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NuA4, the only essential histone acetyltransferase complex in
Saccharomyces cerevisiae, acetylates the N-terminal tails of his-
tones H4 and H2A. Affinity purification of NuA4 revealed the
presence of three previously undescribed subunits, Vid21/Eaf1/
Ydr359c, Swc4/Eaf2/Ygr002c, and Eaf7/Ynl136w. Experimental
analyses revealed at least two functionally distinct sets of polypep-
tides in NuA4: (i) Vid21 and Yng2, and (ii) Eaf5 and Eaf7. Vid21 and
Yng2 are required for bulk histone H4 acetylation and are func-
tionally linked to the histone H2A variant Htz1 and the Swr1
ATPase complex (SWR-C) that assembles Htz1 into chromatin,
whereas Eaf5 and Eaf7 have a different, as yet undefined, role.
Mutations in Htz1, the SWR-C, and NuA4 cause defects in chromo-
some segregation that are consistent with genetic interactions we
have observed between the genes encoding these proteins and
genes encoding kinetochore components. Because SWR-C-depen-
dent recruitment of Htz1 occurs in both transcribed and centro-
meric regions, a NuA4/SWR-C/Htz1 pathway may regulate both
transcription and centromere function in S. cerevisiae.

The nucleosomes that package eukaryotic DNA into chromatin
can prevent the site-specific binding of many proteins to DNA.

Two classes of factors have been implicated in regulating access to
DNA in this context. The ATP-dependent chromatin-remodeling
enzymes use energy derived from ATP hydrolysis to induce nu-
cleosome mobility or disrupt histone–DNA interactions (reviewed
in ref. 1). The second class of enzymes catalyzes covalent modifi-
cation (e.g., lysine acetylation, serine phosphorylation, lysine and
arginine methylation, ubiquitylation, and ADP ribosylation) of
various histones, usually on their N-terminal tails (reviewed in refs.
2 and 3). Nucleosome variability is also generated by occasional
replacement of a major histone with a variant that has a specialized
role (reviewed in ref. 4). Among H2A variants is H2A.Z (Htz1 in
Saccharomyces cerevisiae), whose insertion into chromatin requires
the recently described SWR1 complex (SWR-C) (5–7). H2A.Z is
functionally distinct from the major histone H2A. Moreover, the
various eukaryotic H2A.Z molecules are more closely related to
each other than they are to H2A. This similarity in sequence extends
to functional conservation, as H2A.Z from the ciliated protozoan
Tetrahymena thermophila can rescue all tested phenotypes associ-
ated with S. cerevisiae htz1� (8). Htz1 plays a role in transcription
(5–7, 9, 10) and may act as a barrier to inhibit the spread of silent
telomeric and mating locus hetereochromatin into adjacent tran-
scriptionally active regions (9).

Histone acetylation is carried out by a class of enzymes known as
histone acetyltransferases (HATs). These transfer an acetyl group
from acetyl-CoA to lysine �-amino groups on target histone N-
terminal tails. Histone acetylation has been linked to transcriptional
activation, because actively transcribed regions are characteristi-
cally hyperacetylated, whereas silent regions are typically hy-
poacetylated (reviewed in ref. 11). The acetylation of lysine residues
on the N-terminal tails of histones H3 and H4 neutralizes their

positive charge, possibly decreasing their affinity for DNA and
facilitating chromatin decompaction and disassembly. More impor-
tant than simple charge neutralization, however, is the specific
acetylation pattern at individual lysine residues within the histone
N termini (11, 12). At least some acetylated lysines interact with and
recruit bromodomain-containing polypeptides (ref. 13 and refer-
ences therein). The HAT complexes of S. cerevisiae, many of which
contain associated bromodomains, include the Gcn5-containing
ADA and SAGA complexes, Hat1, Elongator, NuA3, and NuA4.
These complexes generally have high specificity for specific lysine
residues on specific histone N-terminal tails.

The catalytic subunit of NuA4, Esa1, is a member of the MYST
(for MOZ, Ybf2/Sas3, Sas2, and Tip60) family of HATs (reviewed
in ref. 14). In S. cerevisiae, NuA4 is required for minor acetylation
on histone H2A and the majority of histone H4 acetylation on
lysines 5, 8, and 12 (15, 16). Nine other NuA4 subunits have been
reported: Esa1 associated factor 3 (Eaf3), a chromodomain-
containing factor also found in a Sin3/Rpd3 histone deacetylase
complex (17); Eaf5 and Eaf6; Tra1, a member of the phosphati-
dylinositol kinase family; the actin-related proteins Act1 and Arp4;
Yng2, an ING1 tumor suppressor homolog; Epl1, a homolog of the
Enhancer of Polycomb-like protein; and Yaf9, a protein related to
the AF9/ENL leukemogenic factors.

Here, we report the identification of three NuA4 subunits,
namely Vid21/Eaf1/Ydr359c, Swc4/Eaf2/Ygr002c, and Eaf7/
Ynl136w. Vid21 and Swc4 both contain SANT (SWI3, ADA2,
N-CoR, TFIIIB) domains, also found in several other chromatin
remodeling complexes. Swc4, Yaf9, Arp4, and Act1 are also com-
ponents of the SWR-C (5–7). Microarray and genetic analyses
revealed at least two functionally distinct classes of polypeptides in
NuA4. The first class contains Vid21 and Yng2, required for most
of the acetylation activity of Esa1. The second class, containing
Eaf5 and Eaf7, plays a minor role, if any, in acetylation of histone
H4 by NuA4.

We showed previously that the SWR-C recruits Htz1 to various
regions of the genome (5), and we show here that this is also the case
at the centromere. Although NuA4 is not required for assembling
Htz1 into chromatin, Htz1 and subunits of NuA4 and the SWR-C
are genetically linked to kinetochore components and are impor-
tant for chromosome stability. Genetic analyses suggest that these
factors operate in common, rather than parallel, pathways. These
observations imply that NuA4, the SWR-C, and Htz1 function
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together to regulate chromosome stability and/or transmission as
well as transcription in S. cerevisiae.

Experimental Procedures
Tandem affinity purification (TAP)-tagged components of NuA4
were purified on IgG and calmodulin columns from extracts of yeast
cells (3 liters) grown in yeast extract/peptone/dextrose (YPD)
medium to an OD600 of 1.0–1.5. Complexes were analyzed by
SDS/PAGE, matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) MS, and tandem MS (MS/MS) as described
(18). Synthetic genetic array (SGA) analysis was carried out as
described (19). Automated analysis of the results was carried out by
procedures that are described elsewhere (H. Ding and C. Boone,
personal communication). RNA preparation and microarray anal-
ysis were as described (20, 21) after isogenic strains were grown in
parallel in SC medium at 30°C. Chromatin immunoprecipitation
(ChIP) assays using the TAP-tagged strains were performed es-
sentially as described (5, 18). For ChIP analysis in the context of
temperature-sensitive alleles of esa1 (esa1-�414, esa1-L327S; ref.
22), crosslinking was performed at 25°C or after 3 h at 37°C and
compared to an isogenic wild-type strain under the same condi-
tions. IgG agarose for precipitation of TAP-tagged proteins was
from Sigma. All primer sequences are listed in Table 2, which is
published as supporting information on the PNAS web site. Protein
isolation and Western blot procedures were performed as described
(23) with modifications described in Supporting Text, which is
published as supporting information on the PNAS web site.

Quantitative half-sector analysis was performed as described
(24–26). In brief, homozygous diploid strains (YPH982, wild-type;
YKB522, eaf1�; YKB463, eaf7�; YPH493, yaf9�; YKB508, swr1�;
YKB503, htz1�) (see Table 3, which is published as supporting
information on the PNAS web site) were created containing an
ade2ochre allele at the endogous locus and the SUP11 ochre
suppressor on a single chromosome fragment [CFIII (CEN3. L)
URA3 SUP11]. Strains were plated to single colonies on solid media
containing limiting adenine and grown at 25°C for 3 days before the
plates were placed at 4°C for optimal red pigment development.
Efficient chromosome stability/transmission results in pink colo-
nies. Chromosome loss or 1:0 events were scored as colonies that
were half red and half pink, nondisjunction or 2:0 events were
scored as colonies that were half red and half white.

Results and Discussion
To further characterize the subunit composition of yeast NuA4, we
used single-step transformation to place a TAP tag (17) at the C
terminus of several of its known components (Esa1, Epl1, Yng2,

Eaf5, and Eaf6). The tagged protein was then purified sequentially
on IgG and calmodulin columns and analyzed by SDS/PAGE
followed by staining with silver. Protein bands absent from a control
preparation and corresponding to the tagged factor and any asso-
ciated proteins were identified by MALDI-TOF MS and MS/MS.

In each case, the tagged protein copurified with all, or almost all,
of the known subunits of the NuA4 complex (Fig. 1B and data not
shown). Only the 400-kDa subunit Tra1 was not identified by gel
band excision and MALDI-TOF MS, even though Tra1 is a well
characterized stoichiometric component of the NuA4 complex (16)
and silver-stained bands were present at this molecular weight in
almost every purified preparation. Tra1 was, however, detected by
using liquid chromatography (LC) MS/MS after the purification of
Yng2-TAP (Fig. 1B Lower). In each purified preparation, we
detected three previously unreported subunits of NuA4, namely
Vid21/Eaf1/Ydr359c, Swc4/Eaf2/Ygr002c, and Eaf7/Ynl136w (Fig.
1B). The tagging and purification of Eaf7 confirmed that this
subunit is indeed a member of the complex (Fig. 1). In this case, we
again detected Tra1 as copurifying with the NuA4 complex. Eaf7-
TAP also copurified with Vid21 and Swc4, both of which contain
SANT domains that are often present in complexes involved in
chromatin metabolism. Vid21 copurified with each tagged subunit
of NuA4 that we isolated (Fig. 1B). Interestingly, Swc4 is also a
component of the SWR-C chromatin remodeling complex required
for replacing histone H2A with the H2A variant, Htz1 (5, 6).
Purification of tagged Swc4 led to the isolation of a mixture of NuA4
and the SWR-C (data not shown). Other shared components of the
SWR-C and NuA4 include Arp4, Act1, and Yaf9 (Fig. 1B). The
human Tip60 HAT complex contains factors homologous to those
in both the SWR-C and NuA4 (27–29), consistent with the obser-
vation that components are shared between these complexes in
S. cerevisiae.

In three of the six purified preparations, we detected the high-
mobility group (HMG) domain protein, Hmo1, by LC/MS/MS (Fig.
1B). There are seven proteins in S. cerevisiae that contain a HMG
DNA-binding domain, several of which, including Hmo1, bind to
rDNA and are linked to RNA polymerase I transcription (30). An
association between NuA4 and Hmo1 may partly explain the
observed role of NuA4 in rDNA transcription (31). NuA4 also
copurified with small amounts of histone H2A, a known substrate
of NuA4, as well as with small amounts of Bdf1 and the histone H2A
variant, Htz1, which may represent potential substrates. Bdf1 is also
associated with the SWR-C (5) and binds to acetylated histone
tails (13).

Genes encoding proteins in the same functional pathway should,
in principle, have similar effects on gene expression and similar sets

Fig. 1. Isolation of the NuA4 HAT complex. (A) TAP of the
NuA4 complex was carried out on strains containing either
TAP-tagged Eaf7 or no tagged protein. The purified pro-
tein was analyzed by SDS�PAGE and silver staining. The
indicated proteins were identified by trypsin digestion of
each stained band followed by MALDI-TOF mass spectrom-
etry or tandem mass spectrometry after subjecting an
aliquot of the eluate from the final column directly to
trypsin. Contaminating bands are indicated: ***, Sse1; **,
Ssa1; *, Ssb1; †, TEV protease. The Srp1�Kap95 importin
complex, which transports NLS-containing proteins into
the nucleus (56), also copurified with NuA4 and is often
found associated with nuclear protein complexes (N.J.K.,
A.E. and J.F.G., unpublished data). (B) Summary of purified
proteins identified by mass spectrometry. Proteins that
were present in at least two of the six purifications are
represented. Protein size (kDa) was as predicted by amino
acid composition (Saccharomyces Genome Database;
www.yeastgenome.org) and not determined experimen-
tally. (†, N.J.K., A.E., and J.F.G., unpublished data.)
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of synthetic genetic interactions. To test this concept and provide
independent evidence that the identified proteins unique to NuA4
are functionally significant components of the complex, we first
used automated SGA analysis (19). For this purpose, a miniarray
containing 384 Kanr deletion strains was constructed in which each
deletion represents a protein known or suspected to function in
some aspect of transcription and/or chromatin modification or
remodeling (N.J.K. and J.F.G., unpublished data). Four NatR

strains harboring individual gene deletions of nonessential compo-
nents of NuA4 (VID21, YNG2, EAF5, and EAF7) were then
generated and crossed with the 384 deletion strain miniarray to
create sets of Kanr Natr haploid double mutants. Genetic interac-

tions identified for vid21� and yng2� were very similar but dra-
matically different from those observed with eaf5� and eaf7�,
which, in turn, were very similar to each other (Fig. 2A and data not
shown). Strains harboring a deletion of EAF5 or EAF7 were
synthetically sick when combined with a deletion of HTZ1 or genes
encoding nonessential components of the SWR-C. This finding
suggests that these subunits of NuA4 act in a distinct pathway,
possibly parallel to that of the SWR-C and Htz1. In contrast, vid21�
and yng2� lacked these interactions, and instead interacted genet-
ically with different genes encoding factors required for histone H3
K4 methylation, as was also seen with htz1� and deletion of genes
encoding components of the SWR-C (Fig. 2A). This observation
included components of the Set1 histone methyltransferase-
containing complex, COMPASS (SPP1, SDC1, SWD3, and BRE2)
(32); the PAF complex (RTF1, LEO1, and CDC73), which is
required for the recruitment of COMPASS to chromatin (33, 34);
and the Rad6 complex (RAD6, BRE1, and LGE1) that ubiquiti-
nates K123 of histone H2B, an event required for methylation of H3
K4 by COMPASS (35, 36). Finally, genetic interactions with the
Snf2-family member and chromatin remodeler ISW1, the function
of which has been linked to histone H3 K4 methylation (37), were
also observed. The similar patterns of genetic interactions for the

Fig. 2. Genetic similarity of the SWR-C and a subset of NuA4. (A) Synthetic
genetic interactions for the SWR-C and NuA4. SGA technology (19) was used
to cross Natr strains harboring individual deletions of genes encoding Htz1 or
subunits of the SWR-C or NuA4 with a transcription-targeted array of 384 KanR

deletion strains to create sets of Natr Kanr haploid double mutants. Growth
rates were assessed by automated image analysis of colony size. Lines connect
genes with synthetic genetic interactions. The lengths of lines and proximity
of boxes in this diagram and in Fig. 3A are unrelated to the strengths of the
indicated synthetic genetic interactions. (B) Microarray analysis of gene ex-
pression was performed for the indicated deletion strains. Pearson correlation
coefficients were then calculated for each pair of deletions, and the deletions
were organized by 2D hierarchical clustering according to the similarities of
their effects. (C) Immunoblots of whole-cell protein extracts from wild-type
(WT, NJK28), esa1-L245P (LPY3500), vid21� (NJK1042), eaf7� (NJK1254),
yng2� (NJK1482), eaf5� (NJK1259), htz1� (NJK1527), and swr1� (NJK1665)
cells (see Table 3) grown to log phase in yeast extract�peptone�dextrose at
30°C and transferred to 37°C for 4 h. The membranes were probed with
antihyperacetylated histone H4 (Penta) antibodies (� Ac-H4) and then re-
probed with antibodies to Cdc28 to verify approximately equal protein
loading.

Fig. 3. Htz1, SWR-C, and the NuA4 complex function to regulate chromo-
some stability�transmission. (A) SGA analysis (19) using either a transcription-
targeted 384-deletion-strain array or genome-wide kinetochore screens (K.B.
and V. Measday, unpublished data) identified numerous synthetic genetic
interactions between deletions of genes encoding Htz1, SWR-C, or the NuA4
subunits Vid21 and Yng2, and known chromosome stability�transmission
factors (see text for details). Genome-wide screens were carried out with four
essential kinetochore genes [skp1–3 (42), cep3–1 (43), ctf13–30 (44), and
okp1–5 (45)], whereas the nonessential components (mcm21�, mcm22�,
ctf19�, bub1�, bub3�, mad1�, and mad2�) were present on the targeted
miniarray. (B) Effects of the microtubule destabilizing agent benomyl on the
growth of wild-type (NJK28), vid21� (NJK1042), eaf5� (NJK1259), eaf7�
(NJK1254), yng2� (NJK1482), yaf9� (NJK1240), htz1� (NJK1527), and swr1�
(NJK1665) strains. Five-fold serial dilutions of strains starting from an OD600 of
0.1 were plated onto yeast extract�peptone�dextrose plates containing 5 or
15 �g�ml benomyl and incubated for 2 days at 30°C.
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genes encoding the NuA4 subunits Vid21 and Yng2, Htz1, and
members of the SWR-C suggested that these proteins function in
a common pathway in vivo.

We have also individually crossed NatR versions of each of the
384 deletion strains in our transcription/chromatin modification
miniarray against the entire KanR miniarray, thereby creating a
384 � 384 matrix of double mutant strains (N.J.K. and J.F.G.,
unpublished data). Growth rates were evaluated by automated
image analysis, and the results of all of the screens were analyzed
by 2D hierarchical clustering. This clustering process groups genes
according to the degrees of similarity of their synthetic genetic
interactions. One important expectation is that genes with the same
or very similar functions would have similar sets of genetic inter-
actions and would fall into the same cluster. The genetic patterns
obtained from strains containing deletions of either VID21 or
YNG2 were more similar to each other than to those obtained from
any of the other 382 genes on the array (i.e., these genes clustered
next to each other), implying that they have a very similar role in
NuA4 function (data not shown). EAF5 and EAF7 also clustered
next to each other, but away from VID21 and YNG2. This finding
indicated that Eaf5 and Eaf7 are functionally similar subunits of
NuA4, but that their roles are distinct from those of Vid21 and
Yng2. Interestingly, HTZ1 and genes encoding components of the
SWR-C clustered near VID21 and YNG2, but away from EAF5 and
EAF7 (data not shown), again suggesting that only certain compo-
nents of NuA4 function with the SWR-C in vivo.

To further characterize these seemingly functionally distinct
sets of proteins contained within NuA4, we carried out microar-
ray analyses of gene expression in strains containing deletions of
VID21, YNG2, EAF5, and EAF7. For comparison purposes, we
also conducted microarray experiments on strains deleted for
HTZ1 and components of the SWR-C (SWR1, SWC2, and SWC6,
as well as YAF9, a subunit of both NuA4 and SWR-C) (raw
microarray data are available at www.utoronto.ca/greenblattlab/
nua4swrc.xls). Pearson correlation coefficients were calculated
for each pair of deletions, and the strains were organized by 2D
hierarchical clustering according to the similarities of their
effects on gene expression (Fig. 2B).

As was observed with our genetic analyses, the gene expression
profiles of strains containing deletions of VID21 and YNG2 were
similar to each other and to those of strains containing deletions of
HTZ1 or components of the SWR-C. Deletion of YAF9, which
encodes a shared component of the SWR-C and NuA4, had a very
similar effect on gene expression (Fig. 2B), consistent with a
functional role in both complexes. In contrast, EAF5 and EAF7
clustered next to each other but away from the other genes in this
gene expression analysis, just as they had in our genetic analysis.

Microarray experiments have also been conducted on nearly 200
other deletion strains represented on our 384-strain genetic min-
iarray (N.J.K., T.R.H., and J.F.G., unpublished data). The cluster-
ing of this larger data set (not shown) reflects the data represented
in Fig. 2B, in which VID21 and YNG2 clustered next to HTZ1 and
genes encoding components of the SWR-C and away from EAF5
and EAF7. Therefore, both the genetic and gene expression data
suggest that the Vid21 and Yng2 subunits of NuA4 function in an
SWR-C/Htz1 pathway, whereas Eaf5 and Eaf7 are important for a
different, perhaps parallel, role of NuA4.

To identify another functional distinction among these NuA4
subunits, we took advantage of the fact that NuA4 is responsible for
most histone H4 acetylation in S. cerevisiae. Whole cell extracts were
prepared from esa1-L254P, a temperature-sensitive allele with
diminished HAT activity (22), or strains containing deletions of
various NuA4 subunits and probed with antibody specific for
hyperacetylated histone H4. Whereas deletion of EAF5 or EAF7
had no apparent effect on histone H4 acetylation, deletion of VID21
or YNG2 appeared to result in its complete loss (Fig. 2C). It has
been reported that Yng2, but not Eaf5, is required for the catalytic
activity of NuA4 (38). VID21 and YNG2, but not EAF5 or EAF7,
interacted genetically with HAT2, a component of the histone
acetyltransferase B complex (39) (Fig. 2A), consistent with the fact
that Vid21 and Yng2 are involved in H4 acetylation by NuA4.
Acetylation elsewhere (or below the threshold of detection) by
NuA4 in the absence of Vid21 or Yng2 must, however, exist,
because the catalytic subunit, Esa1, is essential (15), whereas Vid21
and Yng2 are not. Further comparison with the genetic data
summarized in Fig. 2A indicated that H4 acetylation by NuA4
(or acetylation elsewhere that also depends on Vid21 and Yng2)
and H3 K4 methylation by COMPASS cannot be eliminated
simultaneously.

We recently identified VID21 in a ctf13–30/CTF13 genome-wide
modifier screen to identify genes whose function impinges on
chromosome transmission (26). Deletion strains of VID21 were
shown to be sensitive to overexpression of the inner kinetochore
genes CTF13 and CBF2 and display a high rate of chromosome loss
(26). These observations suggested that NuA4 might be involved in
centromere function as well as transcription. Our SGA screen has
identified numerous synthetic genetic interactions between Htz1,
the SWR-C, NuA4 (VID21 and YNG2), and known kinetochore
and spindle checkpoint mutants (Fig. 3A). The kinetochore is a
large multiprotein complex that binds centromeric DNA and serves
to link chromosomes to spindle microtubules. The kinetochore both
mediates and monitors its interaction with the spindle by commu-
nicating attachment defects to the checkpoint machinery (reviewed
in refs. 40 and 41). In particular, we observed genetic interactions
with mutation or deletion of subunits of the C-repeat binding factor
3 inner kinetochore complex [skp1–3 (42), cep3–1 (43), or ctf13–30
(44)] and subunits of the central kinetochore complexes [okp1–5
(45), mcm21�, mcm22�, or ctf19�]. We also detected genetic
interactions with mutants of components of the spindle checkpoint,
bub1�, bub3�, mad1�, mad2� (46), the spindle position check-
point, bub2� (47), and genes required for microtubule stability,
cin1�, cin2�, and cin4� (48). Together, these genetic interactions
also suggested that Htz1, NuA4, and the SWR-C may be required
for chromosome stability in addition to their previously described
roles in transcription.

Numerous kinetochore and spindle checkpoint mutants are
hypersensitive to the microtubule destabilizing drug benomyl. This
is also the case for certain NuA4 mutants, including esa1–1851,
yaf9�, yng2�, and vid21� (refs. 7 and 23 and Fig. 3B). In contrast,
eaf5� and eaf7� strains displayed no sensitivity to benomyl, an
observation that is consistent with our microarray and genetic data
pointing to different roles for these NuA4 subunits (Fig. 2).
Interestingly, benomyl sensitivity is also observed after deletion of
HTZ1 or the catalytic subunit of the SWR-C, SWR1 (Fig. 3B and
ref. 7). Although the NuA4-SWR-C-Htz1 pathway interacts genet-

Table 1. Rates of chromosome missegregation events

Genotype

Rate

Total
colonies

Nondisjunction
(2:0 events)

Chromosome
loss (1:0 events)

Wild type* 8.7 � 10�5 (1.0) 8.7 � 10�5 (1.0) 22,800
vid21� 9.5 � 10�4 (10.9) 3.6 � 10�3 (41.5) 16,875
eaf7� 6.7 � 10�4 (7.7) 1.2 � 10�3 (13.8) 29,670
yaf9� 1.7 � 10�4 (2.0) 2.0 � 10�3 (23.0) 17,400
swr1� 3.0 � 10�4 (3.4) 6.2 � 10�4 (7.2) 30,450
htz1� 1.2 � 10�4 (1.4) 1.3 � 10�3 (14.5) 32,585

Strains were plated to single colonies, and sectoring colonies were scored
visually as described in Experimental Procedures. Colonies scored as half-
sectored were �50% red (24). Strains used were YPH982, YKB522, YKB46,
YPH493, YKB508, YKB513, and YKB503. Numbers in parentheses are the
factors of increase in rate of missegregation events above wild type. The rates
observed are comparable to those described after mutation�deletion of char-
acterized chromosome stability�transmission factors.
*Wild-type rates were published in ref. 26.
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ically with the histone H3 K4 methylation pathway (Fig. 2A),
deletions of genes encoding subunits of the PAF complex or
COMPASS do not cause benomyl sensitivity (ref. 49 and our
unpublished data), nor does deletion of RTF1, which encodes a
subunit of the PAF complex, cause chromosome loss (50).

To further characterize the roles of the NuA4, the SWR-C, and
Htz1 in chromosome stability, we quantified chromosome misseg-
regation in vid21�, eaf7�, yaf9�, swr1�, and htz1� diploid strains by

using colony half-sector analysis (24). In each case, we observed a
significant increase in chromosome loss rates compared to wild-
type diploids (Table 1). The role of Htz1 in this process has been
conserved across species, as deletion of the H2A.Z variant, Pht1,
from the fission yeast Schizosaccharomyces pombe is also associated
with decreased chromosome stability (51), and mammalian H2A.Z
plays a role in chromosome segregation (52). Although the eaf7�
strain displayed elevated chromosome instability rates, it was beno-

Fig. 4. Htz1 recruitment is Swr1-dependent and NuA4-independent at all tested regions. (A) ChIP analysis at the ADH1 gene. A schematic of the ADH1 locus
is shown with the location of the ChIP primer pairs 1–3 (Upper) and the major polyadenylation�cleavage site at �1137 (Lower) (57). The asterisks indicate a
subtelomeric region of chromosome V (9716–9823) that we frequently use as a nontranscribed control when analyzing transcriptionally active regions (5).
Chromatin samples from each strain were analyzed after the indicated precipitation. The bottom row is input, used to normalize the PCR amplification efficiency
of each primer pair. Equivalent crosslinking of Rpb3 in each case was used as a control for sample integrity (not shown). Whereas swr1� leads to a loss of Htz1
occupancy at all tested regions, deletion of members of the NuA4 complex (vid21�, yng2�, and eaf5�) has no detectable effect. (B) A schematic of the
chromosome III centromere (CEN-III), with the location of coding sequences, structural elements and ChIP primer pairs depicted. Asterisk indicates a subtelomeric
region of chromosome 5 as above. Transcriptional frequency of Ycl001w-b (mRNA�hr) is from ref. 58 (http:��web.wi.mit.edu�young�expression�halflife.html).
The histone H3 variant Cse4 and the kinetochore component Cbf2 crosslink at the centromere, as reported (59–61). (C) ChIP analysis at CEN-III. Chromatin samples
from the indicated strains were analyzed after precipitation via the TAP tag. Htz1 and H2A occupancy at CEN-III (and CEN-V, not shown) is equivalent to that
at the subtelomeric (asterisk) region. Htz1 recruitment at this region depends on the SWR-C (indicated by swr1�), but independent of NuA4 (indicated by vid21�
and yng2�). H2A recruitment is independent of both complexes. The reduced occupancy at primer pair 3 directly over CEN-III is not unique to Htz1 and is also
exhibited by H2A, H2B, H3, and H4 (latter three not shown). This may be a combined function of relative primer efficiency, reduced nucleosome density at this
region, and steric occlusion by the kinetochore complex.
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myl insensitive, indicating that the two phenotypes are not fully
correlated (as is also the case for certain kinetochore mutants; our
unpublished data). The benomyl sensitivity and chromosome loss
defects of a subset of NuA4 mutants, swr1� and htz1�, suggest that
the two complexes have functionally linked roles in chromosome
segregation.

Because of the role of Htz1 in regulating gene expression (5, 9),
its effect on chromosomal segregation could, in principle, be
indirect. However, our microarray analyses using strains deleted for
HTZ1 or components of the SWR-C did not detect any significant
changes in the transcription of genes encoding kinetochore proteins
(see www.utoronto.ca/greenblattlab/nua4swrc.xls). To ascertain
whether Htz1 has a direct role in chromosome segregation, TAP-
tagged versions of Htz1 were analyzed by ChIP after proteins were
cross-linked in vivo to DNA by using formaldehyde. Yeast cells were
lysed and, after isolation and shearing of chromatin, the presence
of Htz1 near specific DNA sequences was monitored by immuno-
precipitating (IP) with IgG that binds to the protein A component
of the TAP tag. After reversal of the cross-links, the coprecipitated
DNA was analyzed by PCR amplification with specific primer pairs
directed against regions of interest. Each PCR also contained
primers directed against a nontranscribed subtelomeric region of
chromosome 5, as we have previously determined that Htz1 occu-
pancy is high at this location (5). In each case, we also examined the
DNA that coprecipitated with the major histone H2A as a control.

As previously observed (5), Htz1 recruitment at the constitutively
transcribed genes ADH1 and PMA1, a Htz1-dependent gene cluster
(Htz1 activated domain), and the telomere of chromosome V
required Swr1 (Fig. 4A and data not shown). We now show that
Htz1 is also recruited to centromeric regions in a Swr1-dependent
manner (Fig. 4C), indicating that the SWR-C and Htz1 may directly
regulate centromere function as well as transcription. In contrast,
recruitment of the major histone H2A is independent of Swr1 at all
of these locations (Fig. 4 A and C).

Despite the involvement of NuA4 in Htz1 function suggested by
our genetic and microarray experiments, Htz1 recruitment at all

tested regions was independent of Vid21 and Yng2 (Fig. 4 A and C
and data not shown), suggesting that Htz1 recruitment is NuA4-
independent. We have also determined that Htz1 or H2A recruit-
ment at all tested locations is unaffected after inactivation of
temperature-sensitive alleles of esa1 (esa1-�414 and esa1-L327S)
(data not shown). It seems likely, therefore, that NuA4 has a
postrecruitment role, as yet undefined, in Htz1 function. Because
NuA4 is known to acetylate histone H2A, it is tempting to speculate
that its role in the SWR-C/Htz1 pathway is to acetylate the histone
H2A variant Htz1 after its incorporation into chromatin. H2A.Z
N-terminal tail acetylation is essential in Tetrahymena (53, 54), and
covalent modification may be required for at least some of the
functions performed by this histone variant in S. cerevisiae.

We have shown here that the NuA4 HAT complex has three
previously unidentified subunits and that the Vid21 and Yng2
subunits of NuA4 have synthetic genetic interactions and effects on
gene expression very similar to those of Htz1 and the SWR-C. We
have also found that Htz1 is recruited to centromeric regions and
mutations in the genes encoding Htz1, the SWR-C, and subunits of
NuA4 lead to a decrease in the fidelity of chromosome segregation.
Htz1 may contribute to the overall structure of centromeric chro-
matin in such a way as to affect centromere function and chromo-
some transmission (55). Because the HAT activity of NuA4 on
histone H4 is unnecessary for recruiting Htz1 into chromatin, we
predict that NuA4 directly acetylates Htz1 to influence its function.
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