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Nuclear actin-related proteins play vital roles in transcriptional regulation; however, their biological roles remain elusive.
Here, we characterize Alp5, fission yeast homolog of Arp4/BAF53. The temperature-sensitive mutant alp5-1134 contains
a single amino acid substitution in the conserved C-terminal domain (S402N) and displays mitotic phenotypes, including
chromosome condensation and missegregation. Alp5 forms a complex with Mst1-HAT (histone acetyltransferase). Con-
sistently, inhibition of histone deacetylases (HDACs), by either addition of a specific inhibitor or a mutation in
HDAC-encoding clr6™ gene, rescues alp5-1134. Immunoblotting with specific antibodies against acetylated histones
shows that Alp5 is required for histone H4 acetylation at lysines 5, 8, and 12, but not histone H3 lysines 9 or 14, and
furthermore Clr6 plays an opposing role. Mitotic arrest is ascribable to activation of the Mad2/Bub1 spindle checkpoint,
in which both proteins localize to the mitotic kinetochores in alp5-1134. Intriguingly, alp5-1134 displays transcriptional
desilencing at the core centromere without altering the overall chromatin structure, which also is suppressed by a
simultaneous mutation in clr6™. This result shows that Alp5 is essential for histone H4 acetylation, and its crucial role lies
in the establishment of bipolar attachment of the kinetochore to the spindle and transcriptional silencing at the

centromere.

INTRODUCTION

The actin-related proteins (ARPs) comprise a conserved pro-
tein family and are classified into at least eight subfamilies
(Goodson and Hawse, 2002). These ARPs consist of two
functional groups, depending upon their subcellular local-
ization, cytoplasmic or nuclear. Unlike the conventional ac-
tin, ARPs do not form polymers in the cell; instead, these
proteins are generally found in large multisubunit com-
plexes and play regulatory roles toward the complex func-
tion. Nuclear ARPs are components of two distinct families
of chromatin remodeling enzyme complexes, histone acetyl-
transferases (HATs) and SWI/SNF-related family ATPases
(Olave et al., 2002). These two enzymes play pivotal roles in
chromatin function via either acetylating the lysine residues
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of histones or altering the mobility and spacing of the nu-
cleosome arrays in an ATP-dependent manner, respectively
(Workman and Kingston, 1998; Sterner and Berger, 2000;
Roth et al.,, 2001). In general, these modifications induce
conformational alterations of the chromatin, thereby stimu-
lating transcriptional accessibility. Because nucleosome-
based chromatin structures lie at the heart of DNA-mediated
cellular activities, other aspects of chromatin functions be-
sides gene expression, such as DNA repair, DNA replica-
tion, and chromosome segregation, also seem to be regu-
lated by these chromatin remodeling complexes (Ikura et al.,
2000; Bird et al., 2002), although the precise mechanisms
underlying these functions are not fully understood yet.
Among the nuclear ARPs so far identified, budding yeast
Arp4 and its human homolog BAF53 are of vital importance
in understanding the cellular role of nuclear ARPs for the
following reasons. First, Arp4 is the only ARP essential for
cell viability (Harata et al., 1994). Second, Arp4 forms distinct
complexes in the nucleus with Esal-HAT, Ino80, and Swrl
ATPases (Allard et al., 1999; Shen et al., 2000, 2003; Kobor et
al., 2004; Mizuguchi et al., 2004). BAF53 was originally iden-
tified as one of the Brgl-associated factors (BAFs), in which
Brgl is a SWI/SNF family ATPase (Wang et al., 1996a,b;
Zhao et al., 1998), and later found to also be a component of
the Tip60 complex (Ikura et al., 2000). Esal and Tip60 are the
catalytic subunits of the nucleosome acetyltransferase of
histone H4 (NuA4-HAT) complex, which acetylates histone
H4 (and H2A to some extent) (Allard et al., 1999; Galarneau
et al., 2000; Doyon et al., 2004). Although a number of studies
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Table 1. Strains

Strains Genotypes Derivations
972 h~ Our stock

513 h~ leul ura4 Our stock
DH1134 h~ leul alp5-1134 Our stock
FY648 h leul ade6-210 ura4*-DS/E otrl ::urad™ Robin Allshire
FY336 h~ leul ade6-210 ura4*-DS/E cnt::urad™ Robin Allshire
FY3223 h* leul ade6 ura4 ade6-210 clr3-735 cen1R::ura4™ Robin Allshire
HU369 h~ leul ade6-210 ura4 clr3::kan® Karl Ekwall
SPG1002 h* leul ura4 ade6-210 clr6-1 cntl::ura4™ Yota Murakami
SPS41 mat msmto leul ade6-210 clr6-1 Shiv Grewal
AM11 h~ leul/leul ura4/ura4 his7/his7 ade6-M210/ade6-M216 alp5™ /alp5::urad™ This study
AM?24 h~ leul/leul ura4/ura4 his7/his7 ade6-M210/ade6-M216 alp5™ /alp5™-myc-kan This study
AM36 h~ leul ura4 ade6-210 alp5-1134 containing Ch16 This study
AM44 h~ leul alp5::ura4™ containing p(AL-alp5™") This study
AM49 h* leul ura4 his2 mst1*-13myc-kan® This study
AMS50 h leul ura4 his2 mad2::kan® alp5-1134 This study
AMS53 h~ leul phd1(hos2)::LEU2 alp5-1134 This study
AM57 h~ leul ura4-DS/E otrl::ura4* alp5-1134 This study
AM68 h* leul ura4 his2 alp5-1134 ura4-DS/E cntl::ura4™ This study
AM115 h* leul ura4 clr3::kanR alp5-1134 This study
AM117 h* leul his2 cdc13*-GFP-LEU2 alp5-1134 This study
AM121 h~ leul ura4 mad2*-GFP-kan® alp5-1134 This study
AM123 h* leul ura4 his2 bubl*-GFP-kan® alp5-1134 This study
AM147 h* leul ura4 his2 mad3::ura4* alp5-1134 This study
AM149 h leul ura4 his2 ade6 clr6-1alp5-1134 This study
AM170 h* leul ura4 his2 bubl::ura4™ alp5-1134 This study
AM173 h~ leul ura4 bubl*-RFP-kan® mad2*-GFP-kan® alp5-1134 This study
AM184 h* leul ura4 his2 madl::ura4* alp5-1134 This study
AM185 h* leul ura4 his2 bub3::ura4™ alp5-1134 This study
AM196 1% leul ura4 ade6-210 clr3::kan® cen1R::ura4* This study
AM197 h~ leul ura4 nuf2*-CFP-kan® bubl*-GFP-kan® This study

All the strains listed in this table contain leu1-32. ura4 used is ura4-D18 unless otherwise stated.

have attempted to dissect an essential function for Arp4 and
shown that it plays a role in transcriptional regulation and
DNA repair (Jiang and Stillman, 1996; Bird et al., 2002;
Harata et al., 2002; Gorzer et al., 2003), the reason for its
essentiality or the critical function in which Arp4 is involved
remains to be established.

Fission yeast is one of the ideal systems in which to study
the molecular mechanisms underlying chromatin structure
and transcriptional regulation, such as higher order archi-
tecture and epigenetic gene silencing. Fission yeast centro-
meres are composed of three subdomains, a nonrepetitive
central region (cnt), and two flanking heterochromatic re-
peated structures (imr and otr). Unlike budding yeast, these
centromeric regions display transcriptional silencing in ad-
dition to the ability of forming the kinetochore (Allshire et
al., 1994, 1995). It is known that lesions in histone modifica-
tion, including inhibition or mutations in histone deacety-
lases (HDACsS), fail to repress transcription at imr and otr,
which are accompanied by defects in chromosome segrega-
tion (Allshire et al., 1995; Ekwall et al., 1997; Grewal et al.,
1998). On the other hand, our knowledge with regards to the
silencing mechanisms at the core cnt region remains limited.
Some mutations in structural components of the kinetochore
(e.g., the CENP-A homolog Cnpl, Sim4, and Mal2) are
known to result in desilencing phenotypes specifically at the
cnt region (Jin ef al., 2002; Pidoux et al., 2003); however, the
regulatory factors acting on this central region have not been
identified so far.

In this study, we show that Alp5, the fission yeast ho-
molog of Arp4/BAF53 is essential for cell division. This
protein is required for in vivo histone H4 acetylation and
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plays a pivotal role in mitotic progression, particularly in
faithful chromosome segregation. We present evidence that
Alp5 is critical for the establishment of a stable attachment of
the kinetochore to the mitotic spindle and transcription si-
lencing at the core centromere region.

MATERIALS AND METHODS
Strains, Media, and Genetic Methods

Strains used in this study are listed in Table 1. The standard methods were
followed as described previously (Moreno et al., 1991).

Gene Disruption and Construction of N-Terminally or C-
Terminally Tagged Strains

Polymerase chain reaction (PCR)-mediated long oligonucleotide methods
were used (Béhler et al., 1998). G418-resistnace marker gene kan” and ura4*
genes were used for selectable markers. For tagging with red fluorescent
protein (RFP), a fast folding RFP was used (provided by Drs. Elmar Schiebel,
Paterson Institute, Manchester, United Kingdom; and Michael Knop, EMBL,
Heidelberg, Germany).

Immunochemistry

For indirect immunofluorescence microscopy, cells were fixed with methanol
and the following antibodies were used as primary antibodies: mouse mono-
clonal anti-a-tubulin antibody (TAT-1 1/50; provided by Dr. Keith Gull,
Oxford University, Oxford, United Kingdom) and affinity-purified rabbit
polyclonal anti-Alp5 antibody (1/100). Cy3-conjugated goat anti-rabbit
(C2306; Sigma-Aldrich, St. Louis, MO) or anti-mouse IgG (C2128; Sigma-
Aldrich), fluorescein-linked sheep anti-mouse IgG (F0261; Amersham Bio-
sciences, Piscataway, NJ) or Cy5-conjugated anti-rabbit IgG antibody (111-
175-003; Jackson ImmunoResearch Laboratories, West Grove, PA) was used
for secondary antibodies. For immunoprecipitation, rabbit polyclonal anti-
myc antibody (9E10; Babco, Richmond, CA) was used as primary antibody.
Two milligrams of total protein extracts was used. For immunoblotting,
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mouse monoclonal anti-myc antibody or rabbit polyclonal anti-Alp5 antibody
was used. For immunoblotting against acid-extracted histones, the following
antibodies were used: anti-histone H4 (07-108; Upstate Biotechnology, Lake
Placid, NY), anti-acetyl histone H4 (Lys5, 07-327; Upstate Biotechnology),
anti-acetyl histone H4 (Lys8, 07-328; Upstate Biotechnology), anti-acetyl his-
tone H4 (Lys12, 07-323; Upstate Biotechnology), anti-acetyl histone H4 (Lys16,
07-329; Upstate Biotechnology), anti-hyperacetylated histone H4 (Penta, 06-
946; Upstate Biotechnology), histone H3 (acetyl K9, ChIP grade, ab4441;
AbCam, Cambridge, MA), and anti-acetyl histone H3 antibody (Lys14, 07-353;
Upstate Biotechnology).

Microscopy

Immunofluorescence microscopy was viewed with a Zeiss Axioplan
equipped with a chilled video charge-coupled device camera (C4742-95;
Hamamatsu Photonics, Bridgewater, NJ) and the PC computer containing
kinetic image AQM software (Kinetic Imaging, Nottingham, United King-
dom) and processed by use of Adobe Photoshop (version 6.0).

Histone Preparations

Standard methods (Pidoux ef al., 2004) were followed. Briefly cell pellets from
exponentially growing culture (1 X 10%) were disrupted with glass beads. The
recovered lysate was centrifuged at ~19,000 X g for 10 min at 4°C. The pellet
was resuspended in 0.5 ml of 0.4 M sulfuric acid and incubated for 1 h on ice.
The extract was then centrifuged. The acid extraction was repeated once. The
pooled supernatants (1 ml total) were precipitated overnight in glass at —20°C
with 12 volumes of ice-cold acetone. The precipitate was collected by centrif-
ugation. The pellet was air dried and resuspended in 100 ul of 4 M urea.

Micrococcal Nuclease (MNase) Digestion

The MNase digestion was performed using three centromeric probes corre-
sponding to cnt, imr, and otr regions described previously (Takahashi et al.,
1992). The 2.8-kb HindIll/ EcoRI fragment derived from a pKT110 plasmid was
used as a probe to detect the cnt region.

Supplementary Data

Supplementary data for this article are available.

RESULTS

alp5* Is Required for Mitotic Progression and Accurate
Chromosome Segregation

The alp5-1134 mutant was isolated through screening for
temperature-sensitive (ts) mutants with growth polarity de-
fects (Radcliffe et al., 1998). At the restrictive temperature,
alp5-1134 cells divide two to three times, followed by mitotic
delay with bent cell morphology. As shown in Figure 1, A
and B, an accumulation of mitotic cells with condensed
chromosomes is observed, which consisted of discrete bod-
ies instead of interphase hemispherical shape (Figure 1A,
left), followed by chromosome missegregation. Even at its
permissive temperature, the alp5-1134 mutant displayed a
high percentage of minichromosome loss (Figure 1C). These
results show that Alp5 is required for mitotic progression
and plays a role in ensuring a high fidelity of sister chroma-
tid segregation.

alp5* Encodes an Essential Actin-related Protein Most
Homologous to Mammalian BAF53 and Budding Yeast
Arp4

The alp5" gene was cloned by complementation from a
fission yeast genomic library. Nucleotide sequencing
showed that the alp5™ gene (SPBP23A10.08) encodes an
actin-related protein consisting of 433 amino acid residues,
most homologous to budding yeast Arp4 (33% identity and
50% similarity) and mammalian BAF53 (32% identity and
49% similarity) (see Supplementary Figure S1 for the fission
yeast actin-related protein family). Gene disruption showed
that, like ARP4 (Harata et al., 1994), the alp5* gene is essen-
tial for cell viability (Figure 1D, top). On microscopic exam-
ination of tetrad plates, alp5::ura4* spores could germinate
and undergo some cell divisions (bottom). These cells dis-
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played bent morphology, similar to the alp5-1134 mutant
cells that are incubated at the restrictive temperature.

A close structural comparison between Alp5 and conven-
tional actin indicated that Alp5 contains two internal inser-
tions, insertions I (230-250) and II (300-330), which also are
seen in Arp4 (Figure 1E). It is of note that BAF53 contains
insertion I but not II. Nucleotide sequencing of DNA frag-
ments prepared from the alp5-1134 mutant showed that
alp5-1134 contains a single nucleotide exchange at 1208 from
G to A (A for initiator ATG is denoted as +1), which leads
to a point mutation at amino acid residue 402 from serine to
asparagine (S402N). Amino acid comparison around the
mutation site indicated that this region is highly conserved
among the actin-related protein family, including conven-
tional actin, although S402 itself is not invariant (Figure 1F).
Structural prediction of the Alp5 protein based upon the
three-dimensional (3-D) structure of actin (Kabsch et al.,
1990) showed that S402 resides inside the a-helix chain,
which is embedded in the conserved protein folds (Supple-
mentary Figure S2). Together, Alp5 is a highly conserved
Arp4/BAF53 homolog and the ts alp5-1134 mutation is de-
rived from a single amino acid replacement at the conserved
C-terminal region.

Alp5 Localizes to the Nucleus and Forms a Complex with
the Mst1 Histone Acetyltransferase

Because Arp4 and BAF53 are nuclear proteins (Olave et al.,
2002), we expected that Alp5 also would localize to the
nucleus. Epitope-tagging methods (Bahler ef al., 1998) did
not work for Alp5, because both N and C termini seem to be
essential for Alp5 function, i.e., we could not succeed in
making epitope-tagged haploid strains at either terminus.
Consequently, rabbit polyclonal anti-Alp5 antibody was
prepared (see Materials and Methods and Supplementary Fig-
ure S3). Immunofluorescence microscopy using purified an-
ti-Alp5 sera showed that Alp5 localizes to the nucleus dur-
ing the whole cell cycle (Figure 2A).

We next examined the native size of Alp5 in the cell
through gel filtration. As shown in Figure 2B (top), Alp5
existed as a large complex (~2000 kDa). In addition, Alp5
also was found in smaller fractions (fraction numbers 23—
25), which corresponded to either monomer or dimer size of
Alp5 (predicated molecular mass of Alp5 is 48.7 kDa). To
characterize the molecular defects resulting from the alp5-
1134 mutation, we performed gel filtration analysis with this
mutant strain. As shown in Figure 2B (middle and bottom),
it was evident that the size of the complex containing the
mutant Alp5-1134 protein was not noticeably altered when
incubated at either the permissive or the restrictive temper-
ature. This suggested that Alp5 forms a complex with other
proteins in the cell and that the ts alp5-1134 mutant is not
defective in this complex formation per se.

In both budding yeast and vertebrates, Arp4 and BAF53
form a large complex (~2000 kDa) with MYST (MOZ, Ybf2/
Sas3, Sas2, and Tip60)-type HATs (Allard et al., 1999; Galar-
neau et al., 2000). Fission yeast contains two MYST-type
HATSs, called Mstl and Mst2, and the interaction between
Alp5 and Mstl was examined using a C-terminally myc-
tagged strain (Mstl-myc). As shown in Figure 2C, Alp5
forms a complex with Mstl. It is of note that under this
condition, two bands were detected in the extracts with the
anti-Alp5 antibody, and only the upper band coprecipitated
with Mstl. Currently, the nature of these two anti-Alp5-
reacting bands is being investigated. In any case, these re-
sults showed that like its homologs, Alp5 is a nuclear protein
and a component of the MYST-type HAT complex.

Molecular Biology of the Cell



Figure 1. alp5* is required for accurate chro-
mosome segregation and encodes a con-
served actin-related Arp4/BAF53 homolog.
(A) Chromosome condensation in alp5-1134
cells. alp5-1134 mutant cells displaying con-
densed chromosomes (4,6-diamidino-2-phe-
nylindole [DAPI], 36°C for 6 h) are shown.
Wild-type control that contains interphase
hemispherical chromosomes also is shown
(left). Cell morphology was marked with a
thin white line along the cell surface. Bar, 10
pm. (B) Changes of chromosome structures.
On shift of the alp5-1134 culture from 26 to

100

Roles for the Actin-related Protein Alp5

Mini-chromosome loss

rate at 27°C
Wild-type |alp5-1134
<001% | 57%

36°C, samples were collected every 2-h inter-
val and stained with DAPI Percentage of

Hemisphere (D )

...

three types of chromosomes is plotted, inter-
phase hemispherical (diamonds in blue); con-

# Condensed E]

densed (squares in red); missegregated (and
also often decondensed, triangles in black).
(C) Loss of minichromosomes. alp5-1134 mu-

g
@
8
c
&
D
o

| -4 Mis-segregation (% @)

tant cells containing minichromosomes
(Ch16) (Niwa et al., 1989), which had been

60
40
20

0

grown in minimal medium without adenine
(selective conditions for minichromosomes),
were plated on rich media plates and incu-
bated at 27°C for 4 d. Colonies that lost
minichromosomes are red (often sectored).
More than 10* colonies were counted, and a
frequency of minichromosome loss was cal-
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sporulated and tetrad analysis was per-
formed. Plates were incubated at 30°C for 4 d
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The alp5-1134 Mutation Is Resistant to and Partially
Suppressed by an HDAC Inhibitor

The interaction between Alp5 and Mstl-HAT prompted us
to address the role of Alp5 in histone acetylation. To this
end, we examined the growth characteristics of the alp5-1134
mutant in the presence of trichostatin A (TSA), which is an
inhibitor of classes I and II HDACs (Yoshida ef al., 1990;
Verdin et al., 2003). As shown in Figure 3A, alp5-1134 cells
displayed higher resistance to TSA compared with the wild-
type cells at 26°C (top plates). It also was found that the
addition of TSA in the media rescues the temperature sen-
sitivity of alp5-1134. At the semirestrictive temperature of
32°C at which alp5-1134 cells could not form colonies effi-
ciently, a substantial recovery of growth was observed in the
presence of this drug (bottom plates). Suppression was,
nonetheless, incomplete, because there were no colonies
formed at 36°C (Minoda and Toda, unpublished data). This
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result suggested that Alp5 may play a role in histone acet-
ylation in vivo and that the level of histone acetylation may
be decreased in the alp5-1134 mutant.

Clr6 HDAC Acts Antagonistically with Alp5

Given the substantial suppression of the temperature-sensi-
tivity of alp5-1134 by TSA addition, we sought to dissect the
HDAC(s) genetically, which act in an opposed manner with
Alpb5. Fission yeast contains six open reading frames encod-
ing HDACs, in which Clr6 and Hos2/Phd1/Hdal belong to
class I (Grewal et al., 1998; Kim et al., 1998; Olsson et al.,
1998), Clr3 to class Il HDAC (Thon ef al., 1994; Grewal et al.,
1998), and Hst2, Hst4, and Sir2 are class III HDACs (Free-
man-Cook et al., 1999; Shankaranarayana et al., 2003). Ho-
mology search against the budding yeast database shows
that Clr6, Hos2, and Clr3 are most homologous to budding
yeast Rpd3, Hos2, and Hdal, respectively, and Hst2, Hst4,

319



A. Minoda et al.
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Figure 2. Alp5 localizes to the nucleus and
forms a complex with the Mst1l-HAT. (A) The
cellular localization of Alp5. Immunofluores-
cence microscopy was performed in exponen-
tially growing wild-type cells upon fixation
with methanol. Cells were stained with anti-
Alp5 antibody (first panels), 4,6-diamidino-
2-phenylindole (DAPI) (second panels), and
anti-a-tubulin antibody (third panels). Repre-
sentative images during the cell cycle, inter-
phase (top), early mitosis (middle), and an-
aphase B (bottom), are shown. Bar, 10 um. (B)

Alp5 |-

- e

P—— | Gel filtration chromatography. Soluble cell

alp5-1134 26°C

extracts were prepared from wild type grown
at 26°C (top) or alp5-1134 grown either at 26°C
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| (middle) or 36°C (bottom) and loaded onto

alp5-1134 36°C

Superose 6 columns. Each fraction together
with total extracts (20 ug, shown as Extract)

Alp5 [d- -

———

was run on SDS-PAGE, and immunoblotting

and Sir2 are designated according to the names of budding
yeast HDACs that show highest homology (Table 2).
Double mutants between alp5-1134 and each deletion of
hos2™ and clr3* or a ts clr6-1 allele (Grewal et al., 1998) were
constructed, and temperature-sensitivity was examined at
various temperatures. As shown in Figure 3B, the growth
defect of alp5-1134 at 32°C was rescued significantly by
clr6-1, which was also the case with TSA treatment. This
suppression was partial, because the double mutant was not
capable of forming colonies at 36°C (Minoda and Toda,
unpublished data). On the other hand, growth of the double
mutant with the hos2 deletion was worse than that of the
single alp5-1134 mutant, whereas the growth properties of
alp5-1134clr3 cells were indistinguishable from the alp5-1134
single mutant (Figure 3B). In summary, the results presented
here show that Alp5 is involved in histone acetylation and
acts antagonistically with Clr6, but not with Hos2 or Clr3.

Alp5 Is Required for the Global Acetylation of the
Histone H4 N-Terminal Tail and Counteracts with Clr6
Although Arp4 and BAF53 are shown to be a component of
the NuA4 complex that acetylates histone H4, how these
actin-related proteins are involved in histone acetylation
activities remains largely elusive (Doyon and Co6té, 2004).
The N-terminal tail of histone H4 is acetylated at lysine 5, 8,
12, and 16 in all eukaryotes (Strahl and Allis, 2000). To
determine whether Alp5 regulates the global level of histone
H4 acetylation in fission yeast, histones were acid extracted
from the wild-type, alp5-1134, clr6-1, or alp5-1134clr6-1 cells
(Figure 3B) and immunoblotted with the antibodies that
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was performed with anti-Alp5 antibody. Po-
sitions of size markers corresponding to 2000,
669, and 232 kDa also are shown. (C) Interac-
tion between Alp5 and Mst1. Immunoprecipi-
tation was performed using protein extracts
prepared from an Mstl-myc strain with anti-
myc antibody, followed by immunoblotting
with anti-myc and anti-Alp5 antibodies (lane
4). As a negative control protein extracts also
were prepared from an untagged strain (lane
3). Twenty micrograms of extracts before im-
munoprecipitation (lanes 1 and 2) also was
run. Two Alp5 bands are shown with arrows.

recognize acetylated lysine residues of histone H4 tail. The
antibodies used were anti-H4 AcK5, anti-H4 AcKS8, anti-H4
AcK12, and anti-H4 hyperacetylated pentaAcK. It was
found that in the alp5-1134 mutant, the level of histone H4
tail acetylation was dramatically decreased in all cases (Fig-
ure 4, lanes 1, 2, 5, and 6), which was particularly evident
with the cultures incubated at 36°C (lane 6). This result
indicated that Alp5 plays an essential role in the acetylation
of histone H4 N-terminal tail in vivo.

Consistent with previously reported results (Bjerling et al.,
2002; Nakayama et al., 2003), all the lysine residues on the
histone H4 tail examined were hyperacetylated in the clr6-1
mutant incubated at 36°C (Figure 4, lane 7). Also in this
mutant, hyperacetylation was clearly observed even at 26°C
(lane 3). Intriguingly, in the alp5-1134clr6-1 double mutant,
the level of H4 tail acetylation became mutually compro-
mised at 36°C and almost comparable with those of the
wild-type cells (lanes 5 and 8). This reciprocal compensation
for levels of H4 tail acetylation in the double mutant is in
complete line with the results of genetic suppression pre-
sented earlier (Figure 3). The levels of histone H3 acetylation
at K9 and K14 also were examined. As reported previously
(Bjerling et al., 2002; Nakayama et al., 2003), we also found
that Clr6 is required for deacetylation of H3 K9 (Figure 4B,
top, lanes 1 and 3). However, in sharp contrast to histone H4
acetylation, Alp5 does not seem to be involved in the acet-
ylation of this site, because the acetylation level of H3 K9 in
the single alp5-1134 mutant was indistinguishable from that
of wild-type (lanes 1 and 2), and furthermore the level of
acetylation in the alp5-1134clr6-1 double mutant was not
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Figure 3. Suppression of alp5-1134 by either addition of the HDAC
inhibitor or a mutation in HDAC-encoding clr6™ gene. (A) Suppres-
sion of alp5-1134 by TSA. Wild-type or alp5-1134 cells were spotted
on rich plates in the absence (left) or presence of TSA (50 ug/ml)
(5 X 10° cells in the far-left spots for each plate and then diluted
10-fold in each subsequent spot rightwards). Plates were incubated
at either 26°C (top plates) or 32°C (bottom plates) and incubated for
4 d. (B) Suppression of alp5-1134 by clr6-1. Various strains indicated
were spotted in a similar manner as in A.

altered compared with that in the single clr6-1 mutant (lanes
3 and 4). On the other hand, the acetylation level of H3 K14
was not affected in any of the mutants examined (Figure 4B,
third panel). These results show that Alp5 and Clr6 play an
antagonistic role in histone acetylation and deacetylation
specifically on histone H4 tail.

Given the suppression of both temperature-sensitivity
and histone H4 tail acetylation in the alp5-1134clr6-1 double

Table 2. HDACs in yeast

Gene products

S. pombe S. cerevisiae Classes
Clr6 Rpd3 I
Hos2* Hos2 I
Hosl I
Hos3 I
Clr3 Hdal I
Sir2 Sir2 1
Hst2 Hst2 III
Hst4 Hst4 1
Hstl III
Hst3 1

* S. pombe Hos2 is also called Phd1 or Hdal (Kim ef al., 1998; Olsson
et al., 1998).
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Figure 4. Acetylation levels of histone H3 and H4 tails in alp5-
1134, clr6-1, and alp5-1134clr6-1 mutants and suppression of mitotic
defects in the alp5-1134clr6-1 double mutant. (A) Acetylation of
histone H4 tail. Histones were acid-extracted from a wild-type
(lanes 1 and 5), alp5-1134 (lanes 2 and 6), clr6-1 (lanes 3 and 7), or
alp5-1134clr6-1 strain (lanes 4 and 8) that were incubated either at
26°C (lanes 1-4) or 36°C for 12 h (lanes 5-8). Ten micrograms of
each fraction was run on SDS-PAGE and immunoblotted with an-
tibodies specific for acetylated histone H4. Antibodies used are
anti-acetyl-histone H4 (Lys5, H4AcK5), anti-acetyl-histone H4
(Lys8, H4AcKS8), anti-acetyl-histone H4 (Lys12 H4AcK12), and anti-
hyperacetyl-histone H4 (Penta). Signals from nonspecific bands are
shown as loading controls (bottom). (B) Histone H3 acetylation.
Histone samples prepared in A at 36°C were immunoblotted with
anti-acetyl-histone H3 antibody specific for Lys9 (H3AcK9, top) or
Lys14 (H3AcK14, third panel). Strains used are wild type (lane 1),
alp5-1134 (lane 2), clr6-1 (lane 3), or alp5-1134clr6-1 cells (lane 4). Ten
micrograms of each fraction was run. Signals from nonspecific
bands also are shown (control). (C) Partial suppression of chromo-
some missegregation in the alp5-1134clr6-1 mutant. Wild-type, alp5-
1134, and alp5-1134clr6-1 cells were incubated at 36°C for 8 h, and
the percentage of cells displaying equal or unequal chromosome
segregation was counted among binucleated cells.
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mutant, we asked whether mitotic phenotypes resulting
from the alp5-1134 mutation also was rescued by clr6-1. It
was indeed the case. After 8-h incubation at the restrictive
temperature (at 36°C), the percentage of cells that displayed
chromosome missegregation among binucleated cells was
greatly reduced in the alp5-1134clr6-1 double mutant com-
pared with that in alp5-1134 (50 vs. 90%, respectively; Figure
4C). Together, Alp5 is essential for histone H4 tail acetyla-
tion and mitotic progression, in which Clr6 HDAC acts
antagonistically.

Alp5 Is Required for the Attachment of the Kinetochore to
the Mitotic Spindle

Because alp5-1134 shows mitotic arrest as described above,
we asked whether the mitotic checkpoint is activated in this
mutant. The attachment of the kinetochore to the spindle is
monitored by a spindle assembly checkpoint, the activation
of which leads to the localization of the checkpoint proteins
(Mads and Bubs) to the mitotic kinetochore that is not at-
tached to the spindle in a bipolar manner (Cleveland et al.,
2003). In both yeast and animal cells, Bubl and Mad2 are
recruited to unattached kinetochores (Bernard et al., 1998;
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Figure 5. Activation of the spindle assembly
checkpoint in alp5-1134 mutants. (A) Bubl at
the kinetochores. A wild-type or alp5-1134
strain containing Bubl-GFP and Nuf2-CFP
was incubated at 36°C for 6 h. GFP and cyan
fluorescent protein (CFP) signals were ob-
served under fluorescence microscopy. Rep-
resentative images of interphase wild-type
cell (top rows) and mitotic alp5-1134 cells
(lower two rows) are shown. Merged images
(GFP in green, CFP in red, and 4,6-diamidino-
2-phenylindole [DAPI] in blue) are shown in
the right-most panels. Cell morphology was
marked with thin white lines along the cell
surface. Quantification data also are shown.
(B) Colocalization of Bub1 and Mad2. An alp5-
1134 strain containing Bub1-RFP and Mad2-
GFP were incubated and processed as in A.
Merged images are shown in the right panel
(Bub1-RFP in red and Mad2-GFP in green).
(C) Accumulation of Cdc13 cyclin at SPBs and
mitotic spindles. Wild-type or alp5-1134 mu-
tant cells containing Cdc13-GFP were incu-
bated at 36°C for 6 h, fixed with methanol,
and processed for immunofluorescence mi-
croscopy with anti-a-tubulin antibody. Rep-
resentative pictures of mitotically arrested
wild-type (top) or alp5-1134 cell (bottom two
panels) are shown. Merged images (tubulin in
red, Cdc13-GFP in green, and DAPI in blue)
are shown in the right-most panels. (D) Per-
centage of cells containing Cdc13 at spindle
pole bodies (SPBs) and spindles. Representa-
tive examples are shown in the right panels
(Cdc13-GFP in green and DAPI in blue).
Open columns show wild type, whereas blue
columns show alp5-1134. Bar, 10 um.

eried

Waters et al., 1998; Garcia et al., 2001; Skoufias et al., 2001;
Ikui et al., 2002; Toyoda et al., 2002). We found that Bubl-
GFP localized to the kinetochores in the mitotically arrested
alp5-1134 cells, which was confirmed by its colocalization
with the kinetochore marker Nuf2-CFP (Nabetani et al.,
2001) (Figure 5A). In addition to Bub1, Mad2 also colocal-
ized to the kinetochores (Figure 5B).

The activation of the spindle checkpoint results in the
inhibition of the anaphase promoting complex/cyclosome
(APC/C), in which B-type cyclin and securin are the major
substrates. We found that Cdcl3 (B-type cyclin in fission
yeast) localized to spindles in mitotic alp5-1134 mutant cells
(Figure 5, C and D), which is reminiscent of the mitotic
localization of Cdc13 before APC/C activation (Tatebe and
Yanagida, 2000; Decottignies et al., 2001). This indicated that
the APC/C activity remains low in alp5-1134 cells. It should
be noted that ~50% of mitotic alp5-1134 cells displayed
chromosome biorientation defects, in which chromosomes
seemed to attach to the spindle in a mono-oriented manner
(evident in Figure 5C, bottom). Consistent with an antago-
nistic relation between Alp5 and Clr6, in alp5-1134clr6-1
double mutants, mitotic arrest phenotypes were abolished
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Figure 6. Dependency of mitotic arrest phe-
notypes in alp5-1134 upon spindle assembly
checkpoint. (A) Frequency of mitotic cells in
alp5-1134 combined with various gene dele-
tions in the spindle checkpoint pathway.
Strains indicated were incubated at 36°C for
6 h, and the percentage of mitotic cells (based
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and mono-oriented spindles were no longer observed at the
restrictive temperature (Minoda and Toda, unpublished
data). These results indicate that Alp5 is required for the
bipolar attachment of the kinetochore to the spindle.

Mitotic Arrest in alp5-1134 Is Dependent upon the Spindle
Checkpoint

Having established the kinetochore localization of the spin-
dle checkpoint proteins in the mitotically arrested alp5-1134
mutants, we next examined the dependency of this arrest
upon the spindle checkpoint pathway. For this purpose, a
series of double mutants between alp5-1134 and deletions of
genes encoding the components of this checkpoint were
constructed, and mitotic arrest phenotypes (e.g., chromo-
some condensation and spindle staining) were then exam-
ined. As shown in Figure 6A, all the double mutants except
for alp5-1134bub3 abolished the mitotic arrest.

To examine the phenotypic consequences of the lack of the
spindle checkpoint in the alp5-1134 mutant, immunofluores-
cence microscopy of the alp5-1134bubl double mutant was
performed. The double mutant incubated at 36°C for 6 h
showed a dramatic increase in the number of cells display-
ing chromosome missegregation (Figure 6, B and C). These
double mutant cells contained decondensed chromosomes
with interphase microtubules, consistent with the abolish-
ment of the mitotic arrest. These results showed that the
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spindle checkpoint pathway functions to prevent the lethal
chromosome missegregation in the alp5-1134 mutant.

Alp5 Plays a Role in Transcriptional Silencing
Specifically at the Core Centromeres

Activation of the spindle checkpoint and the appearance of
mono-oriented spindles suggested that in alp5-1134 cells
chromosome biorientation, a process essential for bipolar
microtubule attachment (Tanaka, 2002), fails to be estab-
lished. As a first step to address whether structural and
functional integrity of kinetochores and centromeres is
maintained in this mutant, the effect of the alp5-1134 muta-
tion toward centromere gene silencing was examined. As
mentioned above, fission yeast centromeres comprise three
structural subdomains, a central cnt region, and two flank-
ing repeated imr and otr structures (Figure 7A), and tran-
scription is repressed at all these three sites as in animal
centromeres (Allshire ef al., 1994, 1995). We tested a centro-
mere-desilencing phenotype by using standard colony as-
says, in which the ura4* marker gene is integrated into
individual centromeric sites (Allshire et al., 1995).

To our surprise we found that at 32°C the ura4* gene
integrated at cnt is desilenced in the alp5-1134 mutant, be-
cause no growth was observed on 5'-fluoroorotic acid
(FOA)-containing plates, whereas cells grew on plates lack-
ing uracil (Figure 7B, row 4). This desilencing phenotype of

323



A. Minoda et al.

A

otr imr_cnt imr ofr
NS >% T LA
ura4* ura4+*

cnit1::ura4*

otri..ura4*

alp5-1134 also was dependent upon the presence of the
functional Clr6 HADC, because desilencing was no longer
observed in double mutants (row 6). In contrast, at the ofr
region, growth properties of alp5-1134 were similar to that of
the wild-type cells, although overall growth was compro-
mised at this semirestrictive temperature (Figure 7C). Thus,
Alp5 is an essential factor for maintaining transcriptional
silencing at the core domain, but it is not required for its
repression at the flanking heterochromatin region.

Chromatin Structures at the Core Centromere Are
Maintained in alp5-1134

It is known that the core centromere regions comprise unique
chromatin structures, in which MNase digestion gives smeared
patterns instead of the regular nucleosomal ladders (Polizzi and
Clarke, 1991; Takahashi ef al., 1992). Several kinetochore proteins,
such as Cnp1, Mal2, Mis6, and Sim4, are required for the estab-
lishment and the maintenance of these unique structures (Saitoh ef
al., 1997; Takahashi et al., 2000; Jin et al., 2002; Pidoux et al., 2003).
Intriguingly, mutations of these kinetochore components lead to
specific desilencing phenotypes at the cnt region (Jin et al., 2002;
Pidoux et al., 2003), which also occurs in the alp5-1134 mutant.
Given this parallelism, we next examined the chromatin struc-
tures at the centromeres by using MNase. The result showed that
no gross differences were observed, i.e., similar smeared patterns
were detected at the restrictive temperature (36°C; Figure 8A),
although in alp5-1134, the periodic ladder patterns were slightly
more apparent after 4 h (lanes 7-10).

We also examined the cellular localization of Cnp1, Mis6,
and Nuf2 in alp5-1134. All these three proteins seemed to
localize to the kinetochore region normally (Figure 8B).
Therefore, Alp5 is required for transcriptional silencing at
the core centromere; however, unlike kinetochore compo-
nents, Alp5 function is dispensable for the maintenance of
the core kinetochore structure itself. Together, Alp5 is re-
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Figure 7. Desilencing at the core centromere
in the alp5-1134 mutant. (A) Schematic dia-
gram showing the centromeric region of chro-
mosome I. The position of the integrated
ura4* marker gene is shown. (B) Loss of si-
lencing at the cnt region. Six strains (control
Ura® and Ura™ strains, and wild-type, alp5-
1134, clr6-1, and alp5-1134clr6-1 strains con-
taining the ura4* marker gene integrated at
the core cnt region) were spotted in a serial
dilution on plates containing rich media, rich
media containing 5'FOA (100 ug/ml), or min-
imal plates lacking uracil and were incubated
at 32°C for 4 d. (C) Normal silencing at the otr
region. Four strains (control Ura* and Ura™
strains, and wild-type and alp5-1134 strains
containing the ura4* marker gene integrated
at the ofr region) were spotted in a manner
similar as in B.

quired for the establishment of bipolar attachment of the
kinetochore to the spindle and plays a regulatory role in
transcriptional silencing at the core centromere region.

DISCUSSION

In this study, we have presented findings on the in vivo
function of fission yeast Alp5, a homolog of Arp4/BAF53.
We show that Alp5 plays an essential role in the mitotic
progression. The ts alp5-1134 mutant activates a spindle
assembly checkpoint, and in its absence the level of chromo-
some missegregation becomes lethal for the mutant. We also
have shown that Alp5 plays a crucial role in the centromere
function, in particular gene silencing at the core centromere
region. The requirement of Alp5 for transcriptional repres-
sion at the centromere is unexpected, because the role of
Arp4/BAF53 has been considered as global gene expression
or signal-dependent transcriptional stimulation (Jiang and
Stillman, 1996; Zhao et al., 1998; Harata et al., 2002; Rando et
al., 2002). Our work, therefore, sheds a novel light onto the
centromere/kinetochore function of actin-related Alp5.

Requirement of Alp5 for Global Histone H4 Acetylation

Our work has highlighted two main roles of Alp5. One is its
involvement in the global histone H4 acetylation, and the
other for centromere/kinetochore integrity. In the alp5-1134
mutant, the global level of histone H4 tail acetylation (at
lysines 5, 8, and 12) is decreased dramatically. Consistent
with this, Alp5 interacts with the MYST-type HAT Mstl,
which is a homolog of the budding yeast Esal and human
Tip60. Esal and Tip60 are the catalytic subunits of the NuA4
complexes, which are required for histone H4 acetylation
(Doyon and Coté, 2004). In spite of many previous analyses,
the requirement of these conserved actin-related proteins for
maintaining the global level of H4 acetylation remains elu-
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Figure 8. Opverall chromatin structure in the
core centromere region is maintained in the
alp5-1134 mutant. (A) Chromatin structures at
the centromere regions. Nuclear chromatin
fractions prepared from wild-type (972) or the
alp5-1134 mutant grown at either 36°C for 4 h
or 8 h were digested with MNase for 0, 1, 2, 4,
and 8 min, and Southern hybridization was
performed using the core cnt probe. Patterns B
of ethidium bromide staining (left) and
Southern hybridization (right) are shown. (B)
Correct localization of kinetochore compo-
nents in alp5-1134. Three alp5-1134 mutant
strains containing GFP-Cnp1, Mis6-GFP, and
Nuf2-GFP, respectively, were incubated at
36°C for 6 h, and GFP signals were observed
under fluorescence microscopy. GFP (in
green), 4,6-diamidino-2-phenylindole (DAPI)
(in blue), and merged images are shown. Cell
morphology was marked with thin white
lines along the cell surface. Bar, 10 um.

sive (Olave et al., 2002). Instead, in vitro assays show that in
both budding yeast and human systems, Arp4 and BAF53
are not required for HAT activity toward the nucleosomes as
substrates (Boudreault et al., 2003; Doyon et al., 2004). Thus,
our result is the first in vivo demonstration that Alp5 plays
an indispensable role in H4 acetylation reaction.

The question then arises as to how this actin-related protein
is involved in histone H4 acetylation in the cell. In the ts
alp5-1134 mutants, the size of the Alp5-containing complex
remains the same as the wild type. This implies that Alp5 is not
required for the assembly of the complex, in which overall
complex structure would be maintained in the absence of Alp5
function. It is conceivable that Alp5 may have a regulatory
function toward the catalytic activity of Mstl-HAT, such as
targeting of the complex to the chromatin at specific sites.
Further detailed in vivo analysis combined with in vitro bio-
chemistry would be necessary to address this issue.

We also have shown that TSA treatment rescues alp5-1134
significantly. From the genetic analysis of the HDAC mu-
tants, Clr6 was found to play an antagonistic function to
Alp5. In particular, the determination of histone H4 acety-
lation levels by using antibodies specific for acetylated H4
lysine uncovered that, as reported previously (Bjerling et al.,
2002; Nakayama et al., 2003), CIr6 is an HDAC directly
deacetylating histone H4 tails (at 5, 8, and 12), whereas the
Alp5-HAT acetylates these sites in a converse manner. This
result is in line with the previous reports, given that Clr6 is
a homolog of budding yeast Rpd3, which is responsible for
the deacetylation of histone H4 at 5, 8, and 12 lysines (Bern-
stein et al., 2000; Suka et al., 2001; Robyr ef al., 2002). It should
be noted that Clr6 also plays a critical role in genome sta-
bility and chromosome segregation (Nakayama et al., 2003),
supporting the notion that the coordinated regulation of
Alp5-HAT and Clr6-HDAC is vital for the cell.

Vol. 16, January 2005

GFP-Cnp1

Merged

-

B 910 111213141516 171818 20 123 4567 8 910 111213141516 171819 20

Mis6-GFP Nuf2-GFP

Kinetochore-Spindle Attachment and Alp5 Function

The prolonged localization of Mad2 to the mitotic kinet-
ochore highly suggests that in the alp5-1134 mutant, the
kinetochore fails to attach to the spindle. One possible
role of Alp5 in the kinetochore-spindle attachment could
stem from the regulatory function that ensures gene si-
lencing at the cnt core centromere. In this scenario, it is
plausible that in the alp5-1134 mutant, impairment in the
kinetochore structure and function results in transcrip-
tionally active cnt, leading to an inefficient capture of the
kinetochore by the spindle. Condensed chromosomes ob-
served in alp5-1134 also might arise from somehow com-
promised chromatin structures, although this also could
be explained by the mitotic arrest derived from spindle
checkpoint activation with low APC/C activity in this
mutant. Another possible explanation for the unattached
kinetochores in the mutant is that expression of some
genes, which are essential for the kinetochore-spindle
interaction, is down-regulated. This also would lead to a
failure to establish of bipolar microtubule attachment. We
have found that both interphase microtubules and mitotic
spindles look more stable in the alp5-1134 mutant than in
wild-type cells and that the alp5-1134 mutant is indeed
resistant to microtubule-destabilizing drugs (Minoda and
Toda, unpublished data). This clearly contrasts to other
mitotic mutants, which result in the activation of the
spindle checkpoint and display hypersensitivity to these
drugs (Sato et al., 2003). Thus, Alp5 may be involved in the
kinetochore-spindle attachment in an indirect manner via
transcriptional regulation of genes involved in microtu-
bule dynamics. Further analysis of the mechanisms un-
derlying the requirement of Alp5 for bipolar microtubule
attachment is needed to clarify this point.
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The Role of Alp5 in the Core Centromere

The finding that Alp5 is essential for maintaining the si-
lenced state at the core centromere region is novel and
unpredicted. Mutations in the known kinetochore compo-
nents such as mal2, mis6, mis12, and sim4 display transcrip-
tional desilencing at cnt; however, in these mutants, the
spindle checkpoint pathway remains inert (Pidoux et al.,
2003). It is postulated that when the centromere/kinetochore
structures are disrupted physically, the checkpoint signaling
is no longer sensed, thereby these mutants being checkpoint
insensitive (Cleveland et al., 2003). In the case of alp5-1134,
on the other hand, consistent with the activation of the
spindle checkpoint, MNase digestion experiments indicate
that characteristic smeared patterns of the core centromeric
chromatin are mostly maintained and all three kinetochore
proteins, Cnpl, Mis6, and Nuf2, together with Mad2 and
Bubl, localize to the centromere/kinetochore region. Alp5 is
therefore a novel regulatory factor, the mutation of which
results in the impairment of core centromere function, in-
cluding transcriptional desilencing and checkpoint activa-
tion without disrupting the core kinetochore structure.

Heterochromatin regions, including the centromeres, are
known to contain hypoacetylayed histone H4 in general
(Grunstein, 1997), which also is shown to be the case in
fission yeast (Mellone et al., 2003). Consequently, further
down-regulation of histone H4 acetylation at cnt by the
alp5-1134 mutation would not be predicted to lead to tran-
scriptional silencing defects. The role for Alp5 in maintain-
ing silencing at cnt could be, therefore, independent of its
histone acetylation function. However, we have shown that
in the double mutant between alp5-1134 and clr6-1 transcrip-
tional silencing at cnt is restored, suggesting the importance
of histone H4 acetylation for silencing at cnt. We envisage
that balanced equilibrium between histone acetylation and
deacetylation may be crucial for transcriptional silencing at
the core centromere. Alternatively Alp5-dependent histone
H4 acetylation might be linked to chromatin architecture,
such as via chromatin remodeling reactions, which represses
transcriptional accessibility at the core centromere region.

Recently, it was reported that Arp6 homolog in fission
yeast is specifically required for telomere silencing, but not
for centromere (Ueno et al., 2004). Given this distinct require-
ment of two ARPs (Alp5/Arp4 and Arp6) for silencing at
two heterochromatin regions, i.e., centromere and telomere,
respectively, it is tempting to speculate that individual nu-
clear ARPs might play a positive role in gene silencing at the
heterochromatins in a location-specific manner. Under-
standing the mechanism underlying the harmonious regu-
lation at the centromeres regarding chromatin structures,
transcriptional silencing, and spindle checkpoint signaling is
the next crucial question to be addressed, and further study
of Alp5 and other nuclear ARPs would be the key to answer
this issue.
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