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Nuclear actin-related proteins (ARPs) are essential
components of chromatin remodeling and modifying
complexes, but their functions and relationship to
actin remain elusive. The yeast SWI/SNF and RSC
complexes contain Arp7 and Arp9, and are shown to
form a stable heterodimer with the properties of a
functional module. Arp7 and Arp9 rely on their actin-
related regions for heterodimerization, and their
unique C-termini cooperate for assembly into RSC.
We suggest that regulated ARP-ARP (and possibly
ARP-B-actin) heterodimerization might be a con-
served feature of chromatin complexes. A RSC com-
plex lacking Arp7/9 was isolated that displays robust
nucleosome remodeling activity, suggesting a separate
essential role for ARPs in the regulation of chromatin
structure. A screen for suppressors of arp mutations
yielded the DNA bending architectural transcription
factor Nhp6, which interacts with RSC complex phys-
ically and functionally and shows facilitated binding
to nucleosomes by RSC. We propose that Arp7/9
dimers function with DNA bending proteins to facili-
tate proper chromatin architecture and complex—
complex interactions.
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Introduction

Gene expression involves the modification and mobiliza-
tion of nucleosomes, the fundamental unit of chromatin.
Nucleosomes are mobilized by chromatin remodeling
complexes (remodelers), which utilize the energy of ATP
hydrolysis to alter DNA-histone contacts and reveal DNA
elements recognized by transcription factors (Vignali et al.,
2000; Havas et al., 2001; Saha et al., 2002). Remodelers
work with nucleosome modifying complexes such as
histone acetyltransferases (HATSs), deacetylases and
methyltransferases, which covalently modify nucleosomes
and affect the association of additional factors, including
remodelers (Narlikar et al., 2002). This process is dynamic
and must be highly regulated, as interactions between
remodelers and nucleosomes mediate transitions between
the active and inactive conformations of chromatin.
There are four classes of remodeling complexes, ISWI,
CHD/Mi-2, INO80 and SWI/SNF, defined by their differ-
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ent composition, in vitro activities and in vivo functions
(Cairns, 1998; Boyer and Peterson, 2000; Havas et al.,
2001). The SWI/SNF family consists of multiprotein
complexes that are conserved from yeast to metazoans
with central roles in gene regulation (Narlikar et al., 2002).
Saccharomyces cerevisiae contains the founding member,
SWI/SNF complex, and the highly related RSC (remodels
the structure of chromatin) complex (Cairns et al., 1996).
Likewise, human cells contain two highly related com-
plexes, termed hSWI/SNF-A (also called BAF) and hSWI/
SNE-B (also called PBAF) (Wang et al., 1996; Xue et al.,
2000), whereas Drosophila utilize the single SWI/SNF-
related Brm complex (Papoulas et al., 1998). All SWI/
SNF-family complexes contain a DNA-dependent ATPase
which serves as the ‘engine’ for nucleosome remodeling
(Phelan et al., 1999; Saha et al., 2002) as well as several
additional conserved proteins.

Intriguingly, all SWI/SNF remodelers also contain
actin-related proteins (ARPs; Olave et al., 2002). ARPs
constitute a large family of proteins present in all
eukaryotes with important roles in both the nucleus and
the cytoplasm (Schafer and Schroer, 1999; Machesky and
May, 2001). Saccharomyces cerevisiae contains 10 ARPs
(Arpl-Arp10), numbered by decreasing sequence simi-
larity to actin, with Arpl the most similar (Poch and
Winsor, 1997). Importantly, recent structural studies
suggest that new actin filaments are nucleated by the
regulated heterodimerization of Arp2 and Arp3 (Robinson
et al., 2001; Volkmann et al., 2001), and work presented
here shows that heterodimerization is likewise required for
Arp7/Arp9 function.

Nuclear ARP function involves chromatin structure,
revealed first in genetic studies of epigenetic transcrip-
tional regulation in yeast (Jiang and Stillman, 1996), and
later through their biochemical identification as members
of chromatin remodeling complexes (Cairns et al., 1998;
Papoulas et al., 1998; Peterson et al., 1998; Zhao et al.,
1998). Interestingly, all nuclear complexes that contain an
ARP also contain either an additional ARP or actin itself,
raising the possibility that nuclear ARPs (or ARP/actin)
are paired physically. Yeast SWI/SNF and RSC contain
both Arp7 and Arp9, two essential and non-redundant
ARPs, whereas hRSWI/SNF and Drosophila Brm complex
contain one ARP (Baf53 in hSWI/SNF, BAPS55 in
Drosophila) and one molecule of B-actin. Remarkably,
yeast INO8O complex contains three ARPs (Arp4, 5 and 8)
and B-actin (Shen er al., 2000). An ARP is also present,
along with f-actin, in HAT complexes such as the
essential yeast H4 acetyltransferase complex NuA4
(Galarneau et al., 2000) and human TIP60 and related
complexes (Ikura et al., 2000; Park et al., 2002), which
have clear roles in activation by c-myc, apoptosis and
DNA repair.
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Fig. 1. New conditional mutations in ARP7 and ARP9. (A) Mutations in arp7 (red) and arp9 (green) superimposed on the structure of actin (Kabsch
et al., 1990). (B) C-terminal regions lacking in arp7 (red) or arp9 (green) truncation alleles. Regions of similarity are boxed in grey. Rabbit actin (top
row). (C) Growth of Ts~ arp7 and arp9 strains. Strains given below. (D) Protein expression profiles of arp proteins. Whole-cell extracts from WT and
Ts~ arp strains grown at the temperatures indicated were immunoblotted with either polyclonal anti-Arp7 or anti-Arp9 antibody. Strains: pNCT.ARP7
(YBC1533), pNCT arp7E411K (YBC776), pNCT.arp7S33F (YBC788), pNCT.arp7ACI (YBC786), pNCT.arp7AC2 (YBC1534); for ARPY,
pNCT.ARPY (YBC1535), pNCT.arp9-1 (YBC1536) or pNCT.arp9AC (YBC775). Wild type (WT) (YBC605).

At present, we understand little about nuclear ARP or
actin function; however, studies on cytoplasmic actin and
the Arp2/3 complex may serve as a guide. Structurally,
actin is an ATPase that is divided into four domains
(Kabsch and Holmes, 1995) (Figure 1A). The central
sections of domains 1 and 3 combine to form the central
‘actin fold’, which is important for actin structure and
ATPase activity. The outer regions of domains 1 and 3
combine to form the barbed end, where monomer addition
occurs, whereas domains 2 and 4 combine to form the
pointed end. ARPs are highly similar to actin in the central
actin fold, but show less conservation in peripheral regions
(Robinson et al., 2001), suggesting specialization of
interactions. In addition, all ARPs contain either internal
‘loop’ insertions or C-terminal extensions (unique to each
ARP) that may confer additional specialized functions.
Indeed, one loop insertion unique to yeast Arp4 is highly
acidic, and can interact with all four histones regardless of
acetylation state (Harata et al., 1999; Galarneau et al.,
2000). The region within the actin fold serves two
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functions in actin: protein structure and ATP hydrolysis.
However, genetic evidence suggests that Arp7 and Arp9
are similar to actin structurally but lack ATP hydrolysis or
binding (Cairns et al., 1998).

Here we take both biochemical and genetic approaches
to understand Arp7 and Arp9 function. We identify the
architectural transcription factor NHP6A (non-histone
protein 6) as a multicopy suppressor of arp7 and arp9
conditional alleles. Nhp6a has demonstrated roles in both
transcriptional initiation and elongation and may alter
DNA structure to promote appropriate promoter architec-
ture and enable co-complex formation or recruitment
(Paull et al., 1996; Formosa et al., 2001). Interestingly, an
HMG-D domain similar to that in Nhp6 is present in the
hSWI/SNF component Baf57 (Wang et al., 1998) and the
Drosophila Brm complex component BAP111 (Papoulas
et al.,2001), raising the possibility that Nhp6 may perform
a related function in RSC or SWI/SNF. Our work suggests
that ARP heterodimers work with HMG proteins to
facilitate proper chromatin architecture.
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Fig. 2. ARP7 and ARP9 cosuppression relationships and suppression by mral. (A) Suppression of arp7 mutations by multicopy ARP9. Strains: WT
pNCT.ARP7 (YBC1533). arp7 Ts~ alleles: pNCT.arp7S33F (YBC788), pNCT arp7E411K (YBC776), pNCT.arp7AC2(YBC1534). Growth of WT and
arp7 Ts~ strains transformed with either YEp24.ARP9 or YEp24 alone on SC-Ura at 28°C or 36°C. (B) Suppression of arp9 mutations by multicopy
ARP7. Growth of WT and arp9 Ts™ strains transformed with either YEp24.ARP7 or YEp24 alone on SC-Ura at 28°C or 37°C. Strains: WT
(YBC1535), pNCT.arp9-1 (YBC1536) and pNCT.arp9AC (YBC775). (C) mral is a suppressor of arp7A and arp9A mutations. All W303 background:
WT (BCY405), arp9A arp7A (BCY393) and the triple arp9A arp7A mral-1 (BCY395) were compared for growth on rich media plates at 30°C or

38°C.

Results

Isolation and characterization of new alleles of
arp7 and arp9

We previously isolated temperature sensitive (Ts~) muta-
tions in arp7 including A19P, S33F, E411K and G396V
(Cairns et al., 1998), and here we isolate and characterize
new conditional missense and nonsense (truncation)
mutations in ARP7 and ARP9. Arp7 and actin are similar
within the actin fold, allowing arp7 missense mutations in
this region to be superimposed on the actin structure
(Kabsch et al., 1990; Cairns et al., 1998), providing an
estimate of their relative locations (Figure 1A). The arp7
nonsense allele arp7ACI places a stop codon at position
436, truncating 42 amino acids (Figure 1B). However,
arp7ACI encoded two protein species, the truncated
Arp7AC1 protein as well as full-length Arp7 (Figure 1D),
due to nonsense suppression (data not shown). To produce
only the truncation Arp7;_435, we inserted two stop
codons, resulting in arp7AC2. Strains bearing arp7AC2
contained only Arp7,_43s, and grew well at 22°C and
slowly at 28°C, and were unable to grow at 35°C
(Figure 1C) likely due to the instability of Arp7;_435 at
higher temperatures (Figure 1D).

The arp9 nonsense mutation described previously
(arp9-661, now renamed arp9AC) lacks the C-terminal
30 amino acids, Arp9;,_437 (Figure 1B) and produces a
stable truncated product as well as a very low level of full-
length protein due to nonsense suppression (Figure 1D and
data not shown). However, a strain bearing an arp9
derivative (bearing two stop codons) encoding only
Arp9,_437 was nonviable at all temperatures (data not
shown), suggesting that arp9AC viability relies on the
small amount of full-length Arp9 protein produced. Taken
together, the C-terminal 30 amino acids of Arp9 are
essential for viability whereas the C-terminal 42 amino
acids of Arp7 are required for growth and protein stability
at high temperature. As these C-termini lack homology to
actin, they may represent domains with unique functions,
and their roles are determined below.

Prior screens did not yield missense mutations in ARP9
that conferred temperature sensitivity. They were obtained
here by using arp7G396V as a guide and targeting the
equivalent region in ARP9 using a library of mutagenic
oligonucleotides, yielding the double substitution G337V
G338L (termed arp9-1). Strains bearing arp9-1 grew well
at 28°C and produced a protein product within about 2-
fold of wild-type Arp9 (Figure 1D) but lacked growth
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Fig. 3. Purification and characterization of a stable Arp7—Arp9 heterodimer. (A) Arp7 and Arp9 copurify. Histidine-tagged Arp7 and Flag-tagged Arp9
were coexpressed in E.coli using a bi-cistronic vector (lane 1). Soluble protein extracts were subjected to tandem affinity purification using Ni-NTA
resin (lane 2) followed by anti-Flag resin (lane 3). Samples were separated in a 7.5% acrylamide—SDS gel and visualized by staining with Coomassie
Blue dye. (B) Gel filtration chromatography reveals an Arp7—Arp9 heterodimer. Arp7—-Arp9 complex eluted from Ni-NTA (lane 2) was combined with
the size standards bovine serum albumin (BSA) and aldolase (lane 3) and separated on a Superdex-200 column. Samples were separated in a 7.5%

acrylamide—SDS gel and visualized with Coomassie Blue.

ability at 35°C (Figure 1C). Thus, we have isolated point
mutations and C-terminal truncation mutations in both
ARP7 and ARP9 that are suitable for subsequent genetic
and biochemical analysis.

Cosuppression relationships provide genetic
evidence for Arp7/Arp9 interaction

As Arp7 and Arp9 are the only shared components
between RSC and SWI/SNF complexes, they may interact
physically as a functional module. If so, mutations in one
ARP that impair interactions between the two ARPs might
be suppressed by increased dosage of the partner ARP. We
find that increased dosage of ARP9 suppresses the
temperature sensitivity of the arp7 missense strains tested,
including arp7E411K and arp7S33F (also arp7A19P, data
not shown), but is largely ineffective with arp7AC2
(Figure 2A). Likewise, increased dosage of ARP7 sup-
presses the temperature sensitivity of an arp9-1 strain, but
not an arp9AC strain (Figure 2B). These results suggest
that conditional mutations in the actin fold impair Arp7/9
interaction.

Arp7 and Arp9 form a stable heterodimer

To test more directly whether Arp7 and Arp9 interact
physically, we tested for copurification of recombinant
derivatives using a bi-cistronic coexpression system in
Escherichia coli. Here, Arp7 was tagged with seven
histidines at its C-terminus and Arp9 was tagged with the
Flag epitope at its N-terminus. Whereas expression of
either ARP in isolation led to largely (Arp9) or entirely
(Arp7) insoluble protein (data not shown), coexpression
rendered both largely soluble. Arp7 and Arp9 copurified
using either Ni-NTA resin (specific for the histidine tag) or
with anti-Flag M2 resin, were resistant to high salt
(600 mM KCI), and were obtained in high yield and
purity (Figure 3A). Size exclusion chromatography
revealed a complex of ~140 kDa, only slightly larger
than the 120 kDa estimated for a spherical Arp7/Arp9
heterodimer (Figure 3B). Arp7 and Arp9 appeared
stoichiometric in the purified material, as estimated from
staining intensity. Taken together, Arp7 and Arp9 form a
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stable heterodimeric complex and represent the first
purification of an isolated ARP/ARP heterodimer.

mra1 suppresses arp7 and/or arp9 null mutations
Rigorous testing of Arp7 and Arp9 function requires the
analysis of RSC or SWI/SNF complexes lacking Arp7 and
Arp9 both in vivo and in vitro. However, ARP7 and ARP9
are each essential genes in the common S288C genetic
background, and nearly essential in the common W303
genetic background (Cairns et al., 1998). However, we
isolated spontaneous suppressors of arp7A, arp9A or
arp7A arp9A mutants at very low frequency in W303
strains, (termed mral-1, mral-2 and mral-3, respect-
ively), as they modify the requirement for actin-related
proteins (data not shown).

All three mral alleles suppressed the single or double
arpA null mutations equally well and all three were tightly
linked, strongly suggesting a single locus (data not
shown). These mral mutations restored near-wild-type
growth ability on rich media plates at 28°C (Figure 2C).
However, mral confers only partial suppression of arpA
mutations, as mral arpA double mutants still displayed an
exceptionally wide variety of strong phenotypes such as
the inability to grow on raffinose or sucrose, or on plates
lacking inositol, all known phenotypes of swi/snf mutants.
These double mutants additionally displayed rsc mutant
phenotypes, including marked sensitivity to temperature,
formamide and caffeine, and high osmolarity (Figure 2C;
data not shown). However, these growth defects are
attributable to the arp mutation, as mral mutations in
isolation (otherwise WT) did not confer any detectable
phenotype, which has prevented our identification of the
gene. Regardless, viable mral arpA mutants enable the
isolation of RSC complex lacking Arp7 and Arp9, and
the ability to analyze the activity and assembly properties
of these complexes.

Arp7 and Arp9 are obligate partners in RSC and
SWI/SNF complexes in vivo

To determine whether Arp7/9 heterodimerization is
required for assembly into RSC or SWI/SNF, we per-
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Fig. 4. Arp7 and Arp9 are obligate partners in vivo. (A) Arp7 and Arp9 codependence for assembly into RSC or SWI/SNF complexes. Extracts were
prepared from WT (YBC405), mral (YBC430), mral arp9A (YBC426) and mral arp7A (YBC427) strains (left panel). Inmune complexes were
formed with anti-Arp7 (middle panel) or anti-Arp9 (right panel), washed, eluted, immunoblotted and probed with anti-Sthl or anti-Swi3 antiserum.
Assembly defects of Arp9 in arp7A mutants in (B) RSC or (C) SWI/SNF. Whole-cell extracts from WT (YBC405), mral (YBC430) and mral arp7A
(YBC427) were prepared (Loads). Immune complexes were formed with (B) anti-Sthl or (C) anti-Swi3, washed, eluted, immunoblotted and probed
with anti-Arp9 antiserum or antiserum specific for subunits of RSC (Rsc6) or SWI/SNF complex (Swp73) as controls. *Anti-Rsc6 and anti-Swp73
antibodies each cross react with a protein of slightly higher molecular weight. However, only the faster migrating species (bona fide Rsc6 or Swp73)

is coprecipitated, providing an internal control for specificity.

formed co-immunoprecipitation experiments using arpA
mral strains. Assembly into RSC was monitored by
association of ARPs with Sth1 or Rsc6, whereas assembly
into SWI/SNF was determined by association with Swi3 or
Swp73. Arp7 required Arp9 for assembly into RSC or
SWI/SNF, as anti-Arp7 coprecipitated Sthl or Swi3 from
extracts derived from wild-type (WT) or mral strains, but
not from an mral arp9A strain (Figure 4A). Likewise,
Arp9 required the presence of Arp7 to associate with RSC
or SWI/SNF components, as anti-Arp9 did not coprecipi-
tate Sth1 or Swi3 from an mral arp7A strain (Figure 4A).
The reciprocal set of experiments using anti-Sthl
(Figure 4B) or anti-Swi3 (Figure 4C) verified these results
(Arp7, data not shown). Taken together, these experiments
suggest that Arp7 and Arp9 must heterodimerize to
assemble into RSC or SWI/SNF complexes.

Purification of a RSC complex lacking Arp7 and
Arp9

A RSC complex lacking Arp7 and Arp9 (RSCA7/9) was
isolated from an arp7A arp9A mral strain, which harbored
a plasmid encoding a TAP-tagged [Tandem Affinity
Purification (Puig et al., 2001)] form of Rsc2 useful for
protein purification. Purification at high stringency fol-
lowed by staining with silver revealed an RSCA7/9
complex that appeared to lack only Arp7 and Arp9, and
no new additional proteins were detected (Figure 5A and B).

RSC complex lacking Arp7 and Arp9 displays
robust ATPase and nucleosome remodeling
activities

Current models for ARP function include regulation of
DNA-dependent ATPase activity, remodeling activity or
nucleosome binding (Harata et al., 1999; Boyer and
Peterson, 2000; Olave et al., 2002). Therefore, RSCA7/9
was tested for DNA-dependent ATPase activity, DNA
translocation and mononucleosome binding and remodel-
ing. The isolated ATPase ‘engines’ of the remodelers RSC
or hSWI/SNF (Sth1 or human Brgl, respectively) display
only ~15% of the nucleosome remodeling activity
observed with RSC (or hSWI/SNF) complex (Phelan
et al., 1999; Saha et al., 2002), raising the possibility that
ARP proteins could contribute to remodeling efficiency.
However, RSCA7/9 was nearly identical to WT RSC in
ATP turnover values for double-stranded DNA (5.9 versus
6.3 ATP/s, respectively; data not shown). Likewise, WT
RSC and RSCA7/9 function nearly identically (within
15%) in a triple-helix displacement assay (used to monitor
DNA translocation) (Figure 5C), and were essentially
equally effective in a mononucleosome remodeling assay
(tested in conditions of limiting enzyme) involving the
ATP-dependent accessibility of a Dral restriction endo-
nuclease site present on a mononucleosome (Figure 5D).
The purified Arp7/9 dimer showed no interaction with
recombinant (and unmodified) mononucleosomes over a
wide concentration range (1-400 molar excess; data not
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Fig. 5. Composition and activity of RSC lacking Arp7 and Arp9. (A) Purification of RSCA7/9, a stable RSC complex lacking Arp7 or Arp9. RSC and
RSCA7/9 were purified (see Materials and methods), and 600 ng of each was separated on a 7.5% acrylamide-SDS gel, followed by staining with sil-
ver. *A low-level degradation product of Sthl. (B) Immunoblot analysis of RSCA7/9. Purified RSC (125 ng) or RSCA7/9 (125 ng) was separated in a
7.5% acrylamide—SDS gel and immunoblotted with antiserum raised against Sth1, Rsc3, Rsc30, Rsc6, Arp7 or Arp9. (C) RSCA7/9 displaces a triple
helix. A triple-helix substrate consisting of a 40-base triple-helical region was centered on a 190 bp duplex DNA, treated as indicated for 60 min at
30°C or heated briefly at 90°C (Heat) and separated in a 15% polyacrylamide gel. Displacement of the 32P-labeled third strand as a percentage of total
(%Disp.) was quantified with Image Quant. (D) RSCA7/9 remodels mononucleosomes efficiently. Recombinant yeast octamers were assembled into
mononucleosomes (172 bp 5S DNA, 3?P-end labeled) containing a single Dral site near the dyad and purified. Reaction components: RSC or RSCA7/9
(as indicated); nucleosomes (12 nM); ATP (1 mM); Dral (20 units). Conditions: 1 h at 30°C, followed by DNA extraction, separation and autoradio-
graphy. (E) Reconstitution of the yeast Arp7/Arp9 heterodimer with RSCA7/9 and the requirement for the C-termini of Arp7 and Arp9 for assembly
into RSC. Arp7/9 heterodimer derivatives were expressed and purified, normalized for Arp9 content, bound to anti-Flag M2 agarose, washed (200 mM
NaCl), incubated with RSCA7/9 (4:1 molar ratio of Arp7/9 to RSC), washed (500 mM NaCl) and eluted with Flag peptide. Immunoblot analysis of
RSC reconstitutions. L: load, 10% of total. E: eluate, 40%. (F) A recombinant (E.coli) Arp7/9 dimer reconstitutes into RSC. Purified Arp7/9 dimer
from E.coli was bound to anti-Flag M2 agarose and treated as in (E). (G) Recombinant Arp7AC and Arp9AC copurify. Histidine-tagged Arp7AC
(1-435) and Flag-tagged Arp9AC (1-437) were coexpressed in E.coli using a bi-cistronic vector and purified as described in Figure 3 and Materials
and methods. Arp7AC and Arp9AC migrate at nearly the identical position.

shown). Thus, Arp7 and Arp9 likely have essential roles
that are distinct from the basic remodeling mechanism.

Reconstitution of RSC and the requirement for
Arp7/9 carboxyl termini

To determine whether the Arp7/9 C-termini connect the
Arp7/9 heterodimer to the RSC complex, we developed a
RSC reconstitution assay. We coexpressed full-length
ARP proteins or those lacking a C-terminus in yeast,
purified the corresponding heterodimer using the Arp7
histidine tag (data not shown) and utilized the Arp9 Flag
tag for immobilization on anti-M2 Flag agarose beads.
Immobilized Arp7/9 heterodimer derivatives were incu-
bated with either purified RSCA7/9 or pure WT RSC,
washed at high (500 mM NaCl) stringency and eluted with
Flag peptide to release associated proteins. RSC could be
reconstituted on the bead from RSCA7/9 and full-length
Arp7/9 heterodimer, whereas WT RSC (containing Arp7/
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9) did not interact (Figure 5E). The C-termini of both Arp7
and Arp9 were required for assembly into RSC, suggesting
that their C-termini cooperate for assembly. In addition,
the individual C-termini of Arp7 and Arp9 are not required
for heterodimerization, as the truncated Arp7/9 hetero-
dimers could be purified and remained stably associated
during the high stringency wash (Figure SE). Arp7/9
heterodimers purified from E.coli also assemble efficiently
into RSCA7/9, verifying that no other yeast protein is
required for assembly in this assay (Figure S5SF).
Furthermore, derivatives lacking both C-termini
(Arp7AC, 1-435; Arp9AC, 1-437) expressed in E.coli
are stably associated, showing that the actin-related
regions are sufficient for interaction (Figure 5G). Finally,
derivatives lacking either tail assemble poorly into RSC
in vivo, as precipitation of RSC (anti-Sth1) from extracts at
moderate stringency (250 mM NaCl) fails to coprecipitate
Arp7/9 truncation derivatives (data not shown).
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Fig. 6. Multicopy NHP6A suppresses arp alleles. (A) Suppression of
arp7 Ts~ alleles by multicopy NHP6A. Plasmid YEplac195 NHP6A or
empty vector were transformed into WT or the arp7 Ts~ strains and
grown at 28°C or 35°C. Strains: YBC726 transformants harboring WT
pNCT.ARP7 or plasmids bearing arp7 Ts alleles: pNCT.ARP7
(YBC1533), pNCT arp7E411K (YBC776) or pNCT.arp7S33F
(YBC788). (B) Suppression of arp9 Ts~ alleles by multicopy NHP6A.
YEplac195 NHP6A plasmid or empty vector were transformed into
WT or arp9 Ts™ strains and compared for growth at 28°C or 37°C.
Strains: YBC86 transformants harboring pNCT.ARP9 (YBCI1535),
pNCT.arp9-1(YBC1536) or pNCT. arp9AC (YBC775).

arp7 and arp9 mutations are suppressed by
increased dosage of NHP6A/B

To understand better the function of the Arp7/Arp9
heterodimer, we selected for suppressors of the tempera-
ture sensitivity conferred by the arp7-122 (E411K)
missense mutation using a multicopy plasmid library.
Plasmids directing strong suppression all contained ARP7
or ARP9, which were obtained twice and 11 times,
respectively. One genomic fragment directing moderate
suppression contained NHP6A, and multicopy NHP6A
alone was equally effective in restoring growth ability of

Nuclear actin-related protein dimers and Nhp6a

arp7E411K at 35°C (Figure 6A; data not shown). In
addition, increased dosage of the nearly identical gene
NHP6B was somewhat less effective, enabling slow
growth at 36°C (data not shown). Multicopy NHP6A
suppressed all arp7 alleles tested except the truncation
allele arp7AC2 (Table I), probably due to the instability
and absence of Arp7 protein encoded by arp7AC2 at high
temperature (Figure 1D). In addition, both the missense
allele arp9-1 and the truncation allele arp9AC were
partially suppressed (Figure 6B and Table I). Importantly,
high-copy NHP6A cannot suppress arp7A or arp9A
mutants (in W303 background, Table I) or other rsc
alleles tested, and actually inhibits the growth of WT
strains, further suggesting that the suppression of arp7 or
arp9 mutations is significant.

Combining rsc or swi/snf mutations with nhp6a
nhp6b mutations causes increased sickness or
lethality

As increased dosage of NHP6A/B may improve arp7/9
mutant growth ability; conversely, the absence of NHP6A/
B impairs arp7/9 growth ability. NHP6A and NHP6B are
largely redundant, as phenotypes such as temperature
sensitivity require a double nhp6a nhp6b (nhpAA) null
mutation (Costigan et al., 1994). Combining nhpAA
mutations with arp9AC or arp9-1 resulted in lethality or
extremely slow growth, respectively, at temperatures
permissive for each of the parent strains (Table II). In
contrast, nApAA combined with either snf2A or alleles of
sthl (sthl-2 and sthl-3) were viable, though a slight
lowering of the restrictive temperature was observed. In
addition, nhApAA combinations with rsc9-1 or snf2A
resulted in a lowering of the semi-permissive temperature
(Table II). Taken together, we observe strong genetic
interactions between nhp6 mutations and arp9 mutations,
and weaker interactions with other mutations in RSC and
SWI/SNF components, again suggesting that the func-
tional interaction involves these complexes in general but
is more closely linked to ARP function.

A small proportion of Nhp6a is physically
associated with RSC

To determine whether RSC and Nhp6 interact physically
we performed co-immunoprecipitation experiments, and
found that a small proportion (about 1%) of Nhp6a protein
stably associated with RSC under moderately high
(250 mM NaCl) salt conditions and was unaffected by
DNase treatment (Figure 7A and B). This estimate (1%) is
a conservative lower limit based on IP efficiency and
comparison with input. These results are consistent with a
recent genome-wide TAP tagging experiments, which
revealed RSC components in association with Nhp6b (as
well as 24 other candidate interacting factors) at low
stringency conditions (150 mM NaCl) (Gavin et al., 2002).
Interestingly, Nhp6 interacts with RSC in extracts pre-
pared from mral arp7A arp9A strains, showing that Arp7
and Arp9 cannot constitute the sole interaction surface, or
possibly that mral improves interaction of RSC with Nhp6
(Figure 7B). Taken together, these results show that Nhp6a
interacts with a small portion of RSC physically and with
Arp7/9 functionally.
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Table 1. arp7 and arp9 mutations are suppressed by increased dosage
of NHP6A

Table II. Combining rsc or swi/snf mutations with nhp6a nhp6b
mutations causes increased sickness or lethality

Genotype Growth with Growth with Temperature Strain®
multicopy empty multicopy  (°C)
vector NHP6A
WT +++ ++ 28-38 YBC605
ARP7
arp7A - - 28 BCY366
arp7E114K - ++ 35 YBC776
arp7AI9P - + 35 YBC787
arp7S33F - + 35 YBC788
arp7G330R - + 38 YBC778
arp7AC2 - - 33 YBC1534
ARP9
arp9A - - 28 BCY330
arp9-1 - + 37 YBC1536
arp9AC - + 37 YBC775
sthiBDAHA + + 38 YBCI1196
rsc2A ++ + 38 YBC79
RSC3
rsc3-1 - - 38 YBC840
rsc3-2 - - 38 YBC842
rsc3-3 - 38 YBC906
RSCS8
swh3-AC - - 38 YBC1552
swh3-ts21 - - 33 YBC1551
rsc9-1 - - 33 YBC1156

2BCY strains and YBC strains are derivatives of the W303 and S288C
genetic backgrounds, respectively.
+++, WT growth; ++, slow growth; +, very slow growth; —, no growth.

RSC facilitates the binding of Nhpé6a to
nucleosomal DNA

Remodelers bind nucleosomes and enable the binding of
factors to nucleosomal DNA through ATP-dependent
alteration of nucleosomal DNA topology. We find that the
combination of RSC and ATP promotes the association of
Nhp6a with the nucleosome, providing an Nhp6-NUC
complex at low concentrations of Nhp6a (Figure 7C,
compare lanes 5 and 6 with lanes 13 and 14). Here, RSC
action probably results in the exposure of nucleosomal
DNA, followed by binding of Nhp6a and then release of
the Nhp6-NUC complex by RSC. Interestingly, the
loading of Nhp6a is correlated with the loss of Dral
restriction  site accessibility on the nucleosome
(Figure 7D). Nhp6a has no effect on RSC ATPase activity
or on Dral activity on naked DNA (data not shown), and
has only a slight effect on nucleosomal ATPase activity
(Figure 7D, when nucleosomes are limiting), suggesting
that this inhibition involves a particular aspect of
nucleosome remodeling (see Discussion). These results
show that RSC helps load Nhp6a onto nucleosomal DNA,
and suggests that factor loading can affect the accessibility
of other sites on the nucleosome and/or inhibit a specific
aspect of the remodeling process.

Discussion

Nuclear ARPs are essential components of several
chromatin remodeling and modifying complexes; how-
ever, their functions in these complexes are largely
unknown. Here, we provide four new insights into nuclear

3182

rsc allele nhp6 Growth NPT? Strain®
allele at 28°C (°C)

wr NHPG6A/B +++ >38 YBC605
wr nhp6AA  ++ 38 YBC1304/1305/1307
arp9-1 NHPG6A/B +++ 35 YBCI536
arp9-1 nhp6AA  + 33 YBCI526
arp9AC NHPG6A/B ++ 35 YBC775
arp9AC nhp6AA - 28 YBCI1525
sthl-2 (P646L) NHPG6A/B +++ >38 YBC946
sthl-2 (P646L) nhp6AA  ++ 35 YBCI1520
sthl-3 (S806L,T881M) NHPG6A/B +++ >38 YBC944
sthl-3 (S806L,T881M) nhp6AA  + 35 YBCI517
rsc9-1 NHPG6A/B ++ 33 YBCI1158
rsc9-1 nhp6AA  + 33  YBCl621
swi/snf allele

snf2A NHPG6A/B +++ >38 YBC27

snf2A nhp6AA  ++ 35 YBCI514

aNPT; non-permissive temperature.
YAll strains are derivatives of the S288C genetic background.
+++, WT growth; ++, slow growth; +, very slow growth; —, no growth.

ARP function. First, Arp7 and Arp9 are obligate hetero-
dimers both physically and functionally, a result which
takes on greater significance in light of the recent
discovery that Arp2/Arp3 heterodimerization controls
actin filament formation in the cytoplasm. Secondly,
Arp7/Arp9 heterodimerization relies on their actin-related
region, which then enables their C-terminal extensions to
coordinate their assembly into RSC complex. Thirdly,
Arp7 and Arp9 are not required for many of the activities
previously proposed for ARPs, including DNA-dependent
ATPase activity, DNA translocation activity or mono-
nucleosome binding or remodeling. Fourthly, the archi-
tectural transcription factor Nhp6a interacts with RSC
physically and with Arp7 and Arp9 functionally, and may
provide an HMG-related function to RSC that is analogous
to mammalian BAF57. Importantly, we further show that
RSC helps load Nhp6a onto nucleosomal DNA and that
such loading affects subsequent nucleosomal access.
Together, these results reveal new physical and functional
contexts for ARP and Nhp6 function.

Nuclear ARPs as heterodimeric modules

Our results suggest that assembly of Arp7/9 into RSC may
involve two steps: heterodimerization, followed by
C-terminal cooperativity for assembly. Recently, a crystal
structure of the ‘inactive’ form of the Arp2/3 complex
(lacking WASP) was solved (Robinson et al., 2001) in
which Arp2 and Arp3 are not physically dimerized.
However, a regulated conformational change is speculated
to bring Arp2 and Arp3 together into the ‘active’
heterodimer configuration (May, 2001; Robinson et al.,
2001) shown in electron micrograph images of Arp2/3
complex bound to branched filaments (Volkmann et al.,
2001). Thus, ARP/ARP dimerization may be a conserved
feature of ARP function, but utilized for different purposes
in the nucleus and cytoplasm. Metazoan SWI/SNF com-
plexes contain one ARP (Baf53) and actin itself, and this
configuration is also found in HAT complexes in human
cells (Baf53/actin) and yeast (Arp4/actin) (Olave et al.,
2002). We speculate that actin/Baf53 (or actin/Arp4)
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Fig. 7. RSC interacts with Nhp6a and facilitates its binding to nucleosomes. (A) Nhp6a co-immunoprecipitates Sth1. Immune complexes were formed
with anti-Sth1 antibodies and whole-cell extract (from YBC1330, which expresses a chromosomal HA-tagged version of Nhp6a), treated with DNase 1
(30 units) (lanes 4 and 5; mock, lanes 2 and 3), washed, immunoblotted and probed with anti-HA antibody. Load, 2% of total; pellet, 100%. (B) RSC
interacts with Nhp6a in the absence of Arp7 and Arp9. Whole-cell extract (1 mg) from an arp7A arp9A mral strain (YBC395) was incubated with
conjugated anti-Nhp6 resin, treated with DNase I (30 U) (lanes 4 and 5; mock, lanes 2 and 3), washed (250 mM NaCl), immunoblotted, separated by
SDS-PAGE and probed with anti-Sthl, anti-Rsc6 or anti-Nhp6. Load, 2% of total; pellet, 100%. (C) RSC loads Nhp6a onto nucleosomes. RSC
(10 nM) was incubated with nucleosomes (1 nM) and Nhp6a (as indicated) for 20 min and resolved as described in Materials and methods. *The first
species formed with Nhp6a only in the absence of ATP, which may represent binding to the exposed linker. (D) Nhp6a inhibits access to the Dral site
on nucleosomes. Nhp6a was titrated into remodeling reactions (see Figure SD; Materials and methods).

function as heterodimeric modules in these complexes as
well.

New models for ARP/ARP and ARP/actin
heterodimers

The central question is: why ARPs and actin are present in
two different types of chromatin-regulating complexes,
HATs and remodelers? Though our work is limited to
Arp7/9 function in RSC under the conditions tested, it does
not support a role for nuclear ARPs in promoting DNA-
dependent ATPase activity, translocation, histone binding,
nucleosome remodeling or RSC complex stability, func-
tions which have been proposed previously for nuclear
ARPs (Boyer and Peterson, 2000; Galarneau et al., 2000;
Olave et al., 2002). However, we caution that other ARPs
in either yeast or metazoans could possess specialized
functions.

Still, based on their similarity, it seems reasonable to
propose that ARPs and actin could share certain properties.
One attractive model suggests that actin (and possibly
Baf53) in human SWI/SNF (BAF) complex binds the ends
of actin filaments, effectively capping them (Olave et al.,
2002; Rando et al., 2002). Alternatively, Baf53 or the actin
monomer could be involved in actin filament generation.
Another simple model for ARP and actin function could

involve a common uncharacterized nuclear interaction
partner, with Mral among a list of candidates. However,
based on our observation of ARP heterodimerization, we
propose an alternative model that may unify nuclear ARP
and actin function. We speculate that ARP/ARP and ARP/
actin dimer modules from two different complexes (i.e. a
remodeler and a HAT complex) might interact to form a
tetramer that bridges the two complexes, one structurally
similar to a tetramer segment of an actin filament but
bearing two (or three) ARPs. Here, one pair on one
complex may mimic the barbed end of an actin filament
(as does Arp2/Arp3), whereas the pair on the other
complex may mimic the pointed end. The remodeler and
HAT complexes would serve to ‘cap’ the tetramer
filament, preventing filament extension from either end.
One attractive feature of the model is that it would enable
HAT and remodeler complexes to interact and cooperate
on a single promoter. In keeping with the genetic data
presented here, such interactions might be facilitated by
architectural transcription factors like Nhp6, and might
only occur in the proper context of chromatin.

ARP-NHP6 cooperativity
Our genetic suppression results, triple mutant combin-
ations and physical interactions support a role for ARPs
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Table II1. Saccharomyces cerevisiae strains

Strain®*  Genotype

Source

BCY211 MATa

BCY 330 MATal/o

BCY 366 MATa/o

BCY 393 MATo
BCY 395 MATo
BCY 405 MATa
BCY 426 MATo
BCY 427 MATa
BCY 430 MATo

RSC2.TAP::TRP1 pep4::HIS3 prbl::LEU2 prcl::HISG canl ade2 trpl ura3 his3 leu2-3,112
arp9A::LEU2/ ARP9 ura3-1/ura3-1 canl-100/canl-100 ade2-1/ade2-1 trpl-1/trpl-1
leu2-3,112/leu2-3,112 his3-15/his3-15

arp7A::TRP1/ARP7 ura3-1/ura3-1 canl-100/canl-100 ade2-1/ade2-1 trpl-1/trpl-1
leu2-3,112/leu2-3,112 his3-15/his3-15

ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1 arp7A::TRP1 arp9A::LEU2
ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1 arp7A::TRP1 arp9A::LEU2 mral
ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1

ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1 arp9A::LEU2 mral

ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1 arp7A::TRPI mral

ade2-1 trpl-1 canl-100 leu2-3,112 his3-15 ura3-1 mral

Saha et al. (2002)
Cairns et al. (1998)

This work

This work
This work
This work
This work
This work
This work

YBC27 MATo.
YBC79 MATa
YBC605 MATa
YBC775 MATa
YBC776 MATo
YBC778 MATo
YBC786 MATo
YBC787 MATo
YBC788 MATo.
YBC840 MATa
YBC842 MATa
YBC906 MATa
YBC928 MATa
YBC944 MATa
YBC946 MATa
YBCI1156 MATa
YBC1196 MATo
YBC1304 MATa
YBC1305 MATo
YBC1307 MATo
YBC1330 MATa
YBCI1515 MATa
YBCI1517 MATo

his4-9128 lys2-1288 leu2Al ura3-52 snf2A::LEU2

his3A200 leu2 A0 met15A0 trplA63 ura3A0

ura3-52 trpl1A63 leu2Al his3 rsc9-1

CEN URA3]
YBC1520 MATo
CEN URA3]
YBC1525 MATo
ARP9 21 URA3], [p678; arp9AC; CEN TRPI]
YBC1526 MATo.

lys2-1280 leu2Al ura3-52 trplA63 his3A200 rsc2A::LEU2

lys2-1280 leu2Al ura3-52 trplA63 his3A200 arp9A::LEU2 [p678; arp9AC; CEN TRPI1]
leu2Al ura3-52 trplA63 lys2-1288 his4-9128 arp7A::LEU2 [p686; arp7E411K; CEN TRP1]
leu2Al ura3-52 trplA63 lys2-1288 his4-9128 arp7A::LEU2 [p688; arp7G330R; CEN TRPI]
leu2Al ura3-52 trplA63 lys2-1288 his4-9128 arp7A::LEU2 [p684; arp7AC1; CEN TRPI]
leu2Al ura3-52 trplA63 lys2-1288 his4-9128 arp7A::LEU2 [p682; arp7A19P; CEN TRP1]
leu2Al ura3-52 trplA63 lys2-1285 his4-9128 arp7A::LEU2 [p683;arp7S33F; CEN TRP1]
lys2-1280 leu2Al ura3-52 trplA63 his3A200 rsc3A::HIS3 [p744;.rsc3-1; CEN LEU2]
Lys2-1288 leu2Al ura3-52 trplA63 his3A200 rsc3A::HIS3 [p746; rsc3-2; CEN LEU2]
lys2-12808 leu2Al ura3-52 trplA63 his3A200 rsc3A::HIS3 [p817; rsc3-3; CEN LEU2]
Lys2-1280 leu2Al ura3-52 trplA63 his3A200 pep4A::KANMX

lys2-1288 leu2Al ura3-52 trplA63 his3A200 sthlA::HIS3 [p858;sthl-3 (S806L,T881M); CEN URA3]  This work
lys2-1280 leu2Al ura3-52 trplA63 his3A200 sthiA::HIS3 [p860;sthl-2 (P646L); CEN URA3]

lys2-1280 leu2Al ura3-52 trplA63 his3A200 sth1BDA3XHA::HIS3MX6
met15A0 lys2A0 leu2A0 ura3A0 his3AI nhp6aA::KANMX nhp6bA::KANMX
leu2A0 ura3A0 his3AI lys2A0 nhp6aA::KANMX nhp6bA::KANMX

met15A0 leu2A0 ura3A0 his3Al lys2A0 nhp6aA::KANMX nhp6bA::KANMX
his3A200 leu2AO met15SA0 trpl A63 ura3A0 NHP6A.3XHA::HIS3

his4-9128 lys2 leu2A ura3 nhp6aA::KANMX nhp6bA::KANMX snf2A::LEU2
leu2A his3A lys2 ura3 nhp6aA::KANMX nhp6bA::KANMX sthlA::HIS3 [p858;sthi-3 (S806L,T881M); This work

leu2A ura3 his3A lys2 nhp6aA::KANMX nhp6bA::KANMX sthlA::HIS3 [p860;sthl-2 (P646L);
leu2A ura3 his3A lys2 trpl A63 nhp6aA::KANMX nhp6bA::KANMX arp9A::LEU2 [p109;

leu2A ura3 his3A lys2 trpl A63 nhp6aA::KANMX nhp6bA::KANMX arp9A::LEU2 [p109;

This work

Cairns et al. (1999)
Cairns et al. (1999)
Cairns et al. (1998)
Cairns et al. (1998)
Cairns et al. (1998)
Cairns et al. (1998)
Cairns et al. (1998)
Cairns et al. (1998)
Angus-Hill et al. (2001)
Angus-Hill et al. (2001)
Angus-Hill et al. (2001)
This work

This work
Damelin et al. (2002)
This work
This work
This work
This work
This work
This work

This work
This work

This work

ARP9 21 URA3], [p1014; arp9 G337F G338L; CEN TRP]

YBC1533 MATo
YBC1534 MATo.
YBC1535 MATa
YBC1536 MATa
YBCI1551 MATo.
YBC1552 MATo
YBC1621 MATo

his3A200 lys2-801 leu2-3,112 ura3-52 swh3-ts21
his3A200 lys2-801 leu2-3,112 ura3-52 swh3-AC

leu2Al ura3-52 trplAG63 lys2-128A his4-9128 arp7A::LEU2 [p104; ARP7; CEN TRPI1]
leu2Al ura3-52 trplA63 lys2-128A his4-9128 arp7A::LEU2 [p994; arp7AC2; CEN TRPI1]
Lys2-1280 leu2Al ura3-52 trplA63 his3A200 arp9A::LEU2 [p100;ARP9; CEN TRPI1]
lys2-1280 leu2Al ura3-52 trplA63 his3A200 arp9A::LEU2 [p1014; arp9 G337F G338L; CEN TRP1] This work

This work
This work
This work

Treich et al. (1998)
Treich et al. (1998)

ura3 trplA63 leu2A his3 lys2A0 nhp6aA::KANMX nhp6bA::KANMX rsc9-1 [p1253; NHP6A 2 URA3] This work

aBCY strains and YBC strains are derivatives of the W303 and S288C genetic backgrounds, respectively.

and Nhp6 function in promoter architecture. These results
extend the work of others who have made connections
between HMG proteins and chromatin. Higher eukaryotes
appear to bear an ‘on-board” HMG protein; hSWI/SNF
contains Baf57 (Wang et al., 1998) and the Drosophila
BRM complex contains Bapl11 (Papoulas et al., 2001).
Interestingly, recent studies in mammalian cells have
revealed promoter-specific roles for Baf57 in gene
activation (Chi er al., 2002). In Drosophila, baplll
deficiencies enhance brm mutant phenotypes in vivo
(Papoulas et al., 2001), which might be analogous to the
relationship between nhp6 and rsc mutants. Nhp6 itself has
demonstrated roles in promoter architecture at Polll genes
such as CHA and HO, and microarray analysis of nhpAA
mutants and swi/snf mutants show partial overlap (Moreira
and Holmberg, 2000; Sudarsanam et al., 2000; Yu et al.,
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2000). We note that the absence of Nhpba/b does not
impact ARP7 or ARP9 expression (Moreira and Holmberg,
2000). In addition, Nhp6 proteins function in activation of
the Pollll SNR6 gene (Kruppa et al., 2001; Lopez et al.,
2001). Though RSC is present at Pollll genes (Ng et al.,
2002), we observe no suppression of arp mutant tempera-
ture sensitivity by multicopy BRFI or PFC-1, both
characterized suppressors of nhp6 mutations at SNR6,
suggesting that a reduction in Po/lll transcription is not the
sole defect in arp mutants (data not shown). Recent studies
of the yeast SPN (Spt16-Pob3-Nhp6) complex (Brewster
et al., 2001; Formosa et al., 2001) provide genetic and
biochemical evidence for Nhp6 interaction with
Spt16-Pob3 that is similar conceptually to our observa-
tions with RSC. Taken together, HMG proteins are
emerging as versatile factors that interact and cooperate



functionally with different transcription complexes to
promote complex interactions, though much remains to be
learned about their coordinated functions.

RSC facilitates the binding of Nhp6a to
nucleosomes

Here, we show that RSC action promotes the binding of
Nhp6a to nucleosomal DNA, with a concomitant reduction
in access to the nucleosomal Dral site. These results relate
to very recent experiments with the Drosophila HMGBI1
and the chromatin remodeling factor ACF, which contains
the remodeling ATPase ISWI (Bonaldi er al., 2002).
HMGB1 contains two HMG domains as well as a
C-terminal extension that greatly reduces DNA affinity.
An HMGBI1 derivative lacking its C-terminus
(HMGBI1AC) binds DNA with high affinity, similar to
Nhpb6a. Interestingly, HMGBI1 facilitates nucleosome
sliding by ACF, possibly by assisting the binding of
ACEF to bent DNA at the location where DNA enters/exits
the nucleosome, whereas HMGB 1AC inhibits sliding; with
its 100-fold higher affinity, it may block binding by ACF
(Bonaldi et al., 2002). We find that Nhp6a, like
HMGBI1AC, also blocks an aspect of remodeling, access
to the Dral site (Figure 7D). This is probably due (in part)
to blocking RSC-nucleosome interactions, as the ATP-
dependent recognition of the nucleosome by RSC is
reduced in the presence of Nhpb6a, even at an Nhpb6a-to-
nucleosome ratio of 1:1 (Figure 7C, compare lanes 3 and
4). Interestingly, despite this reduction in RSC-
nucleosome interaction, RSC facilitates the binding of
Nhp6a. Therefore, another basis for reduced Dral access is
probably due to Nhp6a binding at or near the Dral site,
following its loading by RSC.

One model for RSC action involves the creation of
negatively twisted DNA waves, which are initiated by
ATP-dependent DNA translocation by the remodeler
ATPase near the entry/exit site, and then propagate around
the nucleosome to enable factor binding and/or nucleo-
some sliding (Saha er al., 2002). In keeping with this
model, Nhp6a strongly prefers bent and undertwisted
DNA (Allain et al., 1999), predicted properties of the wave
intermediate. However, additional experiments are
required to understand fully the interplay between
remodelers and HMG proteins.

In conclusion, our data are consistent with a model
where RSC helps load Nhp6a onto nucleosomes at certain
promoters, and that ARP proteins utilize their actin-related
regions to form heterodimers that work with Nhp6a and
other factors to achieve proper promoter architecture.

Materials and methods

Media, genetic methods and strains

Standard procedures were used for media preparations, transformations,
sporulation and tetrad analysis. All strains are derivatives of S288C,
except those bearing arpA or mral mutations, which are derivatives of
W303. Strain identities are provided in the figure legends, and full
genotypes are listed in Table III.

Plasmids

All PCR primer sequences are available on request. The Arp7-Arp9
bicistronic expression plasmid consists of a ribosomal binding site (RBS)
and flanking restrictions sites (Xbal, BamHI, RBS, Ndel, Bglll and
Hindlll, a gift from C.Hill’s laboratory) cloned into pET29a (Novagen)
via Xbal-Hindlll to create p988. PCR-generated open reading frames
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(ORFs) of Arp7.7XHIS and Flag.Arp9 were cloned into p988 to create
p993 (p1329 for Arp7AC/Arp9AC). Plasmids for galactose-regulated
expression in yeast are derivatives of the pPRSGAL1 series. For full-length
ARP7.TXHIS (p1158), a BamHI-Xhol fragment from p990 was cloned
into p423GALI. Plasmid arp7AC.7XHIS (p1274) places a 7Xhistidine
epitope at position 436. The PCR fragment was then subcloned into
p1158 via AfilI-Xhol double digest, isolation and ligation. To prepare
Flag.Arp9 (p1272), a BamHI-Xhol fragment from p992 was subcloned
into p424GAL1. The plasmid Flag.arp9AC (p1273) introduces a Flag
epitope at the N-terminus, eliminates intronic sequences and introduces a
stop codon at amino acid 438.

Plasmids bearing site-directed mutations in ARP7 or ARP9 were
prepared using the Quick Change method (Stratagene) and were
subcloned and sequenced. For generation of arpAC2 mutations, primers
were designed to generate two stop codons (at amino acid positions 436
and 437) followed by a frame shift mutation. For the isolation of arp9-1, a
PCR-generated library of arp9 G337X G338X mutations (where X is a
random amino acid) was transformed into YBC86 (arp9A), plated on
medium containing 5-fluoro-orotic acid (5-FOA) to enforce loss of the
YEp24.ARP9 URA3 and then screened for loss of viability at 38°C.
arp9-1 is one of many isolates that conferred a Ts~ phenotype.

Extract preparation and immunoprecipitation

Yeast extracts were prepared as described previously (Cairns et al., 1999).
For temperature shifts, cultures were split while in logarithmic growth at
30°C and continued at permissive or non-permissive temperatures (as
indicated) for 2.5 doublings. For galactose induction experiments,
YBC928 transformants were grown in selective media (with 1.5%
Raffinose) to mid-logarithmic phase, galactose (1% final) was added and
growth continued for 4-8 h at 22-30°C.

For coassembly experiments, anti-Arp7, anti-Arp9, anti-Sth1 and anti-
Swi3 antibodies were conjugated to protein A beads, incubated for 2 h
with whole-cell extracts (400 pg) derived from WT, mral and arp
mutants (BCY405, BCY426, BCY427, BCY430), washed twice with
IP buffer [S0 mM Tris—Cl pH 7.7, 1 mM EDTA, 0.05% Tween-20, 10%
(v/v) glycerol] containing 250 mM NaCl and eluted with 6 M urea.

Purification of Arp7/Arp9 heterodimer and Nhp6a

BL21 Codon (+) cells (Stratagene) harboring p993 were grown under
standard conditions, induced with 1 mM ispropyl-f-D-thiogalactopyrano-
side (IPTG) at an ODggq of 0.3 and harvested at ODgq of 1.0 after 3 h.
Cells were pelleted, resuspended in buffer B (S0 mM NaH,PO, pH 8.0,
10% glycerol, 1 mM B-ME and 0.1% NP40) containing 100 mM KClI,
sonicated, clarified at 10 000 g (25 min) and bound to Ni-NTA agarose
(Qiagen) for 2 h at 4°C. The beads were washed with buffer B containing
450 mM KCI and eluted in buffer B containing 200 mM KCl and 200 mM
imidazole pH 8.0. The eluate was incubated with anti-Flag M2-agarose
(Sigma) for 2 h at 4°C, washed with buffer B containing 450 mM KCl and
eluted with the addition of Flag peptide (Sigma) at 100 ng/pl. Nhp6a was
purified from E.coli as described previously (Formosa et al., 2001).

RSCA7/9 functional analysis

WT RSC was purified from strain BCY211, which expresses TAP-tagged
(Puig et al., 2001) Rsc2 from the chromosomal RSC2 promoter as
described previously (Saha et al., 2002). RSCA7/9 was purified from
YBC395 (mral-1 arp7A arp9A) harboring pTAP.RSC2 (pl003), a
plasmid directing expression of TAP-tagged Rsc2 by the same procedure
as WT RSC. DNA-dependent ATPase activity, triple-helix displacement
assays and remodeling reactions were done as described previously (Saha
et al., 2002).

Reconstitution experiments

The Arp7/Arp9 dimer was purified from yeast extracts derived from
galactose-induced expression of Arp7.7XHIS and Flag.Arp9 (and their
derivatives). Extract (3—6 mg) was bound to Ni-NTA agarose (Qiagen) in
IP Buffer (with 100 mM NaCl), washed with IP Buffer (250 mM NaCl)
and eluted in IP buffer containing 150 mM NaCl and 200 mM imidazole
pH 8.0. The eluate (250 ng of Arp7/9 complex) was immobilized on anti-
Flag M2 agarose (Sigma), washed (IP buffer with 200 mM NaCl) and
incubated with 500 ng of RSCA7/9 or WT RSC. Reactions were
incubated for 1 h at 4°C, washed with IP buffer containing 500 mM NaCl
and eluted with 3X Flag peptide (Sigma) at 150 ng/ul.

Mobility shift analysis

RSC-nucleosome-Nhp6 binding reactions (5 pl) contained 20 mM
Tris—acetate pH 7.9, 6% (w/v) glycerol, 10 mM MgOAc, 50 mM KOAc,
1 mM dithiothreitol (DTT) and 0.1 mg/ml BSA, with or without 1 mM
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ATP. Reactions were incubated at 30°C for 20 min and species were
separated (4 h at 150 V) on a native 3.2% polyacrylamide gel (acryl:bis of
38.9:1.1) in 10 mM Tris—Cl pH 8.0 and 1 mM EDTA at 4°C with buffer
circulation.
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