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Transcription by RNA polymerase I on nucleosomal
templates requires binding of the transcription
termination factor TTF-I to a cognate site 160 bp
upstream of the transcription start site. Binding of
TTF-I is accompanied by changes in the chromatin
architecture which suggests that TTF-I recruits a
remodeling activity to the rDNA promoter. We have
cloned a cDNA that encodes TIP5 (TTF-I-interacting
protein 5), a 205 kDa protein that shares a number of
important protein domains with WSTF (Williams syn-
drome transcription factor) and hAcf1/WCRF180, the
largest subunits of human chromatin remodeling com-
plexes hCHRAC and WCRF. TIP5 co-localizes with
the basal RNA polymerase I transcription factor UBF
in the nucleolus and is associated with SNF2h. The cel-
lular TIP5±SNF2h complex, termed NoRC (nucleolar
remodeling complex), induces nucleosome sliding in
an ATP- and histone H4 tail-dependent fashion. The
results suggest that NoRC is a novel nucleolar chro-
matin remodeling machine that may serve a role in
the regulation of the rDNA locus.
Keywords: Acf1/chromatin remodeling/RNA polymerase I/
SNF2h/TTF-I

Introduction

Transcriptional regulation can be brought about by
dynamic changes in chromatin structure that facilitate or
prevent the access of the transcriptional machinery to
nucleosomal DNA (reviewed in Wolffe and Guschin,
2000). One mechanism by which chromatin structure can
be altered involves disruption, stabilization and mobiliza-
tion of the histone octamer by multiprotein complexes,
leading to either repression or activation of transcription
(reviewed in Flaus and Owen-Hughes, 2001). Genetic and
biochemical analyses have identi®ed a class of macro-
molecular chromatin remodeling complexes that play
important roles in both the process of chromatin opening
and the maintenance of higher order chromatin structure

in vivo. Chromatin remodeling complexes hydrolyze ATP
through a related subunit that belongs to the superfamily
of SNF2-type ATPases (Eisen et al., 1995). The ATPase
can be considered the catalytic core, or engine, which acts
in concert with a subset of associated factors. Three classes
of chromatin remodeling complexes have been character-
ized that are driven by either the SWI2/SNF2-type
ATPases, the Mi-2 proteins or the ISWI-type ATPase
(reviewed in Peterson, 2000). They are characterized by
family-speci®c protein domains, i.e. the bromodomain, the
chromodomain or SANT domain, which may re¯ect
functional differences among distinct mammalian
remodeling complexes. The different classes of remodel-
ing complexes contain associated proteins that are likely to
serve regulatory or targeting roles. Complexes that are
related to the yeast SWI/SNF complex have been identi-
®ed in Drosophila, Xenopus laevis and humans. Compared
with the 2 MDa SWI/SNF complexes that consist of 9±12
subunits, the ISWI group of remodeling complexes are
relatively small (300±650 kDa) containing 2±4 subunits.
In Drosophila, three ISWI-containing complexes have
been identi®ed, i.e. NURF (Tsukiyama et al., 1995),
CHRAC (Varga-Weisz et al., 1997) and ACF (Ito et al.,
1997), which differ in their subunit composition and
characteristic functions. Similar remodeling complexes
containing apparent homologs of ISWI have also been
found in yeast (Tsukiyama et al., 1999), X.laevis (Guschin
et al., 2000) and humans (LeRoy et al., 1998, 2000;
Bochar et al., 2000; Poot et al., 2000). The ATPase of
the ISWI complexes is stimulated by nucleosomes and
requires the N-terminus of histone H4, whereas SWI/SNF
complexes are stimulated by DNA alone (Boyer et al.,
2000; Clapier et al., 2001). Moreover, in contrast to the
SWI/SNF family of complexes, where to date every
complex displays a similar set of characteristic activities,
individual members of the ISWI-family complexes display
different activities that presumably re¯ect differences in
their physiological role, such as chromatin assembly,
transcription, replication and the maintenance of chroma-
tin structure (LaÈngst and Becker, 2001).

We have demonstrated recently that transcription of
rRNA genes assembled into chromatin requires ATP-
dependent remodeling of nucleosomes at the RNA
polymerase I (Pol I) transcription start site. This remod-
eling reaction is triggered by the transcription termination
factor TTF-I (LaÈngst et al., 1997, 1998). Once bound to its
target site upstream of the gene promoter, TTF-I can
activate transcription, presumably by recruiting remodel-
ing complexes to the rDNA promoter. In support of this,
transcriptional activation is accompanied by ATP-depend-
ent nucleosome remodeling. In an attempt to identify and
isolate protein(s) that by speci®c interaction with TTF-I
recruit chromatin-speci®c coactivators to the rDNA pro-
moter, we performed a yeast two-hybrid screen with TTF-I
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as bait. We have identi®ed a novel gene, designated Tip5
(TTF-I-interacting protein 5), which encodes a 205 kDa
protein. TIP5 shares a number of important protein
domains with Acf1, the largest subunit of both
Drosophila and human ACF and CHRAC (Ito et al.,
1999; Bochar et al., 2000; LeRoy et al., 2000; Poot et al.,
2000) and WSTF (Williams syndrome transcription fac-
tor), a gene that is implicated in Williams syndrome (Lu
et al., 1998), a complex developmental disorder with
multisystemic effects. We demonstrate that the protein
encoded by Tip5 is contained in a macromolecular
complex together with SNF2h, the mammalian homolog
of ISWI. The results suggest that TIP5 represents a subunit
of a novel remodeling machine, termed NoRC, that may be
targeted to the ribosomal gene promoter by interaction
with TTF-I bound to the upstream terminator.

Results

TIP5 belongs to a family of proteins related to
Acf1 and WSTF
In an attempt to identify and isolate protein(s) that by
speci®c interaction with TTF-I mediate Pol I transcription

on chromatin templates, we performed a yeast two-hybrid
screen. A fusion between the LexA protein (amino acids
1±202) and full-length TTF-I was used as a bait to screen a
HeLa cell cDNA library fused to the B42 transcriptional
activation domain. After screening of ~107 transformants,
several positive clones were identi®ed which correspond
to previously uncharacterized genes. One of them, termed
Tip5, encodes a 1.2 kb DNA corresponding to a human
expressed sequence tag (EST) clone, KIAA0314 (Nagase
et al., 1997). Using cDNA screening, EST walking and
conventional cloning techniques, we isolated a murine
cDNA with a 5553 nucleotide open reading frame (ORF)
that encodes a protein with a calculated mol. wt of
205 kDa.

The modular organization of TIP5 resembles that of
proteins that have been associated with functions in
chromatin structure and chromatin regulation (Figure 1).
Acf1 is the largest subunit of the remodeling complexes
ACF (ATP-utilizing chromatin assembly and remodeling
factor) and CHRAC (chromatin accessibility complex)
that have been identi®ed in Drosophila (Varga-Weisz
et al., 1997; Ito et al., 1999) and humans (Bochar et al.,
2000; Poot et al., 2000; LeRoy et al., 2000). TIP5, Acf1

Fig. 1. TIP5 is a member of a family of chromatin remodeling factors. (A) Schematic diagram of mTip5, WSTF and hAcf1 showing the location of
conserved sequence motifs. The cDNA sequence has been submitted to the DDBJ/EMBL/GenBank (accession No. AJ309544). The corresponding
human clone is BAZ2A/WALp3 (accession No. AB032254). The numbers correspond to the numbers of amino acids in each protein. (B) Alignment
of conserved sequence motifs in TIP5 with their counterparts in WSTF and hAcf1. For alignment of the TAM/MBD domain, see Aravind and
Landsman (1998).
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and WSTF, a gene that is deleted in Williams syndrome
individuals (Lu et al., 1998), share six motif sequences, i.e.
a bromodomain, one or two PHD (plant homeodomain)
®ngers, a WAKZ (WSTF/Acf1/KIAA0314/ZK783.4)
motif, a BAZ 1 and a BAZ 2 motif (Jones et al., 2000)
as well as DDT, a helical ~60 amino acid domain that is
present in different transcription and chromosome remod-
eling factors and is predicted to play a role in DNA binding
(Doerks et al., 2001). The order of the distinct modules
along Acf1, WSTF and TIP5 is the same, suggesting that
these proteins are related and may serve similar functions.
Despite this similarity, the WAC motif, a novel protein
domain of unknown function (Ito et al., 1999), which is
present at the N-terminus of WSTF and Acf1, is not
contained in TIP5. Conversely, there are distinct modules
in TIP5 that are not contained in Acf1 and WSTF. These
include a domain, known as TAM (TIP5/ARBP/MBD),
and four AT-hooks, a motif that is known to mediate
binding to the minor groove in DNA (Aravind and
Landsman, 1998). AT-hooks are thought to co-regulate
transcription by modifying the architecture of DNA,
thereby enhancing the accessibility of promoters to
transcription factors. The presence of multiple sequence
motifs that have been found in chromatin-associated
proteins suggests a role for TIP5 in chromatin-mediated
processes and indicates that different members of this
protein family serve distinct functions.

Nucleolar localization of TIP5
Given that TIP5 interacts with TTF-I, it should be
localized within the nucleolus. To examine the intra-
nuclear localization of cellular TIP5, NIH-3T3 cells were
immunostained with antibodies that recognize an
N-terminal epitope of TIP5 (TIP5N1±18). The staining
pattern of TIP5 was compared with that of UBF, a basal
transcription factor for Pol I that is associated with both
active and inactive rRNA genes (Zatsepina et al., 1993).
Indirect immuno¯uorescence microscopy using anti-UBF
antibodies revealed a bright staining of the nucleolus in
interphase cells (Figure 2B). The nucleolar ¯uorescence of
UBF is speckled, rather than uniform, showing necklace-
like structures composed of numerous small beads

(Zatsepina et al., 1993). Signi®cantly, the ¯uorescence
pattern observed with anti-TIP5 antibodies closely resem-
bles UBF staining (Figure 2C). When the two images were
merged, nucleolar regions of TIP5 and UBF staining
coincided in yellow, indicating that both proteins co-
localize in vivo (Figure 2D). The co-localization of TIP5
with UBF in nucleolar foci suggests a function for TIP5 in
rDNA transcription.

Interaction of TTF-I and TIP5
The yeast two-hybrid system revealed that TTF-I interacts
with a region of TIP5 harboring amino acids 332±726. To
demonstrate the interaction between cellular TTF-I and
this part of TIP5 in vitro, we incubated an af®nity matrix
containing GST fused to TIP5/332±726 with nuclear
extracts from mouse cells. The unbound proteins (FT), the
wash (W) and the eluate (E) were analyzed on immuno-
blots using a serum raised against TTFDN323 (Evers et al.,
1995). As shown in Figure 3A, a signi®cant amount of
cellular TTF-I was bound to and could be eluted from the
matrix containing GST±TIP5/332±726 but not GST alone
(compare lanes 3 and 5). We also used bead-bound hTIP5/
332±726 and 35S-labeled TTF-I to demonstrate the ability
of TIP5 to interact with TTF-I (Figure 3B). In several
independent experiments, ~10% of TTF-I bound to the
resin containing GST±hTIP5/332±726 but not to control
beads containing GST alone. Thus, part of TIP5 encom-
passing amino acids 332±726 mediates the association
between TTF-I and TIP5.

The TAM domain and AT-hooks synergize in
mediating DNA binding of TIP5
TIP5 contains a TAM (TIP5/ARBP/MBD) domain, i.e. a
motif with substantial sequence homology to the MBD
domain that has been identi®ed in a number of methyl-
CpG-binding proteins (Hendrich and Bird, 1998). Both the
MBD and the AT-hooks are known to play a role in DNA
binding. To examine the DNA-binding properties of the
TAM domain and AT-hooks, histidine-tagged polypep-
tides harboring either the TAM domain alone (TIP5-TAM,
amino acids 510±611) or, additionally, two adjacent
AT-hooks (TIP5-TAM-AT, amino acids 510±723) were

Fig. 2. TIP5 co-localizes with UBF in the nucleolus. Interphase NIH-3T3 cells were ®xed, and either stained with Hoechst 33258 (A) or
immunostained with antibodies against UBF (B) and TIP5 (C). Co-localization of TIP5 and UBF are shown as yellow in the merged image (D).
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separated on SDS±polyacrylamide gels and probed with
radiolabeled DNA probes. To test whether the TAM
domain would bind preferentially to methylated DNA, we
used a synthetic oligonucleotide that is recognized by
members of the MBD protein family in a methylation-
dependent manner (Hendrich and Bird, 1998). As
expected, the methyl-CpG-binding protein MBD2 bound
with high speci®city and ef®ciency to the methylated
probe (Figure 4B, lane 4). In contrast, binding of TIP5-
TAM to DNA was not affected by DNA methylation. This
result suggests that, despite the sequence homology to
MBD, the TAM domain of TIP5 does not mediate speci®c
interaction with methylated DNA. If the TAM domain was
fused to two AT-hooks (TIP5-TAM-AT), the overall
DNA-binding ef®ciency increased by almost two orders of
magnitude (Figure 4C). Thus, the central part of TIP5
including the TAM domain and AT-hooks mediates the
interaction with DNA.

Cellular TIP5 is present in a high molecular mass
protein complex containing hISWI
Relatives of TIP5, e.g. hAcf1/WCRF180, are subunits of
ISWI-containing chromatin remodeling complexes. To
assess whether cellular TIP5 is contained in a macro-
molecular protein complex, we puri®ed TIP5 from
mouse whole-cell extracts by chromatography on
DEAE±Sepharose, SP-Sepharose and heparin±Ultrogel,
and determined the apparent molecular mass by gel
®ltration on Superose 6 (Figure 5B). TIP5 eluted with a
native molecular mass of ~800 kDa, suggesting that it is
contained within a macromolecular protein complex. The
structural homology of TIP5 and Acf1 prompted us to
examine whether SNF2h, the mammalian homolog of
Drosophila ISWI (Aihara et al., 1998), would co-
fractionate with TIP5. If fractions from the sizing column
were probed with anti-SNF2h antibodies, the majority of

SNF2h was found to elute at 500±600 kDa (Figure 5B,
lower panel), presumably representing mammalian ACF,
CHRAC or WCRF. A signi®cant part of SNF2h, however,
co-eluted with TIP5, suggesting that SNF2h may be
associated with TIP5.

If cellular TIP5 is contained in a complex with SNF2h,
then it should be co-precipitated with anti-TIP5 antibodies.
To test this, a partially puri®ed fraction that contains
TIP5, Acf1 and SNF2h was incubated with a-TIP5N1±18
antibodies, eluted with the epitope peptide and analyzed
on western blots (Figure 5). After precipitation with anti-
TIP5 antibodies, Acf1 remained in the supernatant (lane 4),
whereas both TIP5 and SNF2h were eluted from the
immunoprecipitate (lane 5). This result demonstrates that
TIP5 and SNF2h are subunits of a protein complex that is
distinct from ACF. As TIP5 localizes within the nucleolus
and, as will be shown below, catalyzes nucleosome
movement, we termed the TIP5±SNF2h complex NoRC
(nucleolar remodeling complex). To de®ne the subunit
composition of cellular NoRC, the af®nity-puri®ed com-
plex was subjected to SDS±PAGE and the polypeptides
were visualized by silver staining. As shown in Figure 5D,
NoRC contains stoichiometric amounts of TIP5 and
SNF2h. Whether or not the ~80 kDa and 50 kDa proteins
are genuine components of the cellular TIP5-containing
protein complex remains to be determined.

NoRC mobilizes mononucleosomes
The structural similarity of TIP5 to Acf1 and WCRF180 as
well as the presence of SNF2h in the puri®ed complex

Fig. 3. TTF-I interacts with TIP5 in vitro and in vivo. (A) Cellular
TTF-I interacts with immobilized TIP5. A 25 ml aliquot of nuclear
extract was applied onto 20 ml columns of glutathione±Sepharose
containing 1 mg/ml immobilized GST±hTIP5/332±726 (lanes 2 and 3)
or GST (lanes 4 and 5). After washing with buffer AM-100, bound
proteins were eluted with buffer AM-1000 (E) and 50% of the eluate
was analyzed on western blots using anti-TTF-I antibodies. Ten percent
of the input nuclear extract (NE) is shown in lane 1. (B) Pull-down
assay with recombinant TTF-I. A 10 ml aliquot of bead-bound GST±
hTIP5/332±726 (lanes 2 and 3) or GST (lanes 4 and 5) was incubated
with 10 ng of 35S-labeled TTF-I, and 50% of captured TTF-I was
analyzed by electrophoresis in 10% SDS±polyacrylamide gels and by
autoradiography. Ten percent of the reaction (L) is shown in lane 1.

Fig. 4. The TAM domain and AT-hooks mediate DNA binding of
TIP5. (A) Scheme showing the subclones of Tip5 used in the
southwestern blot assay. The numbers refer to the amino acids that are
encoded by the subclones of Tip5. (B) Binding of the MBD-like
domain of TIP5 and MBD2 to unmethylated and methylated DNA.
Histidine-tagged TIP5-TAM (lanes 1 and 3) and MBD2 (lanes 2 and 4)
were expressed in E.coli, puri®ed on Ni±agarose columns, separated by
15% SDS±PAGE and assayed for binding to 32P-labeled unmethylated
oligonucleotides as described (Hendrich and Bird, 1998). (C) AT-hooks
enhance DNA-binding activity. TIP5-TAM (100 pmol) and TIP5-
TAM-AT (25 pmol) were separated on an SDS±polyacrylamide gel and
either stained with Coomassie Blue (lanes 1 and 2) or assayed by
southwestern blotting for binding to a labeled oligonucleotide
(5¢-GTTCCTTTGAGGTCCGGTTCTTTTCGTTATGGGGTCATTT-3¢)
harboring the upstream control element of the murine rDNA promoter
(lanes 3 and 4).
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suggest that NoRC may remodel chromatin. To assess the
ability of NoRC to alter the nucleosome positioning at the
rDNA promoter, we used an octamer mobilization assay
that has been used previously to demonstrate ISWI- and
CHRAC-mediated nucleosome movement (LaÈngst et al.,
1999; Brehm et al., 2000). This assay relies on the fact
that mononucleosomes reconstituted from pure histones
exhibit distinct positions that can be separated by gel
electrophoresis (Linxweiler and HoÈrz, 1984). Nucleo-
somes located at the end of a DNA fragment migrate faster
than those that are positioned more centrally. In the
experiments in Figure 6, nucleosomes were reconstituted
on a 248 bp mouse rDNA promoter fragment (from ±232
to +16) and different translational positions were used as
substrates in the nucleosome mobility assay. Consistent
with previous results, CHRAC catalyzed an energy-
dependent shift of fast migrating to slow migrating
nucleosomes, which is due to sliding of nucleosomes
from the peripheral to the central position of the DNA
fragment (Figure 6A, lanes 1±6). Signi®cantly, the
immunopuri®ed TIP5 complex behaved as CHRAC, i.e.
it induced movement of peripheral nucleosomes to the
center of the DNA fragment (lanes 7±9). Again, this
reaction was dependent on the amount of NoRC in the
assay and required ATP (lanes 10±11). Bead-bound
control antibodies that were incubated with mouse
whole-cell extract did not support nucleosome sliding
(lanes 12±14), demonstrating that nucleosome mobiliza-
tion was brought about by NoRC and not by a remodeling
activity that bound to protein A±Sepharose non-speci®c-
ally. Signi®cantly, NoRC-driven octamer sliding was

Fig. 5. Puri®cation of NoRC. (A) Fractionation scheme used to purify cellular NoRC. (B) Resolution of TIP5-containing complexes by gel ®ltration.
Proteins present in the H-500 fraction were size fractionated on Superose 6 and analyzed on immunoblots using anti-TIP5/N1±18 (upper panel) and
anti-SNF2h (lower panel) antibodies. The position of molecular weight standards (thyroglobulin, 670 kDa; apoferritin, 440 kDa; aldolase, 158 kDa) is
indicated at the top of the panel. (C) Western blot. NoRC was precipitated from a partially puri®ed fraction (SP-500) with af®nity-puri®ed anti-TIP5/
N1±18 antibodies and eluted with the epitope peptide. As a control, pre-immune serum (pre) was used. Western blot analysis of 2.5% of the load (L,
lane 1) and the supernatants (Sup, lanes 2 and 4), and 15% of the eluate (E, lanes 3 and 5) was performed using antibodies against TIP5, SNF2h and
Acf1. (D) Subunit composition of NoRC. A silver-stained 4±12% polyacrylamide gel of immunopuri®ed NoRC is shown (lane 2). TIP5 and SNF2h
were identi®ed by mass spectroscopy.

Fig. 6. NoRC triggers movement of mononucleosomes. (A) Nucleosome
mobilization by af®nity-puri®ed NoRC. Increasing amounts of
CHRAC, immunoprecipitated NoRC and control beads were incubated
with end-positioned nucleosomes (lanes 1±14) in the presence or
absence of ATP as indicated. In lanes 15±19, recombinant ISWI and
NoRC were incubated with nucleosomes positioned centrally on the
fragment. Nucleosome positions were analyzed by electrophoresis on a
native polyacrylamide gel. The positions of nucleosomes are shown on
the left. (B) The tail of histone H4 is required for NoRC-dependent
nucleosome sliding. Increasing amounts of immunoprecipitated NoRC
and puri®ed CHRAC were incubated with end-positioned nucleosomes
reconstituted from octamers containing three recombinant full-length
histones and one tail-less histone. All reactions contained ATP.
Nucleosome sliding was analyzed by native polyacrylamide gel
electrophoresis.
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restricted to nucleosomes that are positioned at DNA ends.
When incubated with central nucleosomes, the transla-
tional position of octamers was not affected by NoRC
(lanes 18 and 19). Recombinant ISWI, on the other hand,
moved centrally positioned nucleosomes to the end of the
DNA fragment (lanes 15±17).

ISWI-dependent chromatin remodeling machines re-
quire nucleosomal substrates with intact histone H4 tails
for both stimulation of ATPase activity and nucleosome
movement (Clapier et al., 2001). To examine whether
NoRC-mediated nucleosome sliding requires the
N-terminal part of histones, we performed the remodeling
assays with recombinant nucleosomes that lack individual
histone tails. In the experiment shown in Figure 6B,
reconstituted nucleosomes that are positioned at the end of
the DNA fragment were isolated and used as substrates for
both CHRAC and NoRC. Consistent with previous results,
CHRAC-dependent mobilization of nucleosomes did not
require the tails of histones H2A, H2B and H3 (Figure 6B,
lanes 2, 7 and 12). If, however, the N-terminal tail of
histone H4 was deleted, CHRAC failed to move the
nucleosome towards the center of the DNA fragment
(lane 17). If NoRC was assayed on nucleosomal substrates
lacking individual histone tails, a similar result was
obtained. Like CHRAC, NoRC was able to mobilize
nucleosomes lacking the N-termini of histones H2A, H2B
and H3 (lanes 3±5, 8±10 and 13±15). However, deletion of
the tail of histone H4 completely abolished nucleosome
sliding (lanes 18±20). These functional assays demonstrate
that the TIP5 complex is a novel member of ACF/
CHRAC-like nucleosome remodeling machines.

Discussion

In this communication, we have identi®ed and character-
ized NoRC, a novel member of mammalian SNF2h-
containing remodeling complexes. The largest subunit
of NoRC, i.e. TIP5, is a member of a growing family of
proteins with similar domain architecture. This family of
proteins has been named BAZ, `bromodomain adjacent
zinc ®nger' and WAL (WSTF-, Acf1-like) proteins,
respectively (Jones et al., 2000; Poot et al., 2000). The
most prominent members of this family are Acf1, the
largest subunit of the chromatin remodeling complexes
ACF and CHRAC (Ito et al., 1997; Varga-Weisz et al.,
1997; Poot et al., 2000), and WSTF, a gene that is deleted
in patients with William Beuren syndrome (Lu et al.,
1998). BAZ2A/hWALp3 corresponds to TIP5. All mem-
bers of the WSTF/ACF-like protein family are character-
ized by a distinct modular organization, i.e. they contain
the WAKZ motif (Ito et al., 1999), followed by one or two
PHD ®ngers and a bromodomain near the C-terminus. The
110 amino acid bromodomain is present in a growing
number of transcriptional coactivators, many of which are
known to reside in large multiprotein complexes and serve
a role in chromatin modi®cation. It is possible that tandem
PHD ®ngers and a bromodomain form a cooperative
interaction unit, as has been suggested recently for the
KRAB proteins (Schultz et al., 2001). Some bromodomain
proteins are subunits of chromatin remodeling complexes,
like Acf1, Brg1 and Brm (Ito et al., 1999; Kingston and
Narlikar, 1999; Peterson, 2000). Moreover, most proteins

with histone acetyltransferase (HAT) activity contain a
bromodomain. The structure of the bromodomain recently
has been shown to allow speci®c interactions with
acetylated histone H4 tails (Owen et al., 2000). The
recognition of speci®c N- and C-terminal modi®cations in
the histone tails has been postulated to be one of the key
interactions determining the transcriptional competence of
chromatin (Strahl and Allis, 2000). It is therefore possible
that TIP5 function is sensitive to the acetylation state of
speci®c lysine residues that are required to anchor TIP5 to
chromatin.

It is intriguing that TIP5 shares domains with Acf1 and
WSTF that are implicated in protein±protein interactions,
such as PHD ®ngers and the BAZ1 motif. The PHD ®nger
is a 50±80 amino acid zinc ®nger-like motif with a unique
Cys4±His±Cys3 pattern that has been identi®ed in numer-
ous proteins, many of which are implicated in chromatin-
mediated transcriptional control (Aasland et al., 1995).
The BAZ1 motif has been reported to be involved in the
interaction with SNF2h, the human homolog of ISWI
(Jones et al., 2000). WSTF and hAcf1, but not TIP5,
contain at their N-terminal region a WAC motif, a novel
protein domain that appears to target ACF to pericentric
heterochromatin. Moreover, TIP5 contains a module,
termed TAM, a motif that is related to the MBD motif
present in methyl-CpG-binding proteins (Nan et al., 1993).
It is tempting to speculate that the role of TAM is to
localize NoRC adjacent to the binding site of TTF-I on the
rDNA promoter by virtue of interacting with DNA.
Indeed, the TAM domain of TIP5 binds to DNA.
However, binding was not very ef®cient and we did not
detect preferential binding either to the rDNA promoter
(data not shown) or to methylated DNA. The two AT-
hooks that are adjacent to the TAM domain enhance DNA-
binding activity by almost two orders of magnitude. This
suggests that the AT-hooks, which have been shown to
affect association of proteins with chromatin (Bourachot
et al., 1999), may collaborate with bromodomains to
specify interactions with particular nucleosomes.

Studies of mammalian remodeling complexes initially
focused on the human SWI/SNF homologs, the Brg-1
and Brm proteins. A third family, which includes the
nucleosome remodeling and deacetylase (NuRD) com-
plexes, contains a CHD/Mi-2 protein(s) as the central
ATPase(s). Another complex containing ISWI and a
325 kDa subunit (hRSF) was puri®ed from human cells
based on its ability to facilitate transcription from
chromatin templates (LeRoy et al., 1998). All of these
complexes have been shown to remodel chromatin in vitro
and to endow chromatin with dynamic properties to
regulate many nuclear processes, such as transcription,
replication, recombination and DNA repair. In this com-
munication, we have identi®ed and characterized a novel
ACF-like remodeling complex that contains TIP5, SNF2h,
and perhaps two additional proteins, p50 and p80.
Importantly, TIP5 interacts with the Pol I transcription
termination factor TTF-I and the majority of TIP5 co-
localizes with UBF in the nucleolus. Therefore, it is
reasonable to predict that NoRC serves a speci®c role in
maintaining or altering the chromatin structure of the
rDNA locus. Consistent with a specialized function for
NoRC, current data indicate that each remodeling complex
can perform only a subset of known remodeling activities.
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These include the ability to transfer histone octamers
in trans, disorder nucleosome arrays, space nucleosomes
evenly along an array, perturb or reposition individual
nucleosomes and facilitate the access of proteins to
nucleosomal DNA (for a review see Kingston and
Narlikar, 1999). For example, excess NURF perturbs the
regular positioning of histone octamers relative to one
another within an assembled nucleosomal array, while
ACF and CHRAC promote the opposite reaction, i.e. they
improve the assembly of regularly spaced nucleosomes
(Tsukiyama et al., 1995; Ito et al., 1997; Varga-Weisz
et al., 1997; Poot et al., 2000). Moreover, the ATPase
activity of SWI2/SNF2 is stimulated by DNA, Mi-2 by
nucleosomes and ISWI by both, i.e. is partially stimulated
by DNA and further activated by nucleosomes. Additional
differences between remodeling complexes have been
observed with mononucleosome substrates. SWI2 and
Mi-2 trigger nucleosome movement in the absence of
histone tails, whereas both ISWI and NoRC require the tail
of histone H4 for activity (Boyer et al., 2000; Brehm et al.,
2000). Finally, ISWI moves a histone octamer from a
central position to the end of a DNA fragment, whereas
CHRAC directs nucleosome movement in the opposite
direction (LaÈngst et al., 1999). Signi®cantly, immuno-
precipitated NoRC behaves like CHRAC, i.e. it moves
nucleosomes from the end of a DNA fragment to a central
position of the DNA.

The marked conservation of ISWI homologs in species
as diverse as yeast and humans suggests that they serve
important functions. Apparently, the cell uses different
complexes to assemble specialized chromatin structures,
and the different types of complexes may be targeted to
different sets of cellular genes. The analysis of NoRC, a
novel member of ISWI/SNF2h-based chromatin remodel-
ing complexes, supports this view. Our ®nding that NoRC
both interacts with TTF-I and co-localizes with the basal
Pol I transcription factor UBF suggests a function in rDNA
transcription. We have shown previously that binding of
TTF-I to its cognate site upstream of the rDNA promoter
induces chromatin remodeling, which is a prerequisite for
Pol I transcription initiation (LaÈngst et al., 1997, 1998).
Thus, TTF-I can activate transcription on chromatin
templates, presumably by recruiting remodeling com-
plexes to the rDNA promoter. Whether or not the TIP5
complex or another remodeling machine that is present in
the partially puri®ed transcription system is responsible for
TTF-I-mediated transcriptional activation is not yet
known. We can not even exclude the possibility that
NoRC is associated with inactive ribosomal gene copies
and exerts a repressive effect on Pol I transcription.
Further investigation of the role of NoRC on Pol I
transcription using a de®ned in vitro system consisting of
reconstituted nucleosomal arrays and puri®ed transcription
factors is clearly warranted. The reconstitution of NoRC
from recombinant subunits will constitute a major mile-
stone on this track. Regardless of whether NoRC exerts a
stimulatory or repressive effect on rDNA transcription,
NoRC has the potential to regulate cellular rRNA synthetic
activity and, with that, ribosome biogenesis. Future studies
will address the role of TIP5 in modulating transcriptional
activity that occurs as the cell responds to external signals
or progresses through the cell cycle.

Materials and methods

Cloning of cDNA encoding Tip5
The yeast two-hybrid screening was performed essentially as described
(Gyuris et al., 1993). The yeast strain EGY48 harboring LexA-TTF-I was
transformed with a human ®broblast (Wi-38) cDNA fusion library cloned
into the vector pB42AD (Clontech), which contains the B42 activation
domain. Transformants were selected on SD/galactose/±Ura/±His/±Trp/±
Leu plates for 3 days and then patched onto SD/glucose/±Ura/±His/±
Trp/±Leu plates. About 107 colonies were screened. Five positive clones
were identi®ed and sequenced. One of them, designated Tip5, contained a
1.2 kb cDNA that corresponds to a human EST clone, KIAA0314
(Nagase et al., 1997). The partial cDNA was used to screen a mouse
cDNA library to yield a partial clone encompassing amino acids 1±598 of
murine TIP5. Finally, conventional techniques were used to isolate a
murine cDNA with a 5553 nucleotide ORF that encodes full-length TIP5
with a calculated molecular mass of 205 kDa. The cDNA sequence has
been submitted to the DDBJ/EMBL/GenBank (accession No. AJ309544).
The corresponding human gene (accession No. AB032254) has been
termed BAZ2A (Jones et al., 2000) and hWALp3 (Poot et al., 2000),
respectively. The full-length cDNA was inserted into diverse vectors to
facilitate expression in Escherichia coli and in mammalian cells.

Expression and puri®cation of recombinant proteins
To express subclones of TIP5, histidine-tagged TIP5-TAM (amino acids
510±611) or TIP5-TAM-AT (amino acids 510±723) were expressed in
E.coli (DE3)pLysS and puri®ed on Ni2+-NTA±agarose. Brie¯y, extracts
were centrifuged at 12 000 g at 4°C for 30 min and the supernatant was
incubated for 3 h at 4°C with Ni2+-NTA±agarose (Qiagen) in lysis buffer
[300 mM KCl, 20 mM Tris±HCl pH 8.0, 1% NP-40, 1 mM b-mercapto-
ethanol, 1 mM phenylmethylsulfonyl ¯uoride (PMSF), 5 mM imidazole].
The resin was washed with lysis buffer containing 0.5% NP-40 and
20 mM imidazole and proteins were eluted with 200 mM imidazole.

Protein±protein interaction assays
The region of human TIP5 that was identi®ed in the yeast two-hybrid
screen was fused to GST to yield pGEX1N-hTip/332±726. pGEX1N-
hTip5/332±726 was expressed in E.coli BL21(DE3) and puri®ed on
glutathione±Sepharose beads as speci®ed by the manufacturer
(Pharmacia). To monitor interaction of TTF-I with immobilized TIP5,
25 ml of nuclear extract or 2.5 ml of 35S-labeled TTF-I (Evers et al., 1995)
in 22.5 ml of buffer AM-100 were applied onto 20 ml columns of
glutathione±Sepharose containing 1 mg/ml immobilized GST±hTIP5/
332±726. After washing with 10 vols of buffer AM-100, bound proteins
were eluted with high-salt buffer AM-1000 and TTF-I was visualized on
western blots or by autoradiography.

Southwestern assay
Recombinant proteins were separated by SDS±PAGE, transferred to
nitrocellulose membranes and DNA binding was monitored as described
(Lewis et al., 1992). Brie¯y, after denaturation for 5 min in 6 M guanidine
hydrochloride in binding buffer (20 mM HEPES±KOH pH 7.9, 5 mM
MgCl2, 40 mM KCl, 10 mM b-mercaptoethanol), membrane-bound
proteins were washed sequentially with 3, 1.5, 0.75 and 0.375 M
guanidine hydrochloride in binding buffer. The membrane was washed
twice with binding buffer, blocked with 2% milk and washed again. The
®lters were incubated for 1 h at room temperature with ~100 000 c.p.m./
ml of speci®c 32P-labeled oligonucleotides and 5 mg/ml pBS-SK DNA in
binding buffer plus 0.1% NP-40. The membrane was washed with ®ve
changes (5 min each) of binding buffer supplemented with 0.01% NP-40.
Protein-bound DNA was monitored by a PhosphorImager.

Puri®cation of NoRC
TIP5-containing protein complexes were puri®ed from mouse cell
extracts using a combination of conventional and immunoaf®nity
chromatography. An 800 mg aliquot of whole-cell extract proteins was
®rst fractionated on a DEAE±SepharoseÔ Fast Flow column (Pharmacia)
in buffer AM-100 [100 mM KCl, 5 mM MgCl2, 20 mM Tris±HCl pH 7.9,
0.2 mM EDTA, 1 mM dithiothreitol (DTT), 10% glycerol and protease
inhibitors (CompleteÔ, Roche)]. After elution with buffer AM-280,
TIP5-containing fractions were chromatographed on SP-SepharoseÔ
Fast Flow (Pharmacia). Fractions eluting at 500 mM KCl (SP-500) were
puri®ed further on heparin±Ultrogel. After washing with buffer AM-300,
NoRC was step-eluted with 500 mM KCl, precipitated with 70%
ammonium sulfate, resuspended in buffer AM-300/0.01% NP-40 and
size-fractionated on a Superose 6 HR 10/30 (Pharmacia) gel ®ltration
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column. After concentration on SP-SepharoseÔ Fast Flow, fractions
containing TIP5 were incubated for 2 h at 4°C with 70 ml of protein G-
bound anti-TIP5 antibodies, transferred into columns and washed with 20
column volumes of AM-300, 5 vols of AM-500, and NoRC was eluted
with the epitope peptide (3 mg/ml) in 80 ml of buffer AM-300/0.1% NP-40
and protease inhibitors.

Immuno¯uorescence
NIH-3T3 cells grown on coverslips were washed with phosphate-buffered
saline (PBS), ®xed with 4% formaldehyde (freshly prepared from
paraformaldehyde) in PBS for 15 min at room temperature, washed with
PBS and incubated for 90 s with cold methanol. The coverslips were
incubated for 1 h at 37°C with primary antibodies and washed three times
before being incubated for 1 h at 37°C with the appropriate secondary
antibodies. Finally, the coverslips were mounted in Fluoromount-G
(Southern Biotechnology Associated, Inc.). Immuno¯uorescence was
monitored by microscopy and images were digitally recorded. Primary
antibodies were a-mTIP5N1-18 (rabbit) and a-hUBF (human), which
were diluted 1:100 and 1:2400, respectively, in PBS containing 0.1%
bovine serum albumin (BSA). Secondary antibodies (Dianova GmbH)
were ¯uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG
(dilution 1:500) or Texas red-conjugated goat anti-human IgG (dilution
1:200). DNA was stained with 5 ng/ml Hoechst 33258 (Boehringer
Mannheim).

Nucleosome mobilization assay
Mononucleosomes were reconstituted on a labeled 248 bp murine rDNA
fragment (from ±232 and +16) with either recombinant histones using salt
gradient dialysis or with puri®ed Drosophila histones using polyglutamic
acid (Brehm et al., 2000). NoRC was immunopuri®ed by incubating
bead-bound anti-TIP5N1±18 antibodies (3±5 mg of IgGs per 10 ml of
protein A±agarose) with 10 mg/ml whole-cell extract proteins in buffer
AM-300 containing 0.1% NP-40 and protease inhibitors. Nucleosome
mobility was assayed as described (Brehm et al., 2000). Typical reactions
contained 60 fmol of puri®ed nucleosomes, 1 mM ATP, 200 ng/ml BSA in
buffer AM-100. Positioned mononucleosomes were incubated with
recombinant ISWI (2±6 fmol), puri®ed CHRAC (0.2±0.6 fmol) and
increasing amounts of NoRC for 90 min at 26°C. The nucleosome
positions were analyzed by electrophoresis in 4.5% polyacrylamide gels
in 0.43 TBE.

Antibodies
Polyclonal antibodies recognizing residues 1±18 of TIP5 were raised in
rabbits using a keyhole limpet hemocyanin-conjugated synthetic peptide
(a-mTIP5N1±18). The anti-hISWI and anti-hACF1 antibodies have been
described (Poot et al., 2000). Antibodies were af®nity-puri®ed using the
corresponding immunogen cross-linked to an UltraLinkÔ Iodoacetyl
column (Pierce) according to the manufacturer's instructions.

Acknowledgements

We are grateful to Patrick Varga-Weisz and Karl Nightingale for
providing Acf1, antisera against hSNF2h and the preparation of
recombinant histones. Moreover, we thank M.SchnoÈlzer for mass
spectroscopy, B.DoÈrr and S.Iben for help in protein puri®cation, A.Bird
for the expression vector encoding MBD2, J.Zhao for advice on
immuno¯uorescence, and P.Becker for support and advice. This work
was supported by the Deutsche Forschungsgemeinschaft and the Fond der
Chemischen Industrie.

References

Aasland,R., Gibson,T.J. and Stewart,A.F. (1995) The PHD ®nger:
implications for chromatin-mediated transcriptional regulation. Trends
Biochem. Sci., 20, 56±59.

Aihara,T., Miyoshi,Y., Koyama,K., Suzuki,M., Takahashi,E., Monden,M.
and Nakamura,Y. (1998) Cloning and mapping of SMARCA5 encoding
hSNF2H, a novel human homologue of Drosophila ISWI. Cytogenet.
Cell Genet., 81, 191±193.

Aravind,L. and Landsman,D. (1998) AT-hook motifs identi®ed in a wide
variety of DNA-binding proteins. Nucleic Acids Res., 26, 4413±4421.

Bochar,D.A., Savard,J., Wang,W., La¯eur,D.W., Moore,P., Cote,J. and
Shiekhattar,R. (2000) A family of chromatin remodeling factors
related to Williams syndrome transcription factor. Proc. Natl Acad.
Sci. USA, 97, 1038±1043.

Bourachot,B., Yaniv,M. and Muchardt,C. (1999) The activity of
mammalian brm/SNF2a is dependent on a high-mobility-group
protein I/Y-like DNA binding domain. Mol. Cell. Biol., 19,
3931±3939.

Boyer,L.A., Logie,C., Bonte,E., Becker,P.B., Wade,P.A., Wolffe,A.P.,
Wu,C., Imbalzano,A.N. and Peterson,C.L. (2000) Functional
delineation of three groups of the ATP-dependent family of
chromatin remodeling enzymes. J. Biol. Chem., 275, 18864±18870.

Brehm,A., LaÈngst,G., Kehle,J., Clapier,C.R., Imhof,A., Eberharter,A.,
MuÈller,J. and Becker,P.B. (2000) dMi-2 and ISWI chromatin
remodeling factors have distinct nucleosome binding and
mobilization properties. EMBO J., 19, 4332±4341.

Clapier,C.R., LaÈngst,G., Corona,D.F., Becker,P.B. and Nightingale,K.P.
(2001) Critical role for the histone H4 N terminus in nucleosome
remodeling by ISWI. Mol. Cell. Biol., 21, 875±883.

Doerks,T., Copley,R. and Bork,P. (2001) DDTÐa novel domain in
different transcription and chromosome remodeling factors. Trends
Biochem. Sci., 26, 145±146.

Eisen,J.A., Sweder,K.S. and Hanawalt,P.C. (1995) Evolution of the
SNF2 family of proteins: subfamilies with distinct sequences and
functions. Nucleic Acids Res., 23, 2715±2723.

Evers,R., Smid,A., Rudloff,U., Lottspeich,F. and Grummt,I. (1995)
Different domains of the murine RNA polymerase I-speci®c
termination factor mTTF-I serve distinct functions in transcription
termination. EMBO J., 14, 1248±1256.

Flaus,A. and Owen-Hughes,T. (2001) Mechanisms for ATP-dependent
chromatin remodeling. Curr. Opin. Genet. Dev., 11, 148±154.

Guschin,D., Geiman,T.M., Kikyo,N., Tremethick,D.J., Wolffe,A.P. and
Wade,P.A. (2000) Multiple ISWI ATPase complexes from Xenopus
laevis: functional conservation of an ACF/CHRAC homolog. J. Biol.
Chem., 275, 35248±35255.

Gyuris,J., Golemis,E., Chertkov,H. and Brent,R. (1993) Cdi1, a human
G1 and S phase protein phosphatase that associates with Cdk2. Cell,
75, 791±803.

Hendrich,B. and Bird,A. (1998) Identi®cation and characterization of a
family of mammalian methyl-CpG binding proteins. Mol. Cell. Biol.,
18, 6538±6547.

Ito,T., Bulger,M., Pazin,M.J., Kobayashi,R. and Kadonaga,J.T. (1997)
ACF, an ISWI-containing and ATP-utilizing chromatin assembly and
remodeling factor. Cell, 90, 145±155.

Ito,T., Levenstein,M.E., Fyodorov,D.V., Kutach,A.K., Kobayashi,R. and
Kadonaga,J.T. (1999) ACF consists of two subunits, Acf1 and ISWI,
that function cooperatively in the ATP-dependent catalysis of
chromatin assembly. Genes Dev., 13, 1529±1539.

Jones,M.H., Hamana,N., Nezu,J. and Shimane,M. (2000) A novel family
of bromodomain genes. Genomics, 63, 40±45.

Kingston,R.E. and Narlikar,G.J. (1999) ATP-dependent remodeling and
acetylation as regulators of chromatin ¯uidity. Genes Dev., 13,
2339±2352.

LaÈngst,G. and Becker,P.B. (2001) Nucleosome positioning and
mobilization by ISWI. J. Cell Sci., 114, 2561±2567.

LaÈngst,G., Blank,T.A., Becker,P.B. and Grummt,I. (1997) RNA
polymerase I transcription on nucleosomal templates: the
transcription termination factor TTF-I induces chromatin remodeling
and relieves transcriptional repression. EMBO J., 16, 760±768.

LaÈngst,G., Becker,P.B. and Grummt,I. (1998) TTF-I determines the
chromatin architecture of the active rDNA promoter. EMBO J., 17,
3135±3145.

LaÈngst,G., Bonte,E.J., Corona,D.F. and Becker,P.B. (1999) Nucleosome
movement by CHRAC and ISWI without disruption or trans-
displacement of the histone octamer. Cell, 97, 843±852.

LeRoy,G., Orphanides,G., Lane,W.S. and Reinberg,D. (1998)
Requirement of RSF and FACT for transcription of chromatin
templates in vitro. Science, 282, 1900±1904.

LeRoy,G., Loyola,A., Lane,W.S. and Reinberg,D. (2000) Puri®cation
and characterization of a human factor that assembles and remodels
chromatin. J. Biol. Chem., 275, 14787±14790.

Lewis,J.D., Meehan,R.R., Henzel,W.J., Maurer-Fogy,I., Jeppesen,P.,
Klein,F. and Bird,A. (1992) Puri®cation, sequence and cellular
localisation of a novel chromosomal protein that binds to
methylated DNA. Cell, 69, 905±914

Linxweiler,W. and HoÈrz,W. (1984) Reconstitution of mononucleosomes:
characterization of distinct particles that differ in the position of the
histone core. Nucleic Acids Res., 12, 9395±9413.

Lu,X., Meng,X., Morris,C.A. and Keating,M.T. (1998) A novel human
gene, WSTF, is deleted in Williams syndrome. Genomics, 54,
241±249.

TIP5 and remodeling

4899



Nagase,T. et al. (1997) Prediction of the coding sequences of
unidenti®ed human genes. VII. The complete sequences of 100 new
cDNA clones from brain which can code for large proteins in vitro.
DNA Res., 4, 141±150.

Nan,X., Meehan,R.R. and Bird,A. (1993) Dissection of the methyl-CpG
binding domain from the chromosomal protein MeCP2. Nucleic Acids
Res., 21, 4886±4892.

Owen,D.J., Ornaghi,P., Yang,J.C., Lowe,N., Evans,P.R., Ballario,P.,
Neuhaus,D., Filetici,P. and Travers,A.A. (2000) The structural basis
for the recognition of acetylated histone H4 by the bromodomain of
histone acetyltransferase gcn5p. EMBO J., 19, 6141±6149.

Peterson,C.L. (2000) ATP-dependent chromatin remodeling: going
mobile. FEBS Lett., 476, 68±72.

Poot,R.A., Dellaire,G., HuÈlsmann,B.B., Grimaldi,M.A., Corona,D.F.V.,
Becker,P.B., Bickmore,W.A. and Varga-Weisz,P.D. (2000)
HuCHRAC, a human ISWI chromatin remodeling complex contains
hACF1 and two novel histone-fold proteins. EMBO J., 19, 3377±3387.

Schultz,D.J., Friedman,J.R. and Rauscher,F.J.,III (2001) Targeting
histone deacetylase complexes via KRAB-zinc ®nger proteins: the
PHD and bromodomains of KAP-1 form a cooperative unit that
recruits a novel isoform of the Mi-2a subunit of NuRD. Genes Dev.,
15, 428±443.

Strahl,B.D. and Allis,C.D. (2000) The language of covalent histone
modi®cations. Nature, 403, 41±45.

Tsukiyama,T. and Wu,C. (1995) Puri®cation and properties of an ATP-
dependent nucleosome remodeling factor. Cell, 83, 1011±1020.

Tsukiyama,T., Palmer,J., Landel,C.C., Shiloach,J. and Wu,C. (1999)
Characterization of the imitation switch subfamily of ATP-dependent
chromatin-remodeling factors in Saccharomyces cerevisiae. Genes
Dev., 13, 686±697.

Varga-Weisz,P.D., Wilm,M., Bonte,E., Dumas,K., Mann,M. and
Becker,P.B. (1997) Chromatin-remodeling factor CHRAC contains
the ATPases ISWI and topoisomerase II. Nature, 388, 598±602.

Wolffe,A.P. and Guschin,D. (2000) Chromatin structural features and
targets that regulate transcription. J. Struct. Biol., 129, 102±122.

Zatsepina,O.V., Voit,R., Grummt,I., Spring,H., Semenov,M.V. and
Trendelenburg,M.F. (1993) The RNA polymerase I-speci®c
transcription initiation factor UBF is associated with
transcriptionally active and inactive ribosomal genes. Chromosoma,
102, 599±611.

Received May 23, 2001; revised July 5, 2001;
accepted July 12, 2001

R.Strohner et al.

4900


