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The packaging of DNA into chromatin allows eukaryotic cells to organize and compact their genomes but
also creates an environment that is generally repressive to nuclear processes that depend upon DNA acces-
sibility. There are several classes of enzymes that modulate the primary structure of chromatin to regulate
various DNA-dependent processes. The biochemical activities of the yeast Iswl ATP-dependent chromatin-
remodeling enzyme have been well characterized in vitro, but little is known about how these activities are
utilized in vivo. In this work, we sought to discern genetic backgrounds that require Iswl activity for normal
growth. We identified a three-way genetic interaction among Iswl, the NuA4 histone acetyltransferase complex,
and the Swrl histone replacement complex. Transcription microarray analysis revealed parallel functions for
these three chromatin-modifying factors in the regulation of TATA-containing genes, including the repression
of a large number of stress-induced genes under normal growth conditions. In contrast to a recruitment-based
model, we find that the NuA4 and Swrl complexes act throughout the genome while only a specific subset of

the genome shows alterations in transcription.

Eukaryotic genomes are maintained in chromatin, a com-
pact nucleoprotein complex. Chromatin is generally inhibitory
to processes which depend on DNA accessibility. In order to
modulate the repressive effects of chromatin, cells have
evolved several mechanisms which alter DNA accessibility in
chromatin. These mechanisms include histone modification,
incorporation of histone variants, and ATP-dependent chro-
matin remodeling (14, 28, 31, 47, 49).

The posttranslational modification of histones is the most
extensively studied of the three mechanisms of chromatin
regulation. The majority of the known histone modifications
occur on the N-terminal tails of the four core histones and
include acetylation, phosphorylation, and methylation (30).
These modifications may alter the accessibility of nucleoso-
mal DNA to proteins by altering the charge of the histones
or serve as a mechanism to create or destroy epitopes for
recognition by particular protein motifs. Lysine residues
present in all four core histones can be acetylated. There are
several known histone acetyltransferases in yeast which are
involved in nuclear processes such as transcription, DNA
repair, and chromosome segregation (5, 9, 38). The NuA4
complex, a yeast histone acetyltransferase complex with
strong substrate preference for the histone H2A and H4
tails, has been implicated in the positive regulation of tran-
scription at distinct loci (15, 21, 48, 52). However, there is a

* Corresponding author. Mailing address: Division of Basic Sci-
ences, Fred Hutchinson Cancer Research Center, Seattle, WA 98109.
Phone: (206) 667-4996. Fax: (206) 667-6497. E-mail: ttsukiya@fhcrc
.org.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

6117

published example where defects in NuA4-dependent acet-
ylation do not correlate with changes in transcription (53).
In addition, high-resolution mapping of histone modifica-
tions in budding yeast has shown that NuA4-dependent
modifications occur at all transcribed genes in a stereotyp-
ical pattern that is independent of the transcription level, in
contrast to the prevailing model (41, 50). Therefore, further
work is necessary to understand the role of NuA4 and other
histone acetyltransferases in transcription.

Histone replacement is a second major mechanism of
chromatin modification, in which a variant histone protein,
often highly related to its corresponding canonical histone,
replaces the conventional histone within the nucleosome
(32). The conserved H2A variant H2A.Z (encoded in yeast
by the gene HTZI) is found in a significant proportion of
nucleosomes throughout the genome (51, 64). Recently, nu-
cleosome-mapping experiments using high-density oligonu-
cleotide arrays have shown that Htzl is highly enriched in
structurally distinct domains flanking the transcription start
site of RNA polymerase II (Pol II) genes, regardless of the
transcription state of the gene (51, 64). The mechanisms by
which Htz1 is targeted specifically to these promoter regions
and the functions of this Htz1-containing chromatin domain
remain unclear. However, it appears that acetylation of Htz1
by the NuA4 complex may play an important role in stabi-
lizing these Htz1-containing nucleosomes (1, 34, 43).

The third mechanism, ATP-dependent chromatin remodel-
ing, is carried out by enzymes that utilize the energy of ATP
hydrolysis to alter the structure or position of nucleosomes (58,
60). Phylogenetic analysis of the catalytic subunits parses ATP-
dependent chromatin-remodeling enzymes into several sub-
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families, including the Swi/Snf, Mi-2/CHD1, INOS80, and ISWI
subfamilies (16). ATP-dependent chromatin-remodeling fac-
tors are well conserved across eukaryotes, underscoring their
importance in vivo.

The budding yeast Saccharomyces cerevisiae has two mem-
bers of the ISWI class of ATPases, Iswl and Isw2 (61). Isw2
slides nucleosomes to repress the transcription of several
classes of genes, including early meiotic genes, in parallel with
the Sin3/Rpd3 histone deacetylase (18, 19, 23). In contrast,
while Iswl has been well characterized in vitro (61, 62), its in
vivo functions remain unclear. isw! knockout mutants have no
significant growth defects under normal culture conditions,
and microarray studies using an iswl deletion mutant showed
only subtle effects on gene transcription, including derepres-
sion of approximately 140 genes by more than 1.5-fold and
deactivation of very few genes (62). Recent data have sug-
gested a role for Iswl in transcription elongation and termina-
tion (46). Chromatin immunoprecipitation (ChIP) experi-
ments at the METI6 gene showed that Iswl distribution
changed upon gene activation. Isw1 localized to the promoter
under repressive (+Met) conditions but localized within the
open reading frame (ORF) under activating conditions. How-
ever, the generality of this model for Iswl function has not
been addressed.

One possible explanation for the lack of an isw! pheno-
type is that Iswl functions in parallel with other factors and
the activities of these factors mask the effects of loss of Iswl.
To test this hypothesis, we sought to identify genetic back-
grounds and conditions that require Isw1 for normal growth.
We observed strong genetic interactions between iswl and
mutations affecting the histone H4 tail. This led us to iden-
tify three-way genetic interactions among Iswl, the NuA4
histone acetyltransferase, and the Swrl histone replacement
complex. The genetic interactions among these three com-
plexes suggested parallel activities in vivo. Through the
analysis of transcription microarray experiments, we identi-
fied TATA-containing genes, including a large number of
stress-induced genes, as major targets of transcriptional re-
pression by these three chromatin regulators. Unexpectedly,
comparison of the transcriptional data with ChIP experi-
ments shows that while the NuA4 and Swrl complexes act
genomewide, only a specific subset of the genome is tran-
scriptionally sensitive to their loss.

MATERIALS AND METHODS

Media and strains. Yeast strains were grown and manipulated according to
standard procedures. All of the strains used in this study were derived from the
'W303 background, in which a rad5 mutation was repaired (59, 65), and are listed
in Table 1. Disruption of genes with the dominant selectable drug resistance
markers KanMX, NatMX, and HphMX was mediated by a PCR-based strategy
with plasmids pUG6, pAG25, and pAG32, respectively (24, 27). Single-mutant
strains were created by single-step deletions in haploid strains. Double- and
triple-mutant strains were created either by sequential knockouts in the W1665
diploid strain or by mating, followed by sporulation and tetrad dissection. To test
for genetic interactions with the histone N-terminal tails, we successively
knocked out either both copies of histones H3 and H4 or both copies of histones
H2A and H2B in the wild-type and isw! backgrounds. The histone deletions were
covered by a URA3-marked centromeric plasmid carrying a wild-type copy of the
deleted histones. We then used the plasmid shuffle technique to exchange the
URA3-marked wild-type copies of these histones for TRPI-marked plasmids
carrying a wild-type copy of one of the histones and a mutant copy of the other
histone. Plasmids containing point mutations in the histone H4 NH,-terminal tail
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TABLE 1. Strains used in this study

Description

Strain

W1588-4C ..MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpI-1 ura3-1 RAD5*

W1665.......... MATalo ade2-1/ade2-1 canl-100/canl-100 his3-11,15/his3-11,15
leu2-3,112/leu2-3,112 trpl1-1/npI-1 ura3-1/ura3-1 RAD5™/
RADS5™

YTTO0441¢...MATa iswl::KanMX

YTT2545 ....MATa htal-htbl::HphMX
hta2-htb2:NatMX(pRS416-HTA1-HTBI1)

YTT2568 ....MATa htal-htbl::HphMX hta2-htb2::NatMX
iswl::KanMX (pRS416-HTA1-HTB1)

YTT1969 ....MATa hhtl-hhfl::HphMX hht2-hhf2::NatMX(pRS416-HHT2-
HHEF2)

YTT1971 ....MAT« hhtl-hhfl::HphMX hht2-hhf2:NatMX
iswl::KanMX(pRS416-HHT2-HHF2)

YTT2256....MATa yng2:NatMX

YTT2258 ....MATa yng2::NatMX iswl::KanMX

YTT2329....MATa eaf]::NatMX

YTT2331....MATa eafl::NatMX iswl::KanMX

YTT2462....MATa eaf3::KanMX

YTT2533....MATa eaf3:KanMX iswl:NatMX

YTT2586....MATa yaf9::KanMX

YTT2622....MATa yaf9::KanMX iswl::NatMX

YTT3026....MATa msn2:KanMX msn4::HphMX

YTT3067 ....MATa msn2:KanMX msn4:HphMX yaf9::KanMX iswI::NatMX

YTT3085 ....MATa swrl::HphMX

YTT3087....MATa swrl::HphMX iswI::KanMX

YTT3119....MATa htzl::HphMX iswl:KanMX

YTT3122....MATa htzl::HphMX

YTT3174....MATa eaf5::HphMX

YTT3178....MATa eaf5:HphMX iswl::KanMX

YTT3182....MATa eaf6::HphMX

YTT3186....MATa eaf6::HphMX iswl::KanMX

YTT3263 ....MATa eaf5:NatMX swrl::HphMX

YTT3265 ....MATa eaf5:NatMX swrl:HphMX iswI::KanMX

YTT2323....MATa esal::NatMX(pSAPE1-CEN-LEU2-6xHA-ESAL1)

YTT2434 ....MATa esal::NatMX(pSAPES5-CEN-LEU2-6xHA-esal-L254P)

YTT2435....MATa esal:NatMX(pSAPE10-CEN-LEU2-6xHA-esal-L357H)

YTT2436....MATa esal::NatMX iswl::KanMX(pSAPE1-CEN-LEU2-6xHA-
ESAl)

YTT2438....MATa esal:NatMX iswl::KanMX(pSAPES5-CEN-LEU2-6xHA-
esallL254P)

YTT2439 ....MATa esal:NatMX iswI::KanMX(pSAPE10-CEN-LEU2-6xHA-
esal-L357H)

“ All YTT strains were derived from W1558-4C or W1665.

were derived from pMP3, which contains the HHT2 and HHF?2 alleles of histones
H3 and H4 (33). Mutations were introduced into pMP3 by site-directed mu-
tagenesis (QuikChange kit; Stratagene). Primers sequences are available upon
request.

Expression analysis. RNA was harvested from cultures grown at 30°C in
YEPD medium (2% Bacto Peptone, 1% yeast extract, 2% glucose) to an
optical density at 600 nm (ODy) of 0.7 by the hot-phenol method. Northern
blot assays were run as described previously (23), except that 30 pg of total
RNA was loaded into each lane. Northern blot assays were probed with
[a-3?P]dCTP-labeled probes and quantified with a Phosphorimager and
ImageQuant v 1.2 (Amersham Biosciences) software. DNA microarray anal-
ysis was performed with 30 pg of total RNA as described previously (18). For
each mutant, three independent RNA preparations were independently la-
beled as dye swap pairs (a total of six arrays per mutant). Image analysis was
performed with GenePix Pro v 6.0 (Molecular Devices). The raw data were
then filtered for signal quality (3 standard deviations above background) and
spot quality (minimum diameter). The data were subjected to Lowess nor-
malization with GeneTraffic v 3.2 (Iobion). The data were then exported for
input into Cyber-T (2) to assign Bayes P values to determine for each ORF
whether the mutant was significantly different from the wild type. Changes in
relative expression were identified as significant by ranking the Bayesian P
values and applying a false discovery rate algorithm to account for multiple
testing (4). The false discovery rate threshold was set at 5%. In addition, we
subsequently required log,(ratio) = 0.585 for all values that met the above
criteria. If, for any mutant, an ORF was determined to be significantly
different from the wild type, this ORF was included in the cluster analysis.
Cluster analysis was performed with Cluster v 2.12 (17) and visualized with
Treeview v 1.6 (17). Clusters were analyzed for enrichment of gene classes
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FIG. 1. iswl interacts genetically with mutations of the N-terminal histone tails. The plasmid shuffle technique was used to construct strains
carrying either deletions of individual histone N-terminal tails (A) or K-to-R point mutations in the histone H4 tail (B) in both wild-type (WT)
and iswl! strains. Cultures were diluted to an ODy, of 0.5, and 10-fold serial dilutions were spotted on rich medium and grown at the indicated

temperatures for 3 days.

with FunSpec (54). The complete microarray data set is available at www.fhcrc.org
/science/labs/tsukiyama/supplemental_data/Iswl_NuAd4-Swr1_transcript_arrays.htm/.

Fluorescence microscopy. Wild-type and mutant strains were transformed with
plasmid pADH1-MSN2-GFP, and transformants were selected on yeast com-
plete (YC)-Leu plates. Transformants were inoculated into YC-Leu liquid me-
dium and grown at 30°C to early log phase. Strains were then switched to YEPD
and grown at 30°C for an additional 6 h to an ODy, of 0.6 before being fixed with
4% paraformaldehyde and stained with 4',6’-diamidino-2-phenylindole (DAPI; 1
png/ml; Molecular Probes). Green fluorescent protein (GFP) and DAPI fluores-
cence was visualized with a Nikon E600 microscope. Images were analyzed and
merged with MetaMorph (Molecular Devices) software.

ChIP. ChIP was performed as previously described (23), with the following
modifications. Cells were grown at 30°C to mid-log phase before being cross-
linked at room temperature with 1% formaldehyde for 5 min. Twenty microliters
of protein G Dynabeads (Dynal) was prebound overnight at 4°C with 2 ul of the

tetra-acetylated histone H4 antibody (Upstate Biotechnology). A detailed pro-
tocol is available at http://www.thcre.org/science/labs/tsukiyamay/.

RESULTS

The chromatin-remodeling enzyme Iswl interacts genetically
with the acetylatable lysines of the histone H4 tail. It was previ-
ously shown that the Isw2 chromatin-remodeling complex inter-
acts genetically with the Sin3/Rpd3 histone deacetylase complex
(18, 23). The parallel function of the Sin3/Rpd3 complex is able to
partially mask the effect of an isw2 mutation and therefore ob-
scure aspects of its function (18). A candidate gene approach
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looking at a number of histone deacetylases did not reveal such
genetic interactions with isw/ (data not shown). We therefore
sought a forward genetics approach to identify factors that func-
tion in parallel with Iswl, with the goal of revealing its in vivo
functions.

On the basis of the hypothesis that Isw1 functions in parallel
with histone-modifying enzymes, we first asked if iswIA
showed genetic interactions with deletions of the most com-
mon substrates of histone-modifying activity, the N-terminal
histone tails. isw! showed relatively modest genetic interac-
tions with the histone H2A and H3 tails and strong synthetic
temperature sensitivity with the histone H4 tail (Fig. 1A).

As histone H4 showed the strongest genetic interaction with
iswl, we focused our attention on key lysine residues of the H4
tail to identify histone-modifying enzymes which might collab-
orate with Iswl in vivo. The deletion of the histone H4 tail
removed residues 4 to 19, covering lysines 5, 8, 12, and 16 of
the H4 tail, which are acetylatable in yeast. To determine if
these residues were responsible for the genetic interaction with
iswl, we tested a panel of lysine-to-arginine point mutants in
all possible single, double, and triple combinations. There was
no temperature sensitivity when isw/ was combined with sin-
gle-point mutants. However, isw! in combination with any of
the six possible double-point mutants showed modest synthetic
temperature sensitivity at 37°C (Fig. 1B and data not shown).
Addition of a third K-to-R substitution resulted in absence of
growth at 37°C. The genetic interactions between isw! and the
acetylatable lysines of the histone H4 tail suggested that Iswl
may function in parallel with a histone acetyltransferase com-
plex.

Iswl interacts genetically with the NuA4 histone acetyl-
transferase and the Swrl histone replacement complexes. In
yeast, there are two known histone H4 histone acetyltrans-
ferases, the SAS and NuA4 complexes that contain the cata-
lytic subunits Sas2 and Esal, respectively. While SAS shows a
strong substrate preference for lysine 16, NuA4 is able to
acetylate all four lysines of the histone H4 tail (57). Given the
broad specificity of the genetic interaction between isw! and all
four lysines of the H4 tail, we predicted that the synthetic
phenotypes might be due to diminished histone H4 acetylation
by the NuA4 complex.

To test this hypothesis, we created deletions of the genes
encoding several nonessential subunits of the NuA4 complex,
including EAFI1, EAF3, EAFS5, EAF6, YNG2, and YAF9, and
crossed these with our isw! deletion strain. iswl showed syn-
thetic temperature sensitivity in each of the NuA4 double
mutants tested (Fig. 2A; data not shown). isw! also showed
modest synthetic temperature sensitivity when combined with
point mutations in the essential catalytic subunit of NuA4,
esal-L254P and esal-L357H (data not shown). These genetic
interactions suggest that the synthetic temperature sensitivity
seen in strains carrying mutations in both isw/ and the histone
H4 tail are due, at least in part, to impaired histone acety-
lation by the NuA4 complex. Furthermore, the genetic in-
teractions between iswl and mutations in the NuA4 complex
indicate that these two chromatin regulators might have
parallel functions in vivo.

In addition to its functions in the NuA4 histone acetyltrans-
ferase, Yaf9p was also identified as a subunit of the Swrl
histone replacement complex (6, 39, 63). Given the strong
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FIG. 2. iswl interacts genetically with the NuA4 histone acetyl-
transferase and the Swrl histone replacement complex. Cultures were
diluted to an ODyy, of 0.5, and 10-fold serial dilutions were spotted on
YEPD medium and grown at the indicated temperatures for 3 days.
(A) Single and double mutants affecting Iswl and the NuA4 complex.
(B) Single, double, and triple mutants affecting Iswl and the NuA4 and
Swrl complexes. WT, wild type.

synthetic phenotype between iswl and yaf9, we tested whether
this genetic interaction could be attributed solely to Yaf9p
function in the NuA4 complex or if there might also be some
contribution due to Yaf9p function in the Swrl complex.

To test for genetic interactions between iswl and the Swrl
complex, we created double-mutant strains carrying the iswl
deletion in combination with deletions of the nonessential
SWRI and HTZI genes. Both the swrl iswl and hitzl iswl
strains showed significant synthetic growth defects, indicating
that the strong genetic interaction between iswl and yaf9 is
likely due to the role of Yaf9 in both complexes (Fig. 2B).
These genetic data are consistent with a recent report which
identified genetic interactions between isw! and members of
both the NuA4 and Swrl complexes with commercially avail-
able knockout strains (36). Furthermore, double mutation of
the EAF5 and SWRI genes, specifically affecting the NuA4 and
Swrl complexes, respectively, also showed synthetic tempera-
ture sensitivity and that loss of Iswl in an eaf5 swrl mutant
exacerbated that phenotype. If the severity of a defect in a
double mutant exceeds that of either single mutant, it predicts
that the two genes likely do not act in a linear pathway, given
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FIG. 3. Mutations affecting the Iswl, NuA4, and Swrl complexes show synthetic sensitivity to rapamycin. Cultures of single, double, and triple
mutants were diluted to an ODg, of 0.5 and then serially diluted 10-fold and plated on rich medium and on rich medium containing 6.25 mM
rapamycin. These plates were grown at 23°C. The plate without rapamycin is shown on day 4. The rapamycin plate shown is at day 16. WT, wild

type.

that at least one of the mutations is a null allele. The isw1, swrl,
and htzl deletions represent null mutations in the Iswl and
Swrl complexes. Therefore, the genetic interactions predict
that the NuA4, Swrl, and Iswl complexes function in parallel
pathways in vivo.

Loss of Iswl, Swrl, and NuA4 activities results in increased
sensitivity to the stress-mimetic drug rapamycin. In pheno-
typic assays, we observed no iswl-dependent enhancement of
many previously reported phenotypes of NuA4 and Swrl mu-
tants, including sensitivity to the DNA-damaging agents
methyl methanesulfonate, camptothecin, and UV, to the mi-
crotubule-depolymerizing agent benomyl, or to the replication
inhibitor hydroxyurea (data not shown). In contrast, the loss of
Isw1 function in an htzl, swrl, or eafl mutant background had
synthetic effects on the strain’s ability to grow in the presence
of rapamycin (Fig. 3). While loss of Iswl function in an eaf5
mutant background had no visible effects on growth at this
concentration of rapamycin, the swrl eaf5 double mutant
showed enhanced sensitivity to the drug. Most striking was the
sensitivity of the swrl eaf5 iswl mutant, which displayed a total
absence of colony formation, even 22 days after plating. Rapa-
mycin inhibits the TOR signaling pathway, one of the major
pathways regulating cellular response to stress. It has been
shown previously that Esal, the catalytic subunit of NuA4,
functions downstream of TOR signaling to positively regulate
the transcription of ribosomal protein genes (52) and that
NuA4 mutants are sensitive to the drug rapamycin (7). The
specificity of the synthetic sensitivities of the NuA4, Swrl, and
Iswl complexes to rapamycin suggests that these three com-

plexes function in parallel for a subset of their respective cel-
lular functions.

Iswl functions in parallel with the NuA4 and Swrl com-
plexes to regulate stress-induced gene transcription. Since the
Iswl, NuA4, and Swrl complexes have each been implicated in
the regulation of gene expression (15, 42, 46, 52, 62, 63), we
used transcription microarrays to identify gene targets that
might be regulated in parallel by these chromatin-modifying
complexes. Labeled RNAs from single, double, and triple mu-
tants in the Iswl, NuA4, and Swrl complexes were competed
against labeled RNA from wild-type cells on microarray chips.
Statistical methods were used to determine which genes
showed significant changes from the wild-type expression pat-
tern (see Materials and Methods for details). Those genes that
passed the filtering criteria in any of the 13 mutants, approxi-
mately 915 ORFs, were then used in a hierarchical cluster
analysis to identify groups of genes which showed common pat-
terns of defective regulation across all of the mutants (Fig. 4A; see
Fig. S1 in the supplemental material).

The iswl single mutant, as previously described (62), has
relatively minor transcriptional defects. However, when com-
bined with a mutation in either the NuA4 or the Swrl complex,
loss of Iswl function exacerbates the transcriptional defects
seen in an NuA4 or Swrl complex single mutant. The cluster
analysis revealed striking similarities between the transcrip-
tional profiles of the mutants in the NuA4 complex and the
Swrl complex. Pairwise comparisons showed statistically sig-
nificant overlap in the genes affected among the double mu-
tants tested (Fig. 4B and data not shown) and the strongest
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defects in the eaf5 swrl iswl triple mutant, suggesting that
these three complexes function in independent, parallel path-
ways to regulate the transcription of many genes.

Cluster analysis revealed two large clusters with correlation
coefficients of greater than 90% containing genes that were
either deactivated (cluster I) or derepressed (cluster II) to
various degrees in each of the mutants (Fig. 4A). Genes asso-
ciated with TATA-containing promoters were significantly
overrepresented in both cluster I (P value = 0.0052) and
cluster II (P value < 0.0001), suggesting that TATA-containing
promoters may be strongly affected by the activities of the Iswl,
NuA4, and Swrl chromatin regulators. Cluster I contains 180
genes, enriched for genes involved in metabolism (P < le —14)
(54), that are deactivated in the NuA4 and Swrl mutants.
Cluster II contains 368 genes that are derepressed in the NuA4
and Swrl mutants; within this cluster, loss of Iswl in an NuA4
or Swrl mutant background resulted in even greater levels of
gene derepression (Fig. 3B). Genes classified in the gene on-
tology as having functions related to the electron transport
chain (P < le —10) and the stress response (P < le —8) were
significantly overrepresented in cluster II (54). Specifically, a
significant number of genes within this cluster are positively
regulated by the general stress-responsive transcription factors
Msn2 and Msn4 (P value = 0.0001) (Table 2) (22). In striking
contrast to the derepression of many stress-inducible genes, we
did not detect significant deactivation of stress-repressed genes
in these arrays. This indicates that the transcriptional profile of
the mutants is different from that of the general stress response
and indicates that the NuA4, Swrl, and Iswl complexes may
play a specific role in the repression of stress-induced genes. In
this respect, it is worth noting that TATA-containing promot-
ers are significantly overrepresented among stress-induced genes
and significantly underrepresented among stress-repressed genes
(3). Importantly, the enrichment of TATA-regulated genes was
significant for cluster I even when stress response genes were
excluded from the analysis (P value < 0.0001).

NuA4 has previously been linked to transcriptional activa-
tion, while ISWI complexes have been implicated in repression
of transcription. The synthetic effects of an isw] mutation in a
NuA4 mutant background suggest that Iswl and NuA4 may
have parallel functions in the repression of transcription of
genes within cluster II. We compared our transcription data
with previously published array data examining the transcrip-
tion defects in histone H4 lysine to arginine point mutants (13)
and found that many of the genes derepressed in the NuA4,
Swrl, and Iswl mutants were also significantly derepressed in
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TABLE 2. Derepression of Msn2/Msn4-regulated genes
in an swrl eaf5 iswl mutant?

Systematic name Common name n-fold change TATA?
YFLO14W HSP12 30.02 Yes
YBRO72W HSP26 21.32 Yes
YER150W SPI1 4.61 Yes
YGROSSW CTT1 4.153 Yes
YMRO0O9OW 4.094 Yes
YDLI124W 3.948 Yes
YCL040W GLK1 3.767 Yes
YJL161W 3.662 Yes
YML100W TSL1 3.656 Yes
YGL121C GPG1 3.564 Yes
YLR142W PUT1 3.516 Yes
YLR178C TFS1 3.39 Yes
YDRO070C 3.348 Yes
YNL160W YGP1 3.127
YPL223C GRE1 3.12 Yes
YML128C MSC1 3.076 Yes
YKL151C 3.01 Yes
YOR289W 2.988
YGRO008C STF2 2.72 Yes
YGLO037C PNC1 2.674 Yes
YDL024C DIA3 2.658
YDL204W RTN2 2.657 Yes
YHR139C SPS100 2.651 Yes
YORI173W DCS2 2.597 Yes
YMR169C ALD3 2.583

“The top 25 Msn2/Msn4-regulated cluster IT genes and the n-fold change in
the swrl eaf5 iswl mutant compared to the wild type are shown. Change values
represent the average of three independent biological replicates and two tech-
nical (dye swap) replicates. Msn2/Msn4 dependence was determined as reported
in reference 22. The presence of a TATA element was determined as reported
in reference 3.

the H4 tail mutants (295 of 368 [see Fig. S2 in the supplemen-
tal material]). These results support the hypothesis that the
genes in cluster II identify a previously undescribed function
for NuA4-dependent acetylation in repression of transcription
at specific loci. Furthermore, the synthetic effects of mutations
affecting Iswl and the Swrl complex suggest that all three
complexes collaborate to affect this repression.

We confirmed the pattern of expression for genes within
cluster II by quantitative Northern blot analysis. With wild-
type, iswl, yaf9, and yaf9 iswl strains, we probed several genes
that were identified by cluster analysis as being derepressed
across all of the mutants (Fig. 4C). Consistent with the mi-
croarray results, each of the genes is derepressed in the yaf9
mutant, and that the derepression was further enhanced by loss

FIG. 4. Iswl functions in parallel with the NuA4 and Swrl complexes to regulate transcription. RNA from three independent RNA prepa-
rations from single, double, and triple mutants in the Iswl, NuA4, and Swrl complexes was labeled and competed against labeled RNA from
wild-type (WT) cells on microarray chips. Each labeling was performed in duplicate as a fluor reverse pair. The data were then subjected to Lowess
normalization and statistical algorithms to determine which genes showed significant changes from the wild-type expression pattern (see Materials
and Methods for details). (A) Genes which passed our filtering criteria for any one of the 13 mutants were used for two-dimensional cluster analysis
to identify groups of genes which showed common and dissimilar patterns of defective regulation across all of our mutants. Red indicates
derepression, while green indicates deactivation. The black bars to the right indicate the boundaries of cluster I and cluster II, which were selected
on the basis of the vertical dendrogram, which represented a >90% correlation coefficient (pink). (B) Venn diagram analysis depicting the overlap
of affected genes (derepressed >1.5-fold) in the indicated mutants. Each of the pairwise overlaps is statistically significant by Fisher’s exact test.
(C) Quantitation of Northern blot analysis on several genes in cluster II, confirming the results of the microarray analysis. Total cellular RNA was
prepared from logarithmic cultures of wild-type, iswl, yaf9, and yaf9 iswl strains. Northern blot assays were probed with labeled DNA fragments
of the DIAI, PUTI, YGPI, and SPII genes. The signal was quantitated by phosphorimager and normalized to the ACTI signal. The values are
averages of three independent RNA preparations, and error bars indicate standard deviations.
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of Iswl activity, confirming that Iswl, NuA4, and Swrl com-
plexes function independently in the repression of stress-in-
ducible genes.

The upregulation of a large number of stress-induced genes,
including a large number of Hsfl-regulated heat shock genes,
in the NuA4 and Swrl complex mutants was unexpected, given
the synthetic sensitivity of the mutants to both high tempera-
ture and rapamycin. One possible explanation for these results
is that derepression of these genes may lead to an adaptation
in the mutant strains that leads to a failure of resistance when
cells are challenged with heat or rapamycin. However, the yaf9
iswl mutant shows a normal transcriptional response at both
early and late time points (data not shown), indicating that the
primary transcriptional response is not disrupted in the mu-
tant. Therefore, it is likely that upregulation of these genes is
simply insufficient to protect cells from these stresses.

Derepression of Msn2/Msn4 target genes in the yaf9 iswl
mutant occurs through an Msn2/Msn4-dependent pathway. In
order to understand the pathway by which stress-inducible
genes are derepressed in the yaf9 iswl mutant, we asked
whether the increased expression of these genes occurred
through their normal transcription factors. On the basis of the
observation that a large number of Msn2/Msn4-regulated
genes were derepressed, we asked whether these genes were
still derepressed in the absence of the Msn2 and Msn4 tran-
scription factors.

To this end, we created strains carrying deletions of MSN2
and MSN4 in the wild-type and yaf9 iswl backgrounds and
performed Northern blot analysis on these strains, probing for
Msn2/Msn4-dependent and -independent genes. The Msn2/
Msn4-independent gene DIA! served as a negative control,
and as expected, loss of Msn2 and Msn4 had no effect on the
level of DIAI derepression in the yaf9 iswl background (Fig. 5).
In contrast, for the SPI1 and YGPI genes, which are positively
regulated by Msn2 and Msn4 in response to a variety of
stresses (22), loss of Msn2 and Msn4 in the yaf9 isw! back-
ground abrogated the derepression of these genes. Addition-
ally, although multiple stress-responsive pathways activate the
HSPI2 and HSP26 genes, we found that the derepression of
these genes in the yaf9 iswl mutant was fully dependent on the
Msn2 and Msn4 transcription factors. These results indicate
that derepression of a subset of the stress-inducible genes
misregulated in the yaf9 iswl mutant occurs through a pathway
requiring Msn2 and Msn4.

The Msn2 transcription factor shows normal localization in
the yaf9 iswl mutant. One possible model for the derepression
of stress-inducible genes is that the loss of Iswl, Swrl, and
NuA4 activities cause the mutant strains to experience stress
and therefore indirectly activate the expression of Msn2/Msn4
target genes. To examine this model, we sought a system to
gauge the relative stress in our mutants.

The localization of the Msn2 and Msn4 transcription factors
provides a sensitive readout of the stress load on a given cell.
Msn2 and Msn4 are regulated in part through their subcellular
localization. Under normal growth conditions, most of the
Msn2 and Msn4 protein is localized in the cytoplasm. Upon
exposure to stress, however, Msn2 and Msn4 accumulate in the
nucleus and activate the transcription of their target genes
(25). Therefore, we used Msn2 localization to test whether loss
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FIG. 5. Derepression of Msn2/Msn4-regulated genes in the yaf9
iswl mutant is dependent on Msn2 and Msn4. Total cellular RNA was
prepared from logarithmic-phase cultures of wild-type, yaf9 iswl, msn2
msn4, and yaf9 iswl msn2 msn4 strains. Northern blot assays were
probed with labeled DNA fragments of the DIAI, SPII, and YGPI
genes. The signal was quantitated by phosphorimager and normalized
to the ACTI signal. The values are averages of three independent
RNA preparations, and error bars indicate standard deviations. WT,
wild type.

of Yaf9 and Iswl functions resulted in increased stress on the
mutant cells.

We utilized a GFP-tagged MSN2 system to determine the
localization of Msn2 protein (25, 26) in both wild-type and yaf9
iswl cells. We did not observe significant accumulation of
Msn2-GFP in either wild-type or yaf9 iswl strains under nor-
mal growth conditions (Fig. 6A). As a positive control, we
exposed wild-type and yaf9 iswl strains to acute osmotic stress,
and as expected, Msn2-GFP localized normally in both back-
grounds (Fig. 6B).

The cytoplasmic localization of Msn2-GFP under normal
growth conditions suggests that the yaf9 iswl mutant is not
subject to increased stress relative to wild-type cells and that
derepression of Msn2/Msn4-dependent stress-inducible genes
is not simply the result of increased nuclear localization of
these factors. These results, taken together with the lack of
stress-repressed gene deactivation in the microarray analysis,
indicate that the mutants do not display important character-
istics of a general stress response.

Defects in histone H4 acetylation occur at promoters
throughout the genome in the yaf9 iswl mutant. The lack of a
detectable stress response in yaf9 iswl cells suggests that the
derepression of Msn2/Msn4-regulated genes may be a direct
effect. We therefore used ChIP to assay for defects in the level
of histone H4 acetylation in isw!, yaf9, and yaf9 iswI mutants at
several cluster II genes which are derepressed in the mutants
(SPI1,DIAI, PUTI, and YGPI), as well as cluster I genes which
are deactivated in the mutants (A7F2 and PHO3) and genes
which show no defects in transcription in any of the arrays
(POLI and CYC1) (Fig. 7). Surprisingly, we saw that each gene
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FIG. 6. Msn2-GFP is localized normally in yaf9 iswl mutant cells. A plasmid-borne, GFP-tagged version of the Msn2 protein was overexpressed
from the ADHI promoter in wild-type (WT) and yaf9 iswl cells. Cells were grown in liquid YEPD for 6 h to an ODy, of 0.6 and then (A) left
untreated or (B) exposed to 1 M NaCl for 15 min. Cells were fixed with paraformaldehyde, DAPI stained, and examined by fluorescence
microscopy to determine the localization of Msn2-GFP. Representative images are shown. DIC, differential interference contrast.

tested showed similar defects in histone H4 acetylation. In
each case, the yaf9 mutant strain showed a significant decrease
in H4 acetylation, and this effect was exacerbated in the yaf9
iswl strain. The decrease in H4 acetylation was similar at each
locus, regardless of the transcriptional output in the yaf9 isw!
strain. These results suggest that the defects in H4 acetylation
are occurring throughout the genome but that decreased H4
acetylation only results in altered transcription at a fraction of
the affected genes. Our ChIP results are consistent with mi-
croarray data analyzing the effects of H4 lysine-to-arginine
point mutations on transcription (13). The point mutations
abrogate NuA4-dependent histone H4 acetylation genome-
wide but show specific transcriptional defects, including the

marked derepression of a large number of TATA-containing
and stress-induced genes.

Similarly, we observed by ChIP that Htz1 was present at the
promoter of every gene tested (data not shown), in agreement
with recently published global Htzl localization data (40, 51,
64). This too showed that while the Swrl complex and Htzl
appear to act globally, the effects of diminished Htz1 incorpo-
ration are promoter context dependent.

DISCUSSION

Functional connections among the Iswl, Swrl, and NuA4
complexes. In this study, we identified a three-way genetic
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FIG. 7. Defects in histone H4 acetylation occur at promoters throughout the genome in the yaf9 iswl mutant. The relative enrichment of
histone H4 acetylation for wild-type (WT), iswl, yaf9, and yaf9 iswl strains are shown. The values shown are averages of three independent ChIP
experiments. The expression of each gene in the yaf9 iswl mutant relative to that in the wild type is shown at the bottom.

interaction among Iswl, the NuA4 histone acetyltransferase,
and the Swrl histone replacement complex, indicating that
these complexes collaborate in vivo. Comparison of our mi-
croarray data sets from NuA4 mutants to recently published
array data examining transcriptional defects in histone H4 ly-
sine to arginine point mutants (13) showed very similar effects
on transcription (see Fig. S2 in the supplemental material).
These results alone could be predicted, as the H4 tail is the
major substrate for NuA4-dependent acetylation. However, it
was unexpected that mutations affecting the Htz1 deposition
pathway (swrl and htzl) also showed similar and additive de-
fects in transcription as the NuA4 and histone H4 mutants,
indicating that Htz1 deposition and H4 tail acetylation regulate
overlapping sets of genes in parallel pathways. In each Swrl
and NuA4 mutant background tested, loss of Iswl activity
exacerbated the transcriptional defects seen in the single mu-
tant. A triple mutant carrying deletions affecting all three com-
plexes (eaf5 swrl iswl) showed the most severe transcriptional
defects compared to the single and double mutants. The tri-
partite genetic interactions described in this study closely mir-
ror the three-way genetic interactions previously described for
Htz1 with the SAGA histone acetyltransferase and the Swi/Snf
ATP-dependent chromatin-remodeling complex (55). This
suggests that cells may generally utilize histone modification,
histone variants, and ATP-dependent chromatin remodeling
together in parallel to regulate transcription.

A number of observations from higher eukaryotes have sug-
gested functional links between the Swrl and NuA4 com-
plexes. Similar to yeast, the mammalian NuA4-like (TRAAP/
Tip60) and presumed Swrl-like (SRCAP) complexes share
many of the same subunits (8). The similarity of subunit com-
position raises the possibility that these complexes make sim-
ilar protein-protein interactions and may have closely related
recruitment mechanisms. More recently, the human Esal and
Swrl homologs Tip60 and p400 were shown to copurify as a
large multisubunit complex from HeLa cells (20), strengthen-
ing the possibility that the histone acetyltransferase activity of
NuA4 and the histone replacement activity of the Swrl com-
plex may be required at common genomic locations. Finally,
genetic studies of Caenorhabditis elegans have found that the
worm homologs of Esal and Swrl, mys-1 and ssl-1, are both
part of the class C synMuv pathway, which regulates vulval
development (10). The similar genetic interactions and mutant
phenotypes again suggest a mechanistic link between histone
acetylation and histone variant deposition. The results pre-
sented in this paper show that this functional conservation
extends to S. cerevisiae and furthermore that Iswl functions in
parallel to these two factors.

Mechanisms of stress-inducible gene repression. The most
striking transcriptional defect observed in this study was the
upregulation of a large cluster of approximately 360 genes.
Genes involved in energy and the stress response were signif-
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icantly overrepresented in this cluster. In particular, the cluster
contained many genes that are regulated by the stress-respon-
sive transcription factors Msn2 and Msn4. We feel it is unlikely
that the derepression of stress-inducible genes is an indirect
response to low-grade stress in the mutants. Msn2-GFP, which
is excluded from the nucleus under nonstress conditions (25),
is localized normally in a yaf9 iswl mutant. Additionally, we do
not detect deactivation of the environmental stress response
genes that are normally repressed as part of the general stress
response (22). Taken together, these results suggest that under
normal growth conditions, NuA4, Swrl, and Iswl activities
combine to antagonize the activities of the Msn2 and Msn4
transcription factors, and this occurs through a pathway inde-
pendent of Msn2 and Msn4 localization.

Our microarray results agree with a previous report that
noted stress response genes, and specifically many Msn2/Msn4-
regulated genes, upregulated in an arp4 mutant strain (26).
Arp4 is a subunit of the NuA4 and Ino80 complexes (21, 56)
and was also recently identified as a subunit of the Swrl com-
plex (35, 37, 44). In the previous study, it was proposed that
derepression of stress response genes in the arp4 mutant is not
due to a defect in NuA4 function, as histone acetylation by
NuA4 has typically been linked to transcriptional activation.
However, our results clearly link the NuA4 complex to tran-
scriptional repression by showing that multiple subunits of
NuA4, including the NuA4-specific subunits Eaf5 and Eaf6,
are linked to repression of stress-inducible genes.

One possible mechanism by which NuA4, Swrl, and Iswl
could collaborate to repress Msn2/Msn4-regulated gene tran-
scription under normal growth conditions is targeting of their
activities to specific loci to create a local chromatin environ-
ment that is not conducive to gene expression, for instance, by
preventing the binding of the Msn2 and Msn4 transcription
factors which are present in the nucleus at low levels under
normal growth conditions. However, this recruitment-based
model was not supported by the ChIP data examining H4
histone acetylation presented here, which showed global de-
fects in histone H4 acetylation in the yaf9 iswl mutant, nor by
recently published Htzl localization data (40, 51, 64) which
demonstrate that the NuA4 and Swrl complexes are function-
ing similarly at promoters genomewide.

The absence of a correlation between defects in histone H4
acetylation and defects in transcription could be explained if
NuA4 plays a role in transcription that is independent of its
catalytic activities. However, while this is formally possible, the
significant overlap of the transcription profiles presented in
this study with the transcription defects in histone H4 lysine-
to-arginine point mutants (13) indicates that the mechanism by
which NuA4 regulates transcription is predominantly through
the lysines of the H4 tail. Additionally, we observed stronger
genetic interactions between iswl and mutations affecting the
NuA4 complex which show large defects in H4 acetylation, for
example, the eafl (35) and yng2 (11) deletion mutants, com-
pared to mutations which do not strongly affect global H4
acetylation levels, such as eaf5 (36) and eaf3 (53). Ultimately,
we prefer a model in which the relative sensitivity of specific
genes to the activity of the NuA4 complex is due to additional
gene-specific factors such as promoter structure.

We therefore suggest that the NuA4, Swrl, and Iswl com-
plexes collaborate to establish normal chromatin structure
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genomewide, but the consequences of their activities on tran-
scription are promoter context dependent. Detailed mechanis-
tic studies of transcription activation have revealed a number
of distinct modes of transcriptional regulation at different
model genes (12), suggesting that there are many factors which
contribute to the promoter context of individual loci. These
factors may include the number and spacing of transcription
factor binding sites, nucleosome packing, and location within
the nucleus, as well as higher-order chromatin structure. Ad-
ditionally, the presence or absence of a functional TATA ele-
ment seems to greatly impact the mechanisms of transcrip-
tional activation. Two recent studies classified yeast promoters
into two general categories: a small proportion of the genome
which is induced in response to a variety environmental con-
ditions, generally TATA-containing, and strongly regulated by
chromatin regulators, and a second, larger class of “house-
keeping genes” which is generally TATA-less and less highly
regulated (3, 29). TATA-containing promoters generally rely
heavily on the activities of the SAGA complex, as well as
histone H3 and H4 tails for proper regulation, while TATA-
less promoters typically require the activity of TFIID for tran-
scription. The results presented here describe an additional
layer of regulation for TATA-containing promoters, specifi-
cally, the dependence of TATA-regulated genes on the activ-
ities of the NuA4 and Swrl complexes for normal regulation.

Analysis of the transcription microarray data suggests that
Iswl may play a role in TATA gene regulation distinct from
that of the NuA4 and Swrl complexes. The transcription pro-
file of the iswl single mutant does not show a bias toward
TATA-containing genes, but rather the loss of Iswl activity
enhances the derepression seen in NuA4 and Swrl mutants. A
previously published report indicates that Iswl functions in
steps downstream of transcription initiation through the neg-
ative regulation of RNA Pol II elongation (45). Our results are
therefore consistent with the possibility that loss of Iswl con-
tributes to derepression of TATA-containing genes in the
NuA4 and Swrl mutants by allowing enhanced passage of
RNA Pol II at the derepressed genes.
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