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Eaf1 (for Esa1-associated factor 1) and Eaf2 have been identified as stable subunits of NuA4, a yeast histone
H4/H2A acetyltransferase complex implicated in gene regulation and DNA repair. While both SWI3–ADA2–
N-CoR–TF IIIB domain-containing proteins are required for normal cell cycle progression, their depletion
does not affect the global Esa1-dependent acetylation of histones. In contrast to all other subunits, Eaf1 is
found exclusively associated with the NuA4 complex in vivo. It serves as a platform that coordinates the
assembly of functional groups of subunits into the native NuA4 complex. Eaf1 shows structural similarities
with human p400/Domino, a subunit of the NuA4-related TIP60 complex. On the other hand, p400 also
possesses an SWI2/SNF2 family ATPase domain that is absent from the yeast NuA4 complex. This domain is
highly related to the yeast Swr1 protein, which is responsible for the incorporation of histone variant H2AZ in
chromatin. Since all of the components of the TIP60 complex are homologous to SWR1 or NuA4 subunits, we
proposed that the human complex corresponds to a physical merge of two yeast complexes. p400 function in
TIP60 then would be accomplished in yeast by cooperation between SWR1 and NuA4. In agreement with such
a model, NuA4 and SWR1 mutants show strong genetic interactions, NuA4 affects histone H2AZ incorporation/
acetylation in vivo, and both preset the PHO5 promoter for activation. Interestingly, the expression of a
chimeric Eaf1-Swr1 protein recreates a single human-like complex in yeast cells. Our results identified the key
central subunit for the structure and functions of the NuA4 histone acetyltransferase complex and functionally
linked this activity with the histone variant H2AZ from yeast to human cells.

Chromatin is a very dynamic structure, and it plays an intri-
cate regulatory role in DNA replication, transcription, and
repair. Two major types of activities regulating chromatin
structure and function have been studied extensively over the
past few years and have been functionally linked together in
diverse nuclear processes (65). ATP-dependent chromatin-re-
modeling complexes of the SWI2/SNF2 family disrupt DNA-
histone contacts within nucleosomes, increasing DNA accessibil-
ity and nucleosome mobility (25). Histone-modifying complexes
target specific residues on histones for acetylation, methylation,
phosphorylation, and ubiquitinylation. These modifications
can affect the level of DNA compaction but also serve as
markers identifying the chromatin state of specific genomic
loci. Different histone modifications influence each other and
create a specific local signature that can be recognized by
protein domains present in various regulators, e.g., bromodo-
mains for acetylated lysines and chromodomains for methyl-
ated lysines. These posttranslational modifications are revers-
ible and highly dynamic during cell growth (36). Diverse
ATP-dependent remodelers and histone modifiers have been
shown to be recruited to specific loci through direct interactions
with DNA-bound factors. For example, histone acetyltransferase

(HAT) and histone deacetylase (HDAC) complexes are recruited
to specific promoter regions by transcriptional activators or re-
pressors (61). The local incorporation of specific histone vari-
ants is an additional mechanism that regulates chromatin func-
tion. Activities responsible for these incorporations recently
have been identified, and a specific class of ATP-dependent
remodelers has been implicated in this process (31, 40).

Nucleosome acetyltransferase of H4 (NuA4) is a multisub-
unit HAT complex that is highly conserved in eukaryotes and
plays important roles in transcription and DNA repair (2, 3, 18,
62). Its catalytic subunit, Esa1, is the only HAT protein essen-
tial for viability in Saccharomyces cerevisiae and is responsible
for the bulk of histone H4 and H2A acetylation in vivo (18).
NuA4 is recruited to the promoter region of many highly
transcribed genes (54), regulates the expression of ribosomal
protein genes (53), and presets the PHO5 promoter for chro-
matin remodeling and transcription activation by creating a
region of hyperacetylated chromatin (50). Furthermore, a
functional subcomplex of NuA4, Piccolo NuA4 (picNuA4), is
formed by the Esa1/Epl1/Yng2 trimer, can be independently
purified, and is responsible for the global nontargeted acety-
lation of chromatin by Esa1 (9). Rapid global acetylation-
deacetylation of chromatin creates a highly dynamic equilib-
rium that can be pushed in either direction by the local
recruitment of HAT or HDAC activity (32). The NuA4 com-
plex also harbors two of the three chromodomain-containing
proteins in budding yeast (21, 60), and it was shown that his-
tone H3 methylation regulates the Esa1-dependent H4 acety-
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lation of the MET16 promoter during transcription activation
(47). The ATM family protein Tra1 is shared by the NuA4 and
Spt-Ada-Gcn5 acetyltransferase HAT complexes and is impli-
cated as an interaction surface for recruitment by specific tran-
scription activators (11). The NuA4 complex also has been
directly implicated in the repair of DNA double-strand breaks
(2, 7, 17). It was shown to be recruited to DNA breaks in vivo,
to interact with the surrounding phosphorylated H2AX
through its Arp4 subunit, and to regulate the subsequent re-
cruitment of ATP-dependent remodelers (17). Finally, NuA4
also plays a role in the establishment of the heterochromatin/
euchromatin boundary near telomere regions (9, 69). The
NuA4 complex is highly homologous to the TIP60 HAT com-
plex in higher eukaryotes, which has been implicated in tran-
scription regulation by numerous transcription factors (includ-
ing Myc, E2F, NF-�B, and p53) and in cell transformation,
development, apoptosis, and DNA repair (4, 18, 19, 62).

Here, we present the characterization of two NuA4 subunits
carrying a SWI3–ADA2–N-CoR–TF IIIB (SANT) domain, a
conserved region found in many chromatin regulators and im-
plicated in interactions with histone tails, DNA, or other pro-
teins (10). While both subunits play important roles for NuA4
function in cell cycle progression, gene regulation, and DNA
repair, they do not affect the global Esa1-dependent acetyla-
tion of chromatin. We show that Eaf1 (for Esa1-associated
factor 1) is the only subunit exclusively found in the NuA4
complex and that it is the platform on which the different
functional groups of other subunits are assembled into the
native complex. This identifies Eaf1 as the only tool to specif-
ically analyze the native NuA4 complex in vivo. Based on
homology with the TIP60 complex in higher eukaryotes and
the fact that NuA4 shares four subunits with the SWR1 ATP-
dependent chromatin remodeler, we also present a functional
and structural analysis of interactions between NuA4, SWR1,
and the histone variant H2AZ. Our results indicate that the
NuA4-dependent acetylation of chromatin cooperates with the
incorporation of H2AZ by SWR1. We also demonstrate that
the TIP60 complex corresponds to an exact physical merge of
two distinct protein complexes in yeast, NuA4 and SWR1.

MATERIALS AND METHODS

Yeast strains and reagents. All yeast manipulations, cultures, transformations,
sporulations, and matings and all bacterial manipulations were performed ac-
cording to standard protocols. The deletion mutants of Eaf1 (�1-538, �329-538,
and �604-815; created by restriction enzyme digestion) were amplified by PCR
from the EAF1-containing pSK plasmids and cloned into a BFG1 high-copy-
number plasmid under the control of the PGK promoter (24). The full-length
EAF2 as well as its promoter were amplified from yeast genomic DNA and
cloned sequentially into autonomous replicating sequence/centromere (ARS/
CEN) vectors in order to introduce a hemagglutinin (HA) tag at the N terminus
of EAF2 (pPAN107) as described previously (49). The truncated version of Eaf2
was created by first amplifying the sequence coding for the amino acids (aa) 1 to
285 of Eaf2. The amplified segment was digested and ligated into an ARS/CEN
vector (pPNE2). Strain QY208 was obtained by the transformation of the diploid
strain 24632 (Open Biosystems) with pAN107, followed by sporulation and
tetrad dissection. To place EAF2 under the control of the inducible promoter
GAL1, the GAL1 sequence (linked to three HA tags) was amplified from pFA6a-
kanMX6-PGAL-3HA (42). The amplified product was transformed into QY204
(49). The epl1(1-380)�swr1 and the epl1(1-380)�htz1 strains were obtained by the
deletion of the SWR1 or HTZ1 open reading frame (ORF) in QY142 (9) with the
HIS3 marker. Cells then were grown on medium containing 5-fluoroorotic acid
(5-FOA) to chase the URA3 plasmid harboring the wild-type EPL1 gene. The
yDomino Eaf1-Swr1 fusion expression vector was created by amplifying the Swr1

ATPase domain and cloning it in the NheI site of EAF1 (aa 538) and cloned as
described above.

Polyclonal antibodies against Eaf1(1-538) were made by cloning the cDNA
fragment in pET15b followed by the expression/purification and injection of the
purified recombinant protein into two rabbits. Collected serum was purified by
ammonium sulfate precipitation and carboxymethyl-Affi-Gel blue as described
previously (1). Tra1, Esa1, Arp1, and AcK14 Htz1 antibodies have been previ-
ously described (1, 24, 29, 45). Anti-methyl-K4 H3, anti-AcK8 H4, anti-AcK12
H4, anti-AcH2A, anti-AcH3, and anti-Htz1 (C terminus) were purchased from
Upstate; anti-H3 (C terminus), anti-Htz1 (N terminus), and anti-Yaf9 were
purchased from Abcam; and anti-AcK5 H4 and anti-AcK16 H4 were purchased
from Serotec. The anti-AcK14 Htz1, anti-Arp4, anti-Tra1, anti-Yng2, and anti-
Eaf3 antibodies were kindly provided by the laboratories of M. Grunstein, D. J.
Stillman, J. L. Workman, S. Tan, and J. C. Lucchesi, respectively. Anti-Rvb1 and
anti-Rvb2 were generous gifts of Y. Makino.

MMS, rapamycin, and hydroxyurea sensitivity and telomere-silencing assays.
Yeast strains were grown overnight to stationary phase in yeast extract-peptone-
dextrose (YPD) medium, diluted to an optical density at 600 nm (OD600) of 0.25,
and incubated for a further 3 h. From the diluted culture, 7 �l of serial 10-fold
dilutions were spotted onto YPD solid medium containing either 0.03% methyl
methanesulfonate (MMS) (Sigma), 25 mM rapamycin (Aldrich), or 130 mM
hydroxyurea (Sigma), and the samples were incubated at 30°C. For telomere-
silencing assays, EAF1 and YAF9 ORFs were deleted from UCC1001 (a gift of
D. Gottschling) and tested as described before (9) on Hartwell complete medium
and Hartwell complete medium-5-FOA.

NuA4/TAP purifications and peptide sequencing. The classical purification of
the NuA4 complex was performed as described previously (1). Peptide sequences
of Eaf1 and Eaf2 isolated from immunopurified NuA4 were obtained by ion trap
mass spectrometry (MS) and protein sequencing as described previously (21).
The purifications of the NuA4 and SWR1 complexes using the tandem affinity
purification (TAP) system were performed as described previously (51). Up to 6
liters of yeast cultures expressing the desired TAP-tagged protein was grown to
an OD600 of 2.5. Cell extracts were precleared against Sepharose and fraction-
ated sequentially on 100 �l of immunoglobulin G and calmodulin resins for every
liter of culture, and the final elution of purified TAP-protein complex was done
with 10 mM EGTA-containing buffer. Protein complexes were visualized on
sodium dodecyl sulfate (SDS)-polyacrylamide gels and stained with silver. The
different TAP tag PCR amplifications for each target gene were done using the
plasmids pBS1479 and pBS1539 (51) in an S288c background. The endogenous
EAF2 locus was directly modified in order to express either full-length Eaf2 or
Eaf2(1-285) tagged with TAP at the C terminus. For peptide sequencing, the gel
was stained using colloidal blue (Bio-Rad). The appropriate bands were
destained, excised, and submitted to mass spectrometry (MS/MS) at the Centre
de Protéomique de l’Est du Québec.

HAT assays and Western/Northern blot analyses. Liquid HAT assays were
performed, according to a method described previously(28), using 0.5 �g of free
core histones or oligonucleosomes, protein fractions, and 0.125 �Ci of [3H]acetyl
coenzyme A (4.7 Ci/mmol; Amersham Biosciences). The acetylation specificity
was determined by loading the reaction onto an SDS–18% polyacrylamide
gel electrophoresis (PAGE) followed by fluorography with Enhance (DuPont
NRN). For Western blot analysis, protein factions were separated on an SDS–
10% PAGE, transferred to a nitrocellulose membrane, and screened with anti-
bodies in 1% nonfat dry milk in phosphate-buffered saline (PBS)–0.1% Tween 20
for 3 h at room temperature. RNA from yeast cells was isolated using the hot
phenol method, and 15 to 20 �g was analyzed by Northern blotting as described
previously (24). The probes used were ORFs from HIS4, PHO5, TRP4, RPS11b,
GAL1, and ACT1, which were obtained by PCR and radiolabeled with random
primers (Amersham Biosciences).

Flow cytometry analysis. One million freshly grown cells were harvested and
fixed in 50 mM Tris (pH 5.0), 70% ethanol and incubated at 4°C for 15 h. Cells
were washed and resuspended in 500 �l of 50 mM Tris (pH 7.5), incubated with
0.5 mg of RNase A at 37°C for 2 h, and then incubated with 50 �g of proteinase
K at 50°C for 1 h. The cells subsequently were stained with 1 ml of 2.5-mg/ml
propidium iodide in 50 mM Tris (pH 7.5), incubated in the dark for 15 h at 4°C,
and then analyzed with a Becton Dickinson FACScan. The G1 arrest was
achieved using the �-mating factor at 1.66 �g/ml. The block was maintained for
a period of time equivalent to two generations. Subsequently, cells were released
by being washed and were incubated in fresh medium.

ChIP. Overnight cultures were diluted and grown to an OD600 of 0.5 to 1.0.
Cells were fixed and chromatin was isolated, immunoprecipitated, and analyzed
by real-time PCR essentially as described previously (17, 50). Immunoprecipita-
tions were carried out using 100 �g of cross-linked chromatin (sonicated to 200
to 600 bp) and 3 �l of anti-Htz1 (N terminus) (Abcam) (see Fig. 4), 4 �l of
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anti-Htz1 (C terminus) (Upstate) (see Fig. 5), 1 �l anti-AcK14 Htz1 (45), 3 �l of
anti-Eaf1 (17 and this study), 0.5 �l anti-AcK8 H4 (Upstate), or 1 �l anti-H3 (C
terminus) (Abcam). PCR primers for the UAS2 region of PHO5 were analyzed
for specificity, efficiency, and linearity range by real-time PCR with a LightCycler
(Roche), and their sequences/features are available upon request. All of the
chromatin immunoprecipitation (ChIP) experiments were repeated from differ-
ent cultures with similar results. The results shown are based on two independent
experiments with standard errors. Data are corrected for the nucleosome occu-
pancy using the total H3 signal (ratio of immunoprecipitate [IP]/input) and are
presented relative to the values for the wild-type strain (set to 1).

RESULTS

Eaf1 is a stable and specific subunit of the NuA4 HAT
complex and is critical for its targeted functions. In our initial
purification of the yeast NuA4 complex, we identified two
components carrying a SANT domain, named Eaf1 and Eaf2.
Cellular Eaf1 (also known as Vid21) copurifies tightly with the
NuA4 complex throughout many chromatographic steps, in-
cluding gel filtration (Fig. 1A). On the basis of stoichiometry
and MS analysis, TAP of Eaf1 itself indicates that it is exclu-
sively associated with NuA4 in vivo (Fig. 1B). This is a very
important feature of Eaf1, since all of the other 12 subunits of
NuA4 also are present in distinct protein complexes (1, 9, 13,
17, 33, 35, 37; N. Lacoste and J. Côté, unpublished data). In
addition to its SANT domain, Eaf1 carries an HSA (for heli-
case/SANT-associated) domain (16), a highly charged region,
and a C-terminal glutamine-rich region (Fig. 1C).

Cells carrying a deletion of the EAF1 gene are viable but
have a slow-growth phenotype (Fig. 1D, left). In addition, eaf1
mutant cells are nonviable in the presence of DNA break-
inducing agents like MMS and phleomycin but not hydroxy-
urea (Fig. 1D, right; also see Fig. 4H) (data not shown), indi-
cating that Eaf1 is critical for NuA4 function in the repair of
DNA double-strand breaks. EAF1-deleted cells also have been
identified in genome-wide screens for yeast mutants that are
the most highly sensitive to ionizing radiation (6). EAF1 dele-
tion also provokes high sensitivity to the TOR pathway-target-
ing drug rapamycin (Fig. 1D, middle), which likely reflects the
role of NuA4 in the transcription of ribosomal protein genes
(53, 55). The deletion of large regions encompassing the HSA
or SANT domain creates growth phenotypes identical to that
of the full deletion, suggesting important roles for these re-
gions (Fig. 1D). To characterize the slow-growth phenotype of
eaf1 cells, we synchronized cultures by �-factor blockage and
release. A cell cycle analysis of the cells at different time points
after release clearly indicates that Eaf1 is important for pas-
sage through G2/M (Fig. 1E). These growth phenotypes are
very similar to what has been reported for other important
NuA4 subunits, like Esa1 and Epl1 (9, 15). These proteins also
have been shown to be part of picNuA4 and to be required for
the global nontargeted acetylation of H4 and H2A in vivo (9).
In contrast, Eaf1 has no major effect on the global acetylation
of chromatin in vivo (Fig. 1F). These data indicate that roles in
cell cycle progression through G2/M, DNA repair, and tran-
scription of ribosomal genes are attributed to the NuA4 com-
plex independently of global acetylation by picNuA4. This is
again reflected in the Northern blot analysis of eaf1 mutant
cells, which shows gene-specific transcription defects previ-
ously reported for NuA4 mutants, including PHO5 and
RPS11b (Fig. 1G) (50, 53).

SANT domain protein Eaf2 is essential for cell viability but
is required for a subset of NuA4 functions. The other SANT
domain present in the NuA4 complex is located within the
Eaf2 protein. Eaf2 (also known as Swc4) is shared between
NuA4 and the SWR1 ATP-dependent chromatin-remodeling
complex, an activity responsible for the incorporation of the
histone variant H2AZ in chromatin (17, 35, 38, 46, and data
not shown) (see Fig. 4). Eaf2 is highly related to human
DMAP1 (Fig. 2A), a protein implicated in DNA replication
and a stable subunit of the TIP60 HAT complex (12, 19, 56). In
parallel with our analysis of Eaf1, we studied the role of Eaf2
in NuA4 function. Eaf2 is essential for yeast cell viability, but
the SANT domain-containing half of the protein is sufficient to
support growth (Fig. 2B). On the other hand, the expression of
homologous human DMAP1 in yeast cells cannot complement
the loss of Eaf2. This also is the case for other human orthologs
of essential NuA4 subunits, like Tip60 (Esa1) and EPC1 (Epl1)
(Y. Doyon and J. Côté, unpublished data). The deletion of the
Eaf2 C-terminal region creates a sensitivity to MMS, as such
deletions do for other NuA4 mutants, but it also creates a
sensitivity to hydroxyurea (Fig. 2C and data not shown). No
sensitivity to rapamycin was detected, which is the opposite of
findings for eaf1 mutant cells. The downregulation of Eaf2 in
vivo by placing it under the control of the GAL1 promoter
indicates that, as is the case for other NuA4 subunits, it is
required for cell cycle progression through G2/M (Fig. 2E).
Similarly to what is seen with Eaf1, Eaf2 is not required for the
global Esa1-dependent acetylation of histone H4 in vivo (Fig.
2F) (the small decrease detected is nonspecific due to the
accumulation of cells in G2/M; see reference 63). Thus, it
appears that Eaf2 is involved in specific functions of NuA4, like
the DNA damage response and passage through G2/M, but not
in the transcription of ribosomal protein genes. This was ex-
pected, since Eaf2 is located in a specific functional subcom-
plex within NuA4 (see below). It will be interesting to define
the importance of the SANT domains present in Eaf1 and Eaf2
proteins. SANT domains have been implicated in histone bind-
ing within HAT and HDAC complexes as well as in other
protein-protein interactions (10). A first attempt at mutating
conserved residues in Eaf1 and Eaf2 SANT domains did not
show obvious growth phenotypes (data not shown). These re-
sults could be explained by the redundancy between Eaf1 and
Eaf2 SANT domains or if we mutated only noncritical resi-
dues. Additional work will be needed to characterize the role
of the two SANT domains present in the NuA4 complex.

Eaf1 is a platform that coordinates NuA4 molecular assem-
bly. To gain a better understanding of NuA4 architecture and
to determine Eaf1 molecular interactions, we affinity purified
the complex from cells harboring different subunits that were
tagged or mutated. We have previously shown that the trun-
cation of the Epl1 C-terminal region creates cells that contain
only the picNuA4 HAT module (Esa1/Epl1/Yng2), suggesting
that this region is responsible for the association with the rest
of the NuA4 complex in vivo (9). The purification of Eaf1 in
this background confirms the model, since a complex is ob-
tained with all NuA4 subunits except the ones present in
picNuA4 (Fig. 3A and B, lanes 1 to 3). We then verified the
impact of Eaf1 loss on the NuA4 structure by purifying Epl1
from EAF1-deleted cells. In the absence of Eaf1, Epl1 is pu-
rified only with Esa1 and Yng2, i.e., as a picNuA4 complex
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FIG. 1. Eaf1 is found exclusively in the NuA4 HAT complex and is required for its functions but not for global histone H4/H2A acetylation.
(A) Eaf1 coelutes with the HAT activity of NuA4 as well as with subunits of the NuA4 HAT complex. An extract from �eaf1 cells harboring an
episomal HA-EAF1 gene was fractionated on nickel and Mono Q columns. The desired fractions (fns) were pooled and loaded on a Superose-6
gel filtration column. Western blots show Arp4, Tra1, and Esa1 coelution with NuA4 HAT activity (fractions 19 to 23). �, anti. (B) Eaf1 is specific
to the NuA4 complex. The TAP of Eaf1 shows the association with NuA4 subunits. Purified material from untagged and EAF1-TAP strains was
loaded onto gradient gels and visualized by silver staining. Bands corresponding to the NuA4 subunits are indicated on the right. The asterisk
corresponds to a nonspecific band known to purify with TAP-tagged protein. (C) Schematic representation of Eaf1. Eaf1 contains an HSA domain,
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(Fig. 3A, lanes 4 to 6, and B, lanes 4 and 5). These data
indicate that the molecular interaction responsible for anchor-
ing the Esa1/Epl1/Yng2 catalytic core to the rest of NuA4 is
between the Epl1 C-terminal region and Eaf1. We then affinity

purified NuA4 from wild-type and EAF1-deleted cells using a
tag on the Eaf5 subunit. Eaf5 allows the association of Eaf7
and Eaf3 subunits to NuA4, and this trimer also exists in a
native independent form in vivo (Lacoste and Côté, unpub-

a charged domain (gray) partially overlapping the HSA domain, and a SANT domain at the positions indicated. The C terminus of Eaf1 is enriched
in glutamine (Q) (black). (D) Full-length Eaf1 is required for growth in the presence of DNA damage or crippled ribosome biogenesis. Serial
10-fold dilutions of �eaf1, eaf1�N, eaf1�SANT, and isogenic wild-type (WT) strains were grown in the presence or absence of 0.03% MMS or 25
nM rapamycin. (E) Deletion of Eaf1 results in a slow G2/M passage. Liquid cultures of wild-type and �eaf1 cells were blocked in G1 by the addition
of �-factor. DNA content was quantified by fluorescent-activated cell sorter analysis. The 1n peak represents cells in the G1/S stage, whereas the
2n peak represents cells in the G2/M stage. (F) Deletion of Eaf1 does not affect global acetylation by NuA4. Nucleosomal histones from isogenic
wild-type and �eaf1 strains were purified and analyzed by Western blotting using antibodies indicated on the left (the top panel shows
Coomassie-stained histones). (G) Eaf1 is implicated in gene-specific regulation. RNAs from isogenic wild-type, �eaf1, eaf1�SANT, eaf1�N, and
EAF1 cells were isolated, and Northern blot analyses were performed using the probes indicated on the left.

FIG. 2. Eaf2, another SANT-containing subunit, is essential for cell viability and affects a subset of NuA4 functions. (A) Schematic represen-
tation of Eaf2 (Swc4) and human DMAP1. (B) The SANT-containing N-terminal portion of Eaf2 is essential for viability, and human DMAP1 does
not complement eaf2 mutants in yeast. Strains in which the EAF2 gene has been deleted but that express an episomal version of EAF2, the
truncated EAF2(1-285) or EAF2(285-476), DMAP1, or an empty vector were streaked on solid YPD medium. (C) Deletion of the C-terminal
portion of Eaf2 causes sensitivity to MMS but not to rapamycin. Serial 10-fold dilutions of the indicated strains were incubated on solid YPD
medium containing either 0.03% MMS or 25 nM rapamycin. (D) Episomal full-length and truncated Eaf2 are expressed at similar levels in vivo.
Whole-cell extracts (WCE) from the indicated strains were analyzed by Western blotting with anti-HA (� HA). (E) Eaf2 is essential for cell cycle
progression. The depletion of Eaf2 leads to cells being blocked at G2/M. Cells in which the endogenous EAF2 promoter has been replaced by the
inducible GAL1 promoter were incubated in liquid medium in the presence or absence of galactose (GAL), and the DNA content was analyzed
by flow cytometry. (F) Eaf2 is not essential for the global acetylation of chromatin by NuA4. Cells harboring EAF2 under the control of the GAL1
promoter as well as wild-type (WT) cells were incubated in medium containing galactose or glucose for 12 h at 30°C. Western blot analyses were
performed with histones purified from those strains using the indicated antibodies.
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FIG. 3. Eaf1 serves as a platform for the assembly of four different functional modules into the NuA4 complex. (A) Epl1 interacts with Eaf1
and bridges picNuA4 with the remaining complex, while the association with an Eaf5/7/3 trimer also is dependent on Eaf1. Purified material from
untagged strains and the indicated TAP-tagged strains was loaded onto gradient gels and visualized by silver staining. The asterisk corresponds to
a nonspecific band known to purify with TAP-tagged proteins. (B) Western blots using the final elution of the TAP purifications shown in panel
A were probed with antibodies � against the indicated proteins. (C) The HSA domain region of Eaf1 interacts with the subunits shared with the
SWR1/INO80 ATP-dependent chromatin remodeling complexes. Purified material from the indicated TAP-tagged strains supplemented with an
episomal version of either EAF1, Eaf1�HAS, or Eaf1�SANT was loaded onto a gradient gel and analyzed by Western blotting using the antibodies
indicated on the right. In lane 7, there is no Esa1 signal but rather a nonspecific keratin band (asterisk). (D) Tra1 requires the SANT domain region
of Eaf1 for its association with NuA4. Purified material from strains indicated in the legend to panel C was loaded onto low-percentage gels and
visualized by silver staining. The 400-kDa band visible on this part of the gel represents Tra1. (E) Requirement of the HSA and SANT regions
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lished). The Eaf3 chromodomain-containing protein also is
shared by the Rpd3S HDAC complex and is linked to histone
H3 methylation during transcription (13, 33; Lacoste Côté,
unpublished). As shown in Fig. 3A, lanes 7 and 8, and B, lanes
6 and 7, Eaf1 is essential for Eaf5 association to NuA4, since in
its absence only the Eaf5/7/3 trimer is recovered.

We then analyzed the role of specific regions of Eaf1 in
these interactions. The deletion of the Eaf1 C-terminal glu-
tamine-rich region creates no phenotype and has no effect on
NuA4 assembly (data not shown). The deletion of a region
encompassing the HSA and highly charged domains (aa 329 to
538) again separates picNuA4 from the rest of the complex,
indicating that the Epl1 C terminus binds somewhere in this
region (Fig. 3C, lanes 1 to 3). The deletion of a region con-
taining the SANT domain (aa 604 to 815) leaves the NuA4
complex almost intact (Fig. 3C, compare lanes 2 and 4). Upon
closer examination, we can see that the deletion of the SANT
domain region provokes the loss of a single but large subunit,
Tra1 (Fig. 3D, compare lanes 1 and 4) (because of its size and
the difficulty of transferring for Western blotting, conclusions
about Tra1’s presence primarily are based on the detection of
a 400-kDa band by silver staining). We then repeated the
affinity purifications in the same mutant cells but with a tagged
Eaf5 subunit. These experiments confirmed that the Eaf1
SANT domain region is responsible for the association of Tra1
with NuA4 (Fig. 3C, compare lanes 6 and 8, and D, compare
lanes 7 and 8). When Eaf5 was purified from cells lacking the
HSA or charged region of Eaf1, a partial NuA4 complex was
obtained, lacking, as expected, picNuA4 subunits and the sub-
units shared with ATP-dependent chromatin-remodeling com-
plexes INO80 and SWR1, i.e., Arp4/Act1, Yaf9, and Eaf2
(Swc4) (Fig. 3C, compare lanes 6 and 7). Taken together, these
results indicate that different regions of Eaf1 are responsible
for the ordered assembly of functional subcomplexes into
NuA4. Accordingly, the regions deleted in Eaf1 create strong
growth phenotypes on different media, reflecting their impor-
tance in NuA4 assembly and, thus, function (Fig. 3E). Prelim-
inary results suggest that the binding of picNuA4(Epl1) is
located in the highly charged domain of Eaf1, while the asso-
ciation with Eaf5/7/3 occurs at its N terminus (data not shown).

Our results position the Eaf1 subunit at the center of the
NuA4 complex, making distinct physical interactions with four
different functional modules within NuA4 (Fig. 3G). These
interactions lead to the assembly of the native NuA4 complex.
Eaf1 coordinates the association of the HAT module (Esa1/
Epl1/Yng2) (9, 60), the activator recruitment module (Tra1)
(11), the histone methylation/transcription elongation module
(Eaf5/7/3) (Lacoste and Côté, unpublished), and finally the
DNA repair/telomere boundary module (Arp4/Act1/Eaf2/
Yaf9) (17, 35, 38, 46, 48, 64, 69). The fact that Eaf1 is the
platform upon which the NuA4 complex is assembled goes well
with the fact that it is the only subunit restricted to NuA4 in

vivo. Thus, it is the only tool that can be used to specifically
analyze NuA4 function, distinguishing targeted Esa1-depen-
dent acetylation from global action by the picNuA4 complex.

Functional implications of shared subunits between NuA4
and SWR1 complexes. As mentioned above, the purification of
the SWI2/SNF2-related ATPase Swr1 identified a multisubunit
complex that shares four subunits with NuA4, i.e., Arp4 and
Act1 (also shared with the INO80 complex), Eaf2 (Swc4), and
Yaf9 (Fig. 4A) (17, 35, 37, 38, 46, and data not shown). A
characteristic of the SWR1 complex is the presence of Rvb1/2
helicases related to bacterial ruvB, which allows the movement
of the Holiday junctions during DNA recombination (Fig. 4A).
Confirming its presence in both complexes, TAP of Yaf9 yields
proteins specifically found in NuA4 (Esa1 and Yng2) as well as
those found only in SWR1 (Rvb1) (Fig. 4B). More Arp4 is
recovered in Yaf9-TAP than in Epl1-TAP, since it also is
present in both complexes. TAP of Eaf2 also yields NuA4 and
Swr1 components (Fig. 4C, lane 2) (data not shown). Interest-
ingly, when we purified a truncated version of Eaf2 lacking its
C terminus, all NuA4 and SWR1 components still were ob-
tained, except for Yaf9 (Fig. 4C, compare lanes 2 and 3). These
data, along with previous work, indicate that Yaf9 associates
with NuA4 and Swr1 complexes through direct interactions
between Eaf2 and Yaf9 C termini (8, 69).

A role of the SWR1-dependent incorporation of the H2AZ
variant in chromatin is to block the heterochromatin-stabiliz-
ing silent information regulator (SIR) complex from spreading
into euchromatin regions near telomeres (35, 38, 44, 46), and
Yaf9 plays an essential role in this process (69). This is clearly
depicted in an assay of telomere position effect, in which a
URA3 gene is located next to the telomere repeats of chro-
mosome VII (Fig. 4D) (27). In this assay, the URA3 gene
normally is silenced by the local high concentration of the SIR
complex. The spreading of the SIR complex into the euchro-
matin regions decreases its local concentration, allowing the
expression of the URA3 gene, which is detected by a loss of
growth on 5-FOA-containing media. Figure 4D demonstrates
that the deletion of YAF9 provokes a complete loss of telomere
silencing. Interestingly, this effect is stronger than that of other
SWR1/Htz1 mutants, which could reflect Yaf9 function in both
SWR1 and NuA4 complexes near telomere regions, as sug-
gested by our previous work (69). The mutation of the NuA4
subunit Epl1 also affects telomere silencing (9). Accordingly,
Eaf1, which physically links Epl1- and Yaf9-containing mod-
ules in NuA4 (Fig. 3G), also affects telomere silencing (Fig.
4D, lower gels).

These findings, as well as those of several reports in the
literature, suggest that NuA4 and SWR1 cooperate in vivo (2,
5, 18, 20, 34, 37, 41, 45, 52, 69; Lacoste and Côté, unpublished).
A nice parallel can be made to the transcription of the PHO5
gene. The promoter region of this gene has been shown to be
highly enriched in nucleosomes containing H2AZ (named

of Eaf1 for proper growth. Tenfold dilutions of mid-log-phase �eaf1, EAF1, Eaf1�HSA, and Eaf1�SANT yeast cultures were grown in the presence
or absence of 0.03% MMS or 25 nM rapamycin. (F) Expression levels of episomal wild-type (WT) and mutant Eaf1 are similar to that of
endogenous Eaf1. Whole-cell extracts (WCE) from the strains used for panel E were analyzed by Western blotting with anti-Eaf1. (G) Schematic
representation of Eaf1 as the platform for the assembly of the different functional modules of NuA4 and the subunits shared with other chromatin
modifying/remodeling complexes.
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FIG. 4. Structural and functional relationships between NuA4 and SWR1 complexes. (A) The SWR1 complex shares subunits with NuA4.
Purified material from untagged strains and Swr1-TAP strains was loaded onto gradient gels and visualized by silver staining. Bands corresponding
to the SWR1 subunits are indicated on the right. (B) Yaf9 is a subunit common to the NuA4 and Swr1 complexes. Shown is a Western blot analysis
using the final elution of YAF9-TAP and EPL1-TAP purifications using the indicated antibodies (�). (C) Yaf9 requires the C-terminal portion of
Eaf2 for its association with NuA4 or SWR1. Purified material from untagged strains and EAF2-TAP and Eaf2(1-285)-TAP strains was loaded onto
gradient gels and analyzed by Western blotting using the indicated antibodies. (D) The �yaf9 and �eaf1 mutants show a defect in telomere
silencing. Wild-type (WT), �yaf9, and �eaf1 strains were plated on 5-FOA to verify the expression of the URA3 marker positioned in a silent
telomeric region. The absence of growth on 5-FOA indicates URA3 marker expression. (E) Deletion of EAF1 cripples H4 acetylation (AcH4) at
the PHO5 promoter, while SWR1 deletion has no effect. Shown is a ChIP analysis with anti-H3 (C terminus) and anti-H4AcK8 in wild-type, �eaf1,
and �swr1 strains. Precipitated DNA was analyzed by PCR with primers corresponding to chromosomal regions at the PHO5 promoter (UAS2
region). Data are presented as an IP ratio of the amount of AcK8 H4 on total H3 (to correct for a change in nucleosome occupancy) relative to
that of the wild-type strain. The values are based on two independent experiments. (F) Incorporation of Htz1 at the PHO5 promoter depends on
SWR1 but also is affected by Eaf1. ChIP analysis was performed as described for panel E with anti-H3 and anti-Htz1 in wild-type, �eaf1, �yaf9,
and �swr1 strains. (G) SWR1/Htz1 do not influence H4 acetylation at the PHO5 promoter. ChIP analysis was done as described for panel E with
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Htz1 in yeast) in repressed conditions, a chromatin state that
prepares the promoter for chromatin remodeling and tran-
scription activation (59). The chromatin over the PHO5 pro-
moter also is enriched in acetylated H4 (66), and we have
shown that NuA4 is recruited there by the Pho2 homeodomain
transcription factor (50). Preacetylation by NuA4 is essential to
prepare the promoter for chromatin remodeling and transcrip-
tion activation. Thus, it is tempting to speculate that NuA4 and
SWR1 could collaborate in presetting the PHO5 promoter for
induction. This also is supported by the fact that a significant
fraction of the SWR1 complexes also contains the bromodo-
main-containing protein Bdf1 (35, 38). Bdf1 has been shown to
genetically interact with Esa1 and to physically bind acetylated
histone H4 (43). Local chromatin acetylation by NuA4 may
potentiate SWR1 complex binding through Bdf1, which would
allow the exchange of H2A for Htz1 in local chromatin. We
first performed ChIP analysis by real-time PCR to measure
histone H4 acetylation over the PHO5 promoter region after
correction for nucleosome occupancy (total histone H3). As
shown in Fig. 4E, the deletion of EAF1 has a strong effect on
the level of histone H4 acetylation at the PHO5 promoter. In
comparison, the loss of Swr1 has little effect. We then analyzed
the presence of Htz1 in our different mutant strains (Fig. 4F).
As expected, the knockout of SWR1 completely depletes Htz1
from the PHO5 promoter. The same effect is seen in a �yaf9
strain. When EAF1 is deleted, Htz1 still is detected in the
promoter region but is diminished compared to its level under
wild-type conditions. These data indicate that the NuA4-de-
pendent acetylation of the PHO5 promoter participates in, but
is not essential for, the incorporation of Htz1 by SWR1, in
agreement with recent genome-wide analyses (20, 52, 70). This
effect of NuA4 on SWR1 function is not reciprocal, since the
loss of Htz1, Yaf9, or Swr1 has little effect on the histone H4
acetylation level at the PHO5 promoter (Fig. 3E and G). Taken
together, these results demonstrate that SWR1/Htz1 can func-
tion independently of NuA4, but the two activities collaborate
in preparing the PHO5 gene for induction.

Functional and physical interactions between SWR1 and
NuA4 complexes. The sharing of some subunits between NuA4
and Swr1 protein complexes suggests that these two activities
cooperate. We have shown that they act together to antagonize
heterochromatin spreading/silencing from telomere regions
(69) and to preset chromatin over the PHO5 promoter for gene
induction. Our data also indicate that these two activities can
function independently of each other. Their independent func-
tions are portrayed by certain distinct phenotypes between
NuA4 and SWR1 mutants. As seen in Fig. 4H, both eaf1 and
swr1 deletion mutants are highly sensitive to DNA breaks in-
troduced by MMS, supporting their functional interaction in
double-strand break repair (17). In contrast, the deletion of a
key subunit of the INO80 ATP-dependent complex shows no

sensitivity (�arp8). The relative phenotypes are clearly differ-
ent on rapamycin, for which the deletion of SWR1 has no effect
while eaf1 and arp8 mutants are unable to grow. This supports
our previous results that suggested that the Eaf2-containing
module is not required for the biosynthesis of ribosomes (Fig.
2C). While NuA4 and SWR1 can act independently of each
other, their combined action clearly is essential for cell viabil-
ity. Genetic interactions between the two complexes have been
reported (5, 34, 35, 37), but we wanted to address specifically
that these interactions involved the functions of the full native
NuA4 complex and the incorporation of Htz1 by SWR1. Since
�eaf1 cells show genome instability and high incidences of
sporulation defects and aneuploidy (22, 30, 37, and data not
shown), it is technically difficult to characterize EAF1 genetic
interactions. Instead, we used the NuA4 mutant strain that
separates picNuA4 from the rest of the NuA4 complex, i.e., the
C-terminal truncation of Epl1 (Fig. 3). Figure 4I and J show
that cells that are still able to globally acetylate histone H4/
H2A but lack both the native NuA4 complex and either Swr1
or Htz1 are synthetic lethal. Since the epl1 truncation mutant
separates NuA4 into two stable entities, this indicates that the
functional interaction between SWR1/Htz1 and NuA4 de-
pends on the targeted HAT function of NuA4.

Based on the homology between 12 yeast NuA4 subunits and
components of the human Tip60 complex, we proposed that
these two HAT complexes are functional orthologs (19). On
the other hand, the human complex has additional subunits not
present in yeast NuA4. It is striking to see that each of these
additional human components corresponds precisely to ho-
mologs of yeast SWR1-specific subunits, including Bdf1,
Rvb1/2, Vps72 (Swc2), and Swr1 (2, 12, 18). We then proposed
that the human Tip60 complex represents an exact physical
merge of yeast NuA4 and SWR1 complexes (18). This model
has been supported by results with the Drosophila melanogaster
TIP60 complex (39). This report clearly shows that the TIP60
complex can incorporate H2Av-H2B dimers into chromatin in
an ATP-dependent fashion in a reaction stimulated by the
prior acetylation of chromatin by Tip60 (H2Av is equivalent to
both H2AZ and H2AX histone variants). The TIP60 subunit
harboring the homology with Swr1 ATPase is p400/Domino, a
protein required for oncogenic transformation by E1A and
development in Drosophila and Caenorhabditis elegans (14, 23,
57). p400/Domino also has been shown recently to be respon-
sible for the ATP-dependent incorporation of histone H2AZ
variant in chromatin in vitro and in vivo (26). Interestingly, this
large protein also has distinct structures homologous to those
of yeast Eaf1, including HSA, SANT, glutamine-rich, and
highly charged domains (Fig. 5A). We speculated that the
single human complex corresponding to two distinct yeast com-
plexes could be explained by the fact that yeast Swr1 and Eaf1
are merged into a single human protein, p400/Domino. To test

wild-type, �htz1, and �yaf9 strains. (H) NuA4 and SWR1 mutants show common and distinct phenotypes. Serial 10-fold dilutions of �eaf1, �swr1,
�arp8 (specific to the INO80 complex), and wild-type mid-log-phase cultures were grown in the presence or absence of 0.03% MMS, 25 nM
rapamycin, or 130 mM hydroxyurea (HU). (I) swr1/htz1 mutants show synthetic lethality with mutant cells lacking normal NuA4 complex but
containing picNuA4 global HAT activity. Wild-type, �swr1, epl1(1-380), and epl1(1-380)�swr1 cells were plated onto solid medium containing
5-FOA (to lose an episomal copy of wild-type EPL1 on a URA3 vector). (J) Serial 10-fold dilutions of wild-type, epl1(1-380), and epl1(1-380)�htz1
strains carrying an episomal copy of wild-type EPL1 on a URA3 vector were plated onto YPD with or without 5-FOA.
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this hypothesis, we created an artificial p400/Domino-like pro-
tein in yeast cells by inserting the SWI2/SNF2-related ATPase
domain of Swr1 in the middle of Eaf1 (Fig. 5A). The expres-
sion of this synthetic yDomino protein demonstrates that it is

functional, since it can suppress the growth defects of eaf1
deletion cells on rich media in the presence of rapamycin and
also can do so partly in the presence of MMS (Fig. 5B and C).
TAP of Epl1 in cells lacking Eaf1 but expressing the fusion

FIG. 5. Fusion of Eaf1 and Swr1 proteins reconstitutes a human TIP60-like complex in yeast cells. (A) Construction scheme of yDomino. The
SWI2 domain of Swr1 was introduced by restriction endonucleases into Eaf1 to produce a yeast version of human p400/Domino (p400/hDomino).
(B) Synthetic construct of a yeast Domino-like protein is expressed at levels similar to that of Eaf1 in vivo. The Western blot analysis of whole-cell
extracts (WCE) from strains carrying the indicated expression vectors using anti-Eaf1 is shown. (C) The Eaf1-Swr1 fusion protein suppresses the
MMS and rapamycin sensitivity of eaf1 mutant cells. Serial 10-fold dilutions of mid-log-phase �eaf1, �eaf1�Eaf1, and �eaf1�yDomino cultures
were spotted on medium containing 0.03% MMS or 25 nM rapamycin. (D) Reconstitution of the human NuA4/TIP60-like complex in yeast.
TAP-purified material from strains EPL1-TAP�eaf1 and EPL1-TAP�eaf1 expressing Eaf1 or yDomino from a vector was visualized on a gel after
silver staining. The asterisk corresponds to nonspecific bands known to purify with TAP-tagged protein. (E) Rvb1/2 helicases associate with NuA4
harboring the yDomino fusion protein. Shown is a Western blot analysis of purified material described for panel C using the indicated antibodies
(�), which reveals normal NuA4 assembly in the presence of yDomino and the association of helicases Rvb1/2 with the complex. (F) yDomino-
containing complex increases the amount of Htz1 at the PHO5 promoter in the absence of Swr1. ChIP analysis was performed as described in the
legend to Fig. 4E with anti-H3 and anti-Htz1 in wild-type (WT), �swr1, and �swr1�yDomino strains. Data are presented as IP ratios of the amount
of Htz1 on total H3 relative to that of the wild-type strain. (G) yDomino-containing complex allows the acetylation of Htz1 (AcHtz1) at the PHO5
promoter in the absence of Eaf1. ChIP analysis was performed as described in the legend to Fig. 4E with anti-AcK14 Htz1 and anti-Htz1 (C
terminus) in wild-type, �eaf1, and �eaf1�yDomino strains. Data are presented as IP ratios of the amount of AcK14 Htz1 on total Htz1 (to correct
for the effect of Eaf1 on Htz1 incorporation [Fig. 4F]) relative to that of the wild-type strain.
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protein indicates that it is efficiently integrated into the NuA4
complex and functionally replaces Eaf1 in the assembly of
the full set of NuA4 subunits (Fig. 5D and E, compare lanes
1, 2, and 3). In addition, the association of yDomino in
NuA4 leads to the presence of Rvb1 and Rvb2 helicases in
the purified complex (Fig. 5E, lane 3). Unfortunately, we
could not detect the suppression of swr1 mutant phenotypes
by yDomino in growth assays (data not shown). On the other
hand, while ChIP analysis of Htz1 at the PHO5 promoter
confirms the very poor incorporation of Htz1 in swr1 mutant
cells, it is reproducibly increased in yDomino-expressing
cells (Fig. 5F). Nevertheless, this increase does not seem
sufficient to restore Swr1 function. In contrast, the comple-
mentation of Eaf1 function by yDomino is significant in
analyses of the NuA4-dependent acetylation of Htz1 at the
PHO5 promoter. NuA4 has been shown to acetylate Htz1 at
lysine 14 in vivo, a modification important for Htz1 function
at promoters and heterochromatin boundaries (5, 34, 45,
and data not shown). As shown in Fig. 5G, the expression of
yDomino in eaf1 mutant cells restores the acetylation of
Htz1 at lysine 14 to more than 65% of the wild-type level.

Taken together, these data validate our model of TIP60 being
a physical merge of NuA4 and SWR1 complexes through an
evolutionary fusion of Swr1 and Eaf1 into p400/Domino. This
model predicts that the human TIP60 complex has at least three
interrelated enzymatic activities: histone H4/H2A acetyltrans-
ferase, ATP-dependent H2AZ-H2B histone dimer exchange, and
DNA helicase. It will be interesting to test these activities in vitro
with the purified human and the synthetic yeast complexes.

DISCUSSION

In this study, we analyzed the structure and function of two
stable subunits of the yeast NuA4 HAT complex. Eaf1 and
Eaf2 both harbor a SANT domain, are required for normal cell
cycle progression through mitosis, and do not affect the global
nontargeted Esa1-dependent acetylation of chromatin but af-
fect the cellular response to DNA damage and telomere si-
lencing. In addition, we showed that Eaf1 is required for gene-
specific transcription, including that of the ribosomal protein
genes. More importantly, we demonstrated that Eaf1 is found
exclusively in the NuA4 complex in vivo, which makes it the
only subunit that is not also found in a distinct protein com-
plex. This is an important finding, since Eaf1 becomes the only
molecular tool that can be used to unequivocally study native
NuA4 function in vivo. ChIP with Eaf1 identifies loci bound by
NuA4, while experiments with antibodies targeting other sub-
units could reflect the association of a mixture of complexes or
distinct complexes. It is an important development, since pub-
lished ChIP experiments with NuA4 mostly have used tags on
the Esa1 HAT protein, while it is known that Esa1 also is part
of picNuA4, which is responsible for global acetylation (54). In
contrast, the association of Eaf1 reflects targeted Esa1-depen-
dent acetylation, as shown by the loss of H4 acetylation at the
PHO5 promoter in eaf1 mutant cells while bulk acetylation
levels are unchanged (Fig. 1F and 4E). The specificity of Eaf1
to NuA4 is explained by its central key role in the complex
assembly. Our experiments have shown that Eaf1 makes inde-
pendent interactions with distinct functional subcomplexes
within NuA4, coordinating the assembly of the full native com-

plex. It will be very interesting to further delineate the specific
domains in Eaf1 responsible for each particular interaction.
The information gathered here will increase the speed and
significance of our upcoming experimental characterization of
NuA4 function in transcription regulation and DNA repair and
its cross-talk with other chromatin modifiers/remodelers.

The present work also characterized the functional interac-
tions between NuA4 and SWR1 complexes. Histone H4/H2A
acetylation and H2AZ histone variant acetylation/incorpora-
tion into chromatin have been demonstrated to play roles in
blocking the SIR complex from spreading out of telomere
regions (5, 35, 38, 43, 46, 69), in presetting the PHO5 promoter
for chromatin remodeling and transcription activation (45, 50,
59), and in the repair of DNA double-strand breaks (7, 17, 39).
We showed that NuA4-dependent acetylation influences, but is
not essential for, H2AZ incorporation at PHO5 (Fig. 4). Also,
the presence of H2AZ does not greatly affect H4 acetylation by
NuA4 in vivo. While these data show some functional cross-
talk between NuA4 and SWR1/Htz1, they also show that each
one can work independently of the other toward a common
goal. Finding this limited cross-talk was somewhat surprising,
since the double bromodomain factor Bdf1, which is associated
with the SWR1 complex (35, 38), has been shown to bind
NuA4-dependent acetylated histone H4 and functionally inter-
acts with NuA4 (20, 43). On the other hand, we have not
detected stoichiometric amounts of Bdf1 in our purifications of
the SWR1 complex, similarly to what was reported by another
group (46). These data suggest that there could be two differ-
ent classes of SWR1 complexes: with Bdf1 and without Bdf1.
We propose that the detected effect of EAF1 deletion on Htz1
incorporation at PHO5 corresponds to the activity of the subset
of SWR1 complexes containing Bdf1. The presence of two
functionally different forms of SWR1 complexes recently has
been supported by the identification of the human SNP2-re-
lated CBP activator protein (SRCAP) complex. The SRCAP
protein is highly related to yeast Swr1 and human p400/Dom-
ino, and it has been purified as a protein complex sharing many
subunits with TIP60 that are homologous to yeast SWR1 com-
ponents (12). In addition, the complex is able to load H2AZ-
H2B dimers onto chromatin in vitro and in vivo (58, 67). On
the other hand, in contrast to TIP60/p400/Domino complexes,
the SRCAP complex does not contain Brd8, the homolog of
Bdf1 in higher eukaryotes (12, 19, 39). We suggest that human
SRCAP corresponds to a yeast SWR1 complex without Bdf1
that functions independently of NuA4, while p400/Domino
corresponds to a Bdf1-associated SWR1 complex, which col-
laborates and functionally interacts with NuA4-dependent
acetylated histones (Fig. 6). This important functional interac-
tion would be merged into a single molecular entity in higher
eukaryotes, i.e., the TIP60 complex, while being between two
distinct partners in yeast (18).

Finally, we tested the model of a physical merge between
yeast NuA4 and SWR1 complexes to create a single complex in
higher eukaryotes, TIP60. The protein p400/Domino has the
striking feature of harboring strong and distinct homologies to
both Swr1 and Eaf1 proteins, suggesting the evolutionary
merging of the two yeast proteins into a single protein in higher
eukaryotes. We tested that hypothesis by creating a synthetic
p400/Domino-like protein in yeast, merging together parts of
Eaf1 and Swr1 to create a domain structure similar to the
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human protein. The expression of this chimeric protein in yeast
supported our theory, since a single complex containing both
NuA4 and SWR1 components was obtained (Fig. 5). These
data are in agreement with recent work showing that the Swr1
ATPase domain is responsible for the association of six critical
SWR1 complex subunits and Htz1-H2B dimers (68). While the
fusion protein can replace Eaf1 function in vivo, it also allows
some incorporation of the H2AZ variant into chromatin in
vivo, but not in amounts sufficient to suppress swr1 mutant

phenotypes. This is likely explained by the absence of Swc5,
which was shown to associate with the Swr1 N-terminal region
and to be required for the efficient swapping of histone dimers
in vitro (68). On the other hand, nucleosomal H2AZ recently
has been shown to be acetylated by the NuA4 complex in vitro
and in vivo (5, 34, 45; A. Auger, J. Brodeur, L. Gaudreau, and
J. Côté, unpublished observations), and the Swr1-Eaf1 fusion
protein is proficient at suppressing the H2AZ acetylation de-
fect on the PHO5 promoter (Fig. 5G).

FIG. 6. Model for the evolution of NuA4 HAT and SWR1 ATP-dependent remodeling complexes from yeast to human cells. The yeast NuA4 and SWR1
complexes are depicted. SWR1 could be present in two forms, with or without a bromodomain-containing Bdf1 subunit. These distinct complexes regulating
histone H2AZ incorporation in chromatin would differentially reflect the link to NuA4-dependent chromatin acetylation. In human cells, SWR1 plus a Bdf1
equivalent is physically merged with NuA4 into the TIP60/hNuA4 complex (through the fusion of yeast Eaf1 and Swr1 platform proteins into human
p400/Domino). The yeast SWR1 lacking Bdf1 corresponds to the human SRCAP complex, which should not be linked to chromatin acetylation.
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The functional cross-talk between different histone modifi-
cations is part of the process of establishing a local chromatin
identity/signature. The additional implication in this cross-talk
of histone variants and ATP-dependent chromatin remodelers
further highlights the complexity and fine-tuning of chromatin
dynamics in regulating diverse nuclear functions. The ongoing
structural and functional analysis of the NuA4 HAT complex
in eukaryotes proves to lead us to the heart of chromatin
biology.
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