axis. (C) CARM1 stimulates ATPase activity of SWI/SNF. Time course of [�-32P]ATP hydrolysis is determined
using 0.5 µg of SWI/SNF in the absence (lanes 1–5) or presence (lanes 6–10) of nucleosomes (3 µg) and wild-type or mutant rCARM1
(0.1 µg). (D) Quantitation of SWI/SNF ATPase activity in C. The SWI/SNF activity in the presence (�) or absence of nucleosomes (�)
is depicted.
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CARM1 binds BRG1 and NUMAC enhances
ER-dependent transcription

Because rCARM1 stimulates BRG1 ATPase activity, we
determined whether these two proteins interact physi-
cally. In the GST pull-down assay using purified proteins
(Fig. 6A, left, open arrow), direct association was ob-
served between CARM1 and BRG1, but not between
PRMT1 and BRG1 (Fig. 6A, right). In addition, neither
BAF 155 nor BAF 170 displayed CARM1 binding (Fig. 6A,
right). To illustrate that the formation of NUMAC is
BRG1 dependent, we transfected expression vectors for
GFP, CARM1, and BRG1, individually, or their combi-
nation into BRG1/hBRM-deficient SW13 cells, which ex-
press other functional BAFs and CARM1. Coimmuno-
precipitation of endogenous BAF 155 with endogenous
CARM1 was observed when BRG1 was transfected (Fig.
6B, cf. lanes 2 and 1), and increased amounts of BRG1
and BAF155 coimmunoprecipitated by CARM1 antibod-
ies when cells were transfected with DNA constructs
expressing HA-CARM1 (Fig. 6B, cf. lanes 4 and 2). This
indicates that BRG1 can serve as the bridging factor be-
tween CARM1 and other BAFs. Likewise, of all proteins
in the SWI/SNF complex (Fig. 6C, lane 1), only BRG1
was recognized by 35S-Met-labeled CARM1 in a Far-
Western experiment (Fig. 6C). Taken together, these ex-
periments suggest that BRG1 is the primary, and possi-
bly the only subunit in the complex targeted by CARM1.
We further mapped BRG1-interacting domains in
CARM1 using a GST pull-down assay. GST–CARM1
(FL) and four GST-fusion CARM1 fragments (1–152,
152–340, 340–482, and 482–620) were expressed in Esch-
erichia coli BL21 DE3 (pLysS) cells and purified by GST
Sepharose beads. Purified BRG1 binds two central do-
mains in CARM1 (amino acids 152–340 and 340–482;
Fig. 6D, top), which correspond to substrate-binding re-
gions in the related PRMTs, that is, the s-adenosyl me-
thionine-binding domain and the domain responsible for
binding to protein substrates (McBride and Silver 2001).
Addition of CARM1 fragments spanning these domains
was sufficient to elicit a robust stimulation of BRG1
ATP hydrolysis (Fig. 6D, bottom). Reciprocal mapping of
the CARM1-binding region in BRG1 identified several
helicase-like domains as targets with the amino termi-
nus and carboxy-terminal bromo domain as negative
controls (Fig. 6E, pulse represents the strength of inter-

action). The interaction of BRG1 with CARM1 through
the central helicase regions presumably provides the
physical basis for the modulation of its ATPase activity.
We further investigated how CARM1 and BRG1might

cooperate to potentiate NR activation. BRG1 has been
shown to stimulate ER activation, although its recruit-
ment seemed to be indirect and mediated by additional
factors, distinct from p160 proteins (Ichinose et al. 1997;
DiRenzo et al. 2000). We therefore speculated that
CARM1 might facilitate BRG1 recruitment through its
binding to p160 proteins. First, we confirmed that both
BRG1 and CARM1 are recruited to ER-target genes in a
ligand-dependent and concurrent manner using a time-
dependent chromatin immunoprecipitation (ChIP) assay
on the cathepsin D promoter in MCF7 cells (data not
shown; Shang et al. 2000; Burakov et al. 2002). To deter-
mine whether the coactivation of estrogen signaling by
CARM1 is BRG1 dependent, we overexpressed CARM1
in SW13 cells. Overexpression of CARM1 alone failed to
activate estrogen signaling in SW13 cells. However, co-
transfection of BRG1 and CARM1 effectively restored
ER activation. This restoration was lost with the BRG1
ATPase mutant (K785R; Fig. 6F). A similar effect was
observed with GR (data not shown). The corequirement
of CARM1 and BRG1 for activation of steroid hormone
signaling suggests a functional cooperativity between
the HMT CARM1 protein and ATP-remodeling activi-
ties. Such a synergistic effect between BRG1 and
CARM1 was not observed with GAL4–VP16 (Fig. 6F) and
GAL4–Sp1 (data not shown), suggesting that transactiva-
tion by GAL4–VP16 may not require NUMAC, but only
require SWI/SNF (Neely et al. 1999). These results col-
lectively suggest that the physical association of
CARM1 and BRG1 mutually enhances their ATPase and
methylase functions to promote ER signaling.

Discussion

Histone methylation on either lysines or arginines has
been correlated with gene activation or repression.
Methyl groups on histones seem to serve as critical
marks through which transcription factors direct spe-
cific chromatin-related events (Bannister et al. 2002). For
example, the ER-regulated gene pS2 is activated rapidly
by estrogen, and this is accompanied by methylation of
histone H3 at R17 within the promoter. During purifi-

Figure 5. The effect of CARM1 on
nucleosome-stimulated BRG1. (A) The
[�-32P]ATP hydrolysis is determined for
5-nM of BRG1 in the presence of 0.1 µg
BSA (mock), 1 µg of 1-kb linearized plas-
mid DNA, 3 µg of core histones, or 3 µg of
nucleosomes at 30°C for 30 min, and the
percent of hydrolyzed [�-32P]ATP by BRG1
is plotted. (B) BRG1 ATPase activity was
determined in the presence (�) or absence
(�) of 2 nM CARM1. The ATPase activity
is presented as the percent of hydrolyzed
[�-32P]ATP. Results are expressed as the
mean value ± SD of duplicates.
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cation of native activities that generate R17 methylation
on nucleosomal histone H3, we discovered that CARM1
is able to methylate nucleosomal histones, but only
within the context of a native multisubunit complex.
This phenomenon of redirecting enzymatic specificity

from free histones to chromatin resembles that described
previously for the GCN5–HAT complexes. In that case,
purified GCN5 efficiently acetylates free histones but
not nucleosomal histones, whereas association with Ada
and Spt bestows on GCN5 its characteristic ability to

Figure 6. Direct association between CARM1 and BRG1. (A) CARM1 binds to purified BRG1 in GST pull-down assays, whereas no
interaction was observed between CARM1 and 35S-Met-labeled BAF155 or BAF 170 (right). Coomassie staining of GST, GST–CARM1,
and GST–PRMT1 (left, arrowhead). BRG1 was visualized by Western blotting and 10% of fraction applied for binding was loaded as
input. (B) Coimmunoprecipitation of CARM1 with BRG1 and BAF155 in SW13 cells. Nuclear extracts of SW13 cells transfected with
indicated plasmids were immunoprecipitated with CARM1 antibody. The CARM1 immunoprecipitates were analyzed by Western
blotting using HA/BRG1 or HA/BRG155 antibodies. The 1/10 of nuclear extracts from transfected cells were loaded as Input and
probed with �-BRG1/BAF155 or �-CARM1 antibodies. (C) In the SWI/SNF complex, only BRG1 is recognized by CARM1 in a
Far-Western assay. A total of 1.0 µg of SWI/SNF (lane 1) and 0.1 µg of BRG1 (lane 2) was loaded on 8% SDS-PAGE, transferred to PVDF
membrane, and incubated with 35S-Met-labeled CARM1. The membrane was washed three times with buffer (20 mM Tris at pH 7.6,
10% glycerol, 100 mM NaCl, 1 mM EDTA, 0.1% Tween 20) and exposed to X-ray film. (D) Stimulation of ATPase activity by two
BRG1-interacting fragments of CARM1. GST–CARM1 fragments were expressed in E. Coli and purified as described in the Materials
and Methods. Recombinant BRG1 is purified from Flag-BRG1 expressing baculovirus-infected Sf9 cells and 1/10 of the total rBRG1
applied to the GST–CARM1 affinity column is shown as input. BRG1 is detected by Western blotting. (Bottom) A total of 0.3 µg of
GST–CARM1 or fragments was applied in BRG1 ATPase assay (final concentration of BRG1 is 5 nM). (E) Mapping of CARM1-
interacting regions in BRG1. Comparable amounts of 35S-labeled BRG1 fragments and purified GST–CARM1 proteins were used in
each binding reaction as described (DiRenzo et al. 2000). When compared with the total input, strong (�20%, +++), moderate (10%,
++), weak (5%, +), and no (−) binding are indicated. (HSA) Helicase domain with SANT association; (TCH) conserved in transcription
and CHROMO domain helicases; (DEXDc) homology to DEAD-like RNA helicases superfamily; (HELICc) helicase superfamily
carboxy-terminal domain; (BROMO) bromo domain. (F) Transactivation of CARM1 in ER signaling requires BRG1. BRG1 and BRM-
deficient adrenal carcinoma SW13 cells were plated in 24-well dishes and transfected with indicated plasmids using FuGene (Roche).
All experiments were normalized to internal �-gal controls and carried out in triplicates. The date represented the fold of induction
by estrodial (1 µM). Similar conditions were used in GAL4–VP16 transfection assays.
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modify nucleosomes (Grant et al. 1997; Fig. 7B). Here, we
show that SWI/SNF alters CARM1 substrate specificity
from free core histones to nucleosomes, suggesting that
SWI/SNF (and specifically BRG1) enables CARM1 activ-
ity to be selectively activated and coordinated with the
remodeling event (Bauer et al. 2002; Fig. 7B). Three pos-
sibilities might account for the SWI/SNF-modulated
nucleosomal activity of CARM1. First, NUMAC might
recognize certain conformations of histone tails that ex-
ist in nucleosomes ,but not free histones. Second, ATP-
dependent remodeling of chromatin by SWI/SNF might
facilitate concurrent histone methylation. However,
nucleosomal histone methylation activity is not com-
pletely inhibited by ATP�S (Fig. 2E) or ATP removal (Fig.
2F), even though the ATPase activity of NUMAC is al-
most completely abrogated. This leads to the third pos-
sibility, that SWI/SNF subunits might redirect CARM1
binding to nucleosomes. This later model is supported
by the observation that nucleosomes avidly associate
with SWI/SNF and stimulate its ATPase activity (Phelan
et al. 1999). In spite of the existence of a large number of
chromatin modifiers, they are generally grouped into
two distinct classes, ATP-dependent remodeling com-
plex and histone-modification enzymes. Perhaps NU-
MAC and NURD represent another distinct class of
chromatin modifiers, in which the ATP-remodeling
complexes are incorporated with histone enzymatic
activities to influence the efficiency of histone modifi-
cation.
A number of biochemically distinct SWI/SNF com-

plexes have been described previously that display tissue
specificity or confer a functional selectivity through as-
sociation with transcription factors (Armstrong et al.
1998; Cho et al. 1998; Bochar et al. 2000; Underhill et al.
2000). In particular, PBAF has been shown to be neces-
sary for ligand-dependent transactivation by several
nuclear hormone receptors such as VDR and PPARs

(Lemon et al. 2001), suggesting a functional specificity
for certain signaling pathways. Our finding that HMT
and SWI/SNF cooperatively regulate ER-reporter gene
expression further extends this idea by establishing a
new level of communication between chromatin remod-
eling activities and the histone methylation enzymes.
Whether NUMAC activates many or a select subset of
nuclear receptors is not yet known. We speculate that
the NUMAC cascade might function in other pathways,
for example, in muscle differentiation, as SWI/SNF has
been shown to cooperate with MyoD to regulate muscle
differentiation (de la Serna et al. 2001), and CARM1 is
also implicated in this process (Chen et al. 2002).
It is known that the central ATPase subunit of SWI/

SNF alone has chromatin-remodeling activity, whereas
the remaining subunits can modulate reaction effi-
ciency, substrate specificity, and promote targeting. In
the best-studied ISWI-containing complexes, the ATPase
ISWI subunit alone moves histone octamers to the ends
of DNA fragments, whereas the octamer is moved to the
center of the DNA in the presence of Acf1 (Langst and
Becker 2001). In the SWI/SNF complex, conserved sub-
units INI1/BAF155/ BAF170 stimulate the ATPase activ-
ity of BRG1 by three- to sevenfold under submaximal
enzyme and substrate conditions (Phelan et al. 1999).
The ability of rCARM1 to stimulate the ATPase/remod-
eling activity of SWI/SNF, and the observation that
NUMAC exhibits a different DNase I digestion pattern
from that of SWI/SNF in the mononucleosome disrup-
tion and restriction digestion assays (Fig. 3A,B; data not
shown) suggests that CARM1 might affect both the effi-
ciency and the outcome of remodeling.
Distinct classes of chromatin-modifying activities,

consisting of ATP-driven remodeling complexes, histone
acetyltransferases (HATs), and histone methyltransfer-
ases (HMTs), have evolved to collectively overcome the
repressive structure of chromatin in NR-targeted gene

Figure 7. ADA/SPT and SWI/SNF func-
tion as nucleosome modification adaptor
for GCN5–HAT and CARM1–HMT com-
plex, respectively. (A) NUMAC (∼0.2 µg)
and rCARM1 (∼30 ng) were normalized to
equal amounts of CARM1 by Western blot-
ting (both long exposure and short exposure
are shown). The methylation of free core
histones (3 µg) or nucleosomes (3 µg) with
3H-AdoMet by NUMAC or rCARM1 were
performed as described in the Materials and
Methods. The reaction mixtures were re-
solved on SDS-PAGE and 3H-histone H3
was cut out and counted in the scintillation
buffer. (B) The association of GCN5–HAT
with different proteins in multiple com-
plexes endows upon it nucleosomal histone
acetylation activity and expanded substrate
specificity (top). Similarly, the association

of CARM1 with SWI/SNF subunits potentiates its nucleosome histone methylation activity (bottom). The thickness of the lines
represents the more or less favorable substrates. After normalizing CARM1 and histones amounts, the specific activity of free core
histones to nucleosomes switches from 36:1 to 1:6.
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activation. One fundamental question remaining is the
precise order of coactivator recruitment. In thyroid hor-
mone receptor and retinoic acid receptor signaling, p300
seems to be recruited before SWI/SNF (Dilworth et al.
2000; Huang et al. 2003). Previously, we have observed
that either ATP remodeling or HAT activities assist in
nucleosomal histone methylation by CARM1 in vitro
(Xu et al. 2001), which suggests that histone methylation
might preferentially take place on a loose chromatin
template that emerges at the later stage(s) of transcrip-
tional activator complex formation. Whether this is true
for an endogenous NR-targeted promoter is unclear. An-
other important question concerns the mechanism by
which SWI/SNF complexes are recruited to specific NR-
targeted promoters. A widely accepted model is that
SWI/SNF is targeted to specific promoters via direct in-
teractions with sequence-specific transcription factors
and their coactivators (Peterson and Workman 2000;
Hassan et al. 2001). The central ATPase BRG1 and sub-
units BAF57, BAF60a, and BAF250 have been implicated
in mediating the interaction with steroid receptors such
as ER and GR (DiRenzo et al. 2000; Nie et al. 2000;
Belandia et al. 2002; Hsiao et al. 2003). We suggest that
the recruitment of NUMAC to NR-target genes is most
likely mediated by the p160 proteins, which associate
with CARM1 and NRs through distinct domains. These
events appear to be ligand dependent both in vitro and in
vivo. This hypothesis is supported by recent observa-
tions that blocking the recruitment of p160 family coac-
tivators abrogates chromatin remodeling induced by li-
ganded thyroid receptor (Huang et al. 2003). Thus, direct
interaction between CARM1 and BRG1 identifies at
least one route for targeting SWI/SNF to specific genes,
albeit other BAFs might also participate in this process.
Taken together, NR–cofactor, cofactor–cofactor, and co-
factor–histone interaction might function in a combina-
torial manner to stabilize coactivator complexes as-
sembled on NR-activated promoters.

Materials and methods

Antibodies, cell lines and CARM1 complex purification,
and glycerol gradient

Antibodies against BAF170, BAF155, hSNF2h, and Ini-1/hSNF5
were purchased from Santa Cruz-Biotechnology and used for
Western blotting. Apyrase was purchased from Sigma-Aldrich.
Antibodies against BRG1, BAF57, BAF250, and BAF180 were
generous gifts from Weidong Wang (NIH). CARM1 with amino-
terminal Flag-tag and carboxy-terminal HA-tag was subcloned
into the pLNCX (Clontech) vector, and a stably transfected
MCF7 cell line was established as described (Xu et al. 2001). The
complex was purified from nuclear extracts with anti-Flag M2
affinity resin (Sigma), washed extensively with 20 mM HEPES
(pH 7.9), 150 mM KCl, 0.2 mM EDTA, 0.2 mM EGTA, 0.1%
NP-40, 10% glycerol, 1 mM DTT, and protease inhibitors
(Roche), and then three times with the same buffer containing
300 mM KCl, and eluted with 0.2 mg/mL Flag peptides in 20
mM Tris (pH 8), 150 mM KCl, 1 mM DTT, and 5% glycerol.
Approximately 5 µg of affinity-purified complexes were applied
to a 5-mL 5%–30% glycerol gradient (glycerol in 20 mM HEPES
at pH 7.9, 0.1 mM EDTA, 50 mM KCl with PMSF) and centri-

fuged in SW55 rotor at 36,000 rpm for 16 h at 4°C. The 100-µL
fractions were collected, either directly analyzed by Western
blotting or TCA precipitated, followed by silver-staining.

Cell culture and transient transfections

MCF7 (ATCC HTB-22) and SW13 (ATCC CCL-105) cells were
cultured in DMEM supplemented with 10% FBS and L-gluta-
mine at 37°C and 5% CO2. SW13 cells were plated into 24-well
dishes in phenol red-free DMEM supplemented with 10% char-
coal-stripped FBS 1 d prior to transfection and approached 60%
confluence at the time of transfection. Cells were transfected
with 10 ng of ERE-TK-luc and the indicated combinations of 50
ng of pCMX-hER�, 200 ng of pBJ5-hBRG1, 200 ng of pBJ5-
hBRG1 (K785R), 200 ng of CMX-CARM1, or 200 ng of CMX-
CARM1(189VLD191→ AAA) mutant (Xu et al. 2001) and 100 ng of
�-galactosidase constructs. In GAL4–VP16 transient transfec-
tion assays, 30 ng of GAL4–VP16, 50 ng of MH2004–TKluc and
100 ng of indicated activators were used. Transfections were
performed with Fugene (Roche) according to manufacturer’s
protocol. The medium was replaced with fresh medium con-
taining 100 nM estradiol or ethanol a day before luciferase levels
were measured and normalized with �-gal activities.

GST pull-down and Far-Western assay

Flag-BRG1 (Phelan et al. 1999) and Flag-CARM1 were expressed
in a baculovirus expression system and purified using Flag-M2
affinity resin. GST–CARM1, GST–PRMT1, and GST–CARM1
(1–152, 152–340, 340–482, 482–620) are E. Coli-expressed pro-
teins. GST pull-down assay was performed as described (Chen et
al. 1999b). BRG1 fragments were PCR amplified with the
amino-terminal primer containing T7 and ribosomal binding
sites ATTAATACgACTCACTATAggAAACAgACACCATG,
followed by the corresponding specific sequence. The PCR prod-
ucts were purified and used directly in TNT-coupled in vitro
transcription/translation system (Promega; Inoue et al. 2002).
Far-Western assay was performed as described (DiRenzo et al.
2000), except that we used 35S-Met-labeled CARM1 prepared by
TNT reaction (50 µL) and free 35S-Met was removed with Bio-
spin 30 columns (Bio-Rad).

HMT assay

Protein samples (indicated amount of rCARM1 or 10 µL glyc-
erol gradient fractions) are incubated with 3 µg of free core his-
tones or nucleosomes at 30°C for 60 min in reaction buffer
containing 50 mM HEPES (pH 7.9), 5 mM MgCl2, 1 mM DTT,
1 µL 3H-S-Adenosyl-L-methionine [3H]SAM, 85 Ci/mmole, and
1.0 mCi/mL; Amersham Pharmacia Biotech). The reaction is
stopped by the addition of SDS sample buffer, and the proteins
are then separated on a 15% SDS–polyacrylamide gel. The gel is
Coomassie stained, destained, and immersed into Amplify so-
lution (Amersham) for 15 min before drying. Usually, the dried
gel is exposed to Kodak XAR film overnight, or the histone H3
band is cut out and counted in the presence of scintillation
solvent.

ATPase assays

The 15-µL reactions contained 50 mM KCl, 8 mM MgCl2,
10 µM ATP, 3 µg nucleosomes or 2 µg histones or 1 µg of
1-kb DNA fragment and 5% glycerol. The reaction was initiated
by adding 1 µL of 1 mCi/mL [�-32P]ATP (3000 Ci/mmole;
Amersham) and 0.3 µg of SWI/SNF or 0.3 µg of NUMAC to
bring the reaction volume to 15 µL, and incubated at 30 °C
for indicated times. Reactions were stopped at different

Xu et al.

154 GENES & DEVELOPMENT



time points by addition of 5 µL of 100 mM EDTA and 50 mM
Tris (pH 7.5). A total of 0.3 µL of reaction was spotted on PEI-
cellulose TLC plates (EM science) and run in 0.5 M LiCl and 1
M formic acid. The fraction of free 32P-Pi at each time point was
quantitated on a PhosphorImager (Molecular Dynamics).

Mononucleosome disruption assays

Sequence-positioned mononucleosomes (5S) were reconstituted
by salt dialysis and purified by sucrose gradient sedimentation
as described (Rhodes and Laskey 1989) using purified HeLa core
histones at a 1:1 histone:DNA ratio. DNase I footprinting analy-
sis was carried out essentially as described (Kadam and Emerson
2003). Following salt dialysis and sucrose gradient purification,
mononucleosomes were incubated with indicated complexes in
either the presence (+) or absence (−) of 1 mM ATP for 20 min at
30°C and digested with DNaseI for 1 min. A total of 0.005 U and
0.15 U of DNaseI were used for naked DNA and mononucleo-
some digestion in 20 µL of reaction, respectively. When
rCARM1 was premixed with SWI/SNF, they were incubated at
27°C for 15 min before the addition of 0.1 pmole (5 nM) mono-
nucleosomes.

Quantitation of ATP and protein purification

The quantitative detection of ATP using bioluminescence was
performed according to the instructions from the manufacturer
(Roche, Cat. #1699695). Baculovirus-expressed Flag-tagged
CARM1was purified as described (Xu et al. 2001). Core histones
and nucleosomes were purified from HeLa nuclear pellets by
sequential steps, including micrococcal nuclease digestion, su-
crose gradient purification, and hydroxyapatite column binding
as described (Ausio and van Holde 1986; Laybourn and Ka-
donaga 1991). The human SWI/SNF complex was purified from
HeLa cells stably expressing Flag-INI-1 subunit (Phelan et al.
1999). All protein concentrations were determined by Bradford
assay (Bio-Rad) and normalized by Western blotting when indi-
cated. Serial dilutions of BRG1 and CARM1 were normalized by
Western blotting to obtain equal amounts of BRG1 in SWI/SNF
versus NUMAC or CARM1 in NUMAC versus free form.
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