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Summary

Actin-related proteins (Arps) and conventional actin
are enigmatic components of many chromatin-remod-
eling enzyme complexes. The yeast INO80 ATP-
dependent chromatin-remodeling complex contains
stoichiometric amounts of Arp4, Arp5, Arp8, and actin.
Here we have revealed functions of Arp5 and Arp8 by
analysis of mutants. arp5A and arp8A mutants display
an ino80A phenotype. Purification of INO80 complexes
from arp5A and arp8A cells shows that protein com-
plexes remain intact but are compromised for INO80
ATPase activity, DNA binding, and nucleosome mobili-
zation. The INO80 (arp8A) complex is strikingly defi-
cient, not only for the Arp8 subunit, but also for Arp4
and actin, suggesting an ordered assembly of Arps.
Binding of Arp8 to the INO80 complex requires an
N-terminal region of Ino80 adjacent to the conserved
ATPase domain. GST-Arp8 binds preferentially to his-
tones H3 and H4 in vitro, suggesting a histone chaper-
one function. These findings show direct involvement
of Arps in the chromatin-remodeling process.

Introduction

Actin-related proteins (Arps) constitute a novel, evolu-
tionarily conserved superfamily of proteins whose pri-
mary sequence displays significant similarity to the con-
ventional actins (Poch and Winsor, 1997; Schafer and
Schroer, 1999). Studies over the past decade have impli-
cated Arps in important activities in the cell cytoplasm,
notably, the assembly of branched actin filaments
(Arp2/3) and the dynein-mediated movement of vesicles
along microtubules (Arp1) (see Schafer and Schroer,
1999, for areview). More recently, Arps and conventional
actin have also been discovered in the cell nucleus as
integral components of a wide variety of chromatin-
modifying enzymes (Boyer and Peterson, 2000; Rando
et al., 2000). These multiprotein complexes alter nucleo-
some architecture, either by covalent modification of
the N-terminal histone tails (e.g., the histone acetyltrans-
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ferases [HATSs]) or by ATP-dependent perturbations of
histone-DNA interactions (the SWI/SNF family of protein
complexes) (see Fyodorov and Kadonaga, 2001; Neely
and Workman, 2002; Roth et al., 2001, for reviews).

The mammalian Arp, BAF53 (BRG-associated factor),
and B-actin were initially found as components of the
mammalian SWI/SNF-like BAF chromatin-remodeling
complex (Zhao et al., 1998). Both BAF53 and B-actin
were subsequently located within the mammalian TIP60
histone acetyltransferase (HAT) complex (lkura et al.,
2000). Analysis of the Drosophila BRM complex revealed
an Arp (BAP55) as well as conventional actin as subunits
(Papoulas et al., 1998). Of the ten yeast Arps encoded
in the S. cerevisiae genome (Arp1-10, named in de-
scending order of conservation to conventional actins
[Poch and Winsor, 1997]), Arp7 and Arp9 were identified
as components of the highly related SWI/SNF and RSC
ATP-dependent chromatin-remodeling complexes (Cairns
et al., 1998; Peterson et al., 1998). Yeast Arp4 and actin
have been shown to be components of both the NuA4
HAT complex and the INO80 chromatin-remodeling
complex, a relative of SWI/SNF (Galarneau et al., 2000;
Shen et al., 2000); the INO80 complex contains two addi-
tional Arps, Arp5 and Arp8 (Shen et al., 2000).

The repeated identification of actin and/or Arps in
multicomponent enzymes specifically involved in chro-
matin metabolism suggests that these proteins perform
important functions in the cell nucleus by participating
in the chromatin-remodeling process. This view is sup-
ported by genetic and biochemical studies. For exam-
ple, phenotypic analysis of arp4 mutants revealed de-
fects consistent with a function in transcriptional
regulation and chromatin structure (Galarneau et al.,
2000; Jiang and Stillman, 1996), and the purified Arp4
protein has been shown to bind histones in vitro (Harata
et al., 1999; Galarneau et al., 2000). Arp7 and Arp9 have
been shown to be either essential or highly important
for cell viability in different yeast strains, and the viable
arp7A orarp9A mutants show (Swi~/Snf~ and Spt~) phe-
notypes consistent with a role in chromatin remodeling
and transcription (Cairns et al., 1998). Interestingly, mu-
tagenesis of residues that were predicted to mediate
ATP binding or hydrolysis did not affect Arp7 or Arp9
functions in vivo, indicating that the proteins provide a
structural, rather than enzymatic, function (Cairns et al.,
1998). In addition, there is evidence suggesting that ac-
tin can modulate the ATPase activity and binding of the
mammalian BAF complex to chromatin or the nuclear
matrix (Rando et al., 2002; Zhao et al., 1998). However,
despite these advances, there is little additional insight
on how Arps and actin are specifically involved in the
process of ATP-dependent chromatin remodeling.

Our studies of the yeast INO80 complex, which con-
tains Arp4, Arp5, Arp8, and actin, provided an opportu-
nity to investigate this question. In order to uncover
functions, we sought to examine the properties of INO80
complexes in which the Arps or actin were eliminated
by mutagenesis. The requirement for Arp4 and actin for
cell survival precluded facile analysis of the functions
of these two proteins, but the viability of null mutants
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for Arp5 and Arp8 allowed further investigations into
their biochemical functions in vivo and in vitro. Here,
we have purified the epitope-tagged Ino80 protein from
arp5A and arp8A strains. Our findings reveal that an
intact INO80 complex can be isolated as a stable assem-
blage, despite removal of specific Arp subunits. We
show that the mutant INO80 complexes are functionally
deficient for chromatin remodeling in biochemical
assays and confirm physiological significance by ge-
netic analysis. We also show that Arps interact with a
discrete region of the Ino80 protein and that Arp8 binds
directly to core histones. These results suggest that
Arps may assist in chromatin remodeling by providing
a histone chaperone function during the process of
nucleosome reorganization.

Results

Stable INO80 Complexes Lacking Arp5 and Arp8

In an earlier study, Arp4, Arp5, Arp8, actin, and the Rvb1
and Rvb2 helicase proteins were identified as compo-
nents of the INO80 complex (Shen et al., 2000). We have
identified the remaining components of the complex
by peptide sequencing of individual protein bands (see
Experimental Procedures). This analysis revealed Nhp10
(p26) and Anc1/Taf30 (p28), consistent with global pro-
tein-protein interaction maps (Gavin et al., 2002; Uetz
et al., 2000). Nhp10 is an HMG-1-like protein, and Anc1/
Taf30 is also found in SWI/SNF, TFIID, and TFIIF (Cairns
et al., 1996; Henry et al., 1992, 1994). Protein sequencing
also revealed two previously unidentified components,
les3 (ino eighty subunit) (p32) and les1 (p90/p100), as
well as phosphofructokinase Pfk26 (p90/p100), a con-
taminating product of FLAG immunoaffinity chromatog-
raphy (data not shown; Figure 1A).

To examine the INO80 complex in cells deficient for
Apr5 and Arp8, we introduced a FLAG-tagged /INO80
construct into strains in which the ARP genes were de-
leted. We confirmed elimination of the corresponding
genes for arp5A and arp8A cells by PCR analysis (Figure
1B). We found that INO80(arp5A) and INO80(arp8A)
complexes can be purified by immunoaffinity chroma-
tography as intact complexes using extracts from the
slow-growing mutant strains. We note that the degree
of purity of the mutant complexes is inferior to the wild-
type INO80 complex (Figure 1C). Near-normal levels of
Ino80 in the arp5A and arp8A strains (data not shown)
and the occurrence of stable mutant complexes indicate
that Arp5 and Arp8 are not essential for maintaining
the integrity of the INO80 complex. SDS-PAGE analysis
revealed that the INO80(arp5A) complexincluded all rep-
resentative INO80 subunits (the absence of Arp5 is ob-
scured by les1 and Pfk26).

Surprisingly, inspection of the INO80(arp8A) complex
showed not only the absence of Arp8, but also the ab-
sence or reduction of Arp4 and actin (Figure 1C). We
confirmed that this was not due to accidental deletion
of the ARP4 or ACT1 genes, since PCR analysis indi-
cated that both loci are intact (Figure 1B). Moreover,
purification of the INO80 complex from a strain mutant
for another subunit (nhp710A) showed retention of Arp8,
Arp4, and actin components (but, interestingly, the re-
duction of les3, in addition to Nhp10). Hence, the biologi-

cal activities revealed by the loss of Arp8 from the INO80
complex may also be derived from the loss of Arp4 and
actin. Purification of an INO80(K737A) complex carrying
an ATP binding site mutation showed retention of all
representative INO80 subunits, including Arp8, Arp4,
and actin (Figure 1C). The isolation of intact INO80 com-
plexes lacking Arp5 or Arp8 allowed us to address their
functions in ATP-dependent chromatin remodeling.

INO80 Complex Binds to DNA

and Mobilizes Nucleosomes

To provide additional parameters for comparison, we
first extended biochemical characterization of the wild-
type INO80 complex. It has been shown previously that
INO80 is a DNA-stimulated ATPase that increases ac-
cessibility to, and facilitates transcription from, a model
chromatin template reconstituted from fly embryo ex-
tracts (Shen et al., 2000). We found that the INO80 com-
plex can also bind directly to free DNA (a 359 bp INO1
promoter sequence) in a native polyacrylamide gel mo-
bility shift assay (Figure 2A). The apparent binding con-
stant was estimated at ~10 nM, a value in the range of
that reported for SWI/SNF binding (Quinn et al., 1996). By
contrast, NURF, an ISWI-containing complex, showed
undetectable DNA binding under the same conditions
(data not shown).

To further characterize chromatin-remodeling activity,
we reconstituted mononucleosomes using the 359 bp
INO1 promoter fragment and bacterially expressed, re-
combinant yeast core histones. Upon reconstitution at
histone/DNA ratios that favor mononucleosome assem-
bly, three major nucleosome species (N1-N3) can be
resolved by native PAGE analysis (Figure 2B). These
nucleosome species reveal the deposition of nucleo-
some core particles at different positions on the 359 bp
DNA; centrally located core particles display retarded
electrophoretic migration, while those located at or near
the fragment ends show faster migration (data not
shown; see also Duband-Goulet et al., 1992; Meersse-
man et al., 1992).

Previous studies have demonstrated ATP-dependent
nucleosome mobilization by ISWI and SWI/SNF com-
plexes as measured by a change in nucleosome posi-
tioning (Hamiche et al., 1999; Langst et al., 1999; Sen-
guptaetal., 2001; Whitehouse et al., 1999). We observed
that the INO80 complex could mobilize mononucleo-
somes in an ATP-dependent manner [see the enhance-
ment of the N1 and N2 bands and increase in (N1 +
N2)/N3 ratios] (Figure 2B). High levels of INO80 complex
present in the reaction also indicated binding to free
DNA and, possibly, nucleosomes. DNA binding was not
ATP dependent, although we note that the presence of
ATP sometimes provided a modest increase of DNA or
nucleosome binding. Very high levels of INO80 in the
assay led to depletion of free DNA and nuclesomes
when analyzed by native gel electrophoresis, presum-
ably because of formation of aggregates (data not
shown). These ATP-dependent changes of nucleosome
distribution induced by the INO80 complex are different
from those induced by another chromatin-remodeling
complex, NURF [see the attenuation of N2 and decrease
in (N1 + N2)/N3 ratios] (Figure 2C), suggesting that dif-
ferent types of chromatin-remodeling complex mobilize
nucleosomes through distinct mechanisms.
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Figure 1. Mutant INO80 Complexes Lacking
Specific Subunits
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Arp5 and Arp8 Are Important

to Chromatin Remodeling

To examine the contribution of Arp5 and Arp8 to chro-
matin remodeling, we compared the biochemical activi-
ties of wild-type and mutant INO80 complexes. At two
concentrations analyzed, we found that the binding ac-
tivity of the INO80(arp5A) complex to free DNA is consis-
tently reduced (50% of that in wt), as is binding of the
INO80(nhp10A) complex (24% of that in wt). Strikingly,
the INO80(arp8A) complex showed little or no DNA bind-
ing activity (3% of that in wt) (Figure 3A), and DNA bind-
ing could not be restored by 10-fold-higher concentra-
tions of complex (data not shown). Hence, Arp5 and,
especially, Arp8 are important for the DNA binding activ-
ity of the INO80 complex.

We then examined the nucleosome-mobilizing activi-
ties of mutant INO80 complexes by native gel electro-
phoresis. Nucleosome-mobilizing activity is revealed by
redistribution of the N1-N3 nucleosome species (the
presence of residual free DNA in the reaction also re-
veals DNA binding activity in the same gel lane). Under
conditions for optimal nucleosome mobilization by wild-
type INO80 complex, we found that equimolar amounts
of the INO80(arp5A) and INO80(arp8A) complexes failed
to mobilize nucleosomes [unchanged (N1 + N2)/N3 ra-
tios] (Figure 3B). Moreover, up to 10-fold-higher levels
of INO80(arp5A) and INO80(arp8A) complexes still failed
to induce nucleosome mobilization in the assay (Figure
3C). These results provide compelling evidence that
Arp5 and Arp8 have important roles in ATP-dependent

chromatin remodeling. Curiously, the INO80(nhp10A)
complex, which also has weak DNA binding activity,
was able to induce nucleosome redistribution [in-
creased (N1 + N2)/N3 ratios] (Figure 3B). This finding
suggests that Nhp10 (and les3) has a less important role
than do Arp5 and Arp8 in chromatin remodeling.

We also compared the ATPase activities of the wild-
type and mutant INO80 complexes. The ATPase activity
of the INO80O(WT) complex is stimulated by nucleosome
core particles (Figure 3C; Shen et al., 2000). At three
concentrations of stimulating nucleosomes, both the
INO80(arp5A) and INO80(arp8A) complexes showed
marked reductions in the nucleosome-stimulated activ-
ity (to ~10% to 20% of that in wt). By contrast, the
INO80(nhp10A) complex displayed a moderate reduc-
tion of the nucleosome-stimulated ATPase activity
(~50% of that in wt) (Figure 3D). Given that the bulk of
the ATPase activity of the INO80 complex is essentially
completely abrogated by the K737A mutation (Shen et
al., 2000), the observed reductions can be ascribed to
effects of Arp subunit loss on the enzymatic activity
of the Ino80 ATPase. These results provide additional
support for a functional role of Arp5 and Arp8 in the
ATP-dependent chromatin-remodeling process.

arp5A and arp8A Mutants Mimic

ino80A Phenotype

To evaluate the physiological significance of Arp5 and
Arp8 in chromatin remodeling, we analyzed the pheno-
types of the corresponding mutants. Like the ino80A
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Figure 2. INO80 Complex Binds to DNA and Mobilizes Nuclesomes

(A) INO80 complex binds to DNA. Native PAGE showing gel mobility
shift of 359 bp INO71 DNA (17.1 nM) in the presence of an increasing
amount of INO80 complex (Ino80 equivalent). The percentage of
DNA bound is shown at the bottom.

(B) INO80 complex mobilizes nucleosomes. Positions of mono-
nucleosomes (filled circles) are shown on the left. Native PAGE
showing INO80-DNA and/or INO80-nucleosome complexes near ori-
gin. Mononucleosome (5.8 nM) mobilization by INO80 in the pres-
ence of ATP is indicated by the reduction of N3 band intensity and
the increase in N1 and N2 band intensity. (N1 + N2)/N3 ratios are
given at the bottom. Standard deviation, <0.1.

(C) NURF mobilizes nucleosomes distinct from INO80. Native PAGE

mutant, both the arp5A and arp8A mutants are viable
in the S288C yeast strain background, defective for
growth in media lacking inositol, and hypersensitive to
hydroxyurea (HU), an inhibitor of DNA replication (Figure
4A; Shen et al., 2000). These phenotypes are consistent
with the functioning of Arp5, Arp8, and Ino80 within the
same protein complex. To further examine the role of
Arp5 and Arp8 in transcription in vivo, we compared RNA
levels of the INO1 gene, which is regulated positively by
INO8O (Ebbert et al., 1999; Shen et al., 2000). Greatly
reduced INO1 transcription was observed for both arp5A
and arp84, indicating that ARP5 and ARPS8 are required
for transcription of an INO80-regulated gene in vivo (Fig-
ure 4B). By contrast, the nhp70A mutant showed only
modest reduction of INO1 transcription (Figure 4B) and
did not display inositol auxotrophy or sensitivity to HU
(Figure 4A). Hence, the in vivo functions of Arp5 and
Arp8 are well correlated with their biochemical require-
ments for chromatin remodeling by the INO80 complex.

Arps and Actin Interact with the N-Terminal

Region of Ino80

To further characterize the role of Arp5 and Arp8 in
chromatin remodeling by the INO80 complex, we have
begun to investigate connections among subunits of the
INO80 complex. Inspection of the protein sequence of
Ino80 reveals a characteristic insertion that splits the
conserved ATPase/helicase domain, as well as an ex-
tensive N-terminal region (Figure 5A). We engineered a
deletion of a region in the N-terminal domain, which is
conserved among yeast, fly, and human Ino80 proteins,
and purified the INO80O(AN) complex from the corre-
sponding yeast strain by FLAG immunoaffinity chro-
matography. SDS-PAGE analysis showed that the
INO8O(AN) complex is deficient for Arp8, Arp4, and actin
(and Anc1/Taf30), while other INO80 subunits (such as
Rvb1, Rvb2, les3, and Nhp10) remain associated with
the mutant Ino80 protein (Figure 5B). Deletion of other
regions of Ino80 failed to abolish interactions with the
Arps (data not shown). The results implicate the N-ter-
minal region of Ino80 as an interaction domain for Arp8,
Arp4, actin, and Anc1/Taf30. We investigated the bio-
chemical properties of the INO80(AN) complex and
found that it fails to significantly bind to DNA or mobilize
NI-N3 nucleosomes in vitro (Figure 5C). To further inves-
tigate the physiological significance of this interaction,
we analyzed the strain carrying ino80-AN and found
similar phenotypes to the ino80A null mutant (Figure
5D), as well as to the arp5A and arp8A mutants. Taken
together, the results suggest that Arps and actin partici-
pate in chromatin remodeling through interaction with
the N-terminal region of the Ino80 ATPase protein.

Arp8 Binds to Core Histones In Vitro

To further explore how Arps may participate in ATP-
dependent chromatin remodeling, we investigated po-
tential interactions between Arps and histones. Given

showing nucleosome mobilization by NURF (ISWI equivalent) with
the same mononucleosome substrate as in (B). (N1 + N2)/N3 ratios
are given at the bottom. Note the attenuation of N2 bands. Standard
deviation, <0.1.
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Figure 3. Arp5 and Arp8 Are Required for Chromatin Remodeling

(A) Arp8 is required for DNA binding by the INO80 complex. Native PAGE showing gel mobility shift of 359 bp INO7 DNA in the presence of
wild-type and mutant INO80 complexes (equimolar concentrations measured by quantitative Western blotting). The percentage of wild-type
binding shown at the bottom is an average of results from two complex concentrations (2 and 4 nM).

(B) Arp5 and Arp8 are required for mononucleosome mobilization by the INO80 complex. Native PAGE showing nucleosome mobilization by
wild-type and mutant INO80 complexes (3.2 nM) with the INO7 mononucleosome substrate (5.8 nM). (N1 + N2)/N3 ratios are given at the

bottom. Standard deviation, <0.1.

(C) Requirement of Arps is not compensated by higher concentrations of mutant complexes. Native PAGE showing nucleosome mobilization
by increasing the amount of mutant INO80 complexes, up to 10X, asin (B). (N1 + N2)/N3 ratios are given at the bottom. Standard deviation, <0.1.
(D) Arp5 and Arp8 contribute to INO80 ATPase activity. Graph showing nucleosome (Nuc)-stimulated ATPase activity of wild-type and mutant

INO80 complexes. Standard deviation, <2%.

that Arp4 has been shown to bind to histones in vitro
(Harata et al., 1999), we evaluated in vitro interactions
between Arp8 and histones by measuring the binding
of the GST-Arp8 fusion protein to recombinant yeast
histone octamers in solution (similar studies with GST-

A YEPD INO HU
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ino80A

arpbA
arp8A
nhp10A

Figure 4. ARP5, ARP8, and INO80 Have Similar Functions In Vivo

Arp5 were precluded, owing to the failure of fusion pro-
tein expression). We found that GST-Arp8 can bind to
the four core histones, with striking preference for his-
tones H3 and H4 over H2A and H2B under moderate
ionic conditions (250 mM KCI) (Figure 6A). Given that

B
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arpsA
arp84
nhp10A

- W NOT

-
Beee

(A) arp5A and arp8A mutants show ino80A-like phenotypes. Yeast cells from wild-type and mutant strains were subjected to a series of 10-
fold dilutions and spotted on plates containing rich media (YEPD), synthetic media lacking inositol (—INO), and YEPD with 100 mM hydroxy-

urea (HU).

(B) ARP5 and ARPS8 are required for INO1 activation. Northern analyses of INO7 expression in wild-type and mutant strains, with ACT1 as a

loading control.
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Figure 5. An Arp Binding Domain of Ino80 Is
Important for Function
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(B) An Arp binding domain in Ino80. SDS-
PAGE and silver staining showing wild-type
and AN complexes. Missing subunits are
shown on the right.

(C) INO80-AN complex fails to bind DNA or
mobilize mononucleosomes. Native PAGE
showing nucleosome mobilization by in-
creasing amount of INO80-AN complex (1X
is 3.2 nM). (N1 + N2)/N3 ratios are given at
the bottom. Standard deviation, < 0.1.

(D) AN domain of Ino80 is important for func-
tion. Phenotypes of mutants assayed by se-
rial dilutions on YEPD, —INO, and HU plates.
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the histone octamer dissocates into the (H3/H4), tetra-
mer and two H2A/H2B dimers in physiological salt, we
suggest that Arp8 in the INO80 chromatin-remodeling

A GST GST-Arp8
50% Input 200 200 250 300 (MM KCI wash)
H3 whlbien. A o T—
Hop T e T
HeA . i o ol
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subunits

Figure 6. Arp8 Interacts with Core Histones

(A) Arp8 preferentially binds to H3 and H4 in solution. SDS-PAGE
and Coomassie staining showing histones bound by GST-Arp8.
(B) Model shows Arps in a subcomplex within the INO80 complex
directly interacting with nucleosomal histones.

HU

complex may present a preferred interaction surface for
the (H3/H4), tetramer. This interaction site may act as
a chaperone for the (H3/H4), tetramer or assist in the
disruption of histone-DNA contacts during the process
of nucleosome remodeling (Figure 6B).

Discussion

In this report, we have established a role for two nuclear
Arps in yeast, Arp5 and Arp8, in the chromatin-remodel-
ing process. Previous studies have suggested functions
of two other Arps, Arp7 and Arp9, as components impor-
tant to the structural integrity of the SWI/SNF and RSC
chromatin-remodeling complexes (Cairns et al., 1998).
In contrast, we have found that mutant INO80 complexes
lacking Arp5 and Arp8 are sufficiently stable to be iso-
lated and purified. Near-normal levels and the presence
of intact mutant complexes in the cell extract superna-
tant after ultracentrifugation suggest that the absence
of specific Arps does not lead to gross misfolding and
nonspecific aggregation of the remaining components
of the INO80 complex. Instead, the biochemical activi-
ties of the mutant INO80 complexes (DNA binding,
nucleosome mobilization, and ATPase activity) are com-
promised. Hence, the functions of Arp5 and Arp8 appear
to be less important for the structural integrity of the
entire INO80 complex than for the process of chromatin
remodeling itself. This conclusion is supported by a
good correlation between the impaired chromatin-
remodeling activities of mutant INO80 complexes lack-
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ing Arp5 or Arp8 and the in vivo phenotypes of arp5A
and arp8A mutants, which are highly similar to ino80A.

Although Arp5 appears to associate within the com-
plex independently of any other subunit, characteriza-
tion of the INO80(arp8A) complex revealed that the asso-
ciation of Arp8 is necessary for the inclusion of Arp4 and
actin in the complex. The results suggest a hierarchical
order of assembly in which recruitment of Arp8 to the
complex is essential for the subsequent assembly of
Arp4 and actin. The simultaneous loss of three subunits
(Arp8, Arp4, and actin) could account for the more pro-
nounced effects on the biochemical activities of the
mutant INO80 complex. Our results also indicate that
the targeting of Arp8, Arp4, actin, and Anc1/Taf30 is
directed by an N-terminal region of the Ino80 protein,
adjacent to the conserved ATPase domain. This region
of Ino80 alone is apparently sufficient to recruit these
four proteins (unpublished data). These findings imply
that the Arps and actin physically interact with Ino80 in
relatively close proximity to the catalytic core of this
chromatin-remodeling complex.

What roles could Arp5 and Arp8 have in chromatin
remodeling? It is possible that the Arps and actin exert
their effects indirectly by regulating the activity of the
Ino80 ATPase or other subunits of the complex. Alterna-
tively, as suggested by reports of physical interactions
between Arp4 and histones in vitro (Harata et al., 1999;
Galarneau et al., 2000) and association of Arp4 with
chromatin in vivo (Harata et al., 2002), Arp5 and Arp8
could bind directly to the core histones, providing a
histone acceptor or histone chaperone function for chro-
matin remodeling by the INO80 complex. Consistent
with this model, Arp8 demonstrates core histone binding
activity in vitro. It is interesting that Arp8 binds histones
H3 and H4 preferentially. Arp4 has a preference for H3
and H2B in far Western assays and histone H2A in a two-
hybrid assay (Harata et al., 1999). Thus, the combined
activities of the Arps might provide chaperone functions
for the entire histone octamer. In Arp4, the region re-
sponsible for histone binding constitutes a loop inserted
between conserved actin-like motifs (Harata et al.,
1999). Arp5 and Arp8 bear even more extensive inser-
tions into the actin fold containing acidic or basic
stretches (Poch and Winsor, 1997) and, so, may have
potentially more sites for binding to external macromole-
cules, including histones.

It is tempting to speculate that histone chaperoning
may be a common property of other nuclear Arps pres-
ent in many chromatin-remodeling complexes. How-
ever, it should be noted that a BAF155/BRG1/SWP73-
reconstituted complex, which lacks actin and Arp
(BAF53) subunits, has nearly identical remodeling activ-
ity to the intact h\SWI/SNF complex (Narlikar et al., 2001).
This finding suggests that Arps could have insignificant
functions in the hSWI/SNF complex. It will be important
to correlate these biochemical findings to physiological
function by analysis of the phenotype of a knockout
mouse for BAF53.

Arp4, Arp5, and Arp8 all show sequence conservation
with the ATP binding site of actin, suggesting the possi-
bility that these Arps might possess ATPase activity
similar to conventional actin. However, mutation of pre-
dicted ATP binding residues of the Arp7 and Arp9 com-
ponents of the SWI/SNF and RSC complexes showed

that they are unimportant for function (Cairns et al.,
1998). Although the binding or hydrolysis of ATP by Arp5
or Arp8 in vitro has not been established, we introduced
mutations in the predicted ATP binding site of Arp5
(S46A and D43A S46A) and Arp8 (H272A and H272A
S275A). Unlike the null arp mutants, the ATP binding
site mutants showed generally normal growth in rich
media and media lacking inositol, and the activation of
INO1 transcription was near normal (unpublished data),
suggesting that the predicted ATP binding sites of Arp5
and Arp8 are dispensable for these functions.

The loss of actin in the mutant INO80(arp8A) complex
raises the issue of the function of actin in the cell nu-
cleus. Given that actin is a highly abundant cellular pro-
tein and the major component of the cytoskeleton, the
physiological significance of its occurrence in nuclear
preparations can be questioned. However, the discov-
ery of actin as a component of the mammalian BAF
chromatin-remodeling complex in tight association with
the SWI2/SNF2-like BRG1 protein (Zhao et al., 1998) and
its presence in other chromatin-remodeling complexes
has spurred renewed interest in the functions of nuclear
actin. In addition, unpolymerized actin has been impli-
cated in control of transcription by serum response fac-
tor (Posern et al., 2002). One intriguing hypothesis sug-
gests that actin, perhaps in combination with Arps,
might serve as an anchoring point for chromatin-modi-
fying complexes to actin filaments of the nuclear matrix
(Rando et al., 2002). Our findings with purified com-
plexes and mononucleosome substrates do not directly
address the issue of interactions with nuclear substruc-
tures but offer an additional perspective to nuclear actin
functions. In this view, the association of monomeric
actin with Arps in the INO80 complex could provide
an essential, histone chaperone platform mediating the
rearrangement of histone-DNA contacts within a nucleo-
some. It will be of interest to further investigate the
precise role of actin in the chromatin-remodeling reac-
tion by a combination of genetic, biochemical, and cell-
biological approaches.

Experimental Procedures

Yeast Manipulations

All S. cerevisiae strains (see Supplement Table S1 at http://www.
molecule.org/cgi/content/full/12/1/147/DC1) are in the S288C back-
ground (Brachmann et al., 1998). To generate strains for protein
purification, we obtained arp5A, arp8A, and nhp10A strains from
Research Genetics. Mutations were confirmed by PCR, and the
strains were then transformed with pINO80-2F. pINO80-2F was
made by cloning a PCR fragment of INO80 containing the native
promoter (—500) and terminator (to Hindlll) into pRS416 (Brachmann
et al., 1998); a double-FLAG sequence was inserted before the stop
codon. The INO80-FLAG strain with the double-FLAG-tagged chro-
mosomal INO80 gene was constructed previously for purification
of wild-type complex (Shen et al., 2000). A mutant complex could
also be purified from an INO80-FLAG strain in which ARP5 or ARP8
was deleted, yielding the same results. A K737A mutation was intro-
duced to pINO80-2F to generate pINO80-2F-K737A, which was in-
troduced into an ino80A strain for purification of the K737A complex.
A region coding amino acids 356-682 of Ino80 was deleted by “loop-
ing out” mutagenesis in pINO80-2F to generate pINO80-2F-AN,
which was introduced into ino80A for purification of the AN complex.
p416-ARP5 was made by cloning a fragment (BamHI to Hindlll) of
ARP5 containing the native promoter and terminator into pRS416.
p416-ARP8 was made by cloning a PCR fragment of ARP8 con-
taining the native promoter (—1000) and terminator (+553) into
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pRS416. Potential ATP binding sites were identified by alignment
of actin and Arp sequences with Clustal W software. Mutations were
then made by site-directed mutagenesis (S46A and D43A S46A in
p416-ARP5; H272A and H272A S275A in p416-ARPS).

Standard yeast culture and transformation techniques were fol-
lowed. Phenotypic analysis was done by 10-fold serial dilutions of
midlog yeast cultures. Plates were incubated at 30°C for three days
and then scored. For gene expression analysis, yeast strains were
grown in selective media overnight and then diluted 10- to 20-fold
in YEPD. After growth at 30°C for 4 hr, cells were collected, washed,
and then grown in synthetic complete media lacking inositol
(BIO101). Induction was two hours for INO1. Total RNA was isolated,
and Northern analysis was performed. The entire ORFs of INO1 and
ACT1 were amplified by PCR and used as probes. Results were
quantified with a Fuji Image Reader LAS-1000.

In Vitro Assays

Wild-type INO80 complex was purified as described from INO80-
FLAG cells (Shen et al., 2000). Mutant complexes were purified with
anti-FLAG immunoaffinity chromatography from whole-cell extracts
of mutant strains. We found a slight decrease in yields, which maybe
due to the slow growth of mutant cells and loss of the pINO80-2F
plasmid. As a result, common contaminants were more pronounced
in mutant complexes. Analysis of mock-purified fractions showed
that common contaminants do not interfere with our assays. All
INO80 purifications were done with high-salt washes (0.5 M KCI).
SDS-PAGE and then silver staining were used to detect proteins.
Quantitative Western blotting was used to normalize complexes
used in assays. Peptide sequencing was performed at the Harvard
Microchemistry Facility on a Finnigan LCQ quadrupole ion trap mass
spectrometer. INO80 subunits, Nhp10, Anc1/Taf30, les1 (YFL013C),
and les3 (YLR052W) were identified. Under low-salt wash (0.2 M
KCI), additional proteins associate with the INO80 complex, includ-
ing les2 (YNL215W), les4 (YOR189W), les5 (YERO92W), les6
(YEL044W), and several unidentified polypeptides. Pfk26 is likely a
contamination, since it was common in several unrelated anti-FLAG
immunoaffinity purifications, and the pfk26A mutant does not show
ino80A phenotypes (data not shown).

A standard ATPase reaction (10 pl) contained 20 mM HEPES-
KOH (pH 7.6), 80 mM KCl, 0.8 mM EDTA, 6.6 mM MgCl,, 2 mM DTT,
8% glycerol, 0.016% NP40, 30 uM ATP, and 5 uCi a-P*-labeled
ATP. One hundred to 500 ng of nucleosome core particle (DNA
weight equivalent) and 400 ng of ¢X174 RF DNA were used for
stimulation. The amounts of proteins were adjusted to give about
20% ATP hydrolysis for the wild-type complex after 30 min at 30°C.
The ATPase reaction (0.5 .l) was separated by thin-layer chromatog-
raphy in 0.75 M KH,PO,. Signals were quantified on a Fuji Image
Reader LAS-1000.

S. cerevisiae core histone genes HTA1 (H2A), HTB1 (H2B), HHT2
(H3), and HHF2 (H4) were cloned into pET28b (Novagene) bacterial
expression vector with PCR fragments generated from yeast geno-
mic DNA. All coding sequences are native, without modifications
or affinity tags. Individual histones were expressed in BL21-
CodonPlus-RIL (Stratagene) E. coli cells. Individual histones were
purified and assembled into histone octamers as described (Luger
et al., 1997), with slight modifications as described (Gelbart et al.,
2001). The 359 bp INO1 fragment spanning the INO1 promoter from
positions —359 to +1 was cloned into pBluescript Il (Stratagene)
as a tandem repeat. For large-scale fragment preparation, approxi-
mately 2 mg of DNA was digested and purified with a 4% acrylamide
gel. Initial mononucleosome reconstitutions were prepared as de-
scribed (Hamiche et al., 1999). Reconstitutions were then loaded
onto 12.5 ml glycerol gradient (5%-20% glycerol) and centrifuged
in a SW40Ti rotor for 12 hr at 35,000 rpm. Fractions containing
mononucleosomes were identified by SDS-PAGE.

A standard electromobility shift reaction (10 pl) contained 10
mM Tris-HCI (pH 7.5), 50 mM NaCl, 3 mM MgCl,, 1 mM
B-mercaptoethanol, 100 ng/ml BSA, 1 mM ATP, 17.1 nM DNA, and
1.2-30 nM INO80 complex (Ino80 equivalent). A standard nucleo-
some mobilization assay (10 wl) contained 10 mM Tris-HCI (pH 7.5),
50 mM NaCl, 3 mM MgCl,, 1 mM B-mercaptoethanol, 100 n.g/mi BSA,
1 mM ATP, 5-6 nM mononuclesome, and 1.3-32 nM complexes.
Recombinant NURF was purified as described (Xiao et al., 2001).

The reactions were incubated at 37°C for 30 min and then separated
in a 4% PAGE gel in TE with extensive buffer circulation. Gels were
stained with SYBR Green | and documented with a Fuji Image
Reader LAS-1000.

GST-Arp8 proteins containing the entire ORF of ARP8 were ex-
pressed in, and purified from, E. coli and quantitated by SDS-PAGE
and Coomassie blue staining with BSA as a standard. In the GST
pull-down assay, 400 ng of recombinant yeast octamers were incu-
bated with GST or GST-Arp8 beads (20 pl) in HEGN-0.1 M KCI
(HEGN, 25 mM HEPES-KOH [pH 7.6], 1 mM EDTA, 10% glycerol,
and 0.02% NP-40) (40 pl final volume) for 30 min at 30°C. Beads
were washed at room temperature with 200 pul HEGN-0.2 M KClI,
HEGN-0.25 M KCI, or HEGN-0.3 M KCI. Beads were boiled in SDS
loading buffer, and one-half of the sample was applied for
SDS-PAGE.
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