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Yaf9 is one of three proteins in budding yeast containing a YEATS domain. We show that Yaf9 is part of a
large complex and that it coprecipitates with three known subunits of the NuA4 histone acetyltransferase.
Although Esa1, the catalytic subunit of NuA4, is essential for viability, we found that yaf9� mutants are viable
but hypersensitive to microtubule depolymerizing agents and synthetically lethal with two different mutants of
the mitotic apparatus. Microtubules depolymerized more readily in the yaf9� mutant compared to the wild type
in the presence of nocodazole, and recovery of microtubule polymerization and cell division from limiting
concentrations of nocodazole was inhibited. Two other NuA4 mutants (esa1-1851 and yng2�) and nonacety-
latable histone H4 mutants were also sensitive to benomyl. Furthermore, wild-type budding yeast were more
resistant to benomyl when grown in the presence of trichostatin A, a histone deacetylase inhibitor. These
results strongly suggest that acetylation of histone H4 by NuA4 is required for the cellular resistance to spindle
stress.

The great majority of solid tumors are composed of aneu-
ploid cancer cells (29, 38). This aneuploidy is thought to con-
tribute to defects in gene expression and genome stability that
fuel the oncogenic process. Aneuploidy is caused by chromo-
some mis-segregation due to defects in the mitotic apparatus
and/or checkpoint pathways that verify the faithful assembly of
the spindle. Several mitotic checkpoint pathways have been
described (48). These pathways prevent anaphase entry in cells
containing unattached kinetochores, in the absence of tension
at kinetochores containing attached microtubules (MTs), or in
cells containing incorrectly oriented spindles. Recently, a path-
way involving the Chfr ubiquitin ligase has also been suggested
to respond to spindle stress by delaying the entry into meta-
phase (61). These mitotic checkpoint pathways prevent aneu-
ploidy by inhibiting cell cycle progression, and they may also
contribute, along with still other checkpoints, to inducing ap-
optosis in response to spindle stress (59, 68). In this respect,
they resemble DNA damage checkpoints. However, in addi-
tion to inhibiting cell cycle progression and inducing apoptosis,
DNA damage checkpoints also have key roles in the cellular
response to DNA damage by activating the transcription of
DNA repair genes and by phosphorylating DNA replication,
repair, and recombination proteins to facilitate the repair of
DNA damage (16). Similarly, it seems likely that cells have
evolved pathways to facilitate the repair of, and recovery from,
spindle stress, although such pathways have not yet been de-
scribed. We show here that such a pathway may exist in bud-
ding yeast and that it involves the acetylation of histone H4 by
the NuA4 histone acetyltransferase (HAT) complex.

The N-terminal lysines of the histones are crucial functional

targets of HATs (56, 63). Histone acetylation is thought to
affect chromatin structure and gene expression by neutralizing
the highly basic N-terminal tails of the histones and thereby
decompacting chromatin (14). Specific patterns of histone
acetylation, along with other histone modifications, also serve
as recognition sites for the recruitment of particular proteins to
chromatin (31). Histone acetylation is important in gene ex-
pression, DNA repair (24), and kinetochore function (15, 67).
In budding yeast, the NuA4 HAT complex is responsible for
the bulk of histone H4 acetylation on lysines 5, 8, and 12 (1, 12,
39, 54), whereas lysine-16 is mainly acetylated by the Sas2 HAT
complex (34, 66). The NuA4 HAT complex is composed of ca.
12 subunits (1, 19, 50). Nine of these have been identified: Esa1
is the catalytic subunit of the complex; Tra1 belongs to the
phosphatidylinositol kinase family; Act1 is the conventional
yeast actin; Arp4 is an actin-like protein; and Epl1, Yng2, Eaf2,
Eaf3, and Eaf4 are subunits with unknown biochemical func-
tions. NuA4 has been implicated in transcriptional activation
(19, 54) and DNA double-strand break repair (4). Ynl107/
Yaf9, a novel subunit of NuA4 (see below), has also been
shown to be required for UV resistance (5). In the present
study, we show that Ynl107/Yaf9, Yng2, and acetylated histone
H4 are required for the cellular resistance to spindle stress.
Complexes resembling NuA4 are found in animal cells, and
they have been implicated in transcriptional regulation and
DNA repair (28, 56, 63). Given these similarities, it is possible
that these complexes also participate in the response of animal
cells to spindle stress.

MATERIALS AND METHODS

Plasmids, strains, media, and inhibitors. Plasmids and yeast strains used in
the present study are listed in Tables 1 and 2, respectively. Standard yeast genetic
techniques and media were used (62). Yeast strains were made by using PCR-
amplified cassettes (40). Constructions were verified by PCR and Western blot
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analysis for tagged proteins. Benomyl, nocodazole, and trichostatin A (TSA)
were purchased from Sigma-Aldrich.

Microscopy. Indirect immunofluorescence was performed by using published
protocols (33). For in vivo visualization of green fluorescent protein (GFP)
fusions, yeast strains were visualized directly or after incubation with 25 �g of
1,4-diazabicyclo(2.2.2)octane (DABCO; Sigma)/ml plus 0.5 �g of DAPI (4�,6�-
diamidino-2-phenylindole)/ml in 25% phosphate-buffered saline (PBS) plus 75%
glycerol. All observations were made with a Leica DMRXA microscope
equipped with a Roper Scientific MicroMax cooled charge-coupled device cam-
era and METAMORPH software (Universal Imaging).

Synthetic lethality and complementation. Thermosensitive bbp1-1 and spc24-11
mutants were transformed by URA3 plasmids containing the wild-type alleles of
each gene (pli36 and pli39, respectively). The entire YAF9 coding sequence was
then replaced with the KanMX6 cassette (40) in each of the complemented
strains. The double-mutant strains containing the wild-type allele of the thermo-
sensitive mutants on a YCp-URA3 plasmid were then plated on medium lacking
uracil or containing 5-fluoroorotic acid (5-FOA) (6) at the permissive tempera-
ture of 24°C in order to test for the ability of strains containing the double
mutants to survive in the absence of a plasmid complementing the temperature-
sensitive mutation.

Spindle sensitivity. Exponentially growing wild-type (YPH499) and ILM162
(yaf9�) strains in yeast extract-peptone-dextrose (YPD) medium containing 50
�g of adenine/ml were treated with nocodazole at 7.5 or 15 �g/ml. Once per hour
for 6 h, aliquots were taken and analyzed to determine the percentage of rebud-
ded cells and the cell viability. An aliquot of cells was also fixed with 70% ethanol
for fluorescence-activated cell-sorting analysis (27).

Gel filtration analysis. A total of 50 ml of exponentially growing YPH499 cells
at an optical density at 600 nm of 0.5 in YPD was washed with PBS, resuspended
in 4 ml of PBS plus Complete protease inhibitor cocktail (Roche Biochemicals),
and broken in an Eaton press. The lysate was then centrifuged for 15 min at 4°C
in an Eppendorf centrifuge, and the supernatant was passed through a 0.45-�m
(pore-size) Nalgene filter. Then, 100 �l of filtered protein extract containing 300
�g of protein was applied to a Superdex 200 gel filtration column on a Pharmacia
SMART analytical chromatography apparatus. Next, 50-�l fractions were col-
lected, and the elution positions of Yaf9 and Esa1 were determined by immu-
noblotting and compared to the elution positions of a standard set of marker
proteins with known molecular masses.

Immunoblots with antibodies to acetyl-lysine-histone H4. Cultures (10 ml) of
yeast cells were centrifuged and washed once with water, and the pellets were
then resuspended in 300 �l of HSB lysis buffer (45 mM HEPES-KOH [pH 7.4],
150 mM NaCl, 10% glycerol, 1 mM EDTA, 0.5% NP-40, Complete protease
inhibitor cocktail). Then, 250 �l of acid-washed glass beads was added, and the
cells were lysed with a Bead-Beater. The extract was spun in an Eppendorf
centrifuge for 10 min at 4°C, and the supernatant was recovered. Proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in 12% polyacrylamide gels and transferred to nitrocellulose mem-
branes. Membranes were blocked with Tris-buffered saline plus 0.1% Tween
(TBST) containing 5% nonfat powdered milk and then incubated with a 1/1,000
dilution of anti-hyperacetylated histone H4 (Penta) rabbit antibodies from Up-
state Biotechnology (catalog no. 06-946) for 1 h at room temperature. Mem-
branes were washed with TBST and then incubated with a 1/3,000 dilution of a
goat anti-rabbit immunoglobulin G (IgG) conjugated with horseradish peroxi-
dase in TBS–5% milk for 1 h at room temperature. After a wash with TBST, the
immunoblots were visualized with enhanced chemiluminescence (Amersham-
Pharmacia).

Coimmunoprecipitation analyses. Exponentially growing yeast cell cultures
(400 ml) in YPD at an optical density at 600 nm of 0.6 were centrifuged, washed
once with cold water, and resuspended in 0.7 ml of immunoprecipitation (IP)
buffer (50 mM Tris-Cl [pH 7.5], 100 mM NaCl, 10 mM EDTA, 15% glycerol,
Complete protease inhibitor cocktail), and the cells were broken in an Eaton
press. Triton X-100 was then added to 0.1%, and the lysate was centrifuged for
15 min at 4°C in an Eppendorf centrifuge. Next, 360 �g of protein extract in 100
�l of IP buffer plus 0.1% Triton X-100 were mixed with 40 �l of Dynal magnetic
Dynabeads Pan-Mouse IgG saturated with either 12CA5 anti-HA monoclonal

TABLE 1. Plasmids used in this study

Plasmid Associated genotype Vector Source or reference

pCS51 bbp1-1 TRP1 pRS304 60
pli23 MPS2 URA3 pFL44 This study
pli36 BBP1 URA3 This study
pli39 SPC24 URA3 YCp50 This study
pAFS91 GFP TUB1 URA3 pRS306 65

TABLE 2. Strains used in this study

Strain Genotype Source or reference

CMY1228 MATa ura3-52::pAFS91 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 This study
CMY1229 MATa ura3-52::pAFS91 yaf9::KanMX his3�200 trp1�63 leu2�1 ade2-101 lys2-801 This study
CMY1237 MAT? yng2::KanMX6 leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 This study
ILM49 MATa YAF9-3HA leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 This study
ILM63 MATa leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-11 yaf9::KanMX6 This study
ILM74 MATa mps2-1 ura3-52 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 YAF9-GFP::KanMX6 This study
ILM113 MATa ura3-52 his3�200 TRP1::pCS51 leu2�1 ade2-101 lys2-801 yaf9::KanMX6

bbp1::HIS3MX4/pli36
This study

ILM128 MATa spc24-11 ura3-52 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 This study
ILM140 MATa spc24-11 ura3-52 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 yaf9::KanMX6/pli39 This study
ILM162 MATa ura3-52 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 yaf9::KanMX6 This study
JCY1258 MATa YNG2-13myc leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 11
JCY1259 MATa EPL1-3HA leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-1 11
MSY534 MATa hhf1-22 ura3-52 trp1-289 leu2-3,112 �(hht2 hhf2) 42
MSY535 MATa hhf1-10 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY538 MATa hhf1-28 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY568 MATa hhf1-23 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY569 MATa hhf1-24 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY570 MATa hhf1-25 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY571 MATa hhf1-32 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY572 MATa hhf1-27 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY581 MATa hhf1-30 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY605 MATa hhf1-34 ura3-52 lys2-�201 leu2-3,112 �(hht2 hhf2) 42
MSY2431 MATa leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-11 esa1-1851::K.l.-URA3 4
MSY2432 MATa leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-11 esa1-L357H::K.l.-URA3 4
W303-1a MATa leu2-3,112 his3-11,15 ura3-1 trp1-1 ade2-11 R. Rothstein
YCS64 MATa ura3-52 his3�200 TRP1::pCS51 leu2�1 ade2-101 lys2-801 bbp1::HIS3MX4 60
YPH499 MATa ura3-52 his3�200 trp1�63 leu2�1 ade2-101 lys2-801 Sikorski and Hieter
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antibodies, 9E10 anti-myc monoclonal antibodies, or no antibody, followed by
incubation overnight at 4°C. The beads were washed three times with 1 ml of IP
buffer plus 0.1% Trition X-100 and then heated at 94°C for 5 min in SDS-PAGE
sample buffer to release immunoprecipitated proteins.

Quantification of Western blots. Proteins were separated by SDS-PAGE and
then transferred to nitrocellulose membranes. After incubation with appropriate
antibodies, the Western blots were developed by using enhanced chemilumines-
cence plus reagents (Amersham-Pharmacia); the chemiluminescent images were
acquired and quantified with a Fluorochem Imager from Alpha Innotech, Inc.
This imager uses a photographic lens and a cooled charge-coupled device camera
to quantitatively capture and digitize the chemiluminescent signal.

Microarray analyses. Exponentially growing wild-type (YPH499) and ILM162
(yaf9�) strains in YPD media containing 50 �g of adenine/ml were treated with
15 �g of nocodazole/ml until �90% of cells accumulated with a large bud (ca.
2.5 h). Cells were then harvested, and RNA was prepared by using a Qiagen
RNeasy kit after the cells were broken with an Eaton press. A 12.5-mg portion
of total RNA was used as a template for double-stranded cDNA synthesis. Direct
labeling of cDNA was performed during the synthesis as previously described
(17). Labeled cDNA was hybridized to yeast genome arrays produced by the
Service de Génomique Fonctionnelle-CEA/Evry. Hybridized arrays were scanned
with a GenePix 4000A scanner (Axon Instruments, Inc.), and fluorescence ratio
measurements were determined with the GenePix Pro 3.0 software (Axon In-
struments). From five independent arrays, we chose open reading frames (ORFs)
showing a modified signal on at least three of the five arrays, in the same
direction and with a wild-type/mutant ratio differing by a factor of 2.5 or more.
(These ORFs are listed in Fig. 8A.) The microarray results were confirmed by
quantitative reverse transcription-PCR (RT-PCR) analysis of total RNA as de-
scribed previously (22). The ACT1 mRNA was used as a normalization standard
for each amplification reaction. Oligonucleotides were chosen for each ORF to
give an amplification product of ca. 400 bp.

Antibodies. Rabbit polyclonal antibodies to Yaf9 were produced by immuniz-
ing rabbits with a maltose-binding protein (MBP)-Yaf9 fusion protein purified
from Escherichia coli. Antibodies were affinity purified on an MBP-Yaf9 column.
These antibodies were then passed over an MBP column to deplete antibodies
that bind MBP. A goat polyclonal antibody directed against Esa1 was purchased
from Santa Cruz Biotechnology (sc-12155). An anti-hyperacetylated histone H4
(Penta) rabbit antibody (catalog no. 06-946) was purchased from Upstate Bio-
technology. A rabbit antibody against glucose-6-phosphate dehydrogenase was
purchased from Sigma (catalog no. A9521).

RESULTS

Ynl107/Yaf9 interacts with Mps2 and is a member of a
family of proteins containing YEATS domains that is involved
in chromatin modification and transcriptional regulation.
Mps2 (for monopolar spindle 2) is a spindle pole body (SPB)
and nuclear envelope protein that is required for the insertion
of the duplicated SPB into the nuclear envelope (47). We
identified YNL107w as one of three genes coding for potential
interacting partners of the Mps2 protein (36), the other two
genes being BBP1 and SPC24 (Fig. 1A). YNL107w encodes a
226-amino-acid protein containing an amino-terminal 124-
amino-acid YEATS domain and a predicted carboxy-terminal
coiled-coil sequence (Fig. 1B). The C-terminal 40 amino acids
containing the coiled-coil sequence was the minimal sequence
interacting with Mps2 in our two-hybrid screen. The YEATS
(Ynl107, ENL, AF9, and TFIIF small subunit) domain is found
in many proteins implicated in chromatin modification and
transcriptional regulation, but its structure and function are
not yet determined (Pfam accession no. PF003366). Ynl107 is
similar to a large number of proteins containing a YEATS
domain including the yeast Taf14 (also known as Anc1, Tfg3,
and Taf30) (8, 25) and Sas5 proteins (32, 43, 51) and the
human proteins AF9 (13) and Gas41 (18, 46) implicated in
oncogenesis. Due to its similarity to human AF9, the YNL107w
ORF was named YAF9 (Yeast AF-9) in the Saccharomyces
Genome Database (http://genome-www4.stanford.edu/cgi-bin

/SGD/locus.pl?locus �yaf9). However, the similarity of Yaf9 to
AF9 and most other YEATS proteins is restricted to the ami-
no-terminal YEATS domain, and CLUSTALW alignments
(26) show that the Yaf9 YEATS domain is most similar to that
found in the Gas41 family (Fig. 1C). Likewise, the yeast Taf14
and Sas5 YEATS domains are more similar to each other than
to the other YEATS domains, whereas the human AF9
YEATS domain is about equally distant from the Gas41 and
Taf14/Sas5 families. Furthermore, hydrophobic cluster analysis
(HCA) (9, 37) showed that Yaf9 has a distribution of hydro-
phobic and charged amino acids in its carboxy-terminal do-
main that is most similar to that of the Gas41 sequence (Fig. 2)
Finally, Yaf9 and Gas41 are similar in size (226 and 223 amino
acids, respectively), whereas the AF9 protein is much larger
(568 amino acids). Gas41 thus seems to be the human protein
that is most similar to Yaf9.

The yaf9� mutant is synthetically lethal with mutants of the
mitotic apparatus and is hypersensitive to MT depolymerizing
agents. YAF9 is a nonessential yeast gene, and the yaf9� mu-
tant showed little or no growth defect relative to the wild type
at 24 to 30°C but did grow more slowly than the wild type at
16°C and was temperature sensitive for growth at 37°C in the
W303 strain background but not in the YPH or BY strain
backgrounds (data not shown). Since Yaf9 interacted with
Mps2 in our two-hybrid screen, we sought genetic interactions
between yaf9� and mutants of the mitotic apparatus. The
bbp1-1 mutant is unable to insert a newly synthesized SPB into
the nuclear envelope at 37°C (60), whereas the spc24-11 mu-
tant has a kinetochore defect at 37°C (36). The yaf9� mutant
was found to be synthetically lethal when combined at the
permissive temperature of 24°C with either the bbp1-1 mutant
or the spc24-11 mutant (Fig. 3A and B) Synthetic lethality was
thus observed with mutants affecting the function of both the
SPB and the kinetochore. This result suggested that Yaf9
might be required for viability in conditions in which the struc-
tural integrity of the spindle was compromised. In support of
this notion, we found that the yaf9� mutant was hypersensitive
to growth on media containing the MT depolymerizing agent
benomyl (Fig. 3C). We studied the response of the mutant in
liquid cultures to another MT depolymerizing agent, nocoda-
zole, in order to better characterize its defect. yaf9� cells lost
viability more rapidly than the congenic wild type in the pres-
ence of nocodazole (Fig. 4A) and showed a slight increase in
the frequency of multibudded cells (Fig. 4B). However, the loss
of viability and the frequency of rebudding were less elevated
than for spindle checkpoint mutants (data not shown) (64, 69).
Flow cytometric analyses showed that the haploid yaf9� mu-
tant accumulated with a 2C DNA content after 1 h of treat-
ment with 7.5 �g of nocodazole/ml, whereas the wild-type
strain showed only a slight and transient response at this con-
centration (Fig. 4C). The yaf9� mutant is thus hypersensitive
to both nocodazole and benomyl. After 4 h of incubation in the
presence of 7.5 �g of nocodazole/ml, the yaf9� cells escaped
from the mitotic arrest, and the flow cytometry profiles sug-
gested that some chromosome mis-segregation might have oc-
curred to give rise to a small fraction of cells with a less than 1C
and greater than 2C DNA content. When treated with 15 �g of
nocodazole/ml, both the yaf9� mutant and the wild type re-
mained arrested with a 2C DNA content over the 6-h period of
the experiment (Fig. 4C). This result indicated that the no-
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codazole sensitivity of the yaf9� mutant was not due to a defect
in the cell cycle arrest mediated by the spindle checkpoint but
was likely due to a defect in the cellular response to MT
depolymerization at the level of recovery from spindle stress.
Further support of this interpretation was obtained by visual-
izing MTs in living cells expressing a GFP-Tub1 fusion protein
that has previously been used to characterize spindle dynamics
in living cells (65). Expression of GFP-Tub1 did not adversely
affect the growth of the yaf9� mutant. Wild-type and yaf9�
cells expressing GFP-Tub1 were treated with 3, 7.5, and 15 �g
of nocodazole/ml for 5 h. At each hour, an aliquot of living
cells was observed, and the percentage of large-budded cells
with depolymerized MTs and no visible focus of tubulin stain-
ing at the spindle pole bodies was quantified (Fig. 5A) An

example of wild-type and yaf9� cells expressing GFP-Tub1 and
treated with 3 �g of nocodazole/ml for 3 h is shown in Fig. 5B.
At each concentration of nocodazole, a higher percentage of
the yaf9� cells contained disassembled spindles compared to
the wild type. Moreover, at lower concentrations of nocoda-
zole, a transient depolymerization of MTs was seen in the wild
type, whereas the recovery of MTs was inhibited in the yaf9�
mutant. Yaf9 is thus required for a normal level of resistance
of yeast cells to MT depolymerizing agents.

Yaf9 is a subunit of the NuA4 HAT complex. The Yaf9
sequence contains a YEATS domain that is often found in
subunits of complexes involved in chromatin modification and
transcriptional regulation. A systematic analysis of protein
complexes in yeast showed that Yaf9/Ynl107 could be purified

FIG. 1. Yaf9(Ynl107) interacts with Mps2 in a two-hybrid screen, contains a YEATS domain, and shows most similarity to the family of
Gas41-like sequences in metazoans. (A) Yaf9, Spc24, and Bbp1 interact with Mps2 in a two-hybrid screen. The black arrows indicate two-hybrid
interactions, and the red arrows indicate synthetic lethality between yaf9� and either bbp1-1 or spc24-11 mutants (see Fig. 3A). (B) Schematic
representation of the Yaf9 sequence showing the location of the N-terminal YEATS domain and the minimal C-terminal 40-amino-acid sequence
interacting with Mps2 in the two-hybrid screen. This C-terminal region contains a predicted 30-amino-acid coiled-coil sequence (gray bar) as
detected by the COILS program (41) (http://www.ch.embnet.org/software/COILS_form.html). V124 and K186 indicate valine-124 and lysine-186
of the Yaf9 sequence. (C) CLUSTALW alignments (26) of YEATS domains found in proteins similar to Yaf9. Shown are YEATS domains from
Saccharomyces cerevisiae (S.c.) Yaf9 (Ynl107), Sas5, and Taf14, Schizosaccharomyces pombe (S.p.) SPAC17G8.07, Drosophila melanogaster (D.m.)
CG9207, Caenorhabditis elegans (C.e.) Gfl-1, and Homo sapiens (H.s.) Gas41 and AF9. This analysis shows that Yaf9 and the Gas41 family of
proteins contain YEATS domains that are more similar to each other than the YEATS domains found in the human AF9 and the yeast Taf14 and
Sas5 proteins. The amino acid color code is as follows: yellow for proline, beige for glycine, purple for acidic residues, orange for basic residues,
green for polar residues, light blue for hydrophobic residues, and dark blue for aromatic residues. An asterisk above the column of aligned amino
acids indicates 100% identity, two dots indicate highly conserved amino acids, and a single dot indicates similar amino acids.
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FIG. 2. HCA indicates that Yaf9 is more similar to human (H.s.) Gas41 than to human AF9 or two other YEATS-domain proteins in S.
cerevisiae (Taf14 and Sas5). HCA is a visual method that predicts protein secondary structure (9, 37). The linear one-dimensional sequence of the
protein is written on an alpha-helix displayed along a cylinder. The cylinder is then cut parallel to its axis and unrolled in a bidimensional diagram.
This diagram is duplicated in order to restore the full environment of each amino acid. The contours of clusters of hydrophobic residues are then
drawn. This process has been automated by an online server (http://smi.snv.jussieu.fr/hca/hca-form.html). The alpha-helical net offers the best
correspondence between the positions of hydrophobic clusters and regular secondary structures (alpha-helix and � strand). The HCA program uses
the standard one-letter code for amino acids except for proline (regular secondary structure breaker), glycine (the least constrained amino acid),
and serine and threonine (which can be accommodated in either hydrophilic or hydrophobic environments). Sequence features that were found
in similar positions in Yaf9 and the other YEATS domain proteins were colored as follows: common hydrophobic clusters are in green, common
nonhydrophobic amino acids are in yellow, positively charged amino” acids are in blue, and negatively charged amino acids are in red. “�” and
“�” indicate the position of alpha-helical and �-sheet secondary structures for Yaf9 as predicted by the HCA analysis. Blue brackets show the
positions of predicted coiled-coil sequences in the C-terminal regions of Yaf9, Gas41, and AF9. The global analysis of the sequences shows that
these proteins are composed of two domains: a similar N-terminal region that corresponds to the YEATS domain and a C-terminal region that
is more divergent. For Yaf9, Taf14, and AF9, a linker region could be clearly seen between these two domains. Examination of the HCA plots of
human Gas41, AF9 and S. cerevisiae Yaf9, Taf14, and Sas5 sequences reveals the presence of similar hydrophobic motifs in the YEATS domain.
The boundaries of this domain in the different proteins are shown with a dotted green line. Residues 55 to 100 of the Yaf9 sequence indicate an
extremely conserved region shown within the dotted red lines. This central part of the first domain of the proteins was found to be characteristic
of the YEATS domain family. The CLUSTALW (Fig. 1C) and HCA analyses show that the yeast Yaf9 and the human Gas41 YEATS domains
are most similar to each other, whereas the yeast Taf14 and Sas5 YEATS domains are more similar to each other than either is to the remaining
proteins. The second part of these proteins is more divergent and no similarity (�30%) in primary sequence could be found. Furthermore, the
HCA profiles of Sas5, Taf14, and Yaf9 are different. On the other hand, similar hydrophobic motifs are found for the second domain of Yaf9 and
Gas41. First, there are two hydrophobic clusters (green) separated by a conserved proline. Some amino acids, in particular charged residues,
around this motif are well conserved. Second, a long alpha-helix predicted to form a coiled coil (blue brackets) is found at the C terminus of both
Yaf9 and Gas41. We noted, however, that the charge distributions around these coiled coils are different, suggesting that their binding specificity
may have diverged. Human AF9, both by its length (more than twice the length of the other YEATS proteins shown here) and by the profiling
of its domains, seems the least similar of all of the YEATS proteins shown here.
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FIG. 3. yaf9� is synthetically lethal with SPB and kinetochore mutants and it is hyper-sensitive to benomyl. (A) yaf9� is synthetically lethal with
the bbp1-1 mutant. yaf9� (ILM162), bbp1-1 (YCS64), and yaf9� bbp1-1 (ILM113) cells containing the BBP1 URA3 plasmid (pli36) were streaked
at 24°C, the permissive temperature for the bbp1-1 mutant, onto plates without uracil (	URA) or onto plates containing 5-FOA to counterselect
the URA3 plasmid. The absence of growth on the 5-FOA plate of the yaf9� bbp1-1 (ILM113) cells (double in the figure) shows that the yaf9�
bbp1-1 double mutant cannot grow in the absence of the BBP1 URA3 plasmid. (B) yaf9� is synthetically lethal with the spc24-11 mutant. yaf9�
(ILM162), spc24-11 (ILM128), and yaf9� spc24-11 (ILM140) cells containing the SPC24 URA3 plasmid (pli39) were streaked at 24°C, the
permissive temperature for the spc24-11 mutant, onto plates without uracil (	URA) or onto plates containing 5-FOA to counterselect the URA3
plasmid. The absence of growth on the 5-FOA plate of the yaf9� spc24-11 (ILM140) cells (double in the figure) shows that the yaf9� spc24-11
double mutant cannot grow in the absence of the SPC24 URA3 plasmid. (C) The yaf9� mutant is hypersensitive to benomyl. Wild-type (YPH499)
and yaf9� (ILM162) cells at the same cell density in YPD were spotted in 10-fold serial dilutions onto YPD plates containing the indicated
concentrations of benomyl, and the plates were subsequently incubated at 24°C for 3 days. WT, wild type.
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FIG. 4. yaf9� mutants are hypersensitive to nocodazole, but they do not show significant defects in cell cycle arrest. (A to C) Wild-type
(YPH499) and yaf9� (ILM162) mutants growing exponentially in YPD were treated with 7.5 or 15 �g of nocodazole/ml for the indicated periods
of time at 30°C, and the fraction of viable cells (A) and the percentage of rebudded cells (cells with two buds rather than one) (B) were determined
at each of the indicated times. (C) An aliquot of cells was also fixed for flow cytometry to determine their DNA content. WT, wild type.
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in association with some known subunits of the NuA4 HAT
complex (20). To test for the presence of Yaf9 in protein
complexes, we fractionated whole-cell protein extracts of wild-
type yeast cells on a Superdex 200 gel filtration column. Yaf9
was found both in high-molecular-weight fractions correspond-
ing to the size of an 
1-MDa complex and in low-molecular-
weight fractions that may correspond to the monomeric pro-
tein (Fig. 6A). Esa1, the catalytic subunit of the NuA4 HAT
complex, cofractionated with Yaf9 in the high-molecular-
weight fractions. This result was consistent with Yaf9 being a
subunit of the NuA4 complex with Esa1. We further verified
the presence of Yaf9 in the NuA4 complex by testing for the
coimmunoprecipitation of Yaf9 with Esa1, the catalytic sub-
unit of the NuA4 complex, as well as with two other subunits of

the complex: Yng2 (11, 39, 50) and Epl1 (19). Western blotting
showed that both Yaf9 and Esa1 coprecipitated with Yng2-
13myc and with Epl1-3HA (Fig. 6B). Likewise, Esa1 was found
to coprecipitate with Yaf9-3HA. The combined data strongly
suggest that Yaf9 is a previously unidentified subunit of NuA4.

The yaf9� mutant does not show a global reduction of acety-
lated histone H4. We tested the effect of the yaf9� mutant on
NuA4 function by immunoblotting protein extracts from wild-
type and mutant strains with an antibody that recognizes hy-
peracetylated histone H4. This antibody recognizes tetra-
acetylated histone H4, and it may recognize triacetylated
forms. The yaf9� mutant did not show significantly reduced
amounts of hyperacetylated histone H4 compared to the wild
type at either 30°C or 37°C (Fig. 6C). In contrast, two temper-

FIG. 5. MTs depolymerize more readily and recover more slowly from limiting nocodazole in the yaf9� mutant compared to the wild type.
Wild-type (CMY1228) and yaf9� cells (CMY1229) expressing GFP-Tub1 were grown in YPD at 30°C and treated with nocodazole at the
concentrations and for the time periods indicated in the figure. (A) The percentage of wild-type and yaf9� cells with no detectable GFP-Tub1 foci
after treatment with the indicated concentrations of nocodazole was quantified. A fluorescent GFP-Tub1 focus is found at the SPB of cells
containing polymerized tubulin. The absence of such foci is thus an indication of an essentially complete depolymerization of MTs. (B) Images
illustrating the different responses of wild-type and yaf9� cells to incubation with 3 �g of nocodazole/ml for 3 h. WT, wild type.
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FIG. 6. Yaf9 is in a large-molecular-weight complex, coprecipitates with the Esa1, Epl1, and Yng2 subunits of the NuA4 HAT complex but is
not required for global histone H4 acetylation by NuA4. (A) A whole-cell protein extract from the wild-type strain YPH499 was chromatographed
on a Superdex-200 gel filtration column. Fractions were collected and analyzed by SDS-PAGE and immunoblotting with anti-Yaf9 and anti-Esa1
antibodies. The numbers above each lane indicate the fractions and the molecular weight of marker proteins eluting in those fractions. The
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ature-sensitive mutants of the Esa1 catalytic subunit of NuA4
showed strong defects, as previously reported (4). The esa1-
L357H mutant had normal levels of hyperacetylated histone
H4 at 30°C but much less than the wild type after transfer to
37°C. The esa1-1851 mutant showed drastically reduced levels
of hyperacetylated histone H4 at both 30 and 37°C. These
results indicated that Yaf9 is not required for global H4 acet-
ylation, but they did not exclude the possibility that it might be
required to target the NuA4 complex to some specific genomic
locations or for the acetylation of some other substrate.

Yaf9 is a nuclear protein whose levels are increased when
cells are treated with nocodazole. The intracellular localization
of Yaf9 was determined in living cells by using a Yaf9-GFP
fusion protein and in fixed cells by immunofluorescence by
using a Yaf9-3HA epitope-tagged protein. The Yaf9-GFP and
Yaf9-3HA proteins appeared to be functionally normal in that
cells expressing these fusion proteins in place of the wild-type
Yaf9 had the same resistance to benomyl as had the wild type
(data not shown). Localization was observed in wild-type cells
in the absence or the presence of nocodazole and in an mps2-2
mutant at the permissive and restrictive temperatures. The
mps2-2 mutant is unable to insert a duplicated SPB into the
nuclear envelope and thus gives rise to cells with monopolar
spindles at 37°C (47). A weak intranuclear localization was
seen for Yaf9-GFP in an mps2-2 mutant at the permissive
temperature of 24°C (Fig. 7A) as well as in the isogenic wild
type created by transforming the mps2-2 mutant with a plasmid
containing the wild-type MPS2 gene (Fig. 7C). Yaf9-GFP re-
mained nuclear in these cells at the restrictive temperature of
37°C; however, the intensity of the Yaf9-GFP signal increased
in the mps2-2 mutant after incubation at 37°C for 3 h (Fig. 7B)
but not in the isogenic wild type (Fig. 7D). The immunofluo-
rescence localization of Yaf9-3HA was only weakly visible in
wild-type cells (data not shown). However, when these cells
were incubated in nocodazole for 3 h, the nuclear localization
of Yaf9-3HA was readily apparent (Fig. 7E). The combined
results on the intracellular localization of Yaf9 suggested that
it was a nuclear protein whose levels increased in conditions in
which the integrity of the mitotic spindle was affected. We
determined more precisely the quantity of Yaf9 in nocodazole-
treated cells by immunoblotting. Yaf9 levels increased 2.5-fold
within 2 h of treatment with nocodazole (Fig. 7F). In contrast,
the levels of the Esa1 catalytic subunit of the NuA4 complex

remained constant in the presence of nocodazole (Fig. 7F).
Thus, Yaf9 protein levels seem to be increased in response to
spindle stress.

Altered gene regulation in the yaf9� mutant. ESA1, the gene
encoding the catalytic acetyltransferase subunit of NuA4, is
essential for yeast cell viability (12). Analysis of esa1 condi-
tional mutants has shown that it is required for the bulk of
histone H4 N-terminal acetylation and for the correct expres-
sion of a subset of yeast genes (19, 39, 54). Since Yaf9 is a
nonessential subunit of NuA4, it cannot be required for all
NuA4 functions. We used yeast genome microarrays to explore
any differences in the transcriptomes of yaf9� and wild-type
cells that were treated with nocodazole for 3 h, since pertur-
bations in gene expression could contribute to the phenotypes
of the yaf9� mutant. This analysis identified 11 genes whose
expression was reduced at least 2.5-fold in the yaf9� mutant
compared to the wild type (including the YAF9 gene itself, as
is expected since this sequence is deleted in the yaf9� strain)
and 12 genes whose expression was elevated at least threefold
in the yaf9� mutant compared to the wild type (Fig. 8A). We
used the RT-PCR to verify the microarray results for 10 genes
that were hypoexpressed in the yaf9� mutant relative to the
wild type (Fig. 8B). RT-PCR analysis confirmed the results of
the microarray results and showed that most of the genes that
were underexpressed in yaf9� in the presence of nocodazole
were also underexpressed in the mutant in the absence of
nocodazole. However, one gene (AHP1/YLR109w encoding
alkyl hydroxyperoxidase reductase) seemed to be expressed
normally in the yaf9� mutant in the absence of nocodazole but
was underexpressed in the presence of nocodazole. AHP1 thus
seems to be induced in the wild type in the presence of no-
codazole in a manner dependent on Yaf9.

None of the genes whose expression is affected in the yaf9�
mutant encode proteins that are obviously related to MT sta-
bility. Nine of the ten genes that are hypoexpressed in the
yaf9� mutant relative to the wild type are nonessential for
viability, including AHP1. We thus tested the benomyl sensi-
tivity of individual yeast strains from which each of these genes
had been deleted. All nine mutant strains had a wild-type level
of benomyl resistance (data not shown). Individual underex-
pression of these genes in the yaf9� mutant thus cannot be
responsible for its benomyl sensitivity. The essential YLR424W
gene that is also underexpressed in the yaf9� mutant encodes

numbers to the left of the immunoblot indicate the molecular weight of precolored marker proteins. WT indicates a lane containing 40 �g of
protein extract from the wild-type strain, and � indicates a lane containing 40 �g of protein extract from a yaf9� mutant. (B) Yaf9 coprecipitates
with Esa1, Epl1, and Yng2. Extracts prepared from the wild-type W303-1a and from strains expressing Yng2-13myc (JCY1258), Yaf9-3HA
(ILM49), or Epl1-3HA (JCY1259) were used for IPs with anti-myc or anti-HA monoclonal antibodies. The immunoprecipitates were electro-
phoresed on SDS-polyacrylamide gels, transferred to membranes, and probed consecutively with anti-Yaf9, anti-Esa1, anti-HA, and anti-myc
antibodies in order to test for coprecipitation of NuA4 subunits and to verify the efficiency of IP of each tagged protein. Lane 1, anti-myc IP from
extract of JCY1258 (Yng2-13myc) showing coimmunoprecipitation of Yaf9 and Esa1 with Yng2-13myc; lane 2, mock IP without primary antibody
from JCY1258 (Yng2-13myc); lane 3, anti-myc IP from extract of untagged W303-1a; lane 4, mock IP without primary antibody from W303-1a;
lane 5, anti-HA IP from extract of untagged W303-1a; lane 6, anti-HA IP from extract of ILM49 (Yaf9-3HA) showing coimmunoprecipitation of
Esa1 with Yaf9-3HA; lane 7, mock IP without primary antibody from ILM49 (Yaf9-3HA); lane 8, anti-HA IP from extract of JCY1259 (Epl1-3HA)
showing coimmunoprecipitation of Yaf9 and Esa1 with Epl1-3HA; lane 9, mock IP without primary antibody from JCY1259 (Epl1-3HA). The
numbers to the left of each membrane show the molecular masses (in kilodaltons) of precolored protein markers. The arrow indicates Yng2-13myc.
The two faster-migrating bands are proteolytic fragments produced during the IP incubations. (C) Immunoblots of whole-cell protein extracts from
wild-type (W303-1a), yaf9� (ILM63), esa1-1851, and esa1-L357H cells grown at log phase in YPD at 30°C or transferred from 30 to 37°C for 4 h.
The membranes were probed with anti-hyperacetylated histone H4 (Penta) rabbit antibodies (H4-Kac) from Upstate Biotechnology (catalog no.
06-946) and then reprobed with antibodies to glucose-6-phosphate dehydrogenase (GPDH) to verify the loading of equal amounts of protein. WT,
wild type.
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FIG. 7. Yaf9 is a nuclear protein whose levels increase in response to spindle stress. (A to D) Yeast cells were observed by fluorescence
microscopy to localize Yaf9-GFP with regard to nuclear DNA stained with DAPI. No signal was detectable with the GFP filter set for the parental
control strain that did not express Yaf9-GFP. (A and B) mps2-2 YAF9-GFP (ILM74) cells grown at 24°C (A) or at 37°C (B) for 3 h; (C and D)
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a protein that copurifies with a large mRNA splicing complex
that contains the Cef1 protein (20). Interestingly, cef1 mutants
are hypersensitive to benomyl at their permissive temperature
and arrest preferentially in mitosis at their restrictive temper-
ature principally due to defects in the splicing of the intron
from the TUB1 gene encoding the major isoform of alpha
tubulin (7). Replacing the wild-type TUB1 gene with an intron-
less version of the gene suppressed these phenotypes in the
cef1 mutant. However, replacing the wild-type TUB1 gene with
an intronless version of the gene did not suppress the benomyl
sensitivity of the yaf9� mutant (data not shown). Thus, gene
expression defects may not be responsible for this phenotype.

The yng2� mutant is sensitive to benomyl, and the benomyl
resistance of the wild-type strain is increased by TSA, an
inhibitor of HDACs. The sensitivity of the yaf9� mutant might
be due to a defect in NuA4 complex function, or it might be
due to a function that is specific to Yaf9 and distinct from any
possible function it might have as part of the NuA4 complex.
We examined three other NuA4 mutants—two different esa1
temperature-sensitive mutants (4) and a yng2� mutant (11)—
for their sensitivity to benomyl in order to test for a possible
function of NuA4 in the cellular response to MT depolymer-
ization. The esa1-1851 mutant was hypersensitive to benomyl
at 30°C, whereas the esa1-L357H mutant was not (Fig. 9A and
B). Thus, reduced acetylated histone H4 levels in the esa1-1851
mutant (Fig. 6C) is correlated with hypersensitivity to benomyl.
The yng2� mutant was also sensitive to benomyl (Fig. 9C and
E). Global histone H4 acetylation is reduced in the yng2�
mutant, and these cells grow more poorly than in the wild type,
but Yng2 is not required for viability (11, 39, 50). The sensi-
tivity of the esa1-1851 and yng2� mutants to benomyl suggests
that NuA4 acetylation of some substrate is required for normal
cellular resistance to benomyl. This interpretation is supported
by the effects of TSA, an inhibitor of histone deacetylases
(HDACs) (71), on the resistance of yeast cells to benomyl. The
resistance of wild-type yeast cells to benomyl was increased
when cells were grown in the presence of 30 �g of TSA/ml (Fig.
9E to G). This result suggests that the hyperacetylation of
some cellular protein or proteins increases the resistance of
wild-type yeast cells to benomyl. TSA has been shown to par-
tially suppress the slow growth phenotype, the G2/M accumu-
lation, and the histone H4 hypoacetylation of the yng2� mutant
(11). We thus examined the effect of TSA on the benomyl
sensitivity of the yng2� and yaf9� mutants. As for its other
known phenotypes, TSA suppressed the benomyl hypersensi-
tivity of the yng2� mutant (Fig. 9E and F). Remarkably, how-
ever, the opposite effect was observed with regards to the yaf9�
mutant: TSA inhibited its growth in the absence of benomyl
and did not suppress its sensitivity to benomyl (Fig. 9C to F).
The benomyl sensitivity of the yaf9�, yng2�, and esa1-1851
mutants suggests that they have common defects that cause
this phenotype, but the opposing response of the yaf9� and

yng2� mutants to TSA indicates that they must also have some
distinct biochemical functions.

Acetylation of histone H4 is required for benomyl resis-
tance. The N-terminal lysines of histone H4 are the best-char-
acterized substrates of the NuA4 HAT. We thus tested non-
acetylatable mutants of histone H4 (42) for their benomyl
sensitivity (Fig. 10) Mutants containing at least one of four
N-terminal lysines were nearly as resistant to benomyl as the
wild type. Strikingly, nonacetylatable histone H4 mutants in
which all four N-terminal lysine residues (K5, K8, K12, and
K16) of histone H4 are mutated to glutamine (hhf1-10) or
glutamine plus arginine (hhf1-34) were hypersensitive to beno-
myl. Insertion of an ectopic lysine to the quadruple lysine-to-
glutamine mutant (hhf1-25 and hhf1-35) restored resistance to
benomyl. These results strongly suggest that the acetylation of
one or more N-terminal lysines of histone H4 by the NuA4
HAT is required for cellular resistance to benomyl.

DISCUSSION

Ynl107w/Yaf9 is a novel subunit of the NuA4 HAT complex
containing a YEATS domain. A recent systematic character-
ization of protein complexes in yeast indicated that Ynl107/
Yaf9 copurifies with some known subunits of the NuA4 HAT
complex (20). In agreement with that study and with unpub-
lished work from other laboratories (B. Cairns, unpublished
data), we found that Ynl107w/Yaf9 is in a large-molecular-
weight complex and that it coprecipitates with three known
subunits of NuA4: Esa1, Epl1, and Yng2. Analysis of the
amino acid sequence of Ynl107/Yaf9 indicates that it contains
an N-terminal YEATS domain and a predicted C-terminal
coiled-coil sequence. Interestingly, two other yeast proteins,
Sas5 and Taf14 (Anc1/Tfg3/Taf30), also contain YEATS do-
mains and are associated with histone acetylation complexes.
Sas5 is a subunit of the Sas2 HAT complex (43, 51) and Taf14
(Anc1/Tfg3/Taf30) is a component of the NuA3 (Sas3) HAT
complex (32). However, Taf14 (Anc1/Tfg3/Taf30) is also asso-
ciated with the Swi/Snf ATPase remodeling complex (8) and
the TFIIF (25) and TFIID (58) RNA polymerase II transcrip-
tion complexes. Unfortunately, the structure and the function
of the YEATS domain have not yet been determined, and the
precise function of these proteins within their protein com-
plexes is not known. Esa1, the catalytic acetyltransferase sub-
unit of NuA4 is essential for yeast cell viability, but the
ynl107w�/yaf9� mutant has little or no growth defect at 24 to
30°C. Thus, Ynl107/Yaf9 is not necessary for the essential
functions of NuA4. Moreover, the global levels of histone H4
acetylation were not significantly diminished in the yaf9� mu-
tant (Fig. 6C). One interesting possibility for Yaf9 function is
that it may target the NuA4 complex to acetylate histone H4 at
some specific genomic locations. This idea could by tested by
genome-wide chromatin IP experiments (55).

mps2-2 YAF9-GFP/pMPS2 (ILM74/pli23) cells grown at 24°C (C) or at 37°C (D) for 3 h. (E) Wild-type/Yaf9-3HA cells (ILM49) growing in YPD
at 30°C were treated with 15 �g of nocodazole/ml for 3 h. Cells were then fixed for immunofluorescence with anti-HA monoclonal antibodies, and
nuclear DNA was stained with DAPI. No immunofluorescent signal was visible for the parental control strain that did not express Yaf9-3HA.
(F) Western blot showing the levels of Yaf9 and Esa1 in whole-cell protein extracts prepared from wild-type cells (YPH499) treated with 15 �g
of nocodazole/ml in YPD at 30°C for the indicated periods of time. The Yaf9 and Esa1 protein bands were quantified with a Fluorochem Imager.
WT, wild type.
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Ynl107 was named Yaf9 because of its similarity to human
AF9, a protein that induces acute leukemia when fused to the
N-terminal portion of the MLL gene product (13). However,
this similarity is restricted to the YEATS domain of the two
proteins, and our sequence analysis and the predicted second-
ary structure of Ynl107 indicates that the human Gas41 and its
metazoan homologs are more similar to Ynl107 than are the
other YEATS domain proteins. Gas41 is a sequence that was
identified by its amplification in human gliomas (18, 46). It will
be of great interest to determine whether Gas41 is a subunit of
a NuA4-like HAT complex in animal cells and whether
YEATS domain proteins are generally associated with HAT
complexes.

Yaf9, the NuA4 HAT complex, and histone H4 acetylation
are required for normal cellular resistance to spindle stress.
We isolated Yaf9 in a two-hybrid screen with Mps2 as bait
(36). Mps2 is a component of the SPB and the nuclear enve-
lope that is required for insertion of the newly duplicated SPB
into the nuclear envelope (47). It is thus necessary for estab-
lishing a normal bipolar spindle. We sought to test the physi-
ological significance of this interaction and discovered that the
yaf9� mutant is synthetically lethal with two mitotic mutants

FIG. 8. Identification of genes whose expression is altered in the
yaf9� mutant (ILM162) relative to the wild type (YPH499) by whole-
genome microarray analysis. (A) List of genes whose expression is
increased at least 2.5-fold or decreased at least 3-fold in the wild type
versus yaf9� for cells treated with 15 �g of nocodazole/ml for 3 h.
(B) Verification by RT-PCR of genes whose expression is inhibited in
the yaf9� mutant versus the wild type for cells growing exponentially in
YPD or after treatment with 15 �g of nocodazole/ml for 3 h.
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that we tested, i.e., the bbp1-1 and spc24-11 mutants. Remark-
ably, these mutants affect two distinct mitotic functions: Bbp1
is required along with Mps2 for insertion of the SPB into the
nuclear envelope (60), whereas Spc24 is a kinetochore subunit
that is required for stable binding of kinetochores to spindle
MTs (30, 36, 70). Furthermore, we discovered that the yaf9�
mutant is hypersensitive to MT depolymerizing agents such as
nocodazole and benomyl. These results show that Yaf9 is re-
quired for viability under conditions in which the integrity of
the mitotic spindle is compromised.

Interestingly, Gas41, the human protein that is most similar
to Yaf9, has been found to interact with the NumA (23) and
Tacc1 (35) proteins. In animal cells in mitosis, NumA is con-
centrated near centrosomes and helps organize the minus ends
of spindle MTs (44). Tacc1 was also implicated in spindle
structure (21). Given the intriguing similarities in the interac-
tions between Yaf9-Mps2 and Gas41-NumA�Tacc1, it would
be worthwhile to test for a possible role for Gas41 in respond-
ing to spindle stress in animal cells.

Phenotypic analysis of the yaf9� mutant indicates that its
sensitivity to MT depolymerizing agents is not due to an obvi-
ous defect in the mitotic spindle checkpoint pathways. The
yaf9� mutant does not exit mitosis prematurely in the presence
of nocodazole as do the spindle checkpoint mutants. Instead,
the MTs of the yaf9� mutant disassemble more readily than
those of the wild type at the same concentration of nocodazole,
and reassembly of MTs in the presence of limiting concentra-
tions of nocodazole is inhibited in the yaf9� mutant. Further-
more, the yaf9� mutant is blocked in mitosis at lower concen-
trations of nocodazole than the wild type and recovers from
this mitotic arrest less efficiently. Since Yaf9 is a subunit of the
NuA4 histone acetylase complex, we tested the need of this
complex for benomyl resistance by examining other NuA4 mu-
tants. We found that the esa1-1851 and yng2� mutants are also
hypersensitive to benomyl, and these mutants are known to
have reduced levels of histone H4 acetylation (4, 11, 39, 50).
Furthermore, we found that nonacetylatable histone H4 mu-
tants were also hypersensitive to benomyl. In these mutants,
the four N-terminal lysines of histone H4 were mutated to
glutamine or to glutamine plus arginine. The similarity of these
mutants to the NuA4 mutants strongly suggests that histone
H4 is the relevant substrate that must be acetylated by NuA4
in order to confer a cellular resistance to benomyl. Yaf9 may
target the NuA4 complex to specific genomic sites where his-
tone H4 acetylation is important for responding to mitotic
stress.

There are several possible ways to explain the sensitivity of
NuA4 mutants and nonacetylatable histone H4 mutants to
spindle stress. One possibility is through defects in the expres-
sion of genes encoding proteins involved in MT assembly or
structure, since histone H4 acetylation is implicated in tran-
scriptional regulation (56, 63). We identified 10 genes that
were underexpressed in the yaf9� mutant relative to the wild

FIG. 9. The esa1-1851 and yng2� mutants are hypersensitive to
benomyl, and the HDAC inhibitor TSA differentially affects the
growth and benomyl resistance of wild type and NuA4 HAT mutants.
(A and B) Wild type (W303-1a) and esa1-1851 (MSY2431) and esa1-
L357H (MSY2432) mutants were spotted onto either YPD alone or
YPD plus 15 �g of benomyl/ml at 30°C for 3 days. (C to F) Tenfold
serial dilutions of exponentially growing yng2� (CMY1237), wild-type
(W303-1a), and yaf9� (ILM63) cells in YPD at the same cell density
were spotted onto plates containing the indicated media and incubated

at 24°C for 1 day (A and B) or 4 days (C and D). YPD�TSA is YPD
containing TSA at 30 �g/ml, YPD�Ben is YPD containing benomyl at
10 �g/ml, YPD�Ben�TSA is YPD containing benomyl at 10 �g/ml
and TSA at 30 �g/ml. (G) Wild-type (W303-1a) cells were spotted on
the indicated media and incubated at 24°C for 2 days. WT, wild type.
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type and 12 genes that were overexpressed. None of these
genes are obviously involved in spindle functions, and we di-
rectly tested and ruled out a phenotypic contribution for the 10
genes that are hypoexpressed in the yaf9� mutant. Although
we cannot exclude an effect of perturbed gene expression on
the benomyl hypersensitivity of yaf9�, our current data do not
favor this model.

Another possibility is that the acetylation of histone H4 is
required for the recruitment of specific proteins to chromatin
(31), some of which may be necessary to form a structurally
resistant spindle. Recruitment of the Ran GTPase and its
GDP/GTP exchange factor Rcc1 to chromatin is important for
proper mitotic spindle assembly in Xenopus extracts and hu-
man cells (10, 45). Ran and its regulators also influence spindle
structure and function in budding yeast (52, 53), fission yeast
(57), and worms (2). Ran binds chromatin directly through
interactions with histones H3 and H4 and indirectly through
binding to Rcc1 that interacts directly with histones H2a and
H2b (3, 49). However, docking of Ran to chromatin does not
appear to require the N-terminal extremities of histones H3
and H4 (3), which suggests that its chromatin binding might
not be affected in NuA4 mutants or the nonacetylatable his-
tone H4 mutant. Another possibility is that centromeric his-
tone acetylation directly or indirectly affects kinetochore-MT
interactions. In budding yeast, we found that treatment of

wild-type yeast cells with TSA, an HDAC inhibitor, increases
their resistance to benomyl. Thus, the degree of acetylation of
some protein in budding yeast, presumably histone H4, is lim-
iting its resistance to benomyl. This result is in contrast to the
effect of TSA in fission yeast (15) and animal (67) cells. In the
latter two cases, TSA treatment perturbs the heterochromatic
centromeric chromatin and leads to increased rates of chro-
mosome loss. Budding yeast centromeres are smaller and sim-
pler than those of fission yeast and animal cells. The absence of
extensive heterochromatin around the budding yeast centro-
meres may have allowed us to observe a positive effect of
protein acetylation on spindle stability. In eukaryotes contain-
ing extensive centromeric heterochromatin, kinetochore per-
turbation by histone hyperacetylation of centromeric hetero-
chromatin may be dominant to any potential beneficial effects
of TSA treatment on spindle stability. Determining the exact
mechanism by which protein acetylation increases spindle sta-
bility in budding yeast will allow us to test for its conservation
in other eukaryotes.
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